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Preface

The Linear Collider Forum is an initiative born within the Helmholtz-Alliance ”Physics at the Terascale”, a network of

German Universities and Research Centers working in high-energy particle physics. Yearly dedicated meetings focus

on the physics case and the technologies at a future linear collider, covering both the ILC and CLIC concepts.

In February 2012 an extended meeting with significant international participation was dedicated to the discussion of

physics scenarios to strengthen and update the case for a linear e+e- collider in light of new developments and the

latest LHC results.

Contributions to LC Forum sessions were collected on the DESY LC-note server with a dedicated mark ‘LC-REP-

year-number’.

These Proceedings comprise all contributions that have been submitted with the dedicated mark in 2012 and 2013.

Therefore also contributions are included that actually have not been presented on a LC Forum meeting but are strongly

related to the subject. G. Moortgat-Pick2

2indebted to all authors and participants for their lovely contributions and with special thanks to the great organization team of the LC Forum.
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0
T

eV
.

C
ou

pl
in

gs
to

G
au

ge
B

os
on

s
P

re
ci

se
an

d
m

o
d
el

-i
n
d
ep

en
d
en

t
m

ea
su

re
m

en
ts

at
th

e
L

C
o
f

th
e

to
p

co
u
p
li

n
g
s

to
w

ea
k

g
au

g
e

b
o
so

n
s

w
il

l

b
e

se
n
si

ti
v
e

to
B

S
M

so
u
rc

es
[3

].
T

h
e

p
ro

d
u
ct

io
n

o
f

tt
p
ai

rs
in

e+
e−

co
ll

is
io

n
s

an
d

th
e

su
b
se

q
u
en

t
d
ec

ay
o
f

th
e

to
p

p
ro

v
id

e
a

se
n
si

ti
v
e

p
ro

b
e

o
f

th
e

tt
γ

an
d

tt
Z

v
er

ti
ce

s.
S

in
ce

th
e

to
p

q
u
ar

k
d
ec

ay
s

b
ef

o
re

it
h
ad

ro
n
is

es
,

n
o
t
ju

st
th

e
cr

o
ss

-s
ec

ti
o
n
s

an
d

an
g
u
la

r
d
is

tr
ib

u
ti

o
n

o
f

th
e

p
ro

d
u
ce

d
to

p
,b

u
t
al

so
v
ar

io
u
s

an
g
u
la

r
d
is

tr
ib

u
ti

o
n
s

o
f

th
e

d
ec

ay
p
ro

d
u
ct

s
o
f

th
e

to
p
,
w

h
ic

h
re

ta
in

th
e

m
em

o
ry

o
f

it
s

p
o
la

ri
sa

ti
o
n
,
ca

n
b
e

u
se

d
eff

ec
ti

v
el

y
to

w
ar

d
s

th
is

en
d
.

A
st

u
d
y

o
f

e+
e−
→

tt
→
±
+

je
ts

ca
n

le
ad

to
se

n
si

ti
v
it

y
b
el

o
w

th
e

p
er

ce
n
t

le
v
el

fo
r

B
S

M
co

rr
ec

ti
o
n

te
rm

s
to

tt
Z

an
d

tt
γ

v
er

ti
ce

s
at
√ s
=

5
0
0

G
eV

an
d
∼

1
0
0

fb
−1

[8
].

U
se

o
f

p
o
la

ri
se

d
b
ea

m
s

an
d

p
o
la

ri
sa

ti
o
n
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y
m

m
et

ri
es

ca
n

im
p
ro

v
e

m
at

te
rs

b
y

p
ro

v
id

in
g

o
b
se

rv
ab

le
s

th
at

ca
n

d
is

en
ta

n
g
le

d
iff

er
en

t
co

u
p
li

n
g
s

an
d

al
so
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se
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e

ac
cu

ra
cy
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a

g
iv
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lu

m
in

o
si

ty
.

M
ea

su
re

m
en

t
o
f

th
e

tt
p
ro

d
u
ct

io
n

b
el

o
w

th
re

sh
o
ld

,
as

su
m

in
g

th
at

th
e

to
p

w
id

th
is

m
ea

su
re

d
to

th
e

1
0



ab
o
v
e-

m
en

ti
o
n
ed

ac
cu

ra
cy

,
w

il
l

al
lo

w
a

m
ea

su
re

m
en

t
o
f
g

tb
W

at
th

e
fe

w
p
er

ce
n
t

le
v
el

.
W

it
h

su
ch

p
re

ci
si

o
n
,

a
v
ar

ie
ty

o
f

n
ew

p
h
y
si

cs
m

o
d
el

s
su

ch
as

L
it

tl
e

H
ig

g
s

M
o
d
el

o
r

m
o
d
el

s
o
f

to
p

fl
av

o
u
r

[3
]

ca
n

b
e

p
ro

b
ed

,

fo
r

ex
am

p
le

,
w

it
h

si
m

u
lt

an
eo

u
s

m
ea

su
re

m
en

ts
o
f

th
e

tt
Z

ax
ia

l
co

u
p
li

n
g

an
d

le
ft

-h
an

d
ed

tb
W

v
er

te
x
.

U
se

o
f

b
ea

m
p
o
la

ri
sa

ti
o
n

ca
n

ev
en

al
lo

w
p
ro

b
in

g
an

o
m

al
o
u
s

eff
ec

ts
in

th
e

tt
g

sy
st

em
,

p
ar

ti
cu

la
rl

y
b

y
te

st
in

g

sy
m

m
et

ri
es

w
it

h
co

n
st

ru
ct

io
n

o
f

o
b
se

rv
ab

le
s

th
at

h
av

e
sp

ec
ifi

c
C

P,
T

tr
an

sf
o
rm

at
io

n
p
ro

p
er

ti
es

an
d

ar
e,

e.
g
.,

T
–
o
d
d
,

C
P

–
ev

en
o
r

T
–
o
d
d

an
d

C
P

–
o
d
d
.

It
sh

o
u
ld

b
e

n
o
te

d
th

at
th

e
L

H
C

ca
n

g
iv

e
an

in
d
ic

at
io

n
o
f

an

an
o
m

al
o
u
s

tt
g

co
u
p
li

n
g

th
ro

u
g
h

a
st

u
d
y

o
f

to
p
-q

u
ar

k
p
o
la

ri
sa

ti
o
n

in
to

p
-p

ai
r

p
ro

d
u
ct

io
n
,

b
u
t

o
n
ly

th
e

L
C

ca
n

p
ro

b
e

th
e

st
ru

ct
u
re

in
an

u
n
am

b
ig

u
o
u
s

w
ay

.
T

h
u
s

th
e

L
C

ca
n

m
ap

o
u
t

th
e

t
co

u
p
li

n
g
s

to
al

l
th

e
g
au

g
e

b
o
so

n
s

in
a

p
re

ci
se

m
an

n
er

to
p
ro

b
e

n
ew

p
h
y
si

cs
.

3.
2

W
W

,Z
Z

Sc
at

te
ri

ng
an

d
th

e
D

yn
am
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so

fS
tr

on
g

E
le

ct
ro

w
ea

k
Sy

m
m

et
ry

B
re

ak
in

g

D
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p
it

e
th

e
li

k
el

y
p
er

tu
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at
iv

e
n
at

u
re

o
f

E
W

S
B

in
d
ic
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ed

b
y

th
e

v
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u
e

o
f

th
e

H
ig

g
s

m
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o
m

b
o
th

in
d
ir
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t

el
ec

tr
o
w

ea
k

p
re

ci
si

o
n
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n
st

ra
in

ts
an

d
d
ir

ec
t

o
b
se

rv
at

io
n

at
th

e
L

H
C

,
o
n
e

p
o
in

t
is

w
o
rt

h
re

m
em

b
er

in
g
.

E
v
en

w
it

h
a

li
g
h
t

H
ig

g
s,

th
er

e
ex

is
t

fo
rm

u
la

ti
o
n
s

o
f

E
W

S
B

,
su

ch
as

co
m

p
o
si

te
H

ig
g
s

m
o
d
el

s,
w

h
er

e
th

e
li

g
h
t

H
ig

g
s

b
o
so

n
is

p
ar

t
o
f

a
la

rg
er

sp
ec

tr
u
m

o
f

st
ro

n
g
ly

in
te

ra
ct

in
g

p
ar

ti
cl

es
,a

n
d

d
is

ce
rn

ib
le

eff
ec

ts
o
f

th
e

st
ro

n
g

d
y
n
am

ic
s

ar
e

p
o
ss

ib
le

,
aff

ec
ti

n
g

g
au

g
e

b
o
so

n
co

u
p
li

n
g
s

w
it

h
ea

ch
o
th

er
.

A
st

u
d
y

o
f

W
W
/Z

Z
sc

at
te

ri
n
g

an
d

W
W

fi
n
al

st
at

e
p
ro

ce
ss

es
ca

n
re

v
ea

l
th

es
e

eff
ec

ts
.

T
h
e

cl
o
se

co
n
n
ec

ti
o
n

b
et

w
ee

n
th

e
W

W
γ

an
d

W
W

Z
v
er

ti
ce

s
an

d
re

st
o
ra

ti
o
n

o
f

u
n
it

ar
it

y
at

h
ig

h
en

er
g
ie

s

in
W

p
ai

r
p
ro

d
u
ct

io
n

in
e+

e−
co

ll
is

io
n

m
ea

n
s

th
at

th
is

p
ro

ce
ss

is
h
ig

h
ly

se
n
si

ti
v
e

to
th

e
tr

ip
le

-g
au

g
e-

b
o
so

n

v
er

ti
ce

s
an

d
to

h
ea

v
y

re
so

n
an

ce
s

w
it

h
m

as
s

fa
r

ex
ce

ed
in

g
th

e
L

C
en

er
g
y.

F
u
rt

h
er

,
th

e
sa

m
e

co
n
n
ec

ti
o
n

u
n
d
er

li
n
es

th
e

im
p
o
rt

an
ce

o
f

th
is

m
ea

su
re

m
en

t
to

lo
o
k

fo
r

fo
o
tp

ri
n
ts

o
f

an
y

n
ew

p
h
y
si

cs
.

T
h
e

m
o
st

g
en

er
al

W
W

V
in

te
ra

ct
io

n
s

co
n
si

st
en

t
w

it
h

L
o
re

n
tz

sy
m

m
et

ry
in

v
o
lv

e
tw

el
v
e

(s
ix

ea
ch

fo
r

th
e
γ

an
d

th
e

Z
)

in
d
ep

en
-

d
en

t
co

u
p
li

n
g
s,

o
u
t

o
f

w
h
ic

h
o
n
ly

fo
u
r

h
av

e
n
o
n
ze

ro
v
al

u
es

in
th

e
S

M
.

T
er

m
s

in
v
o
lv

in
g

d
iff

er
en

t
co

u
p
li

n
g
s

ar
e

ch
ar

ac
te

ri
se

d
b
y

d
iff

er
en

t
te

n
so

r
st

ru
ct

u
re

s
an

d
d
iff

er
en

t
m

o
m

en
tu

m
d
ep

en
d
en

ci
es

.
S

p
ec

ifi
c

m
o
d
el

s
o
f

th
e

st
ro

n
g

d
y
n
am

ic
s

h
av

e
sp

ec
ifi

c
p
re

d
ic

ti
o
n
s

fo
r

so
m

e
o
f

th
e

an
o
m

al
o
u
s

co
u
p
li

n
g
s.

T
h
es

e
d
iff

er
en

t
k
in

d
s

o
f

co
u
p
li

n
g
s

ca
n

b
e

d
is

en
ta

n
g
le

d
fr

o
m

ea
ch

o
th

er
u
si

n
g

p
ro

d
u
ct

io
n

an
g
le

d
is

tr
ib

u
-

ti
o
n
s

an
d

d
ec

ay
p
ro

d
u
ct

an
g
u
la

r
d
is

tr
ib

u
ti

o
n
s,

th
e

la
tt

er
b
ei

n
g

d
ec

id
ed

b
y

th
e

p
o
la

ri
sa

ti
o
n

o
f

th
e

p
ro

d
u
ce

d

W
.

H
ig

h
b
ea

m
p
o
la

ri
sa

ti
o
n
s

(b
o
th

e−
an

d
e+

)
ca

n
b
e

u
se

d
eff

ec
ti

v
el

y
to

p
ro

b
e

th
es

e.
A

n
an

al
y
si

s
u
si

n
g

a

fa
st

si
m

u
la

ti
o
n

p
er

fo
rm

ed
at

th
e

tw
o

en
er

g
ie

s
√ s
=

5
0
0

G
eV

an
d

8
0
0

G
eV

[3
,9

]
sh

o
w

s
th

at
d
ev

ia
ti

o
n
s

o
f

al
l

th
es

e
co

u
p
li

n
g
s

fr
o
m

th
ei

r
S

M
v
al

u
es

ca
n

b
e

m
ea

su
re

d
to

b
et

te
r

th
an

o
n
e

p
er

m
il

le
v
el

w
it

h
lu

m
in

o
si

ti
es

u
p

to
1

ab
−1

.
In

m
an

y
ca

se
s

th
e

m
ea

su
re

m
en

ts
ar

e
u
p

to
an

o
rd

er
o
f

m
ag

n
it

u
d
e

b
et

te
r

th
an

th
e

ca
p
ab

il
it

ie
s

o
f

a
1
4

T
eV

L
H

C
th

at
h
av

e
b
ee

n
p
ro

je
ct

ed
[3

,9
].

A
ch

ir
al

L
ag

ra
n
g
ia

n
fo

r
E

W
S

B
h
as

n
u
m

er
o
u
s

o
p
er

at
o
rs

th
at

g
o
v
er

n
th

e
in

te
ra

ct
io

n
s

o
f

th
e

v
ec

to
r

b
o
so

n

d
eg

re
es

o
f

fr
ee

d
o
m

.
F

o
r

ex
am

p
le

in
th

e
M

in
im

al
S

tr
o
n
g

C
o
u
p
li

n
g

T
h
eo

ry
a

sm
al

l
co

rr
ec

ti
o
n

te
rm

,
ab

se
n
t

in

th
e

S
M

,
y
ie

ld
s

a
m

ea
su

ra
b
le

co
n
tr

ib
u
ti

o
n

to
th

e
an

o
m

al
o
u
s

m
ag

n
et

ic
m

o
m

en
t

o
f

th
e

W
b
o
so

n
.

W
h
il

e
it

is

m
ar

g
in

al
ly

m
ea

su
ra

b
le

at
th

e
L

H
C

,
it

is
re

ad
il

y
o
b
se

rv
ab

le
at

a
5
0
0

G
eV

L
C

[1
0
].

T
h
e

ab
o
v
e

is
an

ex
am

p
le

o
f

d
ev

ia
ti

o
n
s

in
th

e
tr

ip
le

-g
au

g
e-

b
o
so

n
v
er

ti
ce

s
d
u
e

to
st

ro
n
g

d
y
n
am

ic
s

in
th

e

E
W

S
B

se
ct

o
r.

T
h
er

e
ar

e
al

so
d
ev

ia
ti

o
n
s

in
q
u
ar

ti
c

b
o
so

n
in

te
ra

ct
io

n
s,

w
h
ic

h
d
ir

ec
tl

y
aff

ec
t
p
u
re

g
au

g
e

b
o
so

n

sc
at

te
ri

n
g

th
ro

u
g
h

lo
ca

l
co

n
ta

ct
in

te
ra

ct
io

n
s,

su
ch

as
W

W
→

W
W

.
T

h
e

p
ro

ce
ss

es
e+

e−
→
ν

e
ν

e
W
+

W
−
→

ν
e
ν

e
jj

jj
an

d
e+

e−
→
ν

e
ν

e
Z

Z
→
ν

e
ν

e
jj

jj
h
av

e
b
ee

n
st

u
d
ie

d
fo

r
L

C
at
√ s
=

1
T

eV
w

it
h

1
ab
−1

o
f

in
te

g
ra

te
d

lu
m

in
o
si

ty
[6
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w

it
h

a
v
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w
to

st
u
d
y
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es

e
an

o
m
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o
u
s

q
u
ar

ti
c

v
er

ti
ce

s.
T

h
e

L
C

se
n
si

ti
v
it

y
is

co
m

p
ar

ab
le

to
th

e
v
al

u
es

p
re

d
ic

te
d

in
m

o
d
el

s
o
f

st
ro

n
g

d
y
n
am

ic
s

in
th

e
E

W
se

ct
o
r,

w
h
er

e
th

e
n
o
n
-S

M
o
p
er

at
o
rs

ar
e

co
n
st

ra
in

ed
to

b
e

co
n
si

st
en

t
w

it
h
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e

E
W

p
re

ci
si

o
n

te
st

s.
T

h
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e
m
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su

re
m

en
ts
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q
u
ir

e
st

u
d
y

o
f

an
g
u
la

r
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rr

el
at

io
n
s
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o
n
g

th
e

d
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ay
p
ro

d
u
ct

s
o
f
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e

W
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an
d

fu
rt

h
er

n
ee
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s

se
p
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at
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n
o
f
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e

W
an
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Z
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n
al
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es

d
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in

g
to

q
u
ar

k
s.

T
h
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in
d
ee

d
h
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b
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n
a

b
en

ch
m
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k

re
q
u
ir
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en

t,
w

h
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h
h
as
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v
en

th
e

n
ee

d
fo

r
ex

ce
ll

en
t

je
t-

en
er

g
y

re
so

lu
ti

o
n
,
w

h
ic

h
in

tu
rn

h
as

d
ri

v
en

th
e
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n

o
f

L
C
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et
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to

r
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n
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an
d

h
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b
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to

b
e
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.
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o
v
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n
e
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u
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e
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ro
n
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e
o
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g
in
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E
W

S
B

,
ev
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li
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t

H
ig
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u
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b
e
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p
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e
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m
n
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t.
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e
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o
f
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e
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m
p
o
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H
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T
.

A
b
e

et
al

.[
A

m
er

ic
an

L
in

ea
r

C
o
ll

id
er

W
o
rk

in
g

G
ro

u
p

C
o
ll

ab
o
ra

ti
o
n
],

Li
ne

ar
co

lli
de

r
ph

ys
ic

s
re

-
so

ur
ce

bo
ok

fo
r

Sn
ow

m
as

s
20

01
,
h
ep

-e
x
/0

1
0
6
0
5
5
,
S

L
A

C
-R

-5
7
0
.

[1
1
]

G
.

M
o
o
rt

g
at

-P
ic

k
et

al
.,

Th
e

R
ol

e
of

po
la

ri
ze

d
po

si
tr

on
s

an
d

el
ec

tr
on

s
in

re
ve

al
in

g
fu

nd
am

en
ta

li
nt

er
-

ac
tio

ns
at

th
e

lin
ea

r
co

lli
de

r,
P

h
y
s.

R
ep

t.
46

0
(2

0
0
8
)

1
3
1

[h
ep

-p
h
/0

5
0
7
0
1
1
].

[1
2
]

F
.

G
ia

n
o
tt

i
et

al
.,

P
hy

si
cs

po
te

nt
ia

la
nd

ex
pe

ri
m

en
ta

lc
ha

lle
ng

es
of

th
e

LH
C

lu
m

in
os

ity
up

gr
ad

e,
E

u
r.

P
h
y
s.

J.
C

3
9

(2
0
0
5
)

2
9
3
.
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A
dd

en
du

m
:C

ha
rg

e
fo

r
th

e
L

in
ea

r
C

ol
lid

er
R

ep
or

tC
om

m
itt

ee

D
u
ri

n
g

th
e

in
te

rn
at

io
n
al

L
in

ea
r

C
o
ll

id
er

W
o
rk

sh
o
p

in
G

ra
n
ad

a
O

ct
o
b
er

2
0
1
1

it
w

as
p
ro

p
o
se

d
an

d
ag

re
ed

to
ch

ar
g
e

a
sm

al
l

ex
p
er

t
g
ro

u
p

w
it

h
d
ra

ft
in

g
a

co
m

m
o
n

L
in

ea
r

C
o
ll

id
er

P
h
y
si

cs
re

p
o
rt

to
b
e

su
b
m

it
te

d
as

in
p
u
t

to
th

e
E

u
ro

p
ea

n
S

tr
at

eg
y

p
ro

ce
ss

.
T

h
e

in
it

ia
ti

v
e

w
as

p
re

se
n
te

d
in

G
ra

n
ad

a
b
y

th
e

G
D

E
E

u
ro

p
ea

n

R
eg

io
n
al

D
ir

ec
to

r
(B

ri
an

F
o
st

er
),

th
e

C
E

R
N

L
in

ea
r

C
o
ll

id
er

S
tu

d
ie

s
L

ea
d
er

(S
te

in
ar

S
ta

p
n
es

)
an

d
th

e
C

h
ai

r

o
f

th
e

E
C

F
A

S
tu

d
y

fo
r

th
e

L
in

ea
r

C
o
ll

id
er

(J
u
an

F
u
st

er
),

an
d

w
as

a
re

su
lt

o
f

d
is

cu
ss

io
n
s

an
d

co
n
se

n
su

s
in

se
v
er

al
IL

C
an

d
C

L
IC

st
ee

ri
n
g

co
m

m
it

te
e

m
ee

ti
n
g
s

ea
rl

ie
r

in
2
0
1
1
.

T
h
es

e
th

re
e

su
b
se

q
u
en

tl
y

su
g
g
es

te
d

a

co
m

p
o
si

ti
o
n

o
f

th
e

ex
p
er

t
co

m
m

it
te

e
b
as

ed
o
n

in
p
u
t

fr
o
m

th
e

co
m

m
u
n
it

y,
an

d
p
ro

p
o
se

d
th

e
m

an
d
at

e
o
f

th
e

co
m

m
it

te
e.

T
h
e

d
ra

ft
re

p
o
rt

h
as

b
ee

n
th

ro
u
g
h

in
te

rn
al

re
v
ie

w
s,

an
d

h
as

b
ee

n
m

ad
e

o
p
en

ly
av

ai
la

b
le

to
th

e

fu
ll

in
te

rn
at

io
n
al

L
C

co
m

m
u
n
it

y
fo

r
fu

rt
h
er

co
m

m
en

ts
an

d
su

g
g
es

ti
o
n
s

b
ef

o
re

su
b
m

is
si

o
n

b
y

en
d

o
f

Ju
ly

2
0
1
2
.

M
an

da
te

of
th

e
co

m
m

itt
ee

:
T

h
e

co
m

m
it

te
e

is
re

q
u
es

te
d

to
re

v
ie

w
th

e
p
h
y
si

cs
ca

se
fo

r
a

li
n
ea

r
el

ec
tr

o
n
-p

o
si

tr
o
n

co
ll

id
er

in
th

e

ce
n
tr

e-
o
f-

m
as

s
en

er
g
y

ra
n
g
e

fr
o
m

ar
o
u
n
d

2
5
0

G
eV
−3

T
eV

in
th

e
li

g
h
t

o
f

L
H

C
re

su
lt

s
u
p

to
m

id
-2

0
1
2

an
d

b
u
il

d
in

g
o
n

p
re

v
io

u
s

st
u
d
ie

s.
T

h
e

co
m

m
it

te
e

sh
o
u
ld

co
n
si

d
er

th
e

ca
se

fo
r

a
li

n
ea

r
co

ll
id

er
in

te
rm

s
o
f

th
e

p
h
y
si

cs
re

ac
h

b
ey

o
n
d

th
at

o
f

th
e

L
H

C
u
n
d
er

th
e

as
su

m
p
ti

o
n
s

in
th

e
cu

rr
en

t
C

E
R

N
p
la

n
n
in

g
;

a)
3
0
0

fb
−1

an
d

b
)

3
0
0
0

fb
−1

.

It
sh

o
u
ld

as
su

m
e

li
n
ea

r
co

ll
id

er
p
er

fo
rm

an
ce

b
as

ed
o
n

th
e

d
et

ai
ls

co
n
ta

in
ed

in
cu

rr
en

t
d
o
cu

m
en

ts
fr

o
m

IL
C

an
d

C
L

IC
b
u
t

w
it

h
o
u
t

a
d
et

ai
le

d
co

m
p
ar

is
o
n

o
f

th
e

re
la

ti
v
e

p
er

fo
rm

an
ce

o
f

th
e

m
ac

h
in

es
.

T
h
e

ai
m

is

to
m

ak
e

th
e

st
ro

n
g
es

t
p
o
ss

ib
le

ca
se

fo
r

a
g
en

er
ic

li
n
ea

r
co

ll
id

er
fo

r
su

b
m

is
si

o
n

to
th

e
E

u
ro

p
ea

n
S

tr
at

eg
y

p
ro

ce
ss

.

T
h
e

co
m

m
it

te
e

is
re

q
u
es

te
d

to
su

b
m

it
it

s
d
ra

ft
re

p
o
rt

to
th

e
G

D
E

E
u
ro

p
ea

n
R

eg
io

n
al

D
ir

ec
to

r,
th

e
C

E
R

N

L
in

ea
r

C
o
ll

id
er

S
tu

d
ie

s
L

ea
d
er

an
d

th
e

C
h
ai

r
o
f

th
e

E
C

F
A

S
tu

d
y

fo
r

th
e

L
in

ea
r

C
o
ll

id
er

b
y

Ju
n
e

1
8
th

2
0
1
2
.

T
h
e

fi
n
al

v
er

si
o
n

o
f

th
e

re
p
o
rt

sh
o
u
ld

b
e

d
el

iv
er

ed
b
y

en
d

o
f

Ju
ly

2
0
1
2
.

1
7

P
h
y
si
c
s
a
t
th

e
IL

C

K
iy
o
to
m
o
K
aw

a
g
o
e

K
y
u
sh
u
U
n
iv
er
si
ty
,
6
-1
0
-1

H
a
k
o
za
k
i,
H
ig
a
sh
i,
F
u
k
u
o
ka
,
8
1
2
-8
5
8
1
J
a
p
a
n

D
O
I:

w
il
l
b
e
a
ss
ig
n
ed

T
h
is

y
ea
r
(2
0
1
2
)
w
o
u
ld

b
e
re
co
rd
ed

a
s
a
m
em

o
ri
a
l
o
n
e
in

h
ig
h
-e
n
er
g
y
p
h
y
si
cs
,
a
s
so
m
e
d
ec
is
iv
e
re
su
lt
s

o
n
th
e
lo
n
g
-a
w
a
it
ed

H
ig
g
s
b
o
so
n
a
re

to
b
e
o
b
ta
in
ed

a
t
th
e
L
H
C
.
T
h
e
L
H
C

re
su
lt
s
h
av

e
st
ro
n
g
im

p
a
ct
s

o
n
th
e
p
o
ss
ib
le

p
h
y
si
cs

sc
en

a
ri
o
a
t
th
e
In
te
rn
a
ti
o
n
a
l
L
in
ea
r
C
o
ll
id
er

(I
L
C
).

In
th
is

ta
lk

p
o
ss
ib
le

p
h
y
si
cs

st
u
d
ie
s
a
t
th
e
IL

C
a
re

p
re
se
n
te
d
w
it
h
a
fo
cu

s
o
n
th
e
H
ig
g
s
fa
ct
o
ry

in
th
e
ca
se

w
h
er
e
a
li
g
h
t
H
ig
g
s-
li
k
e

p
a
rt
ic
le

b
e
fo
u
n
d
a
t
th
e
L
H
C
.

1
In

tr
o
d
u
ct
io
n

T
o
ex
p
lo
re

th
e
en
er
g
y
fr
o
n
ti
er

in
p
a
rt
ic
le

p
h
y
si
cs
,
it

is
d
es
ir
ed

to
h
av
e
a
h
a
d
ro
n

co
ll
id
er
,
w
h
ic
h

h
a
s
an

en
o
rm

o
u
s
d
is
co
v
er
y
p
ot
en
ti
a
l
fo
r
h
ea
v
y
p
a
rt
ic
le
s,

a
n
d
a
le
p
to
n
co
ll
id
er
,
w
h
ic
h
is

v
er
y
g
o
o
d
a
t
p
re
ci
se

m
ea
-

su
re
m
en
ts

of
n
ew

p
a
rt
ic
le
s
an

d
p
h
en
o
m
en
a
,
at

th
e
sa
m
e
ti
m
e.

S
in
ce

th
e
L
a
rg
e
H
a
d
ro
n

C
o
ll
id
er

(L
H
C
)

st
a
rt
ed

it
s
p
h
y
si
cs

ru
n
in

M
a
rc
h
2
0
0
9
,
th
e
L
H
C

h
a
s
b
ee
n
v
er
y
su
cc
es
sf
u
ll
y
o
p
er
a
te
d
,
d
el
iv
er
in
g
an

in
te
g
ra
te
d

lu
m
in
o
si
ty

o
f
a
b
o
u
t
5
fb

−
1
to

ea
ch

ex
p
er
im

en
t
b
y
th
e
en
d
o
f
2
0
1
1
.
O
n
th
e
ot
h
er

h
a
n
d
,
w
e
h
av
e
h
a
d
n
o

el
ec
tr
o
n
-p
os
it
ro
n
co
ll
id
er

si
n
ce

th
e
en
d
of

th
e
L
E
P
op

er
a
ti
o
n
in

2
0
0
0
.
T
h
e
L
E
P
co
ll
id
er
,
w
it
h
th
e
m
a
x
im

u
m

ce
n
te
r
of

m
a
ss

en
er
g
y
of

2
0
9
G
eV

,
is
a
ss
u
m
ed

to
b
e
th
e
la
st

ci
rc
u
la
r
e+

e−
co
ll
id
er

b
ec
a
u
se

of
th
e
b
ea
m

en
er
g
y

lo
ss

d
u
e
to

sy
n
ch
ro
tr
o
n
ra
d
ia
ti
o
n
.T
h
e
co
n
ce
p
t
of

of
a
li
n
ea
r
el
ec
tr
o
n
-p
os
it
ro
n
co
ll
id
er

w
as

fi
rs
t
p
ro
p
os
ed

to
ov
er
co
m
e
th
is

li
m
it

w
el
l
b
ef
o
re

1
9
8
0
[1
].

E
x
te
n
si
v
e
R
&
D

st
u
d
ie
s
fo
r
th
e
li
n
ea
r
co
ll
id
er

st
a
rt
ed

in
1
9
8
0
’s

in
A
si
a
,
E
u
ro
p
e,

a
n
d
N
o
rt
h
A
m
er
ic
a
,
a
n
d
ea
ch

re
g
io
n
p
ro
p
os
ed

a
p
ro
je
ct
:
G
L
C

[2
]
fr
o
m

A
si
a
,
T
E
S
L
A

[3
]

fr
o
m

E
u
ro
p
e,

a
n
d
N
L
C

[4
]
fr
o
m

N
o
rt
h
A
m
er
ic
a
,
re
sp
ec
ti
v
el
y.

H
ow

ev
er
,
a
n
y
p
ro
je
ct

co
u
ld

n
o
t
b
e
fu
n
d
ed
.

P
ro
b
a
b
ly

th
e
li
n
ea
r
co
ll
id
er

is
fi
n
a
n
ci
a
ll
y
to
o
la
rg
e
a
s
a
re
g
io
n
a
l
p
ro
je
ct
.

In
2
0
0
3
a
w
o
rl
d
w
id
e
co
n
se
n
su
s
w
a
s
m
a
d
e
th
a
t
th
e
n
ex
t
en
er
g
y
fr
o
n
ti
er

m
a
ch
in
e
a
ft
er

th
e
L
H
C

sh
o
u
ld

b
e
a
n
el
ec
tr
o
n
-p
os
it
ro
n
li
n
ea
r
co
ll
id
er

w
it
h
a
n
in
it
ia
l
ce
n
te
r-
o
f-
m
a
ss

en
er
g
y
re
a
ch

of
5
0
0
G
eV

,
u
p
g
ra
d
a
b
le

to
1
T
eV

.
In

2
0
0
4
th
e
In
te
rn
a
ti
o
n
a
l
T
ec
h
n
o
lo
g
y
R
ev
ie
w

P
a
n
el

re
co
m
m
en
d
ed

th
a
t
th
e
su
p
er
co
n
d
u
ct
in
g
ra
d
io
-

fr
eq
u
en
cy

te
ch
n
o
lo
g
y
sh
o
u
ld

fo
rm

th
e
d
es
ig
n
o
f
th
e
li
n
ea
r
co
ll
id
er
.
T
h
is

is
th
e
In
te
rn
a
ti
o
n
a
l
L
in
ea
r
C
o
ll
id
er

(I
L
C
).
T
h
e
la
yo

u
t
of

th
e
IL
C

gi
v
en

in
th
e
R
ef
er
en
ce

D
es
ig
n
R
ep

or
t
(R

D
R
)
[5
]
is

sh
ow

n
in

F
ig
.
1.

In
th
is

d
o
cu
m
en
t
th
e
p
h
y
si
cs

st
ra
te
g
y
a
t
th
e
IL
C

is
d
is
cu
ss
ed
,
ta
k
in
g
ac
co
u
n
t
of

th
e
cu
rr
en
t
st
a
tu
s
o
f

n
ew

p
a
rt
ic
le

se
a
rc
h
es

at
th
e
L
H
C
.

F
ig
u
re

1:
T
h
e
la
yo
u
t
o
f
th
e
IL
C

ta
k
en

fr
o
m

th
e
R
D
R

[5
]
.
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2
H
in
ts

fo
r
th

e
li
g
h
t
H
ig
g
s
b
o
so

n
?

T
h
e
S
ta
n
d
a
rd

M
o
d
el

(S
M
)
o
f
p
a
rt
ic
le
s
p
h
y
si
cs

h
a
s
b
ee
n
so

fa
r
ex
tr
em

el
y
su
cc
es
sf
u
l,
w
it
h
o
u
t
a
n
y
si
g
n
ifi
ca
n
t

d
ev
ia
ti
o
n
b
et
w
ee
n
th
eo
re
ti
ca
l
ex
p
ec
ta
ti
o
n
s
a
n
d
ex
p
er
im

en
ta
l
m
ea
su
re
m
en
ts
.
T
h
e
m
o
d
el

co
n
si
st
s
o
f
th
re
e

se
ct
o
rs
:
th
e
g
a
u
g
e
b
os
o
n
se
ct
o
r,
th
e
fe
rm

io
n
se
ct
o
r,
an

d
th
e
H
ig
g
s
se
ct
o
r.

W
h
il
e
th
e
fo
rm

er
tw

o
se
ct
o
rs

w
er
e

ex
p
er
im

en
ta
ll
y
te
st
ed

w
it
h
g
o
o
d
p
re
ci
si
o
n
a
t
le
p
to
n
a
n
d
h
a
d
ro
n
co
ll
id
er
s
in

th
e
p
a
st
,
th
e
la
st

se
ct
o
r
is
,
at

le
a
st

ex
p
er
im

en
ta
ll
y,

to
ta
ll
y
-u
n
k
n
ow

n
.
T
h
e
H
ig
g
s
fi
el
d
p
la
y
s
a
k
ey

ro
le

in
th
e
S
M
,
an

d
a
ss
u
m
ed

to
b
e
th
e

o
ri
g
in

o
f
th
e
el
ec
tr
ow

ea
k
sy
m
m
et
ry

b
re
a
k
in
g
a
n
d
to

p
ro
d
u
ce

th
e
m
a
ss
es

o
f
a
ll
el
em

en
ta
ry

p
a
rt
ic
le
s.

U
n
ti
l
th
e

L
H
C

er
a
,
th
e
H
ig
g
s
b
os
o
n
st
il
l
es
ca
p
es

d
et
ec
ti
o
n
in

sp
it
e
o
f
a
ll
th
e
eff

o
rt
s
d
ev
o
te
d
at

th
e
L
E
P
an

d
T
ev
at
ro
n

ex
p
er
im

en
ts
.
H
ow

ev
er
,
th
e
p
re
ci
se

el
ec
tr
ow

ea
k
m
ea
su
re
m
en
ts

a
t
L
E
P
,
S
L
C
,
a
n
d
T
ev
a
tr
o
n
ca
n
co
n
st
ra
in

th
e

S
M

H
ig
g
s
b
o
so
n
m
a
ss

to
b
e
le
ss

th
a
n
1
6
1
G
eV

[6
]
(o
n
e-
si
d
ed

9
5
%

co
n
fi
d
en
ce

le
v
el

u
p
p
er

li
m
it
).

T
h
e
d
ir
ec
t

H
ig
g
s
se
a
rc
h
a
t
L
E
P

se
t
a
n
lo
w
er

li
m
it
o
f
th
e
S
M

H
ig
g
s
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b
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w
h
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e
T
ev
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n
ex
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u
d
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a
m
a
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ra
n
g
e
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o
m

1
5
6
G
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to
1
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G
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T
h
e
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a
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o
n
w
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h
o
u
t
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e
L
H
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m
m
a
ri
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d
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T
h
e
Δ
χ
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e
d
er
iv
ed
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o
m

h
ig
h
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2
p
re
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si
o
n
el
ec
tr
ow

ea
k
m
ea
su
re
m
en
ts
,
p
er
fo
rm
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a
t
L
E
P
,

S
L
C
,
a
n
d
T
ev
a
tr
o
n
a
s
a
fu
n
ct
io
n
o
f
th
e
S
M

H
ig
g
s
b
os
o
n
m
a
ss
.
T
h
e
m
a
ss

re
g
io
n
s
ex
cl
u
d
ed

b
y
L
E
P

a
n
d

T
ev
at
ro
n
a
re

a
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o
n
sh
ow

n
.

T
h
e
p
h
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n
o
f
th
e
L
H
C
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a
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in
M
a
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h
2
0
1
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.
In

2
0
1
1
,
th
e
L
H
C

v
er
y
su
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es
sf
u
ll
y
d
el
iv
er
ed

a
n

in
te
g
ra
te
d
lu
m
in
o
si
ty

o
f
a
b
o
u
t
5
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−
1
a
t
a
ce
n
te
r-
o
f-
m
a
ss

en
er
g
y
o
f
7
T
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to
ea
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o
f
th
e
g
en
er
a
l
p
u
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os
e

p
ro
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n
-p
ro
to
n
co
ll
is
io
n
ex
p
er
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en
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,
A
T
L
A
S
a
n
d
C
M
S
.
T
h
e
L
H
C

is
a
v
er
y
p
ow

er
fu
l
m
a
ch
in
e
fo
r
d
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co
ve
ry

o
f

n
ew

h
ea
v
y
p
a
rt
ic
le
s.

A
lt
h
o
u
g
h
a
n
y
ev
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en
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fo
r
th
e
H
ig
g
s
b
os
o
n
h
a
s
n
o
t
b
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n
o
b
ta
in
ed

y
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,
th
e
L
H
C
a
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ea
d
y

se
t
a
v
er
y
st
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n
g
en
t
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m
it
o
n
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e
S
M

H
ig
g
s
b
o
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n
m
a
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,
1
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T
h
e
h
ea
v
y
S
M

H
ig
g
s
b
o
so
n
(m

H
>
∼

1
6
0
G
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),
w
h
ic
h
is
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co
n
si
st
en
t
w
it
h
th
e
el
ec
tr
ow
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k
m
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su
re
m
en
ts
,
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ex
cl
u
d
ed

in
th
e
m
a
ss
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g
io
n
u
p
to

∼
6
0
0
G
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.
If
a
h
ea
v
ie
r
H
ig
s-
li
k
e
p
a
rt
ic
le

is
fo
u
n
d
,
it
sh
o
u
ld

n
o
t
b
e
th
e
”
S
M
”
H
ig
g
s
b
os
o
n
.
O
n
th
e
ot
h
er

h
a
n
d
,
th
e
li
g
h
t

S
M

H
ig
g
s
b
os
o
n
(m

H
<
∼

1
6
0
G
eV

),
if
it

ex
is
ts
,
sh
o
u
ld

b
e
in

th
e
m
a
ss

re
g
io
n
1
1
5.
5
<

M
H

<
1
2
7
G
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.
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a
d
d
it
io
n
,
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te
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st
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g
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,
b
u
m
p
s
a
re
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se
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ed

a
t
M

H
∼

1
2
5
G
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b
y
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o
f
th
e
A
T
L
A
S
a
n
d
C
M
S
ex
p
er
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en
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1
9

a
s
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n
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F
ig
s
3
a
n
d
4
(t
h
e
p
ea
k
p
o
si
ti
o
n
s
a
re

sl
ig
h
tl
y
d
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er
en
t)
.
B
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a
u
se

of
lo
w
st
a
ti
st
ic
s
o
f
th
e
2
0
1
1
d
a
ta
,

a
n
y
d
ec
is
iv
e
co
n
cl
u
si
o
n
ca
n
n
o
t
b
e
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ta
in
ed

fo
r
th
e
H
ig
g
s
”
d
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v
er
y
”
y
et
.
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0
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,
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e
L
H
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p
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g
ra
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d
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o
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p
er
im

en
t.
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n
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,
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T
L
A
S
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n
d
C
M
S
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p
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e
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p
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te
d
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ve
r
a
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g
h
t
H
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g
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k
e
p
a
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ic
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,

o
r
ex
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u
d
e
th
e
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is
te
n
ce
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th
e
S
M

H
ig
g
s
b
os
o
n
.
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,
th
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l
b
e
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a
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t
d
is
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p
a
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p
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y
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n
d
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e
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a
t
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a
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a
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o
a
t
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e
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C
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ra
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b
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p
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b
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th
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d
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e
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a
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s
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b
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m
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n
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e
d
o
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e
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ra
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s
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n
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p
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d
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m
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e
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b
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n
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o
f
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g
n
a
l
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h
th
e
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σ
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b
a
n
d
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r
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p
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p
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d
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d
b
y
”B
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d
th
e
S
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n
d
a
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o
d
el
”
p
h
y
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su
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-

p
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m
m
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ry
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U
S
Y
)
an

d
ex
tr
a
-d
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en
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o
n
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a
s
b
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n
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u
n
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a
t
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e
L
H
C
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g
h
t
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g
s
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o
n
w
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h
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s
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m
H

∼
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5
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ca
n
b
e
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il
l
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n
si
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en
t
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e
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U
S
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o
n
.
W
e
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il
l
h
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e
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n
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d
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v
er

n
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p
a
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le
s
b
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o
n
d
th
e
S
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n
d
a
rd

M
o
d
el

at
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e
L
H
C
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at

h
ig
h
er

ce
n
te
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o
f-
m
a
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en
er
g
ie
s
a
n
d
w
it
h

m
o
re

lu
m
in
o
si
ty
.
D
is
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ve
ry
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f
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n
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p
a
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s
w
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h
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e
an

o
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a
t
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p
a
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th
e
p
h
y
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en
a
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o

a
t
th
e
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C
.

3
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h
y
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c
s
a
t
th

e
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C
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in
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d
o
cu
m
en
t
it

is
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su
m
ed

th
a
t
a
li
g
h
t
H
ig
g
s
b
os
o
n
(o
r
a
li
g
h
t
H
ig
g
s-
li
k
e
p
a
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ic
le
)
w
il
l
b
e

d
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co
v
er
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at
th
e
L
H
C

in
n
ea
r
fu
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re
,
p
ro
b
a
b
ly

b
y
th
e
en
d
o
f
y
ea
r
2
0
1
2
.
In
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ca
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,
re
g
a
rd
le
ss

w
h
et
h
er

o
th
er

n
ew

p
a
rt
ic
le
s
w
il
l
b
e
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u
n
d
o
r
n
o
t,

th
e
IL
C

sh
o
u
ld

b
e
p
la
n
n
ed

n
a
tu
ra
ll
y
a
s
th
e
H
ig
g
s
fa
ct
o
ry
,
fi
rs
t
o
f

a
ll
.
T
h
e
re
a
so
n
w
h
y
th
e
H
ig
g
s
fa
ct
o
ry

is
n
ec
es
sa
ry

is
cl
ea
r:

T
h
e
H
ig
g
s
b
os
o
n
b
el
o
n
g
s
to

a
co
m
p
le
te
ly

n
ew

ca
te
g
o
ry

of
p
a
rt
ic
le
s
th
a
t
w
e
h
av
e
n
ev
er

en
co
u
n
te
re
d
.
W
e
d
o
n
’t

k
n
ow

a
n
y
ot
h
er

sp
in
-0
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em

en
ta
ry

p
a
rt
ic
le
.

T
h
e
p
ro
p
er
ti
es

of
th
e
H
ig
g
s
b
os
o
n
,
to

b
e
d
is
co
v
er
ed

at
th
e
L
H
C
,
ar
e
ex
p
er
im

en
ta
ll
y
u
n
k
n
ow

n
,
an

d
sh
o
u
ld

b
e
th
o
ro
u
g
h
ly

in
v
es
ti
g
a
te
d
a
t
th
e
IL
C
,
w
h
er
e
w
e
ca
n
ob

se
rv
e
in
te
ra
ct
io
n
s
o
f
el
em

en
ta
ry

p
a
rt
ic
le
s,
w
it
h
w
el
l-

k
n
ow

n
in
it
ia
l
st
a
te
s
a
n
d
re
la
ti
v
el
y
si
m
p
le

fi
n
a
l
st
a
te
s
in

a
cl
ea
n
ex
p
er
im

en
ta
l
en
v
ir
o
n
m
en
t.
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o
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ri
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ti
o
n
of

el
ec
tr
o
n
s
a
s
w
el
l
a
s
p
os
it
ro
n
s
at

th
e
IL
C

ca
n
b
e
u
se
d
a
s
a
p
ow

er
fu
l
to
o
l.
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t
th
e
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C

w
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h
a
n
in
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l
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n
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o
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m
a
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er
g
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a
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t
5
0
0
G
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(t
h
e
fi
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t
p
h
a
se
),

w
e
w
il
l
h
av
e

th
re
e
im

p
o
rt
a
n
t
en
er
g
y
st
ep
s:

2
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1
.
W
e
st
a
rt

th
e
p
h
y
si
cs

ru
n
a
t
th
e
IL
C

a
t
a
ce
n
te
r-
o
f-
m
a
ss

en
er
g
y
o
f
a
b
o
u
t
2
5
0
G
eV

(∼
m

H
+
1
2
0
G
eV

),
w
h
er
e
th
e
p
ro
d
u
ct
io
n

cr
o
ss

se
ct
io
n

o
f
th
e
H
ig
g
ss
tr
a
h
lu
n
g
p
ro
ce
ss

(e
+
e−

→
H
Z
)
is

at
m
a
x
im

u
m

(F
ig
.
5
a
).

A
t
th
is

en
er
g
y
w
e
ca
n
m
ea
su
re

th
e
fo
ll
ow

in
g
p
ro
p
er
ti
es

v
er
y
p
re
ci
se
ly
:

•
M
ea
su
re
m
en
t
o
f
th
e
m
a
ss

a
n
d

p
ro
d
u
ct
io
n

cr
o
ss

se
ct
io
n
:
T
h
e
m
ea
su
re
m
en
t
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n

b
e
p
er
fo
rm

ed
in
d
ep

en
d
en
t
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o
m

th
e
H
ig
g
s
b
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n
ch
in
g
ra
ti
o
s,
b
y
re
co
n
st
ru
ct
in
g
th
e
re
co
il
m
a
ss

o
f
th
e
Z

→
�+

�−

d
ec
ay

(�
=

e,
μ
).

T
h
e
to
ta
l
p
ro
d
u
ct
io
n
cr
o
ss

se
ct
io
n
,
in
cl
u
d
in
g
th
e
in
v
is
ib
le

d
ec
ay

m
o
d
es

o
f
th
e

H
ig
g
s
b
o
so
n
,
ca
n
b
e
m
ea
su
re
d
.

•
T
h
e
sp
in

of
th
e
H
ig
g
s-
li
k
e
p
a
rt
ic
le

ca
n
b
e
u
n
a
m
b
ig
u
o
u
sl
y
d
et
er
m
in
ed

b
y
th
e
cr
o
ss

se
ct
io
n
sc
a
n

a
ro
u
n
d
th
e
p
ro
d
u
ct
io
n
th
re
sh
o
ld

a
n
d
th
e
m
ea
su
re
m
en
t
o
f
th
e
p
ro
d
u
ct
io
n
a
n
g
le

d
is
tr
ib
u
ti
o
n
.
T
h
e

C
P

ch
a
ra
ct
er
is
ti
c
o
f
th
e
p
a
rt
ic
le

ca
n
a
ls
o
b
e
d
et
er
m
in
ed
.

•
T
h
e
b
ra
n
ch
in
g
ra
ti
o
s
o
f
th
e
S
M

H
ig
g
s
b
o
so
n
a
re

sh
ow

n
in

F
ig
.
5b

as
a
fu
n
ct
io
n
o
f
it
s
m
a
ss
.
T
h
e

li
g
h
t
H
ig
g
s
b
o
so
n
w
it
h
it
s
m
a
ss

1
1
0
<

m
H

<
1
5
0
G
eV

is
a
n
id
ea
l
p
h
y
si
cs

ta
rg
et

at
th
e
IL
C
,
a
s

m
o
st

o
f
th
e
d
ec
ay

b
ra
n
ch
in
g
ra
ti
o
s
ca
n
b
e
m
ea
su
re
d
v
er
y
p
re
ci
se
ly
.
F
ig
u
re

6
sh
ow

s
th
e
ex
p
ec
te
d

p
re
ci
si
o
n
o
f
th
e
m
ea
su
re
m
en
ts

as
a
fu
n
ct
io
n
o
f
m

H
[1
1
]
,
w
h
er
e
a
ce
n
te
r-
o
f-
m
a
ss

en
er
g
y
o
f
2
5
0

G
eV

,
a
n
in
te
g
ra
te
d
lu
m
in
o
si
ty

o
f
2
5
0
fb

−
1
,
a
n
d
a
b
ea
m

p
o
la
ri
za
ti
o
n
of

8
0
%

fo
r
el
ec
tr
o
n
s
a
n
d

3
0
%

fo
r
p
o
si
tr
o
n
s
a
re

as
su
m
ed
,
re
sp
ec
ti
v
el
y.

If
th
e
li
g
h
t
H
ig
g
s
in
d
ee
d
ex
is
ts
,
w
e
w
il
l
h
av
e
m
a
n
y

d
ec
ay

ch
a
n
n
el
s
to

b
e
m
ea
su
re
d
w
it
h
g
o
o
d
p
re
ci
si
o
n
.
T
h
e
a
cc
u
ra
cy

is
ty
p
ic
a
ll
y
a
fe
w

p
er
ce
n
t.

T
h
e

m
ea
su
re
m
en
t
o
f
th
e
H
ig
g
s
b
o
so
n
p
ro
p
er
ti
es

is
li
m
it
ed

a
t
th
e
L
H
C
:
o
n
ly

a
fe
w

d
ec
ay

m
o
d
es

ca
n
b
e

m
ea
su
re
d
w
it
h
m
u
ch

m
o
re

d
eg
ra
d
ed

a
cc
u
ra
cy
,
ty
p
ic
a
ll
y
3
0
%

o
r
w
or
se
.
In

o
rd
er

to
te
ll
th
e
p
h
y
si
cs

b
eh
in
d
th
e
H
ig
g
s-
li
k
e
p
a
rt
ic
le
,
w
e
d
efi
n
it
el
y
n
ee
d
th
e
a
cc
u
ra
cy

to
b
e
a
ch
ie
v
ed

a
t
th
e
IL
C
.
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5:
(a
)
T
h
e
p
ro
d
u
ct
io
n
cr
o
ss

se
ct
io
n
of

th
e
S
ta
n
d
a
rd

M
o
d
el

H
ig
g
s
b
os
o
n
a
s
a
fu
n
ct
io
n
o
f
th
e
ce
n
te
r-
o
f-

m
a
ss

en
er
g
y
a
n
d
(b
)
th
e
H
ig
g
s
b
ra
n
ch
in
g
ra
ti
o
s
p
re
d
ic
te
d
b
y
th
e
S
ta
n
d
a
rd

M
o
d
el

as
a
fu
n
ct
io
n
o
f
th
e
H
ig
g
s

b
o
so
n
m
a
ss
.

2
.
T
h
e
n
ex
t
ce
n
te
r-
o
f-
m
a
ss

en
er
g
y
fo
r
th
e
IL
C
op

er
a
ti
o
n
w
il
l
b
e
a
ro
u
n
d
3
5
0
G
eV

,
w
h
er
e
th
e
to
p
-q
u
a
rk

p
a
ir
-

p
ro
d
u
ct
io
n
b
ec
o
m
es

fo
r
th
e
fi
rs
t
ti
m
e
p
os
si
b
le
a
t
an

e+
e−

co
ll
id
er
.
W
e
ca
n
p
re
ci
se
ly

m
ea
su
re

a
va
ri
et
y
o
f

to
p
-q
u
a
rk

p
ro
p
er
ti
es

su
ch

as
th
e
to
p
m
a
ss
,
th
e
p
ro
d
u
ct
io
n
cr
o
ss

se
ct
io
n
,
a
n
d
th
e
m
o
m
en
tu
m

d
is
tr
ib
u
ti
o
n

a
t
th
e
th
re
sh
o
ld

ce
n
te
r-
o
f-
m
a
ss

en
er
g
y.

A
t
th
is
en
er
g
y
th
e
v
ec
to
r-
b
o
so
n
fu
si
o
n
p
ro
ce
ss

(e
+
e−

→
ν
ν̄
H
)

b
ec
o
m
es

m
o
re

im
p
o
rt
a
n
t
fo
r
th
e
H
ig
g
s
p
ro
d
u
ct
io
n
.
T
h
e
d
i-
b
o
so
n
p
ro
d
u
ct
io
n
s
(e

+
e−

→
W

W
,
Z
Z
)

m
ay

al
so

b
e
in
te
re
st
in
g
p
ro
ce
ss
es

to
b
e
st
u
d
ie
s
a
t
th
e
en
er
g
y
re
g
io
n
.

3
.
A
t
th
e
ce
n
te
r-
o
f-
m
a
ss

en
er
g
y
o
f
5
0
0
G
eV

(o
r
h
ig
h
er
)
tw

o
m
o
re

es
se
n
ti
a
l
m
ea
su
re
m
en
ts

o
f
th
e
H
ig
g
s

b
os
on

ca
n
b
e
p
er
fo
rm

ed
a
t
th
e
IL
C
:

2
1

•
M
ea
su
re
m
en
t
of

th
e
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
co
n
st
a
n
t
λ
h
h
h
u
si
n
g
th
e
p
ro
ce
ss
es

e+
e−

→
Z
H
H

a
n
d

e+
e−

→
ν
ν̄
H
:
T
h
is
m
ea
su
re
m
en
t
w
il
l
d
et
er
m
in
e
th
e
H
ig
g
s
p
ot
en
ti
a
l
w
h
ic
h
ca
u
se
s
th
e
el
ec
tr
ow

ea
k

sy
m
m
et
ry

b
re
a
k
in
g
.

•
M
ea
su
re
m
en
t
of

th
e
to
p
q
u
a
rk

Y
u
ka
w
a
co
u
p
li
n
g
b
y
m
ea
su
ri
n
g
th
e
tt̄
H

cr
o
ss

se
ct
io
n
:
T
h
is

m
ea
-

su
re
m
en
t
is

im
p
or
ta
n
t
as

th
e
to
p
-q
u
a
rk

is
th
e
h
ea
v
ie
st

fe
rm

io
n
an

d
th
e
Y
u
ka
w
a
in
te
ra
ct
io
n
b
e-

tw
ee
n
th
e
to
p
-q
u
a
rk

a
n
d
th
e
H
ig
g
s
b
os
o
n
is
as
su
m
ed

to
ge
n
er
a
te

th
e
m
a
ss

te
rm

w
h
ic
h
b
re
a
k
s
th
e

el
ec
tr
ow

ea
k
g
a
u
g
e
sy
m
m
et
ry

in
th
e
S
M
.

T
h
e
tw

o
m
ea
su
re
m
en
ts

a
re

ex
tr
em

el
y
d
iffi

cu
lt

at
th
e
L
H
C
.
P
re
v
io
u
s
fa
st
-s
im

u
la
ti
o
n
st
u
d
ie
s
sh
ow

ed
th
a
t
th
e
m
ea
su
re
m
en
ts

ar
e
p
os
si
b
le

at
th
e
IL
C

w
it
h
th
e
ce
n
te
r-
o
f-
m
a
ss

en
er
g
y
o
f
5
0
0
G
eV

,
h
ow

ev
er
,

re
ce
n
t
fu
ll
-s
im

u
la
ti
o
n
st
u
d
ie
s
h
av
e
n
o
t
re
p
ro
d
u
ce
d
th
e
fa
st
-s
im

u
la
ti
o
n
re
su
lt
s
y
et
.
W
e
h
av
e
to

d
ev
el
o
p

m
o
re

a
d
va
n
ce
d
si
m
u
la
ti
o
n
st
u
d
ie
s
to

co
n
v
in
ce

th
e
fe
a
si
b
il
it
y
of

th
e
m
ea
su
re
m
en
ts

a
t
th
e
IL
C
.
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ig
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6:
M
ea
su
re
m
en
t
a
cc
u
ra
ci
es

o
f
th
e
H
ig
g
s
b
ra
n
ch
in
g
ra
ti
o
s
ex
tr
a
p
ol
a
te
d

fr
o
m

th
e
re
su
lt

a
t
m

H
=

1
2
0
G
eV

.

A
s
fo
r
th
e
H
ig
g
s
se
ct
o
r,
th
e
IL
C
ca
n
d
et
er
m
in
e
th
e
co
u
p
li
n
g
co
n
st
a
n
ts

o
f
th
e
H
ig
g
s
b
os
o
n
to

th
e
fe
rm

io
n
s,

g
a
u
g
e
b
os
o
n
s,
an

d
th
e
H
ig
g
s
b
os
o
n
it
se
lf
,
w
it
h
m
u
ch

b
et
te
r
p
re
ci
si
o
n
th
a
n
a
t
th
e
L
H
C
.
W

it
h
th
e
p
re
ci
si
o
n
s
w
e

ca
n
te
st

if
th
e
co
u
p
li
n
g
is
p
ro
p
or
ti
o
n
a
l
to

th
e
m
a
ss

o
f
th
e
p
a
rt
ic
le
s.

A
n
y
d
ev
ia
ti
o
n
fr
o
m

th
e
S
M

ex
p
ec
ta
ti
o
n
s

d
ir
ec
tl
y
le
a
d
s
to

n
ew

p
h
y
si
cs

b
ey
o
n
d
th
e
S
ta
n
d
a
rd

M
o
d
el
,
e.
g
.,
S
u
p
er
sy
m
m
et
ry
,
ex
tr
a
-D

im
en

si
o
n
s,
a
n
d
L
it
tl
e

H
ig
g
s
m
o
d
el
s.

T
h
e
m
o
d
el

p
a
ra
m
et
er
s
of

th
e
n
ew

p
h
y
si
cs

m
ay

al
so

b
e
d
et
er
m
in
ed
.
T
h
e
H
ig
g
s
b
os
o
n
is

a
p
ow

er
fu
l
to
o
l
to

ex
p
lo
re

n
ew

p
h
y
si
cs

at
T
er
a
sc
a
le
.

T
h
e
st
ra
te
g
y
of

th
e
IL
C

u
p
to

ab
ou

t
5
0
0
G
eV

is
su
m
m
a
ri
ze
d
in

F
ig
.
7,

w
h
er
e
th
e
ce
n
te
r-
o
f-
m
a
ss

en
er
g
y

a
n
d
th
e
in
te
g
ra
te
d
lu
m
in
o
si
ty

re
q
u
ir
ed

to
co
m
p
le
te

va
ri
o
u
s
p
h
y
si
cs

st
u
d
ie
s
is

sh
ow

n
.
W
e
w
il
l
st
a
rt

th
e
IL
C

w
it
h
ce
n
te
r-
o
f-
m
a
ss

en
er
g
y
a
t
2
5
0
G
eV

to
st
u
d
y
th
e
H
ig
g
s
b
os
o
n
p
ro
p
er
ti
es

in
d
et
a
il
.
A
t
3
5
0
G
eV

,
w
e
ca
n

st
u
d
y
th
e
to
p
-p
a
ir
p
ro
d
u
ct
io
n
in

d
et
a
il
.
A
t
ce
n
te
r
of

m
a
ss

en
er
g
y
of

5
0
0
G
eV

or
h
ig
h
er
,
w
e
ca
n
m
ea
su
re

th
e

H
ig
g
s
se
lf
-c
o
u
p
li
n
g
an

d
to
p
-q
u
a
rk

Y
u
ka
w
a
-c
o
u
p
li
n
g
.
R
ic
h
p
h
y
si
cs

p
ro
g
ra
m
m
e
a
re

gu
a
ra
n
te
ed

a
t
th
e
IL
C
,

o
n
ce

a
li
g
h
t
H
ig
g
s-
li
k
e
p
a
rt
ic
le

is
d
is
co
ve
re
d
at

th
e
L
H
C
.

A
lt
h
o
u
g
h
th
e
L
H
C

h
a
s
so

fa
r
sh
ow

n
n
o
in
d
ic
a
ti
o
n
o
f
o
th
er

n
ew

p
a
rt
ic
le
s,

it
is

st
il
l
p
os
si
b
le

th
a
t
h
ea
v
y

co
lo
re
d
p
a
rt
ic
le
s
w
il
l
b
e
d
is
co
ve
re
d
w
it
h
h
ig
h
er

en
er
g
ie
s
an

d
m
o
re

in
te
g
ra
te
d
lu
m
in
o
si
ti
es

a
t
th
e
L
H
C
.
O
n
ce

2
2



F
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u
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7
:
T
h
e
ce
n
te
r-
o
f-
m
a
ss

en
er
g
y
a
n
d
th
e
in
te
g
ra
te
d
lu
m
in
o
si
ty

re
q
u
ir
ed

fo
r
va
ri
o
u
s
st
u
d
ie
s
a
t
th
e
IL
C
.

h
ea
v
y
p
a
rt
ic
le
s
a
re

d
is
co
v
er
ed
,
th
e
m
a
ss
es

o
f
li
g
h
te
r
n
ew

p
a
rt
ic
le
s
m
ay

b
e
es
ti
m
a
te
d
th
ro
u
g
h
th
ei
r
d
ec
ay

ch
a
in
s.

T
h
e
L
H
C

is
v
er
y
p
ow

er
fu
l
to

p
ro
d
u
ce

co
lo
re
d
p
a
rt
ic
le
s,

b
u
t
n
o
t
fo
r
co
lo
rl
es
s
p
a
rt
ic
le
s.

T
h
er
ef
o
re

li
g
h
t
co
lo
rl
es
s
p
a
rt
ic
le
s
m
ay

ea
si
ly

es
ca
p
e
d
et
ec
ti
o
n
at

th
e
L
H
C
.
It

is
th
u
s
p
o
ss
ib
le

th
a
t
li
g
h
t
n
ew

co
lo
rl
es
s

p
a
rt
ic
le
s
w
il
l
b
e
d
is
co
ve
re
d
a
t
th
e
IL
C
,
ev
en

if
th
e
L
H
C

fa
il
s
to

d
is
co
ve
r
n
o
n
ew

p
a
rt
ic
le
s.

If
a
n
ew

p
a
rt
ic
le

is
d
is
co
v
er
ed

a
t
th
e
L
H
C

o
r
a
t
th
e
IL
C
,
it
m
ay

n
o
t
b
e
al
o
n
e.

A
se
ri
es

o
f
n
ew

p
a
rt
ic
le
s
m
u
st

ex
is
t,
a
n
d
w
e
w
il
l

en
te
r
a
n
er
a
o
f“

N
ew

P
a
rt
ic
le

D
is
co
v
er
ie
s
”.

T
h
is
ca
n
b
e
o
ri
g
in
a
te
d
fr
o
m

su
p
er
sy
m
m
et
ry
,
ex
tr
a
-d
im

en
si
o
n
s,

o
r
w
h
a
te
v
er

el
se
.
In

a
n
y
m
o
d
el
,
th
e
li
g
h
te
st

n
ew

p
a
rt
ic
le
,
w
h
ic
h
is
st
a
b
le

d
u
e
to

so
m
e
co
n
se
rv
at
io
n
la
w
,
m
ay

b
e
th
e
d
a
rk

m
a
tt
er

ca
n
d
id
a
te
.

In
th
e
ca
se

o
f
su
p
er
sy
m
m
et
ry
,
th
e
m
a
ss
es

a
n
d
co
u
p
li
n
g
s
o
f
su
p
er
p
a
rt
n
er
s
ca
n
b
e
p
re
ci
se
ly

m
ea
su
re
d
,
if

th
ey

a
re

w
it
h
in

th
e
re
a
ch

o
f
th
e
IL
C
.
T
h
en

w
e
ca
n
te
st

d
ir
ec
tl
y
th
e
S
U
S
Y

re
la
ti
o
n
s
a
n
d
G
U
T

re
la
ti
o
n
s.

It
is

p
os
si
b
le

to
ge
t
so
m
e
in
fo
rm

a
ti
o
n
o
f
th
e
n
eu
tr
in
o
se
es
aw

m
ec
h
a
n
is
m
.
M
ea
su
re
m
en
ts

of
S
U
S
Y

p
a
rt
ic
le
s
a
t

th
e
L
H
C

a
n
d
th
e
IL
C

w
o
u
ld

en
a
b
le

u
s
to

p
re
ci
se
ly

ca
lc
u
la
te

th
e
d
a
rk

m
a
tt
e
d
en
si
ty

in
th
e
u
n
iv
er
se
,
w
h
ic
h

w
il
l
b
e
co
m
p
a
re
d
w
it
h
th
e
fu
tu
re

p
re
ci
se

m
ea
su
re
m
en
t
b
y
th
e
P
la
n
ck

sa
te
ll
it
e.

E
v
en

if
n
o
n
ew

p
a
rt
ic
le
s
w
er
e
fo
u
n
d
a
t
th
e
IL
C
,
p
re
ci
se

m
ea
su
re
m
en
ts

a
t
th
e
IL
C

ca
n
ex
p
lo
re

p
h
y
si
cs

at
m
u
ch

h
ig
h
er

en
er
g
ie
s.

A
g
o
d
ex
a
m
p
le

is
th
e
Z

′
b
o
so
n
.
F
or

ex
a
m
p
le
,
fr
o
m

p
re
ci
se

m
ea
su
re
m
en
ts

o
f
fe
rm

io
n

p
a
ir

p
ro
d
u
ct
io
n
a
t
th
e
IL
C
,
th
e
m
o
d
el

o
f
th
e
n
ew

g
a
u
g
e
b
os
o
n
m
ay

b
e
d
et
er
m
in
ed
.

P
re
ci
se

m
ea
su
re
m
en
ts

o
f
th
e
n
ew

p
a
rt
ic
le
s
w
il
l
d
et
er
m
in
e
th
e
n
ex
t
en
er
g
y
re
q
u
ir
ed

fo
r
th
e
co
ll
id
er

b
ey
on

d
th
e
fi
rs
t
p
h
a
se

o
f
th
e
IL
C
.
If

it
is

le
ss

th
a
n
1
T
eV

,
th
e
IL
C

sh
o
u
ld

b
e
su
b
se
q
u
en
tl
y
u
p
g
ra
d
ed

to
it
s
se
co
n
d

p
h
a
se
,
u
p
to

∼
1
T
eV

.
O
th
er
w
is
e
w
e
w
il
l
h
av
e
to

co
n
si
d
er

to
b
u
il
d
th
e
C
L
IC

or
M
u
o
n
C
o
ll
id
er

m
o
re

se
ri
o
u
sl
y.

4
S
u
m
m
a
ry

a
n
d

o
u
tl
o
o
k

B
y
th
e
en
d

o
f
th
is

y
ea
r
it

is
v
er
y
li
k
el
y
th
a
t
a
li
g
h
t
H
ig
g
s-
li
k
e
p
a
rt
ic
le

w
il
l
b
e
d
is
co
v
er
ed

at
th
e
L
H
C
.

T
h
e
d
is
co
ve
ry

w
il
l
b
e
th
e
st
a
rt

o
f
a
n
ew

re
v
o
lu
ti
o
n
in

p
a
rt
ic
le

p
h
y
si
cs
,
a
s
th
e
H
ig
g
s
b
o
so
n
is

a
co
m
p
le
te
ly

n
ew

co
m
er

in
p
a
rt
ic
le

p
h
y
si
cs
.
A
s
th
e
n
ex
t
st
ep

w
e
n
ee
d
th
e
li
n
ea
r
co
ll
id
er

fo
r
p
re
ci
se

m
ea
su
re
m
en
ts

o
f
th
e

2
3

n
ew

p
a
rt
ic
le
s.

T
h
e
IL
C

w
il
l
re
v
ea
l
th
e
p
ri
n
ci
p
le

o
f
n
ew

p
h
y
si
cs

w
it
h
m
u
ch

b
et
te
r
se
n
si
ti
v
it
y.

F
ir
st

o
f
a
ll
,
th
e

p
ro
p
er
ti
es

o
f
th
e
n
ew

p
a
rt
ic
le

m
u
st

b
e
th
o
ro
u
g
h
ly

m
ea
su
re
d
a
n
d
in
ve
st
ig
a
te
d
a
t
th
e
IL
C
.
In

th
is

ca
se

th
e

p
h
y
si
cs

sc
en
a
ri
o
a
t
th
e
IL
C

(t
h
e
fi
rs
t
p
h
a
se
)
w
il
l
h
av
e
th
e
fo
ll
ow

in
g
th
re
e
st
ep
s:

(1
)
st
u
d
y
o
f
H
ig
g
s
p
ro
p
er
ti
es

at
√ s

∼
2
5
0
G
eV

w
h
er
e
Z
H

p
ro
d
u
ct
io
n
cr
o
ss

se
ct
io
n
is

at
m
a
x
im

u
m
,
(2
)
st
u
d
ie
s
o
f
th
e
H
ig
g
s
b
os
o
n
,
th
e

to
p
-q
u
a
rk
,
a
n
d
d
i-
b
os
o
n
p
ro
d
u
ct
io
n
a
t
√ s

∼
3
5
0
G
eV

(t
h
e
tt̄

th
re
sh
o
ld
),

a
n
d
(3
)
st
u
d
ie
s
Z
H
H

a
n
d
tt̄
H

p
ro
d
u
ct
io
n
s
at

√ s
∼

5
0
0
G
eV

to
m
ea
su
re

th
e
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
an

d
th
e
to
p
-q
u
a
rk

Y
u
ka
w
a-
co
u
p
li
n
g
.
T
h
es
e

a
re

gu
a
ra
n
te
ed

p
h
y
si
cs

ta
rg
et
s
a
t
th
e
fi
rs
t
p
h
a
se

o
f
th
e
IL
C
.
In

ad
d
it
io
n
,
th
e
IL
C

h
a
s
m
a
n
y
p
os
si
b
il
it
ie
s
to

ex
p
lo
re

th
e
p
h
y
si
cs

b
ey
o
n
d
th
e
S
ta
n
d
a
rd

M
o
d
el
.
T
h
e
n
ew

p
h
y
si
cs

ca
n
b
e
su
p
er
sy
m
m
et
ry
,
ex
tr
a
-d
im

en
si
o
n
s,

o
r
a
n
y
th
in
g
el
se
.
A
n
y
su
rp
ri
se

m
ay

h
a
p
p
en

a
t
th
e
h
ig
h
-e
n
er
g
y
fr
o
n
ti
er
.

T
h
e
L
H
C

re
su
lt
s
w
il
l
d
et
er
m
in
e
th
e
d
ir
ec
ti
o
n
of

IL
C
.
W
e
h
av
e
to

b
e
re
a
d
y
fo
r
co
n
st
ru
ct
io
n
of

th
e
IL
C

a
s
so
o
n
a
s
p
os
si
b
le
,
so

th
a
t
w
e
ca
n
re
sp
o
n
d
an

y
p
os
si
b
le

re
su
lt

a
t
th
e
L
H
C
.
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P
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P
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.
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/
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b
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h
e
L
E
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E
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o
rk
in
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G
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/
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p
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.w

eb
.c
er
n
.c
h
/
L
E
P
E
W

W
G
/
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]
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h
e
A
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H
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P
H
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L
3
a
n
s
O
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A
L

C
o
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a
b
o
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ti
o
n
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P
h
y
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L
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]
T
h
e
C
D
F

a
n
d

D
0
C
o
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a
b
o
ra
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o
n
s,

“
C
o
m
b
in
ed

C
D
F

a
n
d

D
0
U
p
p
er

L
im
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s
o
n

S
ta
n
d
a
rd

M
o
d
el

H
ig
g
s
B
o
so
n

P
ro
d
u
ct
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n

w
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h
u
p
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8
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−
1
o
f
D
a
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”
,
a
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1
0
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8
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x
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[9
]
T
h
e
A
T
L
A
S
C
o
ll
a
b
o
ra
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o
n
,
P
h
y
s.

R
ev

.
L
et
t.

1
0
8
,
1
1
1
8
0
3
(2
0
1
2
).

[1
0
]
T
h
e
C
M
S
C
o
ll
a
b
o
ra
ti
o
n
,
P
h
y
s.

L
et
t.

B
7
1
0
2
6
-4
8
(2
0
1
2
).

[1
1
]
H
.
O
n
o
a
n
d
A
.
M
iy
a
m
o
to
,
“
H
ig
g
s
B
ra
n
ch

in
g
F
ra
ct
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n
S
tu

d
y
in

IL
C
”
,
a
rX
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2
0
2
.4
9
5
5
[h
ep
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x
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2
4



P
o
ss
ib
le

S
ta
g
in
g
S
ce

n
a
ri
o
s
fo
r
th

e
IL

C

B
en
n
o
L
is
t1

1
D
E
S
Y
,
2
2
6
0
3
H
a
m
b
u
rg
,
G
er
m
a
n
y

T
h
e
IL

C
b
a
se
li
n
e
d
es
ig
n
d
es
cr
ib
es

a
n
a
cc
el
er
a
to
r
w
it
h
5
0
0
G
eV

ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y.

In
v
ie
w

o
f
th
e

re
ce
n
t
d
is
co
v
er
y
o
f
a
H
ig
g
s
p
a
rt
ic
le
,
p
o
ss
ib
le

sc
en

a
ri
o
s
fo
r
a
st
a
g
in
g
o
f
th
e
ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y
a
n
d

lu
m
in
o
si
ty

a
re

p
re
se
n
te
d
,
in
cl
u
d
in
g
th
e
p
o
ss
ib
il
it
y
to

ru
n
th
e
el
ec
tr
o
n
a
n
d
p
o
si
tr
o
n
b
ea
m
s
a
t
d
iff
er
en
t

en
er
g
ie
s
in

o
rd
er

av
o
id

th
e
n
ee
d
o
f
a
d
ed

ic
a
te
d
el
ec
tr
o
n
p
u
ls
e
fo
r
p
o
si
tr
o
n
p
ro
d
u
ct
io
n
a
t
ce
n
tr
e-
o
f-
m
a
ss

en
er
g
ie
s
b
el
ow

2
5
0
G
eV

.
D
ed

ic
a
te
d
st
u
d
ie
s
to

d
et
er
m
in
e
th
e
m
o
st

effi
ci
en
t
b
ea
m

en
er
g
ie
s
fo
r
th
e
IL

C
p
h
y
si
cs

p
ro
g
ra
m

w
il
l
h
el
p
to

o
p
ti
m
iz
e
th
e
m
a
ch
in
e
la
y
o
u
t,

a
n
d
a
re

th
u
s
n
ee
d
ed

n
ow

,
b
ef
o
re

a
d
ec
is
io
n

o
n
th
e
en

er
g
y
re
a
ch

a
n
d
p
o
ss
ib
le

in
te
rm

ed
ia
te

st
a
g
es

w
il
l
b
e
m
et
.
A

fi
g
u
re

o
f
m
er
it

is
p
ro
p
o
se
d
th
a
t

q
u
a
n
ti
fi
es

th
e
va
lu
e
o
f
a
n
a
m
o
u
n
t
o
f
in
te
g
ra
te
d
lu
m
in
o
si
ty

in
te
rm

s
o
f
p
h
y
si
cs

p
er
fo
rm

a
n
ce
.

1
In

tr
o
d
u
ct
io
n

T
h
e
re
ce
n
t
d
is
co
ve
ry

[1
,
2]

an
d
fi
rs
t
ch
a
ra
ct
er
iz
a
ti
o
n
[3
,
4]

of
“
a
”
H
ig
g
s
b
os
o
n
w
it
h
a
m
a
ss

o
f
1
2
6
G
eV

at
L
H
C

h
a
s
w
o
rl
d
w
id
e
re
n
ew

ed
th
e
in
te
re
st

to
b
u
il
d
th
e
IL
C

[5
].
M
ea
su
re
m
en
ts

o
f
th
e
H
ig
g
s
p
ro
p
er
ti
es
,
su
ch

a
s

co
u
p
li
n
g
s,

w
id
th
,
an

d
q
u
a
n
tu
m

n
u
m
b
er
s,

ca
n
b
e
p
er
fo
rm

ed
u
n
d
er

th
e
IL
C
’s

cl
ea
n
ex
p
er
im

en
ta
l
co
n
d
it
io
n
s

w
it
h
ve
ry

g
o
o
d
a
cc
u
ra
cy

[6
];
so
m
e
cr
u
ci
a
l
m
ea
su
re
m
en
ts
,
su
ch

a
s
th
e
ab

so
lu
te

co
u
p
li
n
g
to

th
e
Z

0
th
a
t
se
ts

th
e
sc
a
le

fo
r
al
l
p
a
rt
ia
l
d
ec
ay

w
id
th
s,

a
re

on
ly

p
o
ss
ib
le

at
th
e
IL
C
.

P
re
ci
si
o
n
m
ea
su
re
m
en
ts

o
f
th
e
H
ig
g
s
a
n
d
to
p
q
u
a
rk

p
ro
p
er
ti
es

p
ro
v
id
e
a
ri
ch

p
h
y
si
cs

p
ro
g
ra
m

fo
r
th
e

IL
C

[7
],
sp
a
n
n
in
g
th
e
en
er
g
ie
s
b
et
w
ee
n
2
3
0
-2
7
0
a
n
d
5
0
0
-6
0
0
G
eV

.
R
ec
en
tl
y,

d
is
cu
ss
io
n
s
h
av
e
st
a
rt
ed

a
b
o
u
t

a
sc
en
a
ri
o
in

w
h
ic
h
th
e
IL
C

w
ou

ld
b
e
b
u
il
t
in

tw
o
or

m
o
re

st
a
g
es
,
w
it
h
ri
si
n
g
b
ea
m

en
er
g
ie
s,
in

th
e
h
o
p
e
to

re
d
u
ce

th
e
in
it
ia
l
in
ve
st
m
en
t,
an

d
p
os
si
b
ly

th
e
co
n
st
ru
ct
io
n
ti
m
e.

T
h
e
IL
C

b
a
se
li
n
e
d
es
ig
n
is

a
b
lu
ep
ri
n
t
fo
r
an

ac
ce
le
ra
to
r
w
it
h
a
5
0
0
G
eV

ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y,

w
h
ic
h

co
u
ld

ea
si
ly

b
e
a
d
a
p
te
d
to

y
ie
ld

a
m
a
ch
in
e
w
it
h
5
5
0
o
r
6
0
0
G
eV

C
M
E
.
T
h
e
b
a
se
li
n
e
d
es
ig
n
fo
re
se
es

a
p
o
ss
ib
le

la
te
r
ex
te
n
si
o
n
to

1
T
eV

ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y,

an
d
th
e
ce
n
tr
a
l
p
a
rt
,
in

p
a
rt
ic
u
la
r
th
e
b
ea
m

d
el
iv
er
y
sy
st
em

(B
D
S
)
is
d
es
ig
n
ed

to
ac
co
m
m
o
d
a
te

th
e
in
cr
ea
se
d
b
ea
m

en
er
g
y.

H
ow

ev
er
,
n
o
d
et
a
il
ed

d
es
ig
n
fo
r
th
is
ex
te
n
si
o
n

is
ye
t
av
ai
la
b
le
,
a
n
d
it
is
as
su
m
ed

th
a
t
an

en
er
g
y
u
p
g
ra
d
e
w
ou

ld
b
e
d
es
ig
n
ed

a
t
a
ti
m
e
w
h
en

fu
rt
h
er

p
ro
g
re
ss

in
su
p
er
co
n
d
u
ct
in
g
ca
v
it
y
te
ch
n
o
lo
g
y
w
il
l
m
a
k
e
it
p
os
si
b
le
to

p
ro
d
u
ce

a
n
d
op

er
a
te

ca
v
it
ie
s
at

la
rg
er

gr
a
d
ie
n
ts

th
a
n
cu
rr
en
tl
y
p
os
si
b
le
.
T
h
e
T
eV

u
p
g
ra
d
e
o
f
th
e
IL
C

is
b
ey
on

d
th
e
sc
o
p
e
o
f
th
is

re
p
or
t;

m
o
re

in
fo
rm

a
ti
o
n

ca
n
b
e
fo
u
n
d
in

th
e
T
ec
h
n
ic
a
l
D
es
ig
n
R
ep

or
t
(T

D
R
)
[8
].

In
th
e
fo
ll
ow

in
g
,
so
m
e
is
su
es

fr
o
m

th
e
ac
ce
le
ra
to
r
p
oi
n
t
of

v
ie
w
w
il
l
b
e
p
re
se
n
te
d
fi
rs
t
th
a
t
m
ay

sh
ed

so
m
e

li
g
h
t
o
n
th
e
p
o
ss
ib
le

ad
va
n
ta
g
es

an
d
d
is
a
d
va
n
ta
g
es

of
th
e
sc
en
a
ri
o
s
u
n
d
er

d
is
cu
ss
io
n
.
T
h
en

th
e
p
ro
b
le
m
s

o
f
ru
n
n
in
g
a
t
lo
w

en
er
g
ie
s
(a
t
2
3
0
-2
7
0
G
eV

,
sl
ig
h
tl
y
a
b
ov
e
th
e
th
re
sh
o
ld

fo
r
Z

0
h
p
ro
d
u
ct
io
n
)
ar
e
d
is
cu

ss
ed

,
w
it
h
a
sy
m
m
et
ri
c
ru
n
n
in
g
a
s
a
p
o
ss
ib
le

so
lu
ti
o
n
.
S
ec
ti
o
n
3
p
re
se
n
ts

p
ro
sp
ec
ts

to
in
cr
ea
se

th
e
lu
m
in
o
si
ty
,

th
en

so
m
e
st
a
g
in
g
sc
en
a
ri
o
s
th
a
t
h
av
e
b
ee
n
in
ve
st
ig
a
te
d
in

so
m
ew

h
a
t
m
o
re

d
et
a
il
a
re

p
re
se
n
te
d
.
S
ec
ti
o
n
5

is
co
n
ce
rn
ed

w
it
h
th
e
n
ee
d
to

d
efi
n
e
a
fi
g
u
re

o
f
m
er
it

th
a
t
w
o
u
ld

a
ll
ow

a
m
o
re

q
u
a
n
ti
ta
ti
ve

co
m
p
a
ri
so
n
of

d
iff
er
en
t
ru
n
n
in
g
op

ti
o
n
s,

an
d
th
u
s
h
el
p
to

o
p
ti
m
iz
e
th
e
m
a
ch
in
e
d
es
ig
n
.

2
A
cc

e
le
ra

to
r
Is
su

e
s

2
.1

P
o
si
tr
o
n

S
o
u
rc
e

T
h
e
p
ro
d
u
ct
io
n
o
f
p
os
it
ro
n
s
in

su
ffi
ci
en
t
q
u
a
n
ti
ti
es

is
a
k
ey

is
su
e
fo
r
th
e
IL
C

o
p
er
a
ti
o
n
.
T
h
e
b
a
se
li
n
e
so
lu
-

ti
o
n
is

a
so
u
rc
e
w
h
er
e
g
a
m
m
a
ra
y
p
h
o
to
n
s
a
re

p
ro
d
u
ce
d
o
ff
th
e
m
a
in

el
ec
tr
o
n
b
ea
m

in
a
su
p
er
co
n
d
u
ct
in
g

h
el
ic
a
l
u
n
d
u
la
to
r
se
ct
io
n
.
T
h
es
e
p
h
o
to
n
s
im

p
in
g
e
on

a
ro
ta
ti
n
g
ta
rg
et
,
w
h
er
e
p
os
it
ro
n
s
ar
e
p
ro
d
u
ce
d
a
n
d

su
b
se
q
u
en
tl
y
co
ll
ec
te
d
b
y
a
fl
u
x
co
n
ce
n
tr
a
to
r.

P
h
o
to
n
p
ro
d
u
ct
io
n
b
y
a
h
el
ic
a
l
ra
th
er

th
a
n
a
m
o
re

co
m
m
o
n

2
5

p
la
n
a
r
u
n
d
u
la
to
r
o
ff
er
s
tw

o
a
d
va
n
ta
g
es
:
th
e
p
h
o
to
n
in
te
n
si
ty

is
tw

ic
e
a
s
la
rg
e,

a
n
d
th
e
p
h
o
to
n
s
a
re

lo
n
g
i-

tu
d
in
a
ll
y
p
ol
a
ri
ze
d
,
w
h
ic
h
re
su
lt
s
in

a
lo
n
g
it
u
d
in
a
l
p
o
la
ri
za
ti
o
n
of

th
e
p
os
it
ro
n
s
of

u
p
to

60
%
.
A
ll
th
re
e

p
a
rt
s,

th
e
u
n
d
u
la
to
r,

ta
rg
et
,
a
n
d
fl
u
x
co
n
ce
n
tr
a
to
r,

p
o
se

si
g
n
ifi
ca
n
t
en

g
in
ee
ri
n
g
ch
a
ll
en
g
es
.
T
h
er
ef
o
re

th
e

b
a
se
li
n
e
d
es
ig
n
in
cl
u
d
es

a
5
0
%

ov
er
p
ro
d
u
ct
io
n
m
a
rg
in
,
i.
e.

if
ev
er
y
th
in
g
w
o
rk
s
a
cc
o
rd
in
g
to

p
la
n
,
5
0
%

m
o
re

p
os
it
ro
n
s
ca
n
b
e
d
el
iv
er
ed

to
th
e
d
a
m
p
in
g
ri
n
g
s
th
a
n
n
ee
d
ed

.
T
h
e
en
er
g
y
sp
ec
tr
u
m

an
d
ov
er
a
ll
in
te
n
si
ty

o
f
th
e
p
h
o
to
n
s
p
ro
d
u
ce
d
in

th
e
h
el
ic
a
l
u
n
d
u
la
to
r,

a
n
d
th
u
s

th
e
re
su
lt
in
g
p
o
si
tr
o
n
y
ie
ld

a
t
th
e
ta
rg
et
,
d
ep

en
d
s
st
ro
n
g
ly

o
n
th
e
b
ea
m

en
er
g
y.

T
h
e
b
a
se
li
n
e
d
es
ig
n
fo
re
se
es

4
2
u
n
d
u
la
to
rs

of
3
.5
m

le
n
g
th
,
fo
r
a
to
ta
l
a
ct
iv
e
le
n
g
th

o
f
1
4
7
m
.
H
ow

ev
er
,
2
4
a
d
d
it
io
n
a
l
u
n
d
u
la
to
rs

co
u
ld

b
e

in
st
a
ll
ed
,
b
ri
n
g
in
g
th
e
to
ta
l
le
n
g
th

to
2
3
1
m
.
In

th
e
b
a
se
li
n
e
co
n
fi
g
u
ra
ti
o
n
th
e
p
h
o
to
n
in
te
n
si
ty

is
su
ffi
ci
en
t

fo
r
th
e
n
o
m
in
a
l
y
ie
ld

1
of

1
.5

fo
r
el
ec
tr
o
n
b
ea
m

en
er
g
ie
s
a
b
ov
e
1
5
0
G
eV

.
B
el
ow

th
a
t
en
er
g
y,

th
e
p
o
si
tr
o
n

y
ie
ld

d
ro
p
s
ra
p
id
ly
,
su
ch

th
a
t
at

1
2
5
G
eV

,
th
e
p
o
si
tr
o
n
in
te
n
si
ty

is
h
a
lf
th
a
t
a
t
1
5
0
G
eV

.
P
a
rt

o
f
th
a
t
lo
ss

co
u
ld

b
e
co
m
p
en
sa
te
d
,
if
n
ec
es
sa
ry
,
b
y
th
e
in
st
a
ll
a
ti
o
n
o
f
m
o
re

u
n
d
u
la
to
r
m
o
d
u
le
s,
b
u
t
th
e
fa
ct

re
m
a
in
s
th
a
t

b
el
ow

1
2
5
G
eV

el
ec
tr
o
n
b
ea
m

en
er
g
y
p
o
si
tr
o
n
p
ro
d
u
ct
io
n
w
it
h
th
e
h
el
ic
a
l
u
n
d
u
la
to
r
so
u
rc
e
b
ec
o
m
es

ra
p
id
ly

u
n
p
ra
ct
ic
a
l.

T
h
e
so
lu
ti
o
n
to

th
is

p
ro
b
le
m

is
th
e
so
-c
a
ll
ed

“
1
0
H
z”

sc
h
em

e
(s
ee

T
a
b
.
1
),

in
w
h
ic
h
a
lt
er
n
a
ti
n
g
el
ec
tr
o
n

p
u
ls
es

o
f
1
5
0
G
eV

fo
r
p
os
it
ro
n
p
ro
d
u
ct
io
n
a
n
d
a
t
lo
w
er

en
er
g
ie
s
fo
r
co
ll
is
io
n
s
a
re

p
ro
d
u
ce
d
.
T
h
is

sc
h
em

e
es
se
n
ti
a
ll
y
a
ll
ow

s
to

p
ro
v
id
e
el
ec
tr
o
n
b
ea
m
s
fo
r
p
h
y
si
cs

d
ow

n
to

en
er
g
ie
s
a
s
lo
w

a
s
4
5
G
eV

n
ee
d
ed

fo
r
Z

0

ru
n
n
in
g
2
,
al
b
ei
t
at

th
e
p
ri
ce

of
p
ro
d
u
ci
n
g
(a
n
d

th
er
ea
ft
er

w
a
st
in
g
)
a
n

a
d
d
it
io
n
a
l
1
5
0
G
eV

b
ea
m
.

M
o
re

im
p
li
ca
ti
o
n
s
o
f
th
e
10

H
z
sc
h
em

e
ar
e
d
is
cu
ss
ed

b
el
ow

.

2
.2

D
a
m
p
in
g
R
in
g
s

O
n
e
m
a
in

ch
a
ll
en
g
e
fo
r
th
e
d
a
m
p
in
g
ri
n
g
s
is
to

re
d
u
ce

th
e
ve
rt
ic
a
l
em

it
ta
n
ce

o
f
th
e
b
ea
m
s,
in

p
a
rt
ic
u
la
r
th
e

p
os
it
ro
n
b
ea
m
,
in

a
ve
ry

sh
o
rt

ti
m
e:

th
e
in
it
ia
l
em

it
ta
n
ce

o
f
th
e
p
o
si
tr
o
n
s
is

a
p
p
ro
x
im

a
te
ly

ε y
≈

0
.8
μ
m
,

w
h
il
e
th
e
fi
n
a
l
ve
rt
ic
a
l
em

it
ta
n
ce

is
10

p
m

ra
d
,
a
lm

o
st

si
x
o
rd
er
s
o
f
m
a
g
n
it
u
d
e
sm

a
ll
er
.
T
h
is

re
d
u
ct
io
n
h
a
s

to
b
e
a
ch
ie
ve
d
w
it
h
in

t
=

2
0
0
o
r
ev
en

1
0
0
m
s,

w
h
ic
h
m
ea
n
s
th
a
t
th
e
ve
rt
ic
a
l
d
a
m
p
in
g
ti
m
e
τ y

h
a
s
to

o
f
th
e

o
rd
er

of
τ y

≤
2t
/
ln
(ε

y
,i
n
i/
ε y

,fi
n
a
l)
=

15
.5
m
s
fo
r
1
0
H
z
o
p
er
a
ti
o
n
[1
1
].

T
h
e
la
rg
e
en
er
g
y
lo
ss

p
er

tu
rn

th
a
t
is

n
ec
es
sa
ry

fo
r
th
e
re
q
u
ir
ed

sy
n
ch
ro
tr
o
n
ra
d
ia
ti
o
n
d
a
m
p
in
g
is
a
ch
ie
ve
d
b
y
th
e
in
se
rt
io
n
o
f
5
4
w
ig
g
le
rs

in
ea
ch

ri
n
g
,
w
h
ic
h
le
a
d
to

a
n
en
er
g
y
lo
ss

o
f
u
p
to

7
.7
M
V

p
er

tu
rn

a
n
d
a
ve
rt
ic
a
l
d
a
m
p
in
g
ti
m
e
o
f
τ y

=
1
3
m
s.

T
h
is

re
su
lt
s
in

u
p
to

3.
3
M
W

R
F
p
ow

er
n
ec
es
sa
ry

to
st
o
re

th
e
a
p
o
si
tr
o
n
b
ea
m

a
t
th
e
d
es
ig
n
cu
rr
en
t
o
f
3
9
0
m
A
,

w
h
ic
h
ca
n
b
e
co
m
p
a
re
d
to

th
e
av
er
a
g
e
b
ea
m

p
ow

er
o
f
th
e
a
cc
el
er
a
te
d
p
o
si
tr
o
n
b
ea
m
,
w
h
ic
h
is

2
.6
M
W

fo
r

a
2
5
0
G
eV

p
o
si
tr
o
n
b
ea
m
.

W
h
en

th
e
n
u
m
b
er

of
b
u
n
ch
es

p
er

p
u
ls
e
w
a
s
h
a
lv
ed

in
th
e
S
B
2
0
0
9
p
ro
ce
ss

in
o
rd
er

to
sa
ve

co
st
s,

th
e

ci
rc
u
m
fe
re
n
ce

of
th
e
d
a
m
p
in
g
ri
n
g
s
w
as

a
ls
o
h
a
lv
ed
,
so

th
a
t
th
e
b
u
n
ch

sp
a
ci
n
g
a
n
d
av
er
a
g
e
cu
rr
en
t
d
id

n
o
t

ch
a
n
g
e.

D
o
u
b
li
n
g
th
e
n
u
m
b
er

o
f
b
u
n
ch
es

a
g
a
in

w
o
u
ld

in
cr
ea
se

th
e
cu
rr
en
t
in

ea
ch

d
a
m
p
in
g
ri
n
g
to

7
8
0
m
A
,

w
h
ic
h
is

fe
a
si
b
le

fo
r
th
e
el
ec
tr
o
n
ri
n
g
,
b
u
t
d
iffi

cu
lt

fo
r
th
e
p
o
si
tr
o
n
ri
n
g
s,

w
h
ic
h
w
o
u
ld

su
ff
er

fr
o
m

el
ec
tr
o
n

cl
o
u
d
fo
rm

a
ti
o
n
a
n
d
re
su
lt
in
g
b
ea
m

in
st
a
b
il
it
ie
s.

T
h
er
ef
o
re
,
th
e
d
a
m
p
in
g
ri
n
g
tu
n
n
el

d
es
ig
n
le
av
es

sp
a
ce

fo
r

th
e
in
st
a
ll
a
ti
o
n
o
f
a
se
co
n
d
p
os
it
ro
n
d
a
m
p
in
g
ri
n
g
a
b
ov
e
th
e
el
ec
tr
o
n
ri
n
g
(t
h
e
fi
rs
t
p
o
si
tr
o
n
d
a
m
p
in
g
ri
n
g

li
es

b
el
ow

th
e
el
ec
tr
o
n
ri
n
g
),

so
th
a
t
ea
ch

ri
n
g
w
o
u
ld

ca
rr
y
th
e
sa
m
e
n
u
m
b
er

o
f
b
u
n
ch
es

a
s
in

th
e
b
a
se
li
n
e

co
n
fi
g
u
ra
ti
o
n
.

2
.3

M
a
in

L
in
a
c

T
h
e
p
er
fo
rm

a
n
ce

o
f
th
e
M
a
in

L
in
a
c
is
li
m
it
ed

in
se
ve
ra
l
p
la
ce
s,
so
m
e
o
f
w
h
ic
h
w
e
w
il
l
d
is
cu
ss

in
th
e
fo
ll
ow

in
g
.

T
h
e
m
o
st

n
o
to
ri
o
u
s
p
er
fo
rm

a
n
ce

li
m
it
is
th
e
a
cc
el
er
a
ti
n
g
g
ra
d
ie
n
t
g
,
w
h
ic
h
d
et
er
m
in
es

h
ow

m
u
ch

en
er
g
y

p
er

u
n
it

le
n
g
th

ca
n
b
e
tr
a
n
sf
er
re
d
to

th
e
b
ea
m

3
.
T
h
e
IL
C

b
a
se
li
n
e
a
ss
u
m
es

a
g
ra
d
ie
n
t,

av
er
a
g
ed

ov
er

a
ll

ca
v
it
ie
s,
o
f
g
=

31
.5
M
V
/m

,
w
it
h
a
sp
re
a
d
of

th
e
g
ra
d
ie
n
ts

of
in
d
iv
id
u
a
l
ca
v
it
ie
s
w
it
h
in

±2
0
%
.
T
h
e
g
ra
d
ie
n
t

o
f
a
ca
v
it
y
is

m
ea
su
re
d
d
u
ri
n
g
fa
b
ri
ca
ti
o
n
in

a
ve
rt
ic
a
l
te
st

st
a
n
d
.
T
h
er
e,

th
e
ca
v
it
ie
s
h
av
e
to

a
ch
ie
ve

a
g
ra
d
ie
n
t
o
f
3
5
M
V
/
m

on
av
er
a
g
e;

th
e
1
0
%

re
d
u
ct
io
n
a
cc
o
u
n
ts

fo
r
th
e
ex
p
ec
te
d
p
er
fo
rm

a
n
ce

lo
ss

b
et
w
ee
n

th
e
p
er
fo
rm

a
n
ce

in
th
e
ve
rt
ic
a
l
te
st

st
a
n
d
a
n
d
w
it
h
in

a
cr
yo

m
o
d
u
le

th
a
t
h
o
u
se
s
ei
g
h
t
o
r
n
in
e
ca
v
it
ie
s.

1
T
h
e
p
o
si
tr
o
n
y
ie
ld

is
d
efi

n
ed

a
s
th

e
ra
ti
o
o
f
p
o
si
tr
o
n
b
u
n
ch

in
te
n
si
ty

a
t
th

e
d
a
m
p
in
g
ri
n
g
en

tr
a
n
ce

d
iv
id
ed

b
y
th

e
el
ec
tr
o
n

b
u
n
ch

in
te
n
si
ty

a
t
th

e
u
n
d
u
la
to
r.

2
N
o
te

th
a
t
4
5
G
eV

ru
n
n
in
g
fo
r
p
h
y
si
cs

p
ro
d
u
ct
io
n
is

n
o
t
in
cl
u
d
ed

in
th

e
o
ffi
ci
a
l
b
a
se
li
n
e
d
es
ig
n
.

3
T
h
e
m
a
x
im

a
l
el
ec
tr
ic

fi
el
d
in

th
e
ca
v
it
ie
s
is

la
rg
er

b
y
a
fa
ct
o
r
π
/
2
.

2
6



In
cr
ea
si
n
g
th
e
ac
ce
le
ra
ti
n
g
gr
a
d
ie
n
t
h
a
s
b
ee
n
th
e
g
o
a
l—

a
n
d
th
e
re
su
lt
—

o
f
m
o
re

th
a
n
tw

en
ty

ye
a
rs

of
su
cc
es
sf
u
l
R
&
D

[1
3
].
In
cr
ea
si
n
g
th
e
g
ra
d
ie
n
t
m
ea
n
s
th
a
t
th
e
sa
m
e
b
ea
m

en
er
g
y
ca
n
b
e
ac
h
ie
ve
d
w
it
h
fe
w
er

ca
v
it
ie
s,

fe
w
er

cr
yo

m
o
d
u
le
s,

a
n
d
a
sh
o
rt
er

tu
n
n
el
,
in

sh
o
rt
,
a
t
re
d
u
ce
d
co
st
.

H
ow

ev
er
,
n
o
t
ev
er
y
th
in
g
ge
ts

ch
ea
p
er

w
it
h
h
ig
h
er

g
ra
d
ie
n
t;

tw
o
q
u
a
n
ti
ti
es

sc
a
le

q
u
a
d
ra
ti
ca
ll
y
w
it
h
g
ra
-

d
ie
n
t,

a
n
d
th
u
s
ri
se

li
n
ea
rl
y
w
it
h
gr
a
d
ie
n
t
fo
r
a
li
n
a
c
w
it
h
a
gi
v
en

to
ta
l
b
ea
m

en
er
g
y
:
th
e
st
o
re
d
en
er
g
y
in

th
e
ca
v
it
y,

a
n
d
it
s
d
y
n
a
m
ic

h
ea
t
lo
a
d
.

It
is
w
el
l
k
n
ow

n
th
a
t
th
e
en
er
g
y
d
en
si
ty

of
an

y
el
ec
tr
ic
fi
el
d
,
a
n
d
th
u
s
th
e
en
er
g
y
st
o
re
d
w
it
h
in

a
re
so
n
a
ti
n
g

ca
v
it
y,

g
ro
w
s
q
u
a
d
ra
ti
ca
ll
y
w
it
h
th
e
fi
el
d
st
re
n
g
th
.
B
ec
a
u
se

th
e
IL
C
op

er
a
te
s
in

a
p
u
ls
ed

m
o
d
e,

at
ea
ch

p
u
ls
e

th
is
en
er
g
y
h
a
s
to

b
e
tr
a
n
sf
er
re
d
in
to

th
e
ca
v
it
y,

a
n
d
af
te
r
th
e
p
u
ls
e
it
h
a
s
to

b
e
d
u
m
p
ed

to
a
lo
a
d
4
at

ro
om

te
m
p
er
a
tu
re
.

A
t
th
e
IL
C
in

th
e
b
a
se
li
n
e
co
n
fi
g
u
ra
ti
o
n
,
a
fu
ll
R
F
p
u
ls
e
la
st
s
1
.6
5
m
s,
of

w
h
ic
h
0.
9
3
m
s
(5
6
%
)
ar
e
sp
en
t
to

fi
ll
th
e
ca
v
it
ie
s,
a
n
d
on

ly
0
.7
3
m
s
(4
4
%
)
to

ac
ce
le
ra
te

th
e
b
ea
m
.
T
h
e
co
rr
es
p
o
n
d
in
g
n
u
m
b
er
s
fo
r
a
lu
m
in
o
si
ty

u
p
g
ra
d
e
w
it
h
tw

ic
e
th
e
n
u
m
b
er

o
f
b
u
n
ch
es

is
0
.6
1
m
s
(3
9
%
)
fo
r
fi
ll
in
g
an

d
0
.9
6
m
s
(6
1
%
)
fo
r
a
cc
el
er
a
ti
o
n
.

T
h
u
s,

fr
o
m

an
effi

ci
en
cy

p
o
in
t
o
f
v
ie
w

it
is

d
es
ir
a
b
le

to
ac
ce
le
ra
te

m
o
re

b
u
n
ch
es

p
er

p
u
ls
e,

in
o
rd
er

to
m
a
ke

o
p
ti
m
a
l
u
se

o
f
th
e
st
o
re
d
en
er
g
y
in

th
e
ca
v
it
y,

w
h
ic
h
is

lo
st

at
th
e
en
d
of

ea
ch

p
u
ls
e.

T
h
e
li
m
it
s
to

th
a
t
a
re

p
o
se
d
b
y
th
e
m
a
x
im

u
m

p
u
ls
e
le
n
g
th

o
f
th
e
k
ly
st
ro
n
s
of

ab
ou

t
1
.6
m
s,

a
n
d
th
e
n
u
m
b
er

o
f
b
u
n
ch
es

th
a
t
ca
n
b
e
st
o
re
d
in

th
e
d
a
m
p
in
g
ri
n
g
s.

In
ad

d
it
io
n
,
th
e
to
ta
l
el
ec
tr
ic
a
l
en
er
g
y
th
a
t
is
n
ee
d
ed

fo
r
on

e
b
ea
m

p
u
ls
e
h
a
s
to

b
e
st
o
re
d
in

th
e
m
o
d
u
la
to
rs
,
so

a
la
rg
er

p
u
ls
e
en
er
g
y
m
ea
n
s
m
o
re

m
o
d
u
la
to
rs
.

T
h
e
se
co
n
d
q
u
a
n
ti
ty

th
a
t
g
ro
w
s
q
u
a
d
ra
ti
ca
ll
y
w
it
h
g
ra
d
ie
n
t
is

th
e
d
y
n
a
m
ic
a
l
h
ea
t
lo
a
d
.
A
lt
h
o
u
g
h
su
-

p
er
co
n
d
u
ct
in
g
m
a
te
ri
a
ls

tr
a
n
sp
or
t
D
C

cu
rr
en
t
lo
ss
le
ss
ly
,
a
lt
er
n
a
ti
n
g
fi
el
d
s
p
en
et
ra
te

th
e
su
p
er
co
n
d
u
ct
in
g

m
a
te
ri
a
l
w
it
h
in

a
fi
n
it
e
sk
in

d
ep

th
,
a
n
d
th
er
e
th
ey

a
cc
el
er
a
te

th
e
u
n
p
a
ir
ed

el
ec
tr
o
n
s
w
h
ic
h
ge
n
er
a
te

re
si
s-

ta
n
ce

an
d
th
u
s
h
ea
t.

T
h
e
p
ow

er
P

d
is
si
p
a
te
d
w
it
h
in

on
e
ca
v
it
y
of

le
n
g
th

L
c
a
v
(L

c
a
v
=

1.
0
3
8
m

fo
r
th
e
IL
C
)

is
g
iv
en

b
y
[1
4
]

P
=

g
2
L
c
a
v

(r
/Q

)Q
0
,

w
h
er
e
r/
Q

=
1
0
3
6
Ω

is
th
e
sh
u
n
t
im

p
ed
a
n
ce

p
er

u
n
it
le
n
g
th
,
w
h
ic
h
d
ep

en
d
s
o
n
ly

o
n
th
e
sh
a
p
e
o
f
th
e
ca
v
it
y,

a
n
d
Q

0
is

th
e
ca
v
it
y
’s

q
u
a
li
ty
,
w
h
ic
h
d
ep

en
d
s
o
n
th
e
su
rf
a
ce

re
si
st
a
n
ce

o
f
th
e
ca
v
it
y
m
a
te
ri
a
l.

T
h
er
ef
o
re
,

th
e
d
y
n
a
m
ic

h
ea
t
lo
a
d
fr
o
m

ca
v
it
y
h
ea
ti
n
g
(w

h
ic
h
ac
co
u
n
ts

fo
r
76

%
o
f
th
e
cr
y
o
m
o
d
u
le

h
ea
t
lo
a
d
a
t
2
K

a
n
d

4
5
%

of
th
e
ov
er
a
ll
h
ea
t
lo
a
d
[1
5
])

gr
ow

s
li
n
ea
rl
y
w
it
h
th
e
ca
v
it
y
gr
a
d
ie
n
t,

if
th
e
ov
er
a
ll
b
ea
m

en
er
g
y
(a
n
d

h
en

ce
th
e
p
ro
d
u
ct

of
th
e
n
u
m
b
er

o
f
ca
v
it
ie
s
ti
m
es

th
e
gr
a
d
ie
n
t)

is
k
ep
t
co
n
st
a
n
t.

In
su
m
m
a
ry
,
h
ig
h
er

gr
a
d
ie
n
ts

re
d
u
ce

co
st
s
fo
r
tu
n
n
el
s,

ca
v
it
y
m
a
te
ri
a
l,
ca
v
it
ie
s,

co
u
p
le
rs
,
a
n
d
cr
yo

m
o
d
-

u
le
s,
b
u
t
in
cr
ea
se

co
st
s
fo
r
R
F
a
n
d
cr
yo

g
en
ic

eq
u
ip
m
en
t
a
n
d
p
ow

er
co
n
su
m
p
ti
o
n
.
H
en
ce
,
th
er
e
m
u
st

ex
is
t
a

g
ra
d
ie
n
t
th
a
t
o
p
ti
m
iz
es

th
e
ov
er
a
ll
co
st
,
w
h
ic
h
h
a
s
b
ee
n
es
ti
m
a
te
d
fo
r
th
e
IL
C

to
b
e
b
ey
o
n
d
60

M
V
/m

[1
6]

2
.4

B
e
a
m

D
e
li
v
e
ry

S
y
st
e
m

T
h
e
m
a
in

ta
sk
s
o
f
th
e
b
ea
m

d
el
iv
er
y
sy
st
em

ar
e
th
e
m
ea
su
re
m
en
t
o
f
b
ea
m

p
ro
p
er
ti
es
,
th
e
co
ll
im

a
ti
o
n
of

th
e
b
ea
m
s,

an
d
th
e
fi
n
a
l
fo
cu
ss
in
g
.
M
ea
su
re
m
en
t
o
f
th
e
b
ea
m

p
ro
p
er
ti
es

in
cl
u
d
e
en
er
g
y,

p
o
la
ri
za
ti
o
n
an

d
em

it
ta
n
ce
;
th
es
e
m
ea
su
re
m
en
ts

a
re

u
se
d
to

tu
n
e
th
e
m
a
ch
in
e
a
n
d
co
rr
ec
t
eff

ec
ts

su
ch

as
co
u
p
li
n
g
of

ve
rt
ic
a
l

a
n
d
h
o
ri
zo
n
b
et
a
tr
o
n
o
sc
il
la
ti
o
n
s,
b
u
t
a
ls
o
to

d
u
m
p
b
ea
m
s
to

p
ro
te
ct

th
e
d
et
ec
to
r,
e.
g
.
a
ft
er

a
k
ly
st
ro
n
tr
ip
.

T
h
e
co
ll
im

a
ti
o
n
se
ct
io
n
re
m
ov
es

h
a
lo

p
a
rt
ic
le
s
w
it
h
la
rg
e
am

p
li
tu
d
es

of
th
e
tr
a
n
sv
er
se

(b
et
a
tr
o
n
)
o
sc
il
la
ti
o
n
s

o
r
la
rg
e
d
ev
ia
ti
o
n
s
fr
o
m

th
e
n
o
m
in
a
l
en
er
g
y.

T
h
e
en
er
g
y
co
ll
im

a
ti
o
n
se
ct
io
n
co
n
si
st
s
of

tw
o
co
n
se
cu
ti
ve

b
en
d
s
w
it
h
ze
ro

n
et

a
n
g
le

(a
so
-c
a
ll
ed

d
o
g
le
g
)
th
a
t
d
is
p
la
ce

th
e
b
ea
m

la
te
ra
ll
y.

In
th
e
m
id
d
le

of
th
e
d
o
g
le
g
,

o
ff
-m

o
m
en
tu
m

p
a
rt
ic
le
s
ar
e
d
is
p
la
ce
d
la
te
ra
ll
y
fr
o
m

th
e
m
a
in

b
ea
m

(t
h
is

en
er
g
y
-d
ep

en
d
en
t
d
is
p
la
ce
m
en
t
is

ca
ll
ed

th
e
d
is
p
er
si
o
n
)
an

d
ca
n
b
e
co
ll
im

a
te
d
.
H
ow

ev
er
,
st
ro
n
g
b
en
d
in
g
fi
el
d
s
in

re
g
io
n
s
o
f
la
rg
e
d
is
p
er
si
o
n
s

ca
u
se

em
it
ta
n
ce

gr
ow

th
an

d
th
u
s
h
av
e
to

b
e
av
o
id
ed
;
th
is

eff
ec
t
g
ro
w
s
fa
st

w
it
h
en
er
g
y.

T
h
u
s
th
e
al
lo
w
ed

em
it
ta
n
ce

in
cr
ea
se

li
m
it
s
th
e
b
en
d
in
g
a
n
g
le
s
o
f
th
e
m
a
g
n
et
s
em

p
lo
ye
d
in

th
e
d
o
g
le
g
a
n
d
d
et
er
m
in
e
it
s
le
n
g
th
.

T
h
e
IL
C

d
es
ig
n
fo
re
se
es

a
1
1
0
0
m

lo
n
g
d
o
g
le
g
th
a
t
is

lo
n
g
en
o
u
g
h
to

a
cc
o
m
m
o
d
a
te

a
5
0
0
G
eV

b
ea
m

(f
o
r

1
T
eV

ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y
)
w
it
h
ac
ce
p
ta
b
le

em
it
ta
n
ce

gr
ow

th
.
In

th
e
b
a
se
li
n
e
co
n
fi
g
u
ra
ti
o
n
w
it
h
2
5
0
G
eV

b
ea
m
s,

o
n
ly

ev
er
y
fi
ft
h
m
a
g
n
et

w
il
l
b
e
in
st
a
ll
ed
,
w
h
ic
h
is

su
ffi
ci
en
t
at

th
is

en
er
g
y.

4
W

h
en

th
e
k
ly
st
ro
n

is
sw

it
ch

ed
o
ff
,
a
n
d

th
er
e
is

n
o
b
ea

m
in

th
e
ca
v
it
y,

th
e
R
F

fi
el
d

le
a
v
es

th
e
ca
v
it
y
v
ia

th
e
w
a
v
eg

u
id
e

sy
st
em

a
n
d
is

a
b
so
rb

ed
in

a
sp

ec
ia
l,
w
a
te
r-
co

o
le
d
lo
a
d
.

2
7

A
b
a
si
c
p
ro
p
er
ty

o
f
lo
n
g
it
u
d
in
a
l
ac
ce
le
ra
ti
o
n

o
f
b
ea
m
s
is

th
a
t
it

le
av
es

th
e
n
o
rm

a
li
ze
d

em
it
ta
n
ce

γ
ε

co
n
st
a
n
t5
,
w
h
er
e
γ
is

th
e
L
o
re
n
tz

b
o
o
st

o
f
th
e
a
cc
el
er
a
te
d
p
a
rt
ic
le
,
so

th
a
t
th
e
em

it
ta
n
ce

ε
d
ec
re
a
se
s
w
it
h

en
er
g
y
E

as
1
/γ

,
or

1/
E
.
C
o
n
se
q
u
en
tl
y,

fo
r
a
g
iv
en

va
lu
e
β
∗
a
t
th
e
in
te
ra
ct
io
n
p
o
in
t,

th
e
R
M
S
b
ea
m

si
ze

σ
=

√ β
∗ ε

a
ls
o
d
ec
re
a
se
s,

a
n
d
th
e
lu
m
in
o
si
ty
,
w
h
ic
h
is

p
ro
p
o
rt
io
n
a
l
to

1/
(σ

x
σ
y
),

ri
se
s
p
ro
p
o
rt
io
n
a
l
to

E
.

H
ow

ev
er
,
β
∗
is

n
o
t
on

ly
li
m
it
ed

b
y
th
e
a
ch
ie
va
b
le

st
re
n
g
th

o
f
th
e
fi
n
a
l
fo
cu
s
q
u
a
d
ru
p
o
le
s,

w
h
ic
h

m
a
ke
s

fo
cu
ss
in
g
h
a
rd
er

a
t
la
rg
e
b
ea
m

en
er
g
ie
s,
b
u
t
a
ls
o
b
y
th
e
b
ea
m

si
ze

w
it
h
in

th
es
e
q
u
a
d
ru
p
o
le
s,
w
h
ic
h
h
a
s
to

fi
t

in
to

th
e
m
a
g
n
et
’s
a
p
er
tu
re
.
T
h
is
b
ea
m

si
ze

li
m
it
s
th
e
ve
rt
ic
a
l
b
ea
m

si
ze

a
t
lo
w
er

en
er
g
ie
s,
w
h
ic
h
m
ea
n
s
th
a
t

th
e
lu
m
in
o
si
ty

d
ro
p
s
so
m
ew

h
a
t
fa
st
er

th
e
w
it
h
E

if
th
e
b
ea
m

en
er
g
y
is

re
d
u
ce
d
,
a
s
ca
n
b
e
se
en

in
T
a
b
.
1
.

3
R
u
n
n
in
g
a
t
L
o
w

E
n
e
rg

ie
s

3
.1

T
h
e
10

H
z
S
ch

e
m
e

A
s
d
is
cu
ss
ed

a
b
ov
e,

th
e
10

H
z
sc
h
em

e
is
b
a
se
d
o
n
d
ec
o
u
p
li
n
g
th
e
tw

o
fu
n
ct
io
n
s
o
f
th
e
el
ec
tr
o
n
b
ea
m
,
n
a
m
el
y

to
co
ll
id
e
w
it
h
th
e
p
os
it
ro
n
s
fo
r
p
h
y
si
cs

m
ea
su
re
m
en
ts
,
a
n
d
to

p
ro
d
u
ce

p
h
o
to
n
s
fo
r
th
e
p
o
si
tr
o
n
so
u
rc
e.

O
ri
g
in
a
ll
y
th
is

sc
h
em

e
w
as

p
ro
p
os
ed

fo
r
a
m
a
ch
in
e
ca
p
a
b
le

o
f
ru
n
n
in
g
a
t
2
5
0
G
eV

b
ea
m

en
er
g
y
o
r
m
o
re
,
to

a
ll
ow

su
ch

a
m
a
ch
in
e
to

op
er
a
te

b
el
ow

1
2
5
G
eV

b
ea
m

en
er
g
y.

U
n
d
er

th
a
t
ci
rc
u
m
st
a
n
ce
s,

th
e
M
a
in

L
in
a
c

w
ou

ld
ru
n
a
t
a
p
p
ro
x
im

a
te
ly

h
a
lf
it
s
n
o
m
in
a
l
g
ra
d
ie
n
t,
a
n
d
th
er
ef
o
re

n
ee
d
a
b
o
u
t
h
a
lf
o
f
th
e
m
a
x
im

u
m

p
ow

er
fo
r
R
F

p
ro
d
u
ct
io
n
,
an

d
ev
en

le
ss

fo
r
cr
y
o
g
en
ic

co
o
li
n
g
:
th
e
cr
yo

g
en
ic

p
ow

er
n
ee
d
ed

fo
r
th
e
M
a
in

L
in
a
c
is

d
o
m
in
a
te
d
b
y
d
y
n
a
m
ic

lo
ss
es
,
i.
e.

b
y
th
e
h
ea
t
d
ep

o
si
te
d
in

th
e
su
p
er
co
n
d
u
ct
in
g
ca
v
it
ie
s
b
y
th
e
a
cc
el
er
a
ti
n
g

fi
el
d
s,
a
n
th
o
se

gr
ow

q
u
a
d
ra
ti
ca
ll
y
w
it
h
th
e
g
ra
d
ie
n
t.

T
h
er
ef
o
re
,
a
n
el
ec
tr
o
n
M
a
in

L
in
a
c
ca
p
a
b
le
o
f
d
el
iv
er
in
g

el
ec
tr
o
n
p
u
ls
es

of
2
5
0
G
eV

at
a
re
p
et
it
io
n
ra
te

o
f
5
H
z
is

a
b
le

to
d
el
iv
er

a
lt
er
n
a
ti
n
g
p
u
ls
es

o
f
1
5
0
G
eV

a
n
d

≤
1
2
5
G
eV

at
5
+

5
H
z
w
it
h
o
u
t
th
e
sa
m
e
cr
yo

g
en
ic

co
o
li
n
g
p
ow

er
a
n
d
th
e
sa
m
e
ov
er
a
ll
el
ec
tr
ic
a
l
p
ow

er
co
n
su
m
p
ti
o
n
.
H
ow

ev
er
,
a
lt
h
o
u
g
h
n
o
a
d
d
it
io
n
a
l
in
ve
st
m
en
ts

(s
u
ch

a
s
la
rg
er

cr
yo

p
la
n
ts

o
r
la
rg
er

tr
a
n
sf
o
rm

er
st
a
ti
o
n
s)

in
th
e
M
a
in

L
in
a
c
ar
e
n
ee
d
ed

to
en
a
b
le

th
e
o
p
er
a
ti
o
n
u
n
d
er

th
e
1
0
H
z
sc
h
em

e,
th
e
to
ta
l
effi

ci
en
cy

(e
le
ct
ri
ca
l
en
er
g
y,

o
r
d
o
ll
a
rs
,
p
er

u
n
it

o
f
in
te
g
ra
te
d
lu
m
in
o
si
ty
)
is

si
g
n
ifi
ca
n
tl
y
re
d
u
ce
d
b
y
th
e
n
ec
es
si
ty

to
a
cc
el
er
a
te

a
se
co
n
d
h
ig
h
en
er
g
y
el
ec
tr
o
n
b
ea
m

so
le
ly

fo
r
p
o
si
tr
o
n
p
ro
d
u
ct
io
n
.
In

th
e
ca
se

o
f
Z

0
ru
n
n
in
g
,
th
e

el
ec
tr
o
n
b
ea
m

en
er
g
y
u
se
d
fo
r
p
o
si
tr
o
n
p
ro
d
u
ct
io
n
w
o
u
ld

b
e
a
fa
ct
o
r
1
.6

la
rg
er

th
a
n
th
e
to
ta
l
b
ea
m

en
er
g
y

u
se
d
fo
r
co
ll
is
io
n
s.

F
or

a
st
a
g
ed

m
a
ch
in
e,

th
e
si
tu
a
ti
o
n
b
ec
o
m
es

m
o
re

co
m
p
le
x
,
a
n
d
ev
en

le
ss

a
tt
ra
ct
iv
e:

W
h
il
e
a
sy
m
m
et
ri
c

m
a
ch
in
e
(w

h
er
e
el
ec
tr
o
n
s
a
n
d
p
o
si
tr
o
n
b
ea
m
s
h
av
e
th
e
sa
m
e
en
er
g
ie
s)

o
p
er
a
ti
n
g
a
t
2
5
0
G
eV

ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y
n
ee
d
s
a
1
2
5
G
eV

el
ec
tr
o
n
b
ea
m
,
effi

ci
en
t
p
o
si
tr
o
n
p
ro
d
u
ct
io
n
re
q
u
ir
es

a
m
a
ch
in
e
ca
p
a
b
le

o
f
d
el
iv
er
in
g

a
1
5
0
G
eV

el
ec
tr
o
n
b
ea
m
.
E
ve
n
w
or
se
,
n
ow

th
e
el
ec
tr
o
n
li
n
a
c
h
a
s
to

ru
n
a
t
fu
ll
g
ra
d
ie
n
t
fo
r
th
e
p
o
si
tr
o
n

p
ro
d
u
ct
io
n
b
ea
m

a
n
d
th
e
“
p
h
y
si
cs
”
b
ea
m
,
so

th
a
t
it
re
q
u
ir
es

a
lm

o
st

tw
ic
e
th
e
el
ec
tr
ic
a
l
p
ow

er
a
n
d
cr
yo

g
en
ic

co
o
li
n
g
ca
p
a
ci
ty

to
al
lo
w

ru
n
n
in
g
w
it
h
th
e
1
0
H
z
sc
h
em

e,
co
m
p
a
re
d
to

n
o
m
in
a
l
5
H
z
o
p
er
a
ti
o
n
.
W

h
il
e
th
is

m
ay

m
a
ke

ru
n
n
in
g
w
it
h
a
lt
er
n
a
ti
n
g
b
ea
m
s
fo
r
th
e
p
u
rp
o
se

o
f
ca
li
b
ra
ti
o
n
ru
n
s
a
t
th
e
Z

0
p
o
ss
ib
le
,
it
a
p
p
ea
rs

h
ig
h
ly

u
n
d
es
ir
a
b
le

fo
r
re
a
l
p
h
y
si
cs

op
er
a
ti
o
n
.

F
or

th
e
d
a
m
p
in
g
ri
n
g
s,

th
e
1
0
H
z
o
p
er
a
ti
o
n
a
ls
o
p
o
se
s
si
g
n
ifi
ca
n
t
ch
a
ll
en
g
es
,
b
ec
a
u
se

th
e
li
n
g
er
in
g
ti
m
e

o
f
th
e
b
ea
m
s
in

th
e
d
a
m
p
in
g
ri
n
g
s
is
h
a
lv
ed

fr
o
m

2
0
0
m
s
to

1
0
0
m
s.

T
h
er
ef
o
re
,
th
e
a
lr
ea
d
y
ch
a
ll
en
g
in
g
ta
sk

to
re
d
u
ce

th
e
p
os
it
ro
n
ve
rt
ic
a
l
em

it
ta
n
ce

b
y
m
o
re

th
a
n
fi
ve

o
rd
er
s
o
f
m
a
g
n
it
u
d
e
w
it
h
in

2
0
0
m
s
n
ow

b
ec
o
m
es

tw
ic
e
as

h
a
rd
.

T
o
a
ch
ie
ve

th
is

g
o
a
l,

th
e
ve
rt
ic
a
l
d
a
m
p
in
g
ti
m
e
h
a
s
to

b
e
re
d
u
ce
d

fr
o
m

2
4
m
s
to

1
3
m
s,

w
h
ic
h
is
ac
h
ie
ve
d
b
y
ad

d
in
g
m
o
re

w
ig
g
le
rs

(f
o
r
m
o
re

sy
n
ch
ro
tr
o
n
ra
d
ia
ti
o
n
d
a
m
p
in
g
)
a
n
d
m
o
re

R
F
p
ow

er
to

re
p
le
n
is
h
th
e
sy
n
ch
ro
tr
o
n
ra
d
ia
ti
o
n
lo
ss
.
It

sh
o
u
ld

b
e
n
o
te
d
th
a
t
th
is

m
ea
n
s
th
a
t
th
e
d
a
m
p
in
g
ri
n
g
s
in

th
e

n
ew

co
n
fi
g
u
ra
ti
o
n
ar
e
ca
p
a
b
le

of
d
el
iv
er
in
g
fu
ll
y
d
a
m
p
ed

b
ea
m
s
a
t
tw

ic
e
th
e
ra
te

th
a
t
is
n
ee
d
ed

fo
r
n
o
m
in
a
l

p
h
y
si
cs

op
er
a
ti
o
n
,
w
h
ic
h
o
p
en
s
u
p
th
e
p
o
ss
ib
il
it
y
to

in
cr
ea
se

th
e
lu
m
in
o
si
ty

o
f
th
e
m
a
ch
in
e
b
y
a
n
in
cr
ea
se
d

re
p
et
it
io
n
ra
te
.

In
su
m
m
a
ry
,
an

y
st
a
g
in
g
sc
en
a
ri
o
sh
o
u
ld

av
o
id

p
h
y
si
cs

d
a
ta

ta
k
in
g
fo
r
a
n
y
ex
te
n
d
ed

ti
m
e
in

th
e
1
0
H
z

sc
h
em

e
a
t
fu
ll
gr
a
d
ie
n
t,

b
ec
a
u
se

th
e
co
st

to
lu
m
in
o
si
ty

ra
ti
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ti
o
n

P
+

%
30

30
3
0

30
3
0

E
le
ct
ro
n
re
la
ti
v
e
en
er
g
y
sp
re
a
d
at

IP
Δ
p
/
p

%
0
.2
0

0
.1
9

0
.1
6

0
.1
3

0
.1
3

P
os
it
ro
n
re
la
ti
v
e
en
er
g
y
sp
re
a
d
a
t
IP

Δ
p
/
p

%
0
.1
9

0
.1
5

0
.1
0

0
.0
7

0
.0
7

B
ea
m
st
ra
h
lu
n
g
p
a
ra
m
et
er

(a
v
.)

Υ
a
v
e

0
.0
1
3

0
.0
2
0

0.
0
3
0

0.
0
6
2

0.
0
6
2

B
ea
m
st
ra
h
lu
n
g
p
a
ra
m
et
er

(m
a
x
.)

Υ
m
a
x

0.
0
3
1

0
.0
4
8

0
.0
7
2

0.
1
4
6

0.
1
4
6

E
n
er
g
y
lo
ss

fr
o
m

B
S

δE
B
S

%
0.
6
5

0
.9
7

1.
9

4.
5

4.
5

e+
e−

p
a
ir
s
p
er

b
u
n
ch

cr
o
ss
in
g

n
p
a
ir
s

1
0
3

4
5

6
2

9
4

1
3
9

1
3
9

P
ai
r
en
er
g
y
p
er

B
.C
.

E
p
a
ir
s

T
eV

2
5

4
7

1
1
5

3
4
4

3
4
4

T
ab

le
1:

S
u
m
m
a
ry

ta
b
le

of
th
e
2
0
0
–
5
0
0
G
eV

b
a
se
li
n
e
p
a
ra
m
et
er
s
fo
r
th
e
IL
C

[8
,
9
,
1
0
],
in
cl
u
d
in
g
p
a
ra
m
et
er
s

fo
r
a
p
os
si
b
le

lu
m
in
o
si
ty

u
p
g
ra
d
e.

T
h
e
n
u
m
b
er
s
fo
r
en
er
g
ie
s
b
et
w
ee
n
2
0
0
a
n
d
3
5
0
G
eV

co
rr
es
p
o
n
d
to

a
si
tu
a
ti
o
n
w
h
er
e
th
e
fu
ll
5
0
0
G
eV

ac
ce
le
ra
to
r
is

b
ei
n
g
o
p
er
a
te
d
a
t
a
re
d
u
ce
d
en
er
g
y.

M
in
im

a
l

S
ce
n
a
ri
o
1

S
ce
n
a
ri
o
2

B
a
se
li
n
e

C
en
tr
e-
o
f-
m
a
ss

en
er
g
y

E
C
M

G
eV

2
5
0

2
5
0

2
5
0

5
0
0

..
.
ex
te
n
si
b
le

in
tu
n
n
el

to
E

C
M

G
eV

2
5
0

5
0
0

5
0
0

5
0
0
a

S
it
e
A
C

p
ow

er
co
n
su
m
p
ti
o
n

P
A
C

M
W

1
2
0b

1
2
0
b

1
2
5
b

1
6
3

R
el
a
ti
ve

co
st

(e
st
im

a
te
d
)

%
6
7
b

7
3
b

7
5b

1
0
0

T
ab

le
2:

O
v
er
v
ie
w

ov
er

p
o
ss
ib
le

st
a
g
in
g
sc
en
a
ri
o
s
[1
7
].

a
T
h
e
b
a
se
li
n
e
d
es
ig
n
in
cl
u
d
es

an
op

ti
o
n
to

ex
te
n
d
th
e
en
er
g
y
to

1
T
eV

,
b
u
t
n
o
t
w
it
h
in

th
e
in
it
ia
l
tu
n
n
el
.

b
If
th
e
10

H
z
sc
h
em

e
is

av
oi
d
ed
,
an

es
ti
m
a
te
d
2
5
M
W

o
f
A
C

p
ow

er
a
n
d
3
%

o
f
co
st
s
ca
n
b
e
sa
v
ed
.

3
0



5
S
ta
g
in
g
S
ce

n
a
ri
o
s
b
e
in
g
D
is
cu

ss
e
d

F
ig
.
1
il
lu
st
ra
te
s
se
ve
ra
l
p
os
si
b
le

sc
en
a
ri
o
s
fo
r
an

IL
C

w
it
h
a
n
(i
n
it
ia
l)

en
er
g
y
of

2
5
0
G
eV

,
in

co
m
p
a
ri
so
n

w
it
h
th
e
n
o
m
in
a
l
5
0
0
G
eV

b
a
se
li
n
e
d
es
ig
n
[1
7
].

A
m
in
im

a
l
H
ig
g
s
fa
ct
o
ry
,
li
m
it
ed

to
a
b
o
u
t
2
5
0
G
eV

ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y,

is
on

e
p
os
si
b
le

op
ti
o
n
.

In
su
ch

a
sc
en
a
ri
o
,
th
e
ce
n
tr
a
l
re
g
io
n
co
u
ld

b
e
re
d
u
ce
d
,
b
ec
a
u
se

th
e
B
D
S
w
o
u
ld

n
o
t
h
av
e
to

ac
co
m
m
o
d
a
te

a
h
ig
h
-e
n
er
g
y
b
ea
m
,
w
h
ic
h
w
ou

ld
sa
v
e
so
m
e
co
st
.

A
lt
o
g
et
h
er
,
su
ch

a
m
a
ch
in
e
is

es
ti
m
a
te
d

[1
7
]
to

co
st

a
p
p
ro
x
im

a
te
ly

67
%

o
f
th
e
m
a
ch
in
e
in

th
e
fu
ll
T
D
R

b
a
se
li
n
e
d
es
ig
n
co
n
fi
g
u
ra
ti
o
n
.

A
tr
u
ly

st
a
g
ed

m
a
ch
in
e,

w
it
h
a
ce
n
tr
a
l
re
g
io
n
th
a
t
m
a
ke
s
fu
tu
re

u
p
g
ra
d
es

p
o
ss
ib
le
,
co
u
ld

co
m
e
in

tw
o

fo
rm

s:

In
sc
en
a
ri
o
1
,
th
e
in
it
ia
l
st
a
g
e
w
ou

ld
in
cl
u
d
e
a
m
a
in

tu
n
n
el

lo
n
g
en
o
u
g
h
to

ac
co
m
m
o
d
a
te

th
e
fu
ll
ac
ce
l-

er
a
to
r,
b
u
t
h
av
e
th
e
b
u
n
ch

co
m
p
re
ss
o
r
im

m
ed
ia
te
ly

ad
ja
ce
n
t
to

th
e
sh
o
rt
en
ed

m
a
in

li
n
a
c,

so
th
a
t
an

en
er
g
y

u
p
g
ra
d
e
n
ec
es
si
ta
te
s
a
re
lo
ca
ti
o
n
o
f
th
e
R
T
M
L

tu
rn
-a
ro
u
n
d
a
n
d
b
u
n
ch

co
m
p
re
ss
o
r,

w
h
ic
h
co
rr
es
p
o
n
d
s
to

a
b
o
u
t
2
2
0
0
m

of
b
ea
m
li
n
e
on

ei
th
er

si
d
e.

T
h
is

sc
en
a
ri
o
is

es
ti
m
a
te
d
to

co
st

a
b
o
u
t
73

%
o
f
th
e
fu
ll
m
a
ch
in
e.

T
h
e
m
o
d
er
a
te

p
ri
ce

d
iff
er
en
ce

co
m
p
a
re
d
to

th
e
m
in
im

a
l
H
ig
g
s
fa
ct
o
ry

il
lu
st
ra
te
s
th
a
t
th
e
tu
n
n
el

it
se
lf
is
n
o
t

th
e
b
ig
g
es
t
co
st

d
ri
ve
r
a
t
th
e
IL
C
.
A

p
os
si
b
le

ad
va
n
ta
g
e
o
f
th
is
sc
en
a
ri
o
m
ig
h
t
b
e
th
a
t
n
o
t
th
e
fu
ll
tu
n
n
el

h
a
s

to
b
e
re
a
d
y
fr
o
m

th
e
b
eg
in
n
in
g
o
n
;
h
ow

ev
er
,
in

th
e
J
a
p
a
n
es
e
si
te
,
th
e
tu
n
n
el

se
ct
io
n
s
w
ou

ld
b
e
ex
ca
va
te
d
b
y

se
ve
ra
l
te
a
m
s
w
o
rk
in
g
in

p
a
ra
ll
el
,
so

th
a
t
a
sh
o
rt
er

tu
n
n
el

w
o
u
ld

n
o
t
b
e
fi
n
is
h
ed

m
u
ch

fa
st
er

th
a
n
th
e
fu
ll

tu
n
n
el
.

In
sc
en
a
ri
o
2
,
th
e
tu
rn
-a
ro
u
n
d

a
n
d

th
e
b
u
n
ch

co
m
p
re
ss
o
r
ar
e
b
u
il
t
a
t
th
ei
r
fi
n
a
l
p
o
si
ti
o
n
s
fr
o
m

th
e

b
eg
in
n
in
g
o
n
,
an

d
th
e
sp
a
ce

re
se
rv
ed

fo
r
th
e
in
st
a
ll
a
ti
o
n
o
f
fu
rt
h
er

cr
yo
m
o
d
u
le
s
is

b
ri
d
g
ed

b
y
a
tr
a
n
sf
er

li
n
e
in

th
e
fi
rs
t
st
a
g
e.

T
h
is

op
ti
o
n
is

es
ti
m
a
te
d
to

co
st

a
b
o
u
t
75

%
o
f
th
e
fu
ll
m
a
ch
in
e.

T
h
is

sc
en
a
ri
o
w
ou

ld
m
a
ke

u
p
g
ra
d
in
g
m
u
ch

fa
st
er

a
n
d
ch
ea
p
er

(n
o
re
lo
ca
ti
o
n
of

th
e
tu
rn
a
ro
u
n
d
,
n
o
re
-c
o
m
m
is
si
o
n
in
g
of

th
e
b
u
n
ch

co
m
p
re
ss
o
r)
,
an

d
co
n
ce
iv
ab

ly
al
lo
w
to

u
p
g
ra
d
e
th
e
en
er
g
y
w
it
h
an

in
te
rm

ed
ia
te

st
ep

a
ro
u
n
d
th
e
to
p
th
re
sh
o
ld

a
t
3
5
0
G
eV

.
If

su
ch

a
sc
en
a
ri
o
is

en
v
is
io
n
ed
,
th
e
cr
yo

m
o
d
u
le

p
ro
d
u
ct
io
n
sc
h
ed
u
le

co
u
ld

b
e
st
re
tc
h
ed
,
w
h
ic
h

m
ay

ac
tu
a
ll
y
sa
ve

co
st
s
b
ec
a
u
se

le
ss

in
fr
a
st
ru
ct
u
re

fo
r
ca
v
it
y
an

d
co
u
p
le
r
p
ro
d
u
ct
io
n
,
cr
yo

m
o
d
u
le

as
se
m
b
ly
,

a
n
d
te
st
in
g
w
o
u
ld

b
e
n
ee
d
ed
.

6
O
p
ti
m
iz
in
g
th

e
E
n
e
rg

y
:
A
n
E
x
p
e
ri
m
e
n
ta
l
F
ig
u
re

o
f
M

e
ri
t

D
efi
n
in
g
th
e
(i
n
it
ia
l)
en
er
g
y
re
a
ch

of
th
e
IL
C
w
il
l
d
ep

en
d
h
ea
v
il
y
o
n
fa
ct
o
rs

ou
ts
id
e
th
e
co
n
tr
o
l
o
f
th
e
p
h
y
si
cs

co
m
m
u
n
it
y,

su
ch

as
co
n
st
ra
in
ts

fr
o
m

a
cc
el
er
a
to
r
p
h
y
si
cs
,
co
n
st
ra
in
ts

fr
o
m

th
e
ch
o
se
n
si
te
,
av
ai
la
b
le

fu
n
d
in
g
,

a
n
d
p
o
li
ti
cs
.
O
n
e
co
n
st
ra
in
ts

fr
o
m

a
cc
el
er
a
to
r
p
h
y
si
cs

co
m
es

fr
o
m

th
e
fa
ct

th
a
t
th
e
ro
u
n
d
tr
ip

th
a
t
a
p
os
it
ro
n

ta
ke
s
fr
o
m

(r
o
u
g
h
ly
)
th
e
m
id
d
le

of
th
e
D
a
m
p
in
g
R
in
g
in
je
ct
io
n
li
n
e
to

th
e
IP

m
u
st

b
e
a
n
in
te
g
er

m
u
lt
ip
le

o
f
th
e
D
R

ci
rc
u
m
fe
re
n
ce

o
f
3
.2

k
m
,
w
h
ic
h
re
su
lt
s
in

a
q
u
a
n
ti
za
ti
o
n
o
f
th
e
(p
os
it
ro
n
)
b
ea
m

en
er
g
y
in

st
ep
s

o
f
ro
u
g
h
ly

34
G
eV

,
as
su
m
in
g
th
a
t
th
e
av
ai
la
b
le

tu
n
n
el

sp
a
ce

w
il
l
b
e
fu
ll
y
eq
u
ip
p
ed

w
it
h
cr
yo
m
o
d
u
le
s.

T
h
e

si
te

m
ay

h
av
e
an

in
fl
u
en
ce

b
ec
a
u
se

so
m
e
p
la
ce
s
m
ay

b
e
m
o
re

or
le
ss

su
it
a
b
le

fo
r
ac
ce
ss

sh
a
ft
s.

F
in
a
n
ci
a
l

co
n
si
d
er
a
ti
o
n
s
a
lw
ay
s
p
la
y

a
ro
le
,
o
b
v
io
u
sl
y,

b
ec
a
u
se

a
la
rg
er

li
n
a
c
co
st
s
m
o
re
,
b
u
t
a
ls
o
b
ec
a
u
se

in
it
ia
l

in
ve
st
m
en
ts

ca
n
b
e
p
a
rt
ia
ll
y
tr
a
d
ed

a
g
a
in
st

ru
n
n
in
g
co
st
s:

a
lo
n
g
er

m
a
ch
in
e
co
st
s
m
o
re

in
it
ia
ll
y,

b
u
t
m
ay

d
el
iv
er

m
o
re

ev
en
ts

p
er

u
n
it
ru
n
n
in
g
co
st
.

H
ow

ev
er
,
th
e
p
h
y
si
cs

a
n
d

d
et
ec
to
r
co
m
m
u
n
it
y
ca
n

ce
rt
a
in
ly

m
a
ke

a
n

im
p
or
ta
n
t
in
p
u
t
to

th
es
e
co
n
-

si
d
er
a
ti
o
n
s,

if
a
q
u
a
n
ti
ta
ti
ve

fi
g
u
re

o
f
m
er
it

ca
n
b
e
g
iv
en

th
a
t
in
d
ic
a
te
s
h
ow

m
u
ch

lu
m
in
o
si
ty

a
t
a
gi
ve
n

ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y
(a
n
d
o
th
er

co
n
d
it
io
n
s,

su
ch

a
s
b
ea
m
st
ra
h
lu
n
g
o
r
d
is
ru
p
ti
o
n
p
a
ra
m
et
er
)
is

n
ee
d
ed

to
o
b
ta
in

a
ce
rt
a
in

p
h
y
si
ca
l
re
su
lt
.

F
or

ex
a
m
p
le
:
C
o
n
si
d
er

th
e
m
ea
su
re
m
en
t
of

th
e
H
ig
g
s
p
ro
d
u
ct
io
n

cr
o
ss

se
ct
io
n

w
it
h

th
e
re
co
il

m
a
ss

te
ch
n
iq
u
e
in

e+
e−

→
Z

0
h
→

μ
+
μ
−
X
,
w
h
er
e
th
e
H
ig
g
s
m
a
ss

p
ea
k
is
re
co
n
st
ru
ct
ed

fr
o
m

th
e
μ
+
μ
−
re
co
il
m
a
ss

sp
ec
tr
u
m
.
W
e
ca
n
ex
p
ec
t
th
e
re
la
ti
ve

st
a
ti
st
ic
a
l
u
n
ce
rt
a
in
ty

δσ
/σ

o
f
th
e
cr
o
ss

se
ct
io
n
σ
to

b
e
g
iv
en

b
y
δσ

/σ
=

q/
√ σ

L
,
w
h
er
e
L

is
th
e
in
te
g
ra
te
d
lu
m
in
o
si
ty
,
a
n
d
q
is

a
q
u
a
li
ty

fa
ct
o
r
th
a
t
d
ep

en
d
s
o
n
th
e
p
er
fo
rm

a
n
ce

o
f
th
e
d
et
ec
to
r
a
n
d
an

a
ly
si
s
co
d
e,

b
u
t
a
ls
o
o
n
th
e
ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y
a
n
d
th
e
b
ea
m

p
a
ra
m
et
er
s,

in
th
is

p
a
rt
ic
u
la
r
ca
se

o
n
th
e
b
ea
m

en
er
g
y
sp
re
a
d
(o
r,

eq
u
iv
a
le
n
tl
y,

th
e
d
is
ru
p
ti
o
n
p
a
ra
m
et
er
).

T
h
u
s,

th
e
in
te
g
ra
te
d
lu
m
in
o
si
ty

L
th
a
t
is

n
ee
d
ed

to
a
ch
ie
ve

a
ce
rt
a
in

st
a
ti
st
ic
a
l
p
re
ci
si
o
n
δσ

is
g
iv
en

b
y

L
=

q2
/σ

/ (
δσ

/σ
)2
,
so

th
at

q2
/σ

se
rv
es

a
s
a
fi
g
u
re

of
m
er
it
fo
r
d
iff
er
en
t
b
ea
m

en
er
g
ie
s
an

d
ru
n
n
in
g
co
n
d
it
io
n
s.
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F
ig
u
re

2:
H
ig
g
s
b
os
o
n
p
ro
d
u
ct
io
n
cr
o
ss

se
ct
io
n
[1
9
].

F
or

th
e
re
co
il
m
a
ss

m
ea
su
re
m
en
t,
th
e
m
a
ss

re
so
lu
ti
o
n
is
b
es
t
a
ro
u
n
d
2
0
G
eV

ab
ov
e
th
e
th
re
sh
o
ld

fo
r
Z

0
h

p
ro
d
u
ct
io
n
[1
8
],
i.
e.

ar
o
u
n
d
2
3
5
G
eV

(s
ee

F
ig
.
2)
.
H
ow

ev
er
,
b
el
ow

2
5
0
G
eV

or
so
,
th
e
h
el
ic
a
l
u
n
d
u
la
to
ry

b
ec
o
m
es

so
in
effi

ci
en
t
th
a
t
it

m
ay

b
e
n
ec
es
sa
ry

to
re
so
rt

to
th
e
10

H
z
ru
n
n
in
g
sc
h
em

e,
w
h
er
e
b
et
w
ee
n
tw

o
b
ea
m

p
u
ls
es

w
it
h
co
ll
id
in
g
e+

e−
b
ea
m
s
(t
h
a
t
o
cc
u
r
at

5
H
z)

an
in
te
rm

ed
ia
te

e−
b
ea
m

p
u
ls
e
is

a
cc
el
er
a
te
d

to
1
5
0
G
eV

ju
st

fo
r
p
os
it
ro
n
p
ro
d
u
ct
io
n
.
T
h
u
s,

o
n
e
1
5
0
G
eV

b
ea
m

al
te
rn
a
te
s
w
it
h
tw

o
b
ea
m
s
of

2
3
5
G
eV

to
ta
l
b
ea
m

en
er
g
y,

th
er
ef
o
re

on
ly

2
3
5
/
(1
5
0
+

2
3
5
)
=

61
%

o
f
th
e
b
ea
m

en
er
g
y
ar
e
u
se
d
fo
r
p
h
y
si
cs
,
w
it
h

a
co
rr
es
p
o
n
d
in
g
(t
h
o
u
g
h
n
o
t
n
ec
es
sa
ri
ly

p
ro
p
o
rt
io
n
a
l)

in
cr
ea
se

in
co
st
s
p
er

in
ve
rs
e
fe
m
to
b
a
rn

of
p
ro
d
u
ce
d

in
te
g
ra
te
d
lu
m
in
o
si
ty
.
In

ad
d
it
io
n
,
th
e
in
st
a
n
ta
n
eo
u
s
lu
m
in
o
si
ty

(a
t
co
n
st
a
n
t
b
ea
m

d
is
ru
p
ti
o
n
)
o
f
a
li
n
ea
r

co
ll
id
er

ri
se
s
a
t
le
a
st

li
n
ea
rl
y
w
it
h
th
e
b
ea
m

en
er
g
y,

b
ec
a
u
se

th
e
b
ea
m
s
ge
t
sm

a
ll
er

at
la
rg
er

en
er
g
ie
s.

In
es
se
n
ce
,
th
e
op

er
a
ti
o
n
co
st

p
er

in
ve
rs
e
fe
m
to
b
a
rn

fa
ll
s
w
it
h
en
er
g
y.

T
h
er
ef
o
re
,
fr
o
m

an
ac
ce
le
ra
to
r
p
h
y
si
cs

p
oi
n
t
of

v
ie
w

th
e
co
n
d
it
io
n
s
to

p
ro
d
u
ce

lu
m
in
o
si
ty

b
ec
o
m
e
m
o
re

fa
v
or
a
b
le

a
s
th
e
ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y
is

in
cr
ea
se
d
to
,
sa
y,

2
6
0
o
r
2
7
0
G
eV

.
T
h
is
eff

ec
t
is
fu
rt
h
er

en
h
a
n
ce
d
b
y
th
e
fa
ct

th
a
t
th
e
Z

0
h
cr
o
ss

se
ct
io
n
h
a
s

it
s
m
a
x
im

u
m

a
ro
u
n
d
2
6
0
G
eV

.
E
x
p
er
im

en
ta
ll
y,

on
th
e
o
th
er

h
a
n
d
,
co
n
d
it
io
n
s
b
ec
o
m
e
le
ss

fa
vo
ra
b
le

w
it
h
in
cr
ea
si
n
g
en
er
g
y
b
ec
a
u
se

th
e

b
o
os
t
of

th
e
Z

0
in

th
e
la
b
o
ra
to
ry

fr
a
m
e
ri
se
s,
w
h
ic
h
le
a
d
s
to

a
d
et
er
io
ra
ti
o
n
o
f
th
e
re
co
il
m
a
ss

re
so
lu
ti
o
n
,
an

d
th
u
s
to

m
o
re

b
a
ck
g
ro
u
n
d
u
n
d
er

th
e
b
ro
a
d
en
in
g
p
ea
k
an

d
a
re
d
u
ce
d
q
u
a
li
ty

fa
ct
o
r
q.

H
ow

ev
er
,
ex
is
ti
n
g
st
u
d
ie
s

in
d
ic
a
te

[1
8
]
th
a
t
th
e
m
ea
su
re
m
en
t
o
f
th
e
Z

0
h
co
u
p
li
n
g
,
w
h
ic
h
is

p
ro
b
a
b
ly

th
e
m
o
re

re
le
va
n
t
m
ea
su
re
m
en
t

to
b
e
p
er
fo
rm

ed
w
it
h
th
e
re
co
il
m
a
ss

m
et
h
o
d
,
w
o
rk
s
w
el
l
a
t
2
5
0
G
eV

an
d
is
m
u
ch

le
ss

a
ff
ec
te
d
b
y
a
n
in
cr
ea
se

o
f
th
e
ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y
th
a
n
th
e
m
a
ss

m
ea
su
re
m
en
t.

A
q
u
a
n
ti
ta
ti
ve

in
v
es
ti
g
a
ti
o
n
of

th
e
p
ro
s
a
n
d
co
n
s
o
f
ru
n
n
in
g
a
t
h
ig
h
er

o
r
lo
w
er

ce
n
tr
e-
o
f-
m
a
ss

en
er
g
ie
s
is

o
f
in
te
re
st

n
ow

,
b
ef
o
re

th
e
la
y
o
u
t
of

th
e
d
et
ec
to
rs

an
d
th
e
ac
ce
le
ra
to
r
h
a
s
b
ee
n
fi
n
a
li
ze
d
,
b
ec
a
u
se

it
m
ay

h
av
e

a
n
im

p
a
ct

o
n
th
is

d
es
ig
n
:
If
it
tu
rn
ed

ou
t
th
a
t
in
d
ee
d
en
er
g
ie
s
si
g
n
ifi
ca
n
tl
y
b
el
ow

2
5
0
G
eV

ar
e
n
ec
es
sa
ry

to
a
ch
ie
ve

th
e
p
h
y
si
cs

g
o
a
ls
,
th
en

a
n
o
p
ti
m
iz
a
ti
o
n
o
f
th
e
h
el
ic
a
l
u
n
d
u
la
to
ry

p
o
si
tr
o
n
so
u
rc
e
sh
o
u
ld

b
e
co
n
si
d
er
ed
,

fo
r
in
st
a
n
ce

w
it
h
a
lo
n
g
er

u
n
d
u
la
to
ry

or
an

u
n
d
u
la
to
ry

w
it
h
d
iff
er
en
t
p
a
ra
m
et
er
s.

If
,
on

th
e
o
th
er

h
a
n
d
,

ru
n
n
in
g
a
t
h
ig
h
er

en
er
g
ie
s
su
ch

a
s
2
5
0
o
r
2
7
0
G
eV

tu
rn
ed

ou
t
to

b
e
v
ia
b
le
,
th
en

fu
rt
h
er

p
a
ra
m
et
er

ch
a
n
g
es

m
ig
h
t
re
su
lt
:
T
h
e
re
d
u
ce
d
re
so
lu
ti
o
n
in

th
e
re
co
il
m
a
ss

sp
ec
tr
u
m

w
o
u
ld

re
su
lt

in
a
sm

a
ll
er

im
p
a
ct

of
th
e

b
ea
m

en
er
g
y
sp
re
a
d
,
al
lo
w
in
g
ru
n
n
in
g
a
t
la
rg
er

d
is
ru
p
ti
o
n
p
a
ra
m
et
er
s,
w
h
ic
h
in
cr
ea
se
s
th
e
lu
m
in
o
si
ty
.
S
in
ce

th
e
re
co
il
m
a
ss

re
so
lu
ti
o
n
is

th
e
d
ri
v
in
g
fo
rc
e
fo
r
th
e
tr
a
ck
in
g
re
so
lu
ti
o
n
o
f
th
e
d
et
ec
to
rs
,
ev
en

th
a
t
m
ig
h
t

b
e
in
fl
u
en

ce
d
.

S
im

il
a
r
co
n
si
d
er
a
ti
o
n
s
sh
o
u
ld

b
e
ap

p
li
ed

in
th
e
d
et
er
m
in
a
ti
o
n

of
th
e
m
a
x
im

u
m

b
ea
m

en
er
g
y

o
f
th
e

3
3

F
ig
u
re

3:
H
ig
g
s
b
os
o
n
p
ro
d
u
ct
io
n
cr
o
ss

se
ct
io
n
a
t
la
rg
er

en
er
g
ie
s
[1
9
].

a
cc
el
er
a
to
r
(n
o
t
o
f
th
e
p
o
ss
ib
le

T
eV

u
p
g
ra
d
e,

b
u
t
o
f
th
e
h
a
lf
-T
eV

-i
sh

m
a
ch
in
e)
:
F
ro
m

th
e
p
o
in
t
o
f
v
ie
w

o
f

H
ig
g
s
p
h
y
si
cs
,
tw

o
m
ea
su
re
m
en
ts

st
ic
k
o
u
t
th
a
t
re
q
u
ir
e
en
er
g
ie
s
a
ro
u
n
d
o
r
a
b
ov
e
h
a
lf
a
T
eV

:
T
h
e
to
p
-H

ig
g
s-

co
u
p
li
n
g
,
a
n
d
th
e
H
ig
g
s
se
lf
co
u
p
li
n
g
.
T
h
e
to
p
-H

ig
g
s-
co
u
p
li
n
g
is

b
a
se
d
o
n
th
e
p
ro
ce
ss

e+
e−

→
tt̄
h
w
it
h
a

th
re
sh
o
ld

of
4
7
5
G
eV

,
w
it
h
a
cr
o
ss

se
ct
io
n
th
a
t
ri
se
s
ra
p
id
ly

b
et
w
ee
n
th
re
sh
o
ld

a
n
d
6
0
0
G
eV

,
a
s
sh
ow

n
in

F
ig
.
3.

F
o
r
th
is

p
ro
ce
ss
,
m
o
re

en
er
g
y
is

cl
ea
rl
y
b
et
te
r,

so
th
e
tr
a
d
e-
o
ff
is

cl
ea
rl
y
b
et
w
ee
n
in
it
ia
l
co
st
s
a
n
d

o
p
er
a
ti
n
g
co
st
s.

B
u
t
a
g
a
in
,
to

q
u
a
n
ti
fy

th
e
co
st

a
d
va
n
ta
g
e
th
a
t
a
ri
se

o
f
th
e
ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y
fr
o
m

5
0
0

to
,
sa
y,

5
5
0
o
r
6
0
0
G
eV

w
o
u
ld

h
av
e,

ex
p
er
im

en
ta
l
st
u
d
ie
s
o
f
th
e
co
rr
es
p
o
n
d
in
g
q
u
a
li
ty

fa
ct
o
r
q
(o
r
q2
σ
)
a
re

n
ee
d
ed
.
In

fa
ct

it
m
ay

tu
rn

ou
t
th
at

a
m
ea
su
re
m
en
t
of

th
e
tt̄
h
co
u
p
li
n
g
is
u
n
v
ia
b
le
(m

ea
n
in
g
th
a
t
it
p
ro
d
u
ce
s

n
o
n
o
ti
ce
a
b
le

im
p
ro
ve
m
en
t
ov
er

th
e
ex
p
ec
te
d
L
H
C

p
er
fo
rm

a
n
ce
)
a
t
5
0
0
G
eV

,
b
u
t
v
ia
b
le

a
t
a
sl
ig
h
tl
y
la
rg
er

en
er
g
y.

F
o
r
in
st
a
n
ce
,
th
e
tt̄
h
cr
o
ss

se
ct
io
n
ri
se
s
b
y
a
fa
ct
o
r
o
f
3.
7
b
et
w
ee
n
5
0
0
a
n
d
5
5
0
G
eV

[2
0
].

F
ro
m

th
e

m
a
ch
in
e
p
o
in
t
si
d
e,

a
q
u
a
n
ti
ta
ti
ve

ev
a
lu
a
ti
o
n
o
f
th
e
re
la
ti
ve

si
ze

o
f
ru
n
n
in
g
co
st
s
a
n
d
in
ve
st
m
en
t
co
st
s
m
ig
h
t

b
e
in
te
re
st
in
g
.
O
n
e
ca
n
g
u
es
s
th
a
t
o
n
e
ye
a
r
o
f
m
a
ch
in
e
o
p
er
a
ti
o
n
co
st
s
w
o
u
ld

b
e
co
m
p
a
ra
b
le

to
th
e
co
st

in
cr
ea
se

n
ee
d
ed

to
ra
is
e
th
e
m
a
ch
in
e’
s
en

er
g
y
b
y
a
n
y
w
h
er
e
b
et
w
ee
n
2
5
a
n
d
1
0
0
G
eV

.
A
n
o
th
er

p
ro
ce
ss

th
a
t
p
ro
fi
ts

a
lo
t
fr
o
m

in
cr
ea
se
d
ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y
is
th
e
m
ea
su
re
m
en
t
o
f
th
e
H
ig
g
s

se
lf
co
u
p
li
n
g
.
T
h
is
m
ea
su
re
m
en
t
is
b
a
se
d
o
n
th
e
d
et
ec
ti
o
n
o
f
d
o
u
b
le

H
ig
g
s
p
ro
d
u
ct
io
n
ev
en
ts

fr
o
m

a
h
→

h
h

b
ra
n
ch
in
g
.
A
s
in

si
n
g
le

H
ig
g
s
p
ro
d
u
ct
io
n
,
th
e
in
te
rm

ed
ia
te

H
ig
g
s
ca
n
b
e
p
ro
d
u
ce
d
b
y
H
ig
g
s-
st
ra
h
lu
n
g
o
ff
a

Z
0
,
or

b
y
th
e
fu
si
o
n
p
ro
ce
ss

W
+
W

−
→

h
.
H
ow

ev
er
,
o
th
er

d
ia
g
ra
m
s
th
a
t
d
o
n
o
t
in
vo
lv
e
a
tr
i-
H
ig
g
s
co
u
p
li
n
g

ca
n
al
so

p
ro
d
u
ce

H
ig
g
s
p
a
ir
s,

in
p
a
rt
ic
u
la
r
re
p
ea
te
d
H
ig
g
s-
st
ra
h
lu
n
g
o
ff
a
Z

0
o
r
a
t-
ch
a
n
n
el

W
.
A
s
F
ig
.
3

sh
ow

s,
th
e
re
le
va
n
t
cr
o
ss

se
ct
io
n
s
a
re

q
u
it
e
sm

a
ll
,
b
u
t
in

p
a
rt
ic
u
la
r
th
e
h
h
ν
ν̄
cr
o
ss

se
ct
io
n
ri
se
s
si
g
n
ifi
ca
n
tl
y

w
it
h
th
e
ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y.

S
tu
d
ie
s
p
er
fo
rm

ed
fo
r
th
e
T
D
R

[2
1
]
a
ss
u
m
e
a
n
in
te
g
ra
te
d
lu
m
in
o
si
ty

o
f
th
e

o
rd
er

of
2
a
b
−
1
a
t
5
5
0
G
eV

,
co
rr
es
p
o
n
d
in
g
to

m
a
n
y
ye
a
rs

o
f
ru
n
n
in
g
,
a
n
d
p
re
d
ic
t
ju
st

a
5
σ
eff

ec
t
fo
r
th
a
t

a
m
o
u
n
t
o
f
d
a
ta
.
If
on

e
es
ti
m
a
te
s
th
a
t
o
n
e
ye
a
r
of

IL
C

o
p
er
a
ti
o
n
m
ig
h
t
co
st

a
b
o
u
t
as

m
u
ch

as
50

G
eV

w
or
th

o
f
M
a
in

L
in
a
c,

it
is

w
el
l
p
os
si
b
le

th
a
t
a
t
6
0
0
G
eV

th
e
p
ro
sp
ec
ts

fo
r
th
is

ex
tr
em

el
y
im

p
o
rt
a
n
t
m
ea
su
re
m
en
t

m
ig
h
t
b
e
b
et
te
r.

7
C
o
n
cl
u
si
o
n
s

W
it
h

th
e
d
is
co
v
er
y
o
f
a
H
ig
g
s
b
os
o
n

at
L
H
C
,
an

ex
it
in
g
p
h
y
si
cs

p
ro
g
ra
m

fo
r
th
e
IL
C

li
es

ah
ea
d

o
f
u
s.

T
h
is

p
ro
g
ra
m

n
ee
d
s
th
e
IL
C
’s

ca
p
a
b
il
it
ie
s
at

co
m
p
a
ra
ti
ve
ly

lo
w

en
er
g
ie
s
ar
o
u
n
d
2
3
0
-2
7
0
G
eV

as
w
el
l
as

at
h
ig
h
en
er
g
ie
s
a
ro
u
n
d
5
0
0
–
6
0
0
G
eV

.
P
h
y
si
cs

st
u
d
ie
s
a
n
d
d
el
ib
er
a
ti
o
n
s
a
m
o
n
g
th
e
p
h
y
si
cs

co
m
m
u
n
it
ie
s
w
h
ic
h

a
m
o
u
n
ts

of
d
a
ta

at
w
h
ic
h
en
er
g
ie
s
a
n
d
in

w
h
ic
h
se
q
u
en
ce

w
o
u
ld

p
ro
d
u
ce

th
e
m
o
st

in
te
re
st
in
g
a
n
d
re
le
va
n
t

p
h
y
si
cs

re
su
lt
s
a
re

n
ee
d
ed

n
ow

,
in

o
rd
er

to
d
efi
n
e
th
e
o
p
ti
m
a
l
fi
n
a
l
a
n
d
in
te
rm

ed
ia
te

co
n
fi
g
u
ra
ti
o
n
o
f
th
e

IL
C
.
In

se
ve
ra
l
p
la
ce
s
o
n
e
m
ay

tr
a
d
e
in
it
ia
l
in
ve
st
m
en
ts

fo
r
ru
n
n
in
g
co
st
s
to

a
ch
ie
v
e
a
n
o
p
ti
m
a
l
p
h
y
si
cs

3
4



p
er
fo
rm

a
n
ce

at
a
g
iv
en

b
u
d
g
et
,
w
it
h
in

a
re
a
so
n
a
b
le

ti
m
e.

8
A
ck

n
o
w
le
d
g
m
e
n
ts

I
th
a
n
k
N
ic
k
W
al
ke
r,

J
en
n
y
L
is
t,

E
ck
h
a
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n
s
fr
o
m

th
e
W

d
ec
ay

s
in

th
e
fi
n
a
l
st
a
te
:
d
i-
le
p
to
n
,
si
n
g
le

le
p
to
n
a
n
d
fu
ll

h
a
d
ro
n
ic

ch
a
n
n
el
s.

B
o
th

A
T
L
A
S
a
n
d
C
M
S
m
ea
su
re
d
σ
tt̄

in
se
v
er
a
l
fi
n
a
l
st
a
te
s:

d
i-
le
p
to
n

(�
=

e,
μ
,τ
),

si
n
g
le
-l
ep
to
n
a
n
d
fu
ll
h
a
d
ro
n
ic
.
T
h
e
re
su
lt
s
a
re

sh
ow

n
in

F
ig
u
re
s
3
a
n
d
4
.

•
T
h
e
tt̄

cr
o
ss
-s
ec
ti
o
n
h
a
s
b
ee
n
m
ea
su
re
d
b
y
A
T
L
A
S
[6
,7
]
a
n
d
C
M
S
[8
]
in

th
e
si
n
g
le
-

le
p
to
n
ch
a
n
n
el

w
it
h
ei
th
er

a
n
el
ec
tr
o
n
o
r
a
m
u
o
n
in

th
e
fi
n
a
l
st
a
te
.
T
h
e
ev
en
ts

a
re

re
q
u
ir
ed

to
h
av
e
a
h
ig
h
-p

T
le
p
to
n
a
n
d
a
t
le
a
st

th
re
e
je
ts
.
T
h
e
σ
tt̄

h
a
s
b
ee
n
m
ea
su
re
d

w
it
h
a
n
d
w
it
h
o
u
t
th
e
re
q
u
ir
em

en
t
o
f
a
b-
ta
g
g
ed

je
t.

R
es
u
lt
s
a
re

o
b
ta
in
ed

fo
r
∫ L

d
t
=

3
8



3
5
p
b
−
1
a
n
d
0
.7

fb
−
1
fo
r
A
T
L
A
S
a
n
d
(0
.8
-1
.1
)
fb

−
1
fo
r
C
M
S
.
F
ig
u
re

3
sh
ow

th
e
A
T
-

L
A
S
si
n
g
le
-l
ep
to
n
re
su
lt
s
o
b
ta
in
ed

w
it
h
∫ L

d
t
=

3
5
p
b
−
1
,
w
h
il
e
re
su
lt

fo
r
0
.7

fb
−
1
is

σ
tt̄

=
1
7
9
±

9
.8

(s
ta
t.
)
±

9
.7

(s
y
st
.)
±

6
.6

(l
u
m
i.
)
p
b
.
F
ig
u
re

4
sh
ow

s
th
e
C
M
S
re
su
lt
s

w
it
h
2
0
1
1
d
a
ta
.
U
n
ce
rt
a
in
ti
es

w
it
h
2
0
1
1
d
a
ta

a
re

a
t
th
e
le
v
el

o
f
9
%

fo
r
A
T
L
A
S
a
n
d

C
M
S
w
h
ic
h
is

co
m
p
a
ra
b
le

to
th
e
N
N
L
O

th
eo
re
ti
ca
l
u
n
ce
rt
a
in
ty
.

•
T
h
e
ev
en
t
se
le
ct
io
n
fo
r
d
i-
le
p
to
n
fi
n
a
l
st
a
te
s
re
q
u
ir
e
th
e
p
re
se
n
ce

o
f
2
h
ig
h
-p

T
le
p
to
n
s

o
f
o
p
p
o
si
te

ch
a
rg
e,

tw
o
ce
n
tr
a
l
je
ts

(f
ro
m

b-
q
u
a
rk
s)

a
n
d
la
rg
e
E

m
is
s

T
o
r
la
rg
e
tr
a
n
sv
er
se

a
ct
iv
it
y
(H

T
).

T
h
e
E

m
is
s

T
is
th
e
m
is
si
n
g
en
er
g
y
in

th
e
tr
a
n
sv
er
se

p
la
n
e,

ca
lc
u
la
te
d
ta
k
-

in
g
in
to

a
cc
o
u
n
t
th
e
tr
a
n
sv
er
se

m
o
m
en
tu
m

o
f
th
e
m
u
o
n
s
a
n
d
tr
a
n
sv
er
se

en
er
g
y
o
f
th
e

el
ec
tr
o
n
s
a
n
d
je
ts

in
th
e
ev
en
ts
.
H

T
is
th
e
sc
a
la
r
su
m

o
f
th
e
tr
a
n
sv
er
se

m
o
m
en
tu
m

o
f

th
e
m
u
o
n
s,
tr
a
n
sv
er
se

en
er
g
y
o
f
th
e
el
ec
tr
o
n
s,
E

m
is
s

T
a
n
d
tr
a
n
sv
er
se

en
er
g
y
o
f
th
e
je
ts

in
th
e
ev
en
t.

In
th
e
ca
se

th
a
t
th
e
le
p
to
n
s
in

th
e
fi
n
a
l
st
a
te

a
re

e
o
r
μ
,
A
T
L
A
S
re
su
lt
s
a
re

o
b
ta
in
ed

w
it
h
a
n
d
w
it
h
o
u
t
th
e
re
q
u
ir
em

en
t
o
f
a
b-
ta
g
g
ed

je
t
[1
1
,1
2
];
C
M
S
re
su
lt
s
a
re

o
b
ta
in
ed

w
it
h
b-
ta
g
g
in
g
re
q
u
ir
em

en
t
[1
3
].

A
T
L
A
S
p
ro
d
u
ce
d
re
su
lt
s
w
it
h
0
.7

fb
−
1
o
f

d
a
ta
,
w
h
il
e
C
M
S
u
se
d
1
.1

fb
−
1
o
f
d
a
ta

fo
r
th
e
re
su
lt
w
it
h
b-
ta
g
g
in
g
re
q
u
ir
em

en
t.

T
h
ei
r

u
n
ce
rt
a
in
ti
es

a
re

a
b
o
u
t
1
1
%

d
o
m
in
a
te
d
b
y
sy
st
em

a
ti
cs
.
T
h
e
σ
tt̄

h
a
s
b
ee
n
m
ea
su
re
d

a
ls
o
in

th
e
τ
μ
fi
n
a
l
st
a
te

b
y
A
T
L
A
S
[1
4
]
a
n
d
C
M
S
[1
5
],
w
h
er
e
a
ca
lo
ri
m
et
er
-s
ee
d
ed

τ
is

re
co
n
st
ru
ct
ed

in
th
e
ev
en
t
to
g
et
h
er

w
it
h
a
h
ig
h
-p

T
m
u
o
n
.
T
h
e
re
su
lt
in
g
σ
tt̄

m
ea
-

su
re
m
en
ts

a
re

o
b
ta
in
ed

fo
r
∫ L

d
t
=
1
.1

fb
−
1
a
n
d
h
av
e
si
m
il
a
r
u
n
ce
rt
a
in
ti
es
:
2
4
%

C
M
S

a
n
d
2
1
%

A
T
L
A
S
a
.

•
T
h
e
σ
tt̄

h
a
s
b
ee
n
m
ea
su
re
d
b
y
A
T
L
A
S
[1
6
]
a
n
d
C
M
S
[1
7
]
a
ls
o
in

th
e
fu
ll
h
a
d
ro
n
ic

fi
n
a
l
st
a
te
.
E
v
en
ts

a
re

re
q
u
ir
ed

to
h
av
e
a
t
le
a
st

si
x
h
ig
h
-p

T
je
ts

o
f
w
h
ic
h
a
t
le
a
st

tw
o

b-
ta
g
g
ed

je
ts
.
T
h
e
re
su
lt
s
a
re

o
b
ta
in
ed

fo
r
∫ L

d
t
=

1
.1

(1
.0
)
fb

−
1
fo
r
C
M
S
(A

T
L
A
S
)b
.

C
M
S

co
m
b
in
ed

th
e
cr
o
ss
-s
ec
ti
o
n

m
ea
su
re
m
en
ts

o
b
ta
in
in
g

σ
tt̄

=
1
6
6

±
2

(s
ta
t.
)
±

1
1
(s
y
st
.)

±
8
(l
u
m
i.
)
p
b
.
T
h
e
m
ea
su
re
m
en
ts

o
f
th
e
tt̄

cr
o
ss
-s
ec
ti
o
n
a
t
L
H
C

a
re

in
a
g
re
e-

m
en
t
w
it
h
th
e
th
eo
re
ti
ca
l
p
re
d
ic
ti
o
n
s.

T
h
ei
r
a
cc
u
ra
cy

is
si
m
il
a
r
to

th
e
u
n
ce
rt
a
in
ty

o
f
th
e

N
N
L
O

p
re
d
ic
ti
o
n
a
n
d
th
e
m
o
st

se
n
si
ti
v
e
re
su
lt
s
in

th
e
si
n
g
le
-l
ep
to
n
ch
a
n
n
el

a
re

li
m
it
ed

b
y

sy
st
em

a
ti
c
u
n
ce
rt
a
in
ti
es
.

2
.2

S
in
g
le
-t
o
p
p
ro

d
u
c
ti
o
n

m
e
a
su

re
m
e
n
ts

F
ig
u
re

2
sh
ow

s
th
e
le
a
d
in
g
o
rd
er

d
ia
g
ra
m
s
o
f
th
e
el
ec
tr
o
-w

ea
k
si
n
g
le
-t
o
p
-q
u
a
rk

p
ro
d
u
ct
io
n
,

th
a
t
is

ch
a
ra
ct
er
is
ed

b
y

th
e
W

-m
ed
ia
te
d

t-
ch
a
n
n
el

(σ
a
p
p
r
o
x

N
N

L
O

t
=
6
4
±

3
p
b
)
[1
8
],

s-

ch
a
n
n
el
(σ

a
p
p
r
o
x

N
N

L
O

s
=
4
.6
±0

.3
p
b
)
[1
9
]
a
n
d
th
e
a
ss
o
ci
a
te
d
W

t
p
ro
d
u
ct
io
n
(σ

a
p
p
r
o
x

N
N

L
O

W
t

=
1
5
.7

+
1
.3

−
1
.4

p
b
)
[2
0
].

C
o
m
p
a
re
d
to

T
eV

a
tr
o
n
ex
p
er
im

en
ts
,
th
e
si
n
g
le
-t
o
p
p
ro
d
u
ct
io
n
in

t-
ch
a
n
n
el

a
n
d
W

t
m
o
d
e
is

m
u
ch

la
rg
er

th
a
n
th
e
s-
ch
a
n
n
el
.

T
h
e
si
n
g
le
-t
o
p
-q
u
a
rk

p
ro
d
u
ct
io
n
in

th
e
t-
ch
a
n
n
el

h
a
s
b
ee
n

m
ea
su
re
d
b
y
A
T
L
A
S

[2
1
]

w
it
h

0
.7

fb
−
1
o
f
d
a
ta

a
n
d

b
y

C
M
S

[2
2
]
w
it
h

3
6
p
b
−
1
o
f
d
a
ta
.

A
T
L
A
S

m
ea
su
re
m
en
t
is

σ
t
=

9
0
±9

(s
ta
t.
)

+
3
1

−
2
0
(s
y
st
.)

p
b

a
n
d
C
M
S

m
ea
su
re
m
en
t
is

σ
t
=

8
4
±3

0
(s
ta
t.
+
sy
st
.)

±3
(l
u
m
i.
)
p
b
.

S
ea
rc
h
es

o
f
th
e
W

t
ch
a
n
n
el

h
av
e
b
ee
n
p
er
fo
rm

ed
b
y
C
M
S
[2
3
]
a
n
d
A
T
-

L
A
S

[2
4
]
w
it
h

2
.1

fb
−
1
a
n
d

0
.7

fb
−
1
o
f
d
a
ta

re
sp
ec
ti
v
el
y.

T
h
is

m
o
d
e
h
a
s
es
ca
p
ed

so
fa
r

d
ir
ec
t
o
b
se
rv
a
ti
o
n
.
A
T
L
A
S
re
je
ct
s
th
e
b
a
ck
g
ro
u
n
d
-o
n
ly

h
y
p
o
th
es
is

a
t
th
e
1
.2

σ
le
v
el

a
n
d

a
A
T
L
A
S
:
σ
tt̄

=
1
4
2
±

2
1
(s
ta
t.
)

+
2
0

−
1
6
(s
y
st
.)

±
5
(l
u
m
i.
)
p
b
;
C
M
S
re
su

lt
s
a
re

in
F
ig
u
re

4
.

b
C
M
S
re
su

lt
s
a
re

in
F
ig
u
re

4
a
n
d
A
T
L
A
S
o
b
ta
in
s
σ
tt̄

=
1
6
7
±

1
8
(s
ta
t.
)
±

7
8
(s
y
st
.)

±
6
(l
u
m
i.
)
p
b
.

3
9

F
ig
u
re

1
:

L
ow

es
t

le
v
el

d
ia
g
ra
m
s

o
f

th
e

tt̄
p
ro
d
u
ct
io
n
.
G
lu
o
n
sc
a
tt
er
in
g
p
ro
ce
ss
es
,
a
)

a
n
d
b
)
,
a
re

th
e
d
o
m
in
a
n
t
p
ro
ce
ss
es

a
t
L
H
C

en
er
g
ie
s,

w
h
il
e
q
u
a
rk

sc
a
tt
er
in
g
,
p
ro
ce
ss

c
)
,

is
th
e
d
o
m
in
a
n
t
o
n
e
a
t
T
eV

a
tr
o
n
en

er
g
ie
s.

F
ig
u
re

2
:
D
ia
g
ra
m
s
o
f
si
n
g
le
-t
o
p
p
ro
d
u
ct
io
n

a
t
th
e
lo
w
es
t
le
v
el
:
a
)
t-
ch
a
n
n
el
,
b
)
W

t
a
s-

so
ci
a
te
d
p
ro
d
u
ct
io
n
,
c
)
s-
ch
a
n
n
el
.

C
M
S
o
b
ta
in
s
a
si
g
n
a
l
si
g
n
ifi
ca
n
ce

o
f
2
.7

σ
.
S
ea
rc
h
es

o
f
si
n
g
le
-t
o
p
-q
u
a
rk

p
ro
d
u
ct
io
n
in

th
e

s-
ch
a
n
n
el

h
av
e
b
ee
n
p
er
fo
rm

ed
b
y
A
T
L
A
S
w
it
h
∫ L

d
t
=

0
.7

fb
−
1
[2
5
].

A
n
u
p
p
er

li
m
it

a
t

9
5
%

C
.L
.
o
n
th
e
p
ro
d
u
ct
io
n
cr
o
ss

se
ct
io
n
o
f
σ
s
<

2
6
.5

p
b
h
a
s
b
ee
n
o
b
ta
in
ed

.

3
T
o
p
-q
u
a
rk

p
ro

p
e
rt
ie
s

3
.1

T
o
p
-q
u
a
rk

m
a
ss

A
m
o
n
g
th
e
va
ri
o
u
s
to
p
-q
u
a
rk

p
ro
p
er
ti
es
,
A
T
L
A
S
a
n
d
C
M
S
m
ea
su
re
d
th
e
to
p
-q
u
a
rk

m
a
ss

(m
t
)
in

se
v
er
a
l
fi
n
a
l
st
a
te
s.

In
th
e
S
M

th
e
m
a
ss

o
f
th
e
to
p
-q
u
a
rk

is
a
fr
ee

p
a
ra
m
et
er

th
a
t,

to
g
et
h
er

w
it
h
th
e
W

m
a
ss
,

ca
n
co
n
st
ra
in

th
e
m
a
ss

va
lu
e
o
f
a
n
ev
en
tu
a
l
H
ig
g
s
b
o
so
n
[2
6
].

F
ig
u
re

5
su
m
m
a
ri
se
s
th
e

m
ea
su
re
m
en
t
o
f
m

t
b
y
A
T
L
A
S
ex
p
er
im

en
t
[2
7
].

A
m
ea
su
re
m
en
t
in

th
e
si
n
g
le
-l
ep

to
n
fi
n
a
l

st
a
te

h
a
s
b
ee
n
o
b
ta
in
ed

w
it
h
0
.7

fb
−
1
o
f
d
a
ta

w
it
h
a
n
u
n
ce
rt
a
in
ty

th
a
t
is
a
t
th
e
le
v
el
o
f
1
.6
%
:

m
t
=

1
7
5
.9

±
0
.9

(s
ta
t.
)
±

2
.7

(s
y
st
.)
G
eV

.
C
M
S
m
ea
su
re
d
m

t
w
it
h
∫ L

d
t
=

3
6
p
b
−
1
in

th
e

si
n
g
le
-l
ep

to
n
[2
8
]a
n
d
d
i-
le
p
to
n
[2
9
]fi

n
a
ls
ta
te
s,
o
b
ta
in
in
g
m

t
=
1
7
3
.1
±
2
.1
(s
ta
t.
)
+
2
.8

−
2
.1
(s
y
st
.)
G
eV

(s
in
g
le
-l
ep
to
n
)
a
n
d
m

t
=

1
7
5
.5
±

4
.6

(s
ta
t.
)
±

4
.6

(s
y
st
.)
G
eV

(d
i-
le
p
to
n
).

B
o
th

ex
p
er
im

en
ts

h
av
e
a
ls
o
m
ea
su
re
d
th
e
to
p
-q
u
a
rk

p
o
le

m
a
ss
,
m

p
o
le
,
fr
o
m

th
e
σ
tt̄

m
ea
su
re
m
en
t
[3
0
],
[3
1
].

T
h
is

is
a
co
m
p
le
m
en
ta
ry

m
ea
su
re
m
en
t
o
f
a
d
iff
er
en
t
o
b
se
rv
a
b
le

w
it
h
re
sp
ec
t
to

th
e
m
ea
-

su
re
m
en
t
o
f
th
e
to
p
-q
u
a
rk

in
va
ri
a
n
t
m
a
ss

fr
o
m

th
e
to
p
-q
u
a
rk

d
ec
ay

p
ro
d
u
ct
s.

R
es
u
lt
s
a
re

sh
ow

n
in

F
ig
u
re

6
.

3
.2

T
o
p
-a
n
ti
-t
o
p

q
u
a
rk

m
a
ss

d
iff
e
re

n
c
e

T
h
e
S
M

a
ss
u
m
es

th
a
t
to
p

a
n
d

a
n
ti
-t
o
p
-q
u
a
rk
s
h
av
e
th
e
sa
m
e
m
a
ss
.

A
n

ev
en
tu
a
l
C
P
T

v
io
la
ti
o
n
ca
n
m
a
n
if
es
t
it
se
lf
a
s
a
m
a
ss

d
iff
er
en

ce
b
et
w
ee
n
th
e
to
p
a
n
d
a
n
ti
-t
o
p
-q
u
a
rk
.
C
M
S

m
ea
su
re
d
th
e
m
a
ss

d
iff
er
en

ce
in

th
e
μ
+
je
ts

fi
n
a
l
st
a
te

[3
2
]:

Δ
m

t
=

-1
.2

±
1
.2

(s
ta
t.
)
±

0
.5

(s
y
st
.)
G
eV

.
T
h
es
e
m
ea
su
re
m
en
ts

a
re

th
re
fo
re

co
n
si
st
en
t
w
it
h
th
e
S
M
.

3
.3

T
o
p
-q
u
a
rk

ch
a
rg

e
a
sy

m
m
e
tr
y

R
ec
en
tl
y
T
eV

a
tr
o
n
ex
p
er
im

en
ts

re
p
o
rt
ed

fo
rw

a
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w
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h
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r
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3
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D
0

C
o
ll
a
b
o
ra
ti
o
n
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D
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N
o
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O
N
F
,
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t
t
p
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/
/
w
w
w
-
d
0
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f
n
a
l
.
g
o
v
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R
u
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P
h
y
s
i
c
s
/
W
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/
r
e
s
u
l
t
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p
r
e
l
i
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O
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p
d
f
]
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C
D
F
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o
ll
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b
o
ra
ti
o
n
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C
o
n
f.

N
o
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8
4
,
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t
t
p
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/
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w
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c
d
f
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n
a
l
.
g
o
v
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p
h
y
s
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c
s
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A
f
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o
m
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f
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m
b
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i
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f
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d
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g
u
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S
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P
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a
,
[a
r
X
i
v
:
1
1
0
5
.
4
6
0
6
]

[3
6
]
C
M
S
C
o
ll
a
b
o
ra
ti
o
n
,
T
O
P
-1
1
-0
1
4
,
[h
t
t
p
:
/
/
c
d
s
w
e
b
.
c
e
r
n
.
c
h
/
r
e
c
o
r
d
/
1
3
6
9
2
0
5
?
l
n
=
e
n
]

[3
7
]
A
T
L
A
S

C
o
ll
a
b
o
ra
ti
o
n
,

A
T
L
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N
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6
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t
t
p
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w
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r
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h
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t
l
a
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G
R
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P
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P
H
Y
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/
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O
N
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T
L
A
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a
b
o
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n
,

A
T
L
A
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O
N
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1
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2
2
,
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t
t
p
s
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/
/
a
t
l
a
s
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w
e
b
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c
e
r
n
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c
h
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A
t
l
a
s
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G
R
O
U
P
S
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P
H
Y
S
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N
F
N
O
T
E
S
/
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L
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O
N
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T
L
A
S
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o
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a
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o
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n
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T
L
A
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O
N
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1
-1
4
1
,
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p
s
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/
/
a
t
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a
s
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w
e
b
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c
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r
n
.
c
h
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A
t
l
a
s
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G
R
O
U
P
S
/

P
H
Y
S
I
C
S
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C
O
N
F
N
O
T
E
S
/
A
T
L
A
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C
O
N
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1
4
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A
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o
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n
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T
L
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p
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a
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w
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h
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A
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a
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G
R
O
U
P
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P
H
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N
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E
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/
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L
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C
O
N
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b
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o
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H
E
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A
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n
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O
N
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4
,
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t
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n
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h
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l
a
s
/
G
R
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H
Y
S
I
C
S
/
C
O
N
F
N
O
T
E
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/
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L
A
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C
O
N
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T
L
A
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a
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o
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n
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T
L
A
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O
N
F
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0
1
1
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6
1
,

[h
t
t
p
s
:
/
/
a
t
l
a
s
.
w
e
b
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c
e
r
n
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c
h
/
A
t
l
a
s
/
G
R
O
U
P
S
/

P
H
Y
S
I
C
S
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C
O
N
F
N
O
T
E
S
/
A
T
L
A
S
-
C
O
N
F
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1
1
-
0
6
1
/
]
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4
]
A
T
L
A
S

C
o
ll
a
b
o
ra
ti
o
n
,

A
T
L
A
S
-C

O
N
F
-2
0
1
1
-0
8
7
,

[h
t
t
p
s
:
/
/
a
t
l
a
s
.
w
e
b
.
c
e
r
n
.
c
h
/
A
t
l
a
s
/
G
R
O
U
P
S
/

P
H
Y
S
I
C
S
/
C
O
N
F
N
O
T
E
S
/
A
T
L
A
S
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C
O
N
F
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8
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/
]
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A
T
L
A
S
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o
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a
b
o
ra
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o
n
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A
T
L
A
S
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O
N
F
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1
1
-1
2
3
,

[h
t
t
p
s
:
/
/
a
t
l
a
s
.
w
e
b
.
c
e
r
n
.
c
h
/
A
t
l
a
s
/
G
R
O
U
P
S
/

P
H
Y
S
I
C
S
/
C
O
N
F
N
O
T
E
S
/
A
T
L
A
S
-
C
O
N
F
-
2
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1
1
-
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3
/
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6
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C
M
S
C
o
ll
a
b
o
ra
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o
n
,
E
X
O
-1
1
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5
5
,
[h
t
t
p
:
/
/
c
d
s
w
e
b
.
c
e
r
n
.
c
h
/
r
e
c
o
r
d
/
1
3
7
6
6
7
3
/
f
i
l
e
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E
X
O
-
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5
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p
a
s
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p
d
f
]
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C
M
S
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a
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o
ra
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n
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X
O
-1
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0
6
,
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t
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/
/
c
d
s
w
e
b
.
c
e
r
n
.
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/
r
e
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r
d
/
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i
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X
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a
s
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p
d
f
]

[4
8
]
C
M
S
C
o
ll
a
b
o
ra
ti
o
n
,
a
cc
ep

te
d
b
y
P
h
y
s.

R
ev
.
L
et
t.
,
[a
r
X
i
v
:
1
1
0
9
.
4
9
8
5
]

[4
9
]
A
T
L
A
S
C
o
ll
a
b
o
ra
ti
o
n
,
a
cc
ep

te
d
b
y
P
h
y
s
R
ev
.
L
et
t.
,
[a
r
x
i
v
:
1
1
0
9
.
4
7
2
5
]

4
5

E
le
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a
k
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n
-r
e
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n
a
n
t
c
o
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e
c
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o
n
s
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p

p
a
ir

p
ro

-

d
u
c
ti
o
n
c
lo
se

to
th

re
sh

o
ld

M
a
rt
in

B
en
ek
e1
,
B
er
n
d
J
a
n
tz
en

∗1
a
n
d
P
ed

ro
R
u
iz
-F
em

eń
ıa

1
,2

†

1
In
st
it
u
t
fü
r
T
h
eo
re
ti
sc
h
e
T
ei
lc
h
en
p
h
y
si
k
u
n
d
K
o
sm

o
lo
g
ie
,
R
W

T
H

A
a
ch
en

U
n
iv
er
si
ty
,
5
2
0
5
6
A
a
ch
en

,
G
er
-

m
a
n
y

2
F
a
k
u
lt
ä
t
fü
r
P
h
y
si
k
,
U
n
iv
er
si
tä
t
W

ie
n
,
1
0
9
0
W

ie
n
,
A
u
st
ri
a

L
C
-R

E
P
-2
0
1
2
-0
6
4

T
h
e
p
ro
d
u
ct
io
n
o
f
W

+
W

−
bb̄

fr
o
m

e+
e−

co
ll
is
io
n
s
a
t
en

er
g
ie
s
cl
o
se

to
th
e
tt̄

th
re
sh
o
ld

is
d
o
m
in
a
te
d
b
y

th
e
re
so
n
a
n
t
p
ro
ce
ss

w
it
h
a
n
ea
rl
y
o
n
-s
h
el
l
tt̄

in
te
rm

ed
ia
te

st
a
te
.
T
h
e
W

b
p
a
ir
s
in

th
e
fi
n
a
l
st
a
te

ca
n

a
ls
o
b
e
re
a
ch

ed
th
ro
u
g
h

th
e
d
ec
ay

o
f
o
ff
-s
h
el
l
to
p
s
o
r
th
ro
u
g
h
b
a
ck
g
ro
u
n
d

p
ro
ce
ss
es

co
n
ta
in
in
g
n
o
o
r

o
n
ly

si
n
g
le

to
p
q
u
a
rk
s.

T
h
is
n
o
n
-r
es
o
n
a
n
t
p
ro
d
u
ct
io
n
st
a
rt
s
to

co
n
tr
ib
u
te

a
t
N
L
O

to
th
e
W

+
W

−
bb̄

to
ta
l

cr
o
ss

se
ct
io
n
in

th
e
n
o
n
-r
el
a
ti
v
is
ti
c
p
ow

er
-c
o
u
n
ti
n
g
v
∼

α
s
∼

√ α
E
W
.
T
h
e
N
L
O

n
o
n
-r
es
o
n
a
n
t
co
rr
ec
ti
o
n
s

p
re
se
n
te
d
in

th
is

ta
lk

re
p
re
se
n
t
th
e
n
o
n
-t
ri
v
ia
l
N
L
O

el
ec
tr
ow

ea
k
co
rr
ec
ti
o
n
s
to

th
e
e+

e−
→

W
+
W

−
bb̄

cr
o
ss

se
ct
io
n
in

th
e
to
p
a
n
ti
-t
o
p
re
so
n
a
n
ce

re
g
io
n
.
In

co
n
tr
a
st

to
th
e
Q
C
D

co
rr
ec
ti
o
n
s
w
h
ic
h
h
av

e
b
ee
n

ca
lc
u
la
te
d

(a
lm

o
st
)
u
p
to

N
N
N
L
O
,
th
e
p
a
ra
m
et
ri
ca
ll
y
la
rg
er

N
L
O

el
ec
tr
ow

ea
k
co
n
tr
ib
u
ti
o
n
s
h
av

e
n
o
t

b
ee
n
co
m
p
le
te
ly

k
n
ow

n
so

fa
r,

b
u
t
a
re

m
a
n
d
a
to
ry

fo
r
th
e
re
q
u
ir
ed

a
cc
u
ra
cy

a
t
a
fu
tu
re

li
n
ea
r
co
ll
id
er
.

W
e
co
n
si
d
er

th
e
to
ta
l
cr
o
ss

se
ct
io
n
o
f
th
e
e+

e−
→

W
+
W

−
bb̄

p
ro
ce
ss

a
n
d
a
d
d
it
io
n
a
ll
y
im

p
le
m
en

t
cu

ts
o
n
th
e
in
va

ri
a
n
t
m
a
ss
es

o
f
th
e
W

+
b
a
n
d
W

−
b̄
p
a
ir
s.

1
In

tr
o
d
u
ct
io
n

T
h
e
to
p
-q
u
a
rk

m
a
ss

is
cu

rr
en
tl
y
k
n
ow

n
fr
o
m

d
ir
ec
t
p
ro
d
u
ct
io
n
a
t
th
e
F
er
m
il
a
b
T
ev
a
tr
o
n
(a
n
d
so
o
n
a
t
th
e

L
a
rg
e
H
a
d
ro
n
C
o
ll
id
er
)
w
it
h
a
p
re
ci
si
o
n
�

1
G
eV

.
F
ro
m

a
th
re
sh
o
ld

sc
a
n
o
f
th
e
e+

e−
→

tt̄
cr
o
ss

se
ct
io
n

a
t
th
e
p
la
n
n
ed

In
te
rn
a
ti
o
n
a
l
L
in
ea
r
C
o
ll
id
er

(I
L
C
),

h
ow

ev
er
,
a
n
o
rd
er

o
f
m
a
g
n
it
u
d
e
im

p
ro
v
em

en
t
in

th
e

p
re
ci
si
o
n

ca
n

b
e
a
ch
ie
v
ed

ex
p
er
im

en
ta
ll
y

[2
].

A
si
d
e
fr
o
m

d
et
er
m
in
in
g
a
fu
n
d
a
m
en
ta
l
p
a
ra
m
et
er

o
f
th
e

S
ta
n
d
a
rd

M
o
d
el
,
a
cc
u
ra
te

to
p
-m

a
ss

m
ea
su
re
m
en
ts

co
n
st
ra
in

th
e
q
u
a
n
tu
m

fl
u
ct
u
a
ti
o
n
s
fr
o
m

n
o
n
-s
ta
n
d
a
rd

in
te
ra
ct
io
n
s
in

el
ec
tr
ow

ea
k
p
re
ci
si
o
n

m
ea
su
re
m
en
ts
.

O
th
er

ch
a
ra
ct
er
is
ti
cs

o
f
th
e
to
p

q
u
a
rk

su
ch

a
s
it
s

w
id
th

a
n
d
Y
u
ka
w
a
co
u
p
li
n
g
p
ro
v
id
e
in
fo
rm

a
ti
o
n
a
b
o
u
t
it
s
co
u
p
li
n
g
to

o
th
er

p
a
rt
ic
le
s
a
n
d
th
e
m
ec
h
a
n
is
m

o
f
el
ec
tr
ow

ea
k
sy
m
m
et
ry

b
re
a
k
in
g
.

F
o
r
th
es
e
re
a
so
n
s
to
p
-q
u
a
rk

p
a
ir

p
ro
d
u
ct
io
n
n
ea
r
th
re
sh
o
ld

in
e+

e−

a
n
n
ih
il
a
ti
o
n
h
a
s
b
ee
n
th
o
ro
u
g
h
ly

in
v
es
ti
g
a
te
d
fo
ll
ow

in
g
th
e
n
o
n
-r
el
a
ti
v
is
ti
c
Q
C
D

(N
R
Q
C
D
)
a
p
p
ro
a
ch
,
w
h
ic
h

tr
ea
ts

th
e
le
a
d
in
g
co
lo
u
r-
C
o
u
lo
m
b
fo
rc
e
ex
a
ct
ly

to
a
ll
o
rd
er
s
in

p
er
tu
rb
a
ti
o
n
th
eo
ry
.
In

th
is
fr
a
m
ew

o
rk
,
w
h
er
e

th
e
st
ro
n
g
co
u
p
li
n
g
α
s
is

o
f
th
e
sa
m
e
o
rd
er

a
s
v
,
th
e
sm

a
ll
re
la
ti
v
e
v
el
o
ci
ty

o
f
th
e
to
p
a
n
d
a
n
ti
-t
o
p
,
m
o
st

Q
C
D

co
rr
ec
ti
o
n
s
to

th
e
to
ta
l
cr
o
ss

se
ct
io
n
h
av
e
b
ee
n
ca
lc
u
la
te
d
u
p
to

N
N
N
L
O

(s
ee

th
e
su
m
m
a
ry

[3
])
,
a
n
d

n
ex
t-
to
-n
ex
t-
to
-l
ea
d
in
g
lo
g
a
ri
th
m
s
o
f
v
h
av
e
b
ee
n
p
a
rt
ia
ll
y
su
m
m
ed

[4
].

H
er
e
w
e
fo
cu

s
o
n
th
e
su
b
le
a
d
in
g
el
ec
tr
ow

ea
k
co
rr
ec
ti
o
n
s,

w
h
ic
h
h
av
e
re
ce
iv
ed

m
u
ch

le
ss

a
tt
en
ti
o
n
.
T
h
e

to
p
q
u
a
rk

is
u
n
st
a
b
le

w
it
h
a
si
g
n
ifi
ca
n
t
w
id
th

Γ
t
o
f
a
b
o
u
t
1
.5
G
eV

d
u
e
to

th
e
el
ec
tr
ow

ea
k
in
te
ra
ct
io
n
.
T
h
e

w
id
th

is
es
se
n
ti
a
l
in

th
re
sh
o
ld

p
ro
d
u
ct
io
n
,
si
n
ce

it
p
re
v
en
ts

th
e
to
p
a
n
d
a
n
ti
-t
o
p
fr
o
m

fo
rm

in
g
a
b
o
u
n
d
st
a
te

a
n
d
ca
u
se
s
a
b
ro
a
d
re
so
n
a
n
ce

st
ru
ct
u
re

in
th
e
en

er
g
y
d
ep

en
d
en
ce

o
f
th
e
cr
o
ss

se
ct
io
n
o
n
to
p
o
f
th
e
in
cr
ea
se

d
u
e
to

th
e
o
p
en

in
g
-u
p
o
f
th
e
tw

o
-p
a
rt
ic
le

p
h
a
se

sp
a
ce
.
O
n
ce

th
e
to
p
w
id
th

is
in
cl
u
d
ed
,
d
u
e
to

to
p
d
ec
ay
,

th
e
p
h
y
si
ca
l
fi
n
a
l
st
a
te

is
W

+
W

−
bb̄

–
a
t
le
a
st

if
w
e
n
eg
le
ct

th
e
d
ec
ay

o
f
to
p
in
to

st
ra
n
g
e
a
n
d
d
ow

n
q
u
a
rk
s,

a
s
ju
st
ifi
ed

b
y
V
tb

≈
1
,
a
n
d
co
n
si
d
er

W
b
o
so
n
s
a
s
st
a
b
le
.
T
h
e
W

+
W

−
bb̄

fi
n
a
l
st
a
te

ca
n
a
ls
o
b
e
p
ro
d
u
ce
d

n
o
n
-r
es
o
n
a
n
tl
y,

i.
e.

th
ro
u
g
h
p
ro
ce
ss
es

w
h
ic
h
d
o
n
o
t
in
v
o
lv
e
a
n
ea
rl
y
o
n
-s
h
el
l
tt̄

p
a
ir
.
T
h
e
la
tt
er

eff
ec
ts

a
re

∗ S
p
ea
k
er
.

† T
h
is

co
n
tr
ib
u
ti
o
n
to

th
e
1
st

L
in
ea
r
C
o
ll
id
er

F
o
ru

m
M
ee
ti
n
g
2
0
1
0
is

a
ls
o
p
a
rt

o
f
th
e
IC

H
E
P
2
0
1
0
p
ro
ce
ed

in
g
s
[1
].
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n
o
t
in
cl
u
d
ed

in
th
e
st
a
n
d
a
rd

n
o
n
-r
el
a
ti
v
is
ti
c
tr
ea
tm

en
t.

A
d
o
p
ti
n
g
a
co
u
n
ti
n
g
sc
h
em

e
w
h
er
e
α
E
W

∼
α
2 s
,
w
e

fi
n
d
th
a
t
th
e
le
a
d
in
g
n
o
n
-r
es
o
n
a
n
t
a
n
d
o
ff
-s
h
el
l
eff

ec
ts

a
re

N
L
O

fo
r
th
e
to
ta
l
cr
o
ss

se
ct
io
n
,
si
n
ce

th
er
e
is

a
n
a
d
d
it
io
n
a
l
p
ow

er
o
f
α
E
W

b
u
t
n
o
p
h
a
se
-s
p
a
ce

su
p
p
re
ss
io
n
,
h
en
ce

th
e
re
la
ti
v
e
co
rr
ec
ti
o
n
is

α
E
W
/
v
∼

α
s
.

P
u
re
ly

re
so
n
a
n
t
el
ec
tr
ow

ea
k
eff

ec
ts
,
o
n
th
e
o
th
er

h
a
n
d
,
y
ie
ld

N
N
L
O

co
rr
ec
ti
o
n
s
[5
].

In
th
is
ta
lk

w
e
p
re
se
n
t
th
e
ca
lc
u
la
ti
o
n
o
f
th
e
n
o
n
-r
es
o
n
a
n
t
N
L
O

el
ec
tr
ow

ea
k
co
n
tr
ib
u
ti
o
n
s
to

th
e
e+

e−
→

W
+
W

−
bb̄

p
ro
ce
ss

in
th
e
tt̄

re
so
n
a
n
ce

re
g
io
n
,
fo
r
th
e
to
ta
l
cr
o
ss

se
ct
io
n
a
s
w
el
l
a
s
in
cl
u
d
in
g
in
va
ri
a
n
t-
m
a
ss

cu
ts

o
n
th
e
W

b
p
a
ir
s.

T
h
e
ca
lc
u
la
ti
o
n
is

p
er
fo
rm

ed
w
it
h
u
n
st
a
b
le
-p
a
rt
ic
le

eff
ec
ti
v
e
fi
el
d
th
eo
ry

[6
],
w
h
ic
h

p
ro
v
id
es

th
e
fr
a
m
ew

o
rk

fo
r
co
n
si
st
en
tl
y
in
cl
u
d
in
g
re
so
n
a
n
t
a
n
d
n
o
n
-r
es
o
n
a
n
t
eff

ec
ts

w
h
il
e
m
a
in
ta
in
in
g
a
n

ex
p
a
n
si
o
n
in

th
e
sm

a
ll
p
a
ra
m
et
er
s
o
f
th
e
p
ro
b
le
m
.

2
U
n
st
a
b
le
-p

a
rt
ic
le

e
ff
e
c
ti
v
e

th
e
o
ry

fo
r

p
a
ir

p
ro

d
u
ct
io
n

n
e
a
r

th
re
sh

o
ld

T
h
e
cr
o
ss

se
ct
io
n

fo
r
th
e
e+

e−
→

W
+
W

−
bb̄

p
ro
ce
ss

is
o
b
ta
in
ed

fr
o
m

th
e
W

+
bW

−
b̄
cu
ts

o
f
th
e
e+

e−

fo
rw

a
rd
-s
ca
tt
er
in
g
a
m
p
li
tu
d
e.

In
th
e
en

er
g
y
re
g
io
n
√ s

≈
2
m

t
th
e
a
m
p
li
tu
d
e
is
d
o
m
in
a
te
d
b
y
th
e
p
ro
d
u
ct
io
n

o
f
re
so
n
a
n
t
to
p
q
u
a
rk
s
w
it
h
sm

a
ll
v
ir
tu
a
li
ty
.
T
h
is
a
ll
ow

s
u
s
to

in
te
g
ra
te

o
u
t
h
a
rd

m
o
d
es

(∼
m

t)
a
n
d
re
p
re
se
n
t

th
e
fo
rw

a
rd
-s
ca
tt
er
in
g
a
m
p
li
tu
d
e
a
s
th
e
su
m

o
f
tw

o
te
rm

s
[6
],

iA
=

∑ k
,l

C
(k

)
p

C
(l
)

p

∫ d
4
x
〈e−

e+
|T
[i
O(

k
)†

p
(0
)
iO

(l
)

p
(x
)]
|e−

e+
〉+

∑ k

C
(k

)
4
e
〈e−

e+
|iO

(k
)

4
e
(0
)|e

−
e+

〉.
(1
)

T
h
e
m
a
tr
ix

el
em

en
ts

in
(1
)
a
re

ev
a
lu
a
te
d
in

th
e
“
lo
w
-e
n
er
g
y
”
eff

ec
ti
v
e
th
eo
ry
,
w
h
ic
h
in
cl
u
d
es

el
em

en
ts

o
f
so
ft
-c
o
ll
in
ea
r
a
n
d
n
o
n
-r
el
a
ti
v
is
ti
c
eff

ec
ti
v
e
th
eo
ry
.
T
h
e
fi
rs
t
te
rm

o
n
th
e
ri
g
h
t-
h
a
n
d
si
d
e
o
f
(1
)
d
es
cr
ib
es

th
e
p
ro
d
u
ct
io
n
o
f
a
re
so
n
a
n
t
tt̄

p
a
ir
in

te
rm

s
o
f
p
ro
d
u
ct
io
n
(d
ec
ay

)
o
p
er
a
to
rs

O(
l) p
(x
)
(O

(k
)†

p
(x
))

w
it
h
sh
o
rt
-

d
is
ta
n
ce

co
effi

ci
en
ts

C
(k

,l
)

p
.
T
h
e
se
co
n
d
te
rm

a
cc
o
u
n
ts

fo
r
th
e
re
m
a
in
in
g
n
o
n
-r
es
o
n
a
n
t
co
n
tr
ib
u
ti
o
n
s,

w
h
ic
h

in
th
e
eff

ec
ti
v
e
th
eo
ry

a
re

d
es
cr
ib
ed

b
y
fo
u
r-
el
ec
tr
o
n
p
ro
d
u
ct
io
n
-d
ec
ay

o
p
er
a
to
rs

O(
k
)

4
e
.

T
h
e
ca
lc
u
la
ti
o
n

o
f
th
e
sh
o
rt
-d
is
ta
n
ce

co
effi

ci
en
ts

C
(k

)
4
e

is
p
er
fo
rm

ed
in

st
a
n
d
a
rd

fi
x
ed
-o
rd
er

p
er
tu
rb
a
ti
o
n
th
eo
ry

in
th
e
fu
ll

el
ec
tr
ow

ea
k
th
eo
ry
.
In

p
a
rt
ic
u
la
r,

th
e
to
p
p
ro
p
a
g
a
to
r
is

th
e
fr
ee

o
n
e
n
o
t
in
cl
u
d
in
g
th
e
to
p
w
id
th
,
w
h
ic
h

en
su
re
s
th
a
t
th
e
a
m
p
li
tu
d
e
d
ep

en
d
s
o
n
ly

o
n
th
e
sh
o
rt
-d
is
ta
n
ce

sc
a
le
s.

T
h
e
le
a
d
in
g
im

a
g
in
a
ry

p
a
rt
s
o
f
C

(k
)

4
e

a
ri
se

fr
o
m

th
e
cu

t
tw

o
-l
o
o
p
d
ia
g
ra
m
s
o
f
o
rd
er

α
3 E
W

sh
ow

n
in

F
ig
.
1
.
T
h
e
co
rr
es
p
o
n
d
in
g
co
n
tr
ib
u
ti
o
n
to

th
e

cr
o
ss

se
ct
io
n
is

σ
n
o
n
−
re
s
=

1 s

∑ k

Im
[ C

(k
)

4
e

] 〈e−
e+

|iO
(k

)
4
e
(0
)|e

−
e+

〉.
(2
)

T
ec
h
n
ic
a
ll
y,

th
is

si
m
p
ly

a
m
o
u
n
ts

to
th
e
ca
lc
u
la
ti
o
n
o
f
th
e
sp
in
-a
v
er
a
g
ed

tr
ee
-l
ev
el

p
ro
ce
ss
es

e+
e−

→
tW

−
b̄

a
n
d
e+

e−
→

t̄W
+
b
w
it
h
n
o
w
id
th

su
p
p
li
ed

to
th
e
in
te
rm

ed
ia
te

to
p
-q
u
a
rk

p
ro
p
a
g
a
to
rs
.
In
st
ea
d
,
th
e
d
iv
er
-

g
en

ce
fr
o
m

th
e
to
p
-q
u
a
rk

p
ro
p
a
g
a
to
rs

g
o
in
g
o
n
-s
h
el
l
is
re
g
u
la
ri
ze
d
d
im

en
si
o
n
a
ll
y.

D
et
a
il
s
o
n
th
e
co
m
p
u
ta
ti
o
n

a
n
d
in
te
g
ra
l
re
p
re
se
n
ta
ti
o
n
s
o
f
th
e
re
su
lt
fo
r
(2
)
ca
n
b
e
fo
u
n
d
in

[7
].

T
h
ro
u
g
h
th
e
co
m
p
u
ta
ti
o
n
o
f
th
e
fo
u
r-
el
ec
tr
o
n
m
a
tc
h
in
g
co
effi

ci
en
ts

lo
o
se

cu
ts

(∼
m

t)
o
n
th
e
bW

+
a
n
d

b̄W
−
in
va
ri
a
n
t
m
a
ss
es

ca
n
b
e
in
co
rp
o
ra
te
d
ea
si
ly
,
a
s
it
h
a
s
b
ee
n
d
is
cu

ss
ed

in
th
e
co
n
te
x
t
o
f
W

-p
a
ir
p
ro
d
u
ct
io
n

n
ea
r
th
re
sh
o
ld

[8
].
T
h
e
re
su
lt
o
b
ta
in
ed

in
[7
]
co
v
er
s
th
e
ca
se

o
f
sy
m
m
et
ri
c
cu
ts

o
n
th
e
in
va
ri
a
n
t
m
a
ss

o
f
th
e

bW
su
b
sy
st
em

s
(p

2 bW
)
o
f
th
e
fo
rm

m
t
−

Δ
M

t
≤

√ p
2 bW

≤
m

t
+

Δ
M

t,
fo
r
Δ
M

t
	

Γ
t,
u
p
to

th
e
to
ta
l
cr
o
ss

se
ct
io
n
(Δ

M
t,
m
a
x
=

m
t
−
M

W
).

A
n
a
lt
er
n
a
ti
v
e
a
p
p
ro
a
ch

h
a
s
b
ee
n
d
ev
el
o
p
ed

in
p
a
ra
ll
el
[9
,
1
0]

th
a
t
in
cl
u
d
es

th
e
eff

ec
ts

o
f
in
va
ri
a
n
t-
m
a
ss

cu
ts

o
n
th
e
W

b
p
a
ir
s
en
ti
re
ly

th
ro
u
g
h
ca
lc
u
la
ti
o
n
s
in

N
R
Q
C
D
.
T
h
is

w
o
rk
s
if

th
e
in
va
ri
a
n
t-
m
a
ss

cu
ts

a
ro
u
n
d
m

t
a
re

n
ei
th
er

v
er
y
lo
o
se

n
o
r
v
er
y
ti
g
h
t,
a
n
d
p
ro
v
id
ed

th
a
t
th
e
n
o
n
-r
es
o
n
a
n
t

b
a
ck
g
ro
u
n
d
p
ro
ce
ss
es

a
re

sm
a
ll
(w

h
ic
h
a
t
N
L
O

w
a
s
ch
ec
k
ed

[1
0]

b
y
co
m
p
u
ti
n
g
th
e
fu
ll
e+

e−
→

W
+
W

−
bb̄

cr
o
ss

se
ct
io
n
a
t
tr
ee
-l
ev
el

w
it
h
M
a
d
G
ra
p
h
).

U
n
d
er

th
es
e
a
ss
u
m
p
ti
o
n
s,

p
a
rt

o
f
th
e
α
s
-c
o
rr
ec
ti
o
n
s
to

th
e

n
o
n
-r
es
o
n
a
n
t
co
n
tr
ib
u
ti
o
n
s
h
a
s
a
lr
ea
d
y
b
ee
n
a
n
a
ly
ze
d
in

[1
0]
,
w
h
ic
h
in

o
u
r
a
p
p
ro
a
ch

co
rr
es
p
o
n
d
to

N
N
L
O

co
n
tr
ib
u
ti
o
n
s.

4
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t

h
1

h
2

h
3

W

t t

b

e e

γ
/Z

e e
γ
/Z

h
4

h
5

h
6

h
7

h
8

W

b b

t

e e

γ
/Z

e e
γ
/Z

h
9

h
10

e e

γ
/Z

e e
γ
/Z

t b

e e

γ
/Z

W

W

e e
γ
/Z

t

t

b

t

t

b

W

W

e e
γ
/Z

e eν

e e

γ
/Z

t t

e e
γ
/Z

W

b

b

e e

b
ν

W W

e ν e

e ν e

e e
γ
/Z

t
W

W

b

b

b

t

W

W

e e
γ
/Z

e eν

e e

γ
/Z

W

W

e e
γ
/Z

b

b

t

W W

F
ig
u
re

1
:
T
w
o
-l
o
o
p
fo
rw

a
rd
-s
ca
tt
er
in
g
a
m
p
li
tu
d
e
d
ia
g
ra
m
s
w
it
h

t̄b
W

+
cu
ts
.

tb̄
W

−
cu
ts

a
n
d
sy
m
m
et
ri
c

d
ia
g
ra
m
s
a
re

n
o
t
sh
ow

n
.

T
h
e
co
n
tr
ib
u
ti
o
n
to

th
e
W

+
W

−
bb̄

cr
o
ss

se
ct
io
n
fr
o
m

d
ia
g
ra
m
s
h
1
–
h
1
0
ca
n
b
e

in
te
rp
re
te
d
a
s
th
e
b̄W

−
p
a
ir
o
ri
g
in
a
ti
n
g
fr
o
m

a
n
ea
rl
y
o
n
-s
h
el
l
a
n
ti
-t
o
p
d
ec
ay
,
w
h
il
e
th
e
bW

+
p
a
ir
is
p
ro
d
u
ce
d

n
o
n
-r
es
o
n
a
n
tl
y,

ei
th
er

fr
o
m

a
h
ig
h
ly

v
ir
tu
a
l
to
p
(d
ia
g
ra
m
s
h
1
–
h
4
),
o
r
w
it
h
o
u
t
a
n
in
te
rm

ed
ia
te

to
p
(h

5
–
h
1
0
).

F
ig
u
re

2
:
L
ef
t:

R
el
a
ti
v
e
si
ze
s
o
f
th
e
Q
E
D
,
σ
(1

)
Q
E
D
,
a
n
d
n
o
n
-r
es
o
n
a
n
t,

σ
(1

)
n
o
n
−
re
s
,
co
rr
ec
ti
o
n
s
w
it
h
re
sp
ec
t
to

th
e
L
O

cr
o
ss

se
ct
io
n
,
σ
(0

)
tt̄

,
in

p
er
ce
n
t,
fo
r
Δ
M

t,
m
a
x
(s
o
li
d
)
a
n
d
Δ
M

t
=

1
5
G
eV

(d
a
sh
ed
).

R
ig
h
t:

T
o
ta
l
cr
o
ss

se
ct
io
n
w
it
h
L
O

Q
C
D

eff
ec
ts

(d
a
sh
ed
)
a
n
d
in
cl
u
d
in
g
N
L
O

el
ec
tr
ow

ea
k
co
rr
ec
ti
o
n
s
(s
o
li
d
)
a
t
en

er
g
ie
s
cl
o
se

to
th
re
sh
o
ld
.
In
p
u
t
p
a
ra
m
et
er
s:

m
t
=

1
7
2
G
eV

,
Γ
t
=

1
.4
7
G
eV

a
n
d
α
s
(3
0
G
eV

)
=

0
.1
4
2
.

4
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3
R
e
su

lt
s

T
h
e
le
ft

p
lo
t
in

F
ig
.
2
d
is
p
la
y
s
th
e
re
la
ti
v
e
si
ze
s
o
f
th
e
N
L
O

el
ec
tr
ow

ea
k
co
rr
ec
ti
o
n
s
w
it
h
re
sp
ec
t
to

th
e

L
O

re
su
lt

fo
r
th
e
e+

e−
→

W
+
W

−
bb̄

cr
o
ss

se
ct
io
n
,
w
h
ic
h
in
cl
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tü
tz
te

T
h
eo
re
ti
sc
h
e

T
ei
lc
h
en

p
h
y
si
k
”
.

R
e
fe
re
n
ce

s
[1
]
M
.
B
en

ek
e,

B
.
J
a
n
tz
en

a
n
d

P
.
R
u
iz
-F
em

eń
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C

fo
r

el
ec
tr
ow

ea
k
co
u
p
li
n
g
s.

1
In

tr
o
d
u
ct
io
n

T
h
e
to
p
q
u
ar
k
,
or

t
q
u
ar
k
,
is
b
y
fa
r
th
e
h
ea
v
ie
st

el
em

en
ta
ry

p
ar
ti
cl
e
of

th
e
S
ta
n
-

d
ar
d
M
o
d
el
.
It
s
la
rg
e
m
as
s
im

p
li
es

th
at

th
is

is
th
e
S
ta
n
d
ar
d
M
o
d
el

p
ar
ti
cl
e
th
at

is
m
os
t
st
ro
n
gl
y
co
u
p
le
d
to

th
e
m
ec
h
an

is
m

of
el
ec
tr
ow

ea
k
sy
m
m
et
ry

b
re
ak

in
g.

F
or

th
is

∗ C
o
rr
es
p
o
n
d
in
g
a
u
th
o
r:

p
o
es
ch
l@

la
l.
in
2
p
3
.f
r

6
4



an
d
ot
h
er

re
as
on

s,
th
e
t
q
u
ar
k
is
ex
p
ec
te
d
to

b
e
a
w
in
d
ow

to
an

y
n
ew

p
h
y
si
cs

at
th
e

T
eV

en
er
gy

sc
al
e.

N
ew

p
h
y
si
cs

w
il
l
m
o
d
if
y
th
e
el
ec
tr
o-
w
ea
k
t t
X

ve
rt
ex

d
es
cr
ib
ed

in
th
e
S
ta
n
d
ar
d
M
o
d
el

b
y
V
ec
to
r
an

d
A
x
ia
l
ve
ct
or

co
u
p
li
n
gs

V
an

d
A

to
th
e
ve
ct
or

b
os
on

s
X

=
γ
,Z

0
,

G
en
er
al
ly

sp
ea
k
in
g,

an
e+

e−
li
n
ea
r
co
ll
id
er

(L
C
)
ca
n
m
ea
su
re

t
q
u
ar
k
el
ec
tr
ow

ea
k

co
u
p
li
n
gs

at
th
e
%

le
ve
l.
In

co
n
tr
as
t
to

th
e
si
tu
at
io
n
at

h
ad

ro
n
co
ll
id
er
s,
th
e
le
ad

in
g-

or
d
er

p
ai
r
p
ro
d
u
ct
io
n

p
ro
ce
ss

e+
e−

→
tt

go
es

d
ir
ec
tl
y
th
ro
u
gh

th
e
tt
Z

0
an

d
tt
γ

ve
rt
ic
es
.
T
h
er
e
is

n
o
co
n
cu
rr
en
t
Q
C
D

p
ro
d
u
ct
io
n
of

t
q
u
ar
k
p
ai
rs
,
w
h
ic
h
in
cr
ea
se
s

gr
ea
tl
y
th
e
p
ot
en
ti
al

fo
r
a
cl
ea
n
m
ea
su
re
m
en
t.

In
th
e
li
te
ra
tu
re

th
er
e
a
va
ri
ou

s
w
ay
s

to
d
es
cr
ib
e
th
e
cu
rr
en
t
at

th
e
t t
X

ve
rt
ex
.
T
h
e
R
ef
.
[1
]
u
se
s

Γ
tt
X

μ
(k

2
,
q,

q)
=

ie

{ γ
μ

( F̃
X 1
V
(k

2
)
+
γ
5
F̃

X 1
A
(k

2
)) +

(q
−
q)

μ

2m
t

( F̃
X 2
V
(k

2
)
+
γ
5
F̃

X 2
A
(k

2
))} .

(1
)

w
it
h
k
2
b
ei
n
g
th
e
fo
u
r
m
om

en
tu
m

of
th
e
ex
ch
an

ge
d
b
os
on

an
d
q
an

d
q
th
e
fo
u
r
ve
ct
or
s

of
th
e
t
an

d
t
q
u
ar
k
.
F
u
rt
h
er

γ
μ
w
it
h
μ
=

0,
..
,3

ar
e
th
e
D
ir
ac

m
at
ri
ce
s
d
es
cr
ib
in
g

ve
ct
or

cu
rr
en
ts

an
d
γ
5
=

iγ
0
γ
1
γ
2
γ
3
is
th
e
D
ir
ac

m
at
ri
x
al
lo
w
in
g
to

in
tr
o
d
u
ce

an
ax

ia
l

ve
ct
or

cu
rr
en
t
in
to

th
e
th
eo
ry

T
h
e
G
or
d
on

co
m
p
os
it
io
n
of

th
e
cu
rr
en
t
re
ad

s

Γ
tt
X

μ
(k

2
,q
,q
)
=

−i
e

{ γ
μ

( F
X 1
V
(k

2
)
+
γ
5
F

X 1
A
(k

2
)) +

σ
μ
ν

2m
t

(q
+
q)

μ
( iF

X 2
V
(k

2
)
+
γ
5
F

X 2
A
(k

2
))} ,

(2
)

w
it
h
σ
μ
ν
=

i 2
(γ

μ
γ
ν
−

γ
ν
γ
μ
).

T
h
e
co
u
p
li
n
gs

or
fo
rm

fa
ct
or
s
F̃

X i
an

d
F

X i
ap

p
ea
ri
n
g
in

E
q
s.
1
an

d
2
ar
e
re
la
te
d
v
ia

F̃
X 1
V
=

−
( F

X 1
V
+
F

X 2
V

) ,
F̃

X 2
V
=

F
X 2
V
,

F̃
X 1
A
=

−F
X 1
A
,

F̃
X 2
A
=

−i
F

X 2
A
.

(3
)

W
it
h
in

th
e
S
ta
n
d
ar
d
M
o
d
el

th
e
F
i
h
av
e
th
e
fo
ll
ow

in
g
va
lu
es
:

F
γ
,S
M

1
V

=
−
2 3
,
F

γ
,S
M

1
A

=
0,

F
Z
,S
M

1
V

=
−

1

4s
w
c w

( 1
−

8 3
s2 w

) ,
F

Z
,S
M

1
A

=
1

4s
w
c w

,
(4
)

w
it
h
s w

an
d
c w

b
ei
n
g
th
e
si
n
e
an

d
th
e
co
si
n
e
of

th
e
W
ei
n
b
er
g
an

gl
e
θ W

.
T
h
e
co
u
p
li
n
g

F
γ 2
V
is
re
la
te
d
v
ia

F
γ 2
V
=

Q
t(
g
−
2)
/2

to
th
e
an

om
al
ou

s
m
ag
n
et
ic
m
om

en
t
(g

−
2)

w
it
h

Q
t
b
ei
n
g
th
e
el
ec
tr
ic
al

ch
ar
ge

of
th
e
t
q
u
ar
k
.
T
h
e
co
u
p
li
n
g
F
2
A
is
re
la
te
d
to

th
e
d
ip
ol
e

m
om

en
t
d
=

(e
/2
m
t)
F
2
A
(0
)
th
at

v
io
la
te
s
th
e
co
m
b
in
ed

C
h
ar
ge

an
d
P
ar
it
y
sy
m
m
et
ry

C
P
.
N
ot
e,

th
at

al
l
th
e
ex
p
re
ss
io
n
s
ab

ov
e
ar
e
gi
ve
n
at

B
or
n
le
ve
l.

T
h
ro
u
gh

ou
t
th
e

ar
ti
cl
e
n
o
at
te
m
p
t
w
il
l
b
e
m
ad

e
to

go
b
ey
on

d
th
at

le
ve
l.

T
o
d
ay
,
th
e
m
os
t
ad

va
n
ce
d
p
ro
p
os
al

fo
r
a
li
n
ea
r
co
ll
id
er

is
th
e
In
te
rn
at
io
n
al

L
in
ea
r

C
ol
li
d
er
,
IL
C

[2
,3
],

w
h
ic
h

ca
n

op
er
at
e
at

ce
n
tr
e-
of
-m

as
s
en
er
gi
es

b
et
w
ee
n

ab
ou

t

6
5

0.
1
T
eV

to
1
T
eV

.
T
h
e
IL
C
p
ro
v
id
es

an
id
ea
l
en
v
ir
on

m
en
t
to

m
ea
su
re

th
es
e
co
u
p
li
n
gs
.

T
h
e
t t

p
ai
rs

w
ou

ld
b
e
co
p
io
u
sl
y
p
ro
d
u
ce
d
,
se
ve
ra
l
10
0,
00
0
ev
en
ts

at
√ s

=
50
0
G
eV

fo
r
an

in
te
gr
at
ed

lu
m
in
os
it
y
of

50
0
fb

−1
.
It

is
p
os
si
b
le
to

al
m
os
t
en
ti
re
ly

el
im

in
at
e
th
e

b
ac
k
gr
ou

n
d
fr
om

ot
h
er

S
ta
n
d
ar
d
M
o
d
el

p
ro
ce
ss
es
.
T
h
e
IL
C

w
il
l
al
lo
w

fo
r
p
ol
ar
is
ed

el
ec
tr
on

an
d
p
os
it
ro
n
b
ea
m
s.

W
it
h
th
e
u
se

of
p
ol
ar
is
ed

b
ea
m
s,

t
an

d
t
q
u
ar
k
s
or
i-

en
te
d
to
w
ar
d
d
iff
er
en
t
an

gu
la
r
re
gi
on

s
in

th
e
d
et
ec
to
r
ar
e
en
ri
ch
ed

in
le
ft
-h
an

d
ed

or
ri
gh

t-
h
an

d
ed

t
q
u
ar
k
h
el
ic
it
y
[4
].
T
h
is
m
ea
n
s
th
at

th
e
ex
p
er
im

en
ts

ca
n
in
d
ep

en
d
en
tl
y

ac
ce
ss

th
e
co
u
p
li
n
gs

of
le
ft
-
an

d
ri
gh

t-
h
an

d
ed

ch
ir
al

p
ar
ts

of
th
e
t
q
u
ar
k
w
av
ef
u
n
ct
io
n

to
th
e
Z

0
b
os
on

an
d
th
e
p
h
ot
on

.
In

p
ri
n
ci
p
le
,
th
e
m
ea
su
re
m
en
t
of

th
e
cr
os
s
se
ct
io
n

an
d
fo
rw

ar
d
-b
ac
k
w
ar
d
as
y
m
m
et
ry

A
t F
B
fo
r
tw

o
d
iff
er
en
t
p
ol
ar
is
at
io
n
se
tt
in
gs

al
lo
w
s

ex
tr
ac
ti
n
g
b
ot
h
,
th
e
p
h
ot
on

an
d
Z

0
co
u
p
li
n
gs

of
th
e
t
q
u
ar
k
fo
r
ea
ch

h
el
ic
it
y
st
at
e.

T
h
is
st
u
d
y
in
tr
o
d
u
ce
s
th
e
an

gl
e
of

th
e
d
ec
ay

le
p
to
n
in

se
m
i-
le
p
to
n
ic

d
ec
ay
s
of

th
e
t t

in
th
e
re
st

fr
am

e
of

th
e
t
q
u
ar
k
.
T
h
is

an
gl
e
w
il
l
b
e
ca
ll
ed

th
e
he
li
ci
ty

an
gl
e.

T
h
e

sl
op

e
of

th
e
re
su
lt
in
g
an

gu
la
r
d
is
tr
ib
u
ti
on

is
a
m
ea
su
re

fo
r
th
e
fr
ac
ti
on

of
t
q
u
ar
k
s
in

le
ft
-h
an

d
ed

h
el
ic
it
y
st
at
e,

t L
an

d
ri
gh

t-
h
an

d
ed

h
el
ic
it
y
st
at
e,

t R
,
in

a
gi
ve
n
sa
m
p
le
.

T
h
er
e
ar
e
th
er
ef
or
e
si
x
in
d
ep

en
d
en
t
ob

se
rv
ab

le
s

•
T
h
e
cr
os
s
se
ct
io
n
;

•
T
h
e
fo
rw

ar
d
b
ac
k
w
ar
d
as
y
m
m
et
ry

A
t F
B
;

•
T
h
e
sl
op

e
of

th
e
d
is
tr
ib
u
ti
on

of
th
e
h
el
ic
it
y
an

gl
e;

fo
r
tw

o
b
ea
m

p
ol
ar
is
at
io
n
s.

T
h
is

al
lo
w
s
fo
r
a
se
p
ar
at
e
ex
tr
ac
ti
on

of
th
e
si
x
C
P

co
n
se
rv
in
g
fo
rm

fa
ct
or
s
d
efi
n
ed

fo
r
th
e
Z

0
an

d
th
e
p
h
ot
on

:
F
1
V
,
F
1
A
an

d
F
2
V
.

T
h
is

ar
ti
cl
e
is

or
ga
n
is
ed

as
fo
ll
ow

s.
A
ft
er

th
is

in
tr
o
d
u
ct
io
n
th
e
ex
p
er
im

en
ta
l
en
-

v
ir
on

m
en
t
an

d
th
e
u
se
d
d
at
a
sa
m
p
le
s
w
il
l
b
e
in
tr
o
d
u
ce
d
.
A
ft
er

th
at

th
e
se
le
ct
io
n
of

se
m
i-
le
p
to
n
ic

d
ec
ay
s
of

th
e
t t

p
ai
r
w
il
l
b
e
p
re
se
n
te
d
an

d
th
e
se
le
ct
io
n
effi

ci
en
ci
es

w
il
l

b
e
gi
ve
n
.
T
h
e
d
et
er
m
in
at
io
n
of

A
t F
B
w
il
l
b
e
fo
ll
ow

ed
b
y
th
e
ex
tr
ac
ti
on

of
th
e
sl
op

e
of

th
e
d
is
tr
ib
u
ti
on

of
th
e
h
el
ic
it
y
an

gl
e.
.
T
h
is
le
ad

s
fi
n
al
ly

to
th
e
in
d
ep

en
d
en
t
ex
tr
ac
ti
on

of
u
p
to

si
x
fo
rm

fa
ct
or
s
as

ex
p
la
in
ed

ab
ov
e.

T
h
is
st
u
d
y
go

es
th
er
ef
or
e
b
ey
on

d
ea
rl
ie
r

st
u
d
ie
s
p
u
b
li
sh
ed

in
[5
,6
].

2
O
b
se
rv
a
b
le
s
a
n
d

F
o
rm

F
a
ct
o
rs

A
cc
or
d
in
g
to

[7
],
th
e
cr
os
s
se
ct
io
n
fo
r
an

y
p
ro
ce
ss

in
e+

e−
co
ll
is
io
n
s
in

ca
se

of
p
ol
ar
is
ed

b
ea
m
s
ca
n
b
e
w
ri
tt
en

as

σ
P,

P′
=

1 4
[(
1
−
PP

′ )
(σ

−,
+
+
σ
+
,−
)
+
(P

−
P′

)(
σ
+
,−

−
σ
−,

+
)]

(5
)
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In
th
is

eq
u
at
io
n
th
e
sy
m
b
ol
s
−

an
d
+

in
d
ic
at
e
fu
ll
p
ol
ar
is
at
io
n
of

th
e
in
co
m
in
g

b
ea
m
s
w
it
h
el
ec
tr
on

s
an

d
p
os
it
ro
n
s
of

le
ft
-h
an

d
ed
,
L
,
or

ri
gh

t-
h
an

d
ed
,
R
,
h
el
ic
it
y,

re
sp
ec
ti
ve
ly
.
T
h
e
co
n
fi
gu

ra
ti
on

s
σ
−,

−
an

d
σ
+
,+

h
av
e
b
ee
n
n
eg
le
ct
ed

d
u
e
to

h
el
ic
it
y

co
n
se
rv
at
io
n
at

th
e
el
ec
tr
on

ve
rt
ex

in
th
e
h
ig
h
en
er
gy

li
m
it
.
T
h
e
d
eg
re
e
of

p
ol
ar
is
at
io
n

of
th
e
in
co
m
in
g
b
ea
m
s
is
ex
p
re
ss
ed

b
y
P,

fo
r
el
ec
tr
on

s,
an

d
P′

,
fo
r
p
os
it
ro
n
s.

In
ca
se

of
p
ol
ar
is
ed

b
ea
m
s
R
ef
.
[8
]
su
gg
es
ts

to
ex
p
re
ss

th
e
fo
rm

fa
ct
or
s
in
tr
o
d
u
ce
d

in
S
ec
.
1
in

te
rm

s
of

th
e
h
el
ic
it
y
of

th
e
in
co
m
in
g
el
ec
tr
on

s,

FL ij
=

−F
γ ij
+
( −1 2

+
s2 w

s w
c w

)(
s

s
−

m
2 Z

) F
Z ij

FR ij
=

−F
γ ij
+
( s2 w

s w
c w

)(
s

s
−

m
2 Z

) F
Z ij
,

(6
)

w
it
h
i
=

1,
2
an

d
j
=

V
,A

an
d
m

Z
b
ei
n
g
th
e
m
as
s
of

th
e
Z

0
b
os
on

.
T
h
e
cr
os
s
se
ct
io
n

fo
r
t t

q
u
ar
k
p
ro
d
u
ct
io
n
fo
r
el
ec
tr
on

b
ea
m

p
ol
ar
is
at
io
n
I
=

L
,R

re
ad

s

σ
I
=

2A
N

c
β
[ (1

+
0.
5γ

−2
)(
FI 1

V
)2
+
(F

I
′

1
A
)2
+
3F

I 1
V
FI 2

V

] ,
(7
)

w
h
er
e
A

=
4
π
α
2

3
s

w
it
h
th
e
ru
n
n
in
g
el
ec
tr
om

ag
n
et
ic

co
u
p
li
n
g
α
an

d
N

c
is

th
e
n
u
m
b
er

of
q
u
ar
k

co
lo
u
rs
.

F
u
rt
h
er
m
or
e
γ

an
d

β
ar
e
th
e
L
or
en
tz

fa
ct
or

an
d

th
e
ve
lo
ci
ty
,

re
sp
ec
ti
ve
ly
.
T
h
e
te
rm

FI
′

1
A
=

β
FI 1

A
d
es
cr
ib
es

th
e
re
d
u
ce
d
se
n
si
ti
v
it
y
to

ax
ia
l
ve
ct
or

co
u
p
li
n
gs

n
ea
r
th
e
t t

p
ro
d
u
ct
io
n
th
re
sh
ol
d
.
T
h
e
cr
os
s
se
ct
io
n
s
at

th
e
B
or
n
le
ve
l
of

th
e
si
gn

al
p
ro
ce
ss

e+
e−

→
tt

an
d
th
e
m
ai
n
S
ta
n
d
ar
d
M
o
d
el

b
ac
k
gr
ou

n
d
p
ro
ce
ss
es

at
a
ce
n
tr
e-
of
-m

as
s
en
er
gy

of
50
0
G
eV

ar
e
su
m
m
ar
is
ed

in
T
ab

le
1.

C
h
an

n
el

σ
u
n
p
o
l.
[f
b
]

σ
−,

+
[f
b
]

σ
+
,−

[f
b
]

A
S
M

L
R
%

tt
57
2

15
64

72
4

36
.7

μ
μ

45
6

96
9

85
4

6.
3

∑ q
=
u
,d
,s
,c
qq

22
08

60
32

27
93

36
.7

bb
37
2

12
12

27
6

62
.9

γ
Z

0
11
18
5

25
50
0

19
12
6

14
.2

W
W

66
03

26
00
0

15
0

98
.8

Z
0
Z

0
42
2

11
06

58
2

31
.0

Z
0
W

W
40

15
1

8.
7

89
Z

0
Z

0
Z

0
1.
1

3.
2

1.
22

45

T
ab

le
1:

U
n
p
o
la
ri
se
d

cr
o
ss
-s
ec
ti
o
n
s
a
n
d

cr
o
ss
-s
ec
ti
o
n
s
at

th
e
B
o
rn

le
ve
l
fo
r
1
0
0
%

b
ea
m

p
ol
a
ri
sa
ti
o
n

fo
r
si
g
n
a
l
a
n
d

b
a
ck
g
ro
u
n
d

p
ro
ce
ss
es
.

T
h
e
la
st

co
lu
m
n

gi
ve
s
th
e
le
ft

ri
g
h
t

a
sy
m
m
et
ry

a
s
ex
p
ec
te
d
fr
o
m

th
e
S
ta
n
d
a
rd

M
o
d
el
.

6
7

T
h
e
fo
rw

ar
d
-b
ac
k
w
ar
d
as
y
m
m
et
ry

A
t F
B
ca
n
b
e
ex
p
re
ss
ed

as

(A
t F
B
) I

=
−3

FI
′

1
A
(F

I 1
V
+
FI 2

V
)

2
[ (1

+
0.
5γ

−2
)(
FI 1

V
)2
+
(F

I
′

1
A
)2
+
3F

I 1
V
FI 2

V

] ,
(8
)

w
h
ic
h
in

th
e
S
ta
n
d
ar
d
M
o
d
el

ta
ke
s
th
e
va
lu
es

(A
t F
B
) L

=
0.
38

an
d
(A

t F
B
) R

=
0.
47
.

T
h
e
fr
ac
ti
on

of
ri
gh

t-
h
an

d
ed

to
p
s
is
gi
ve
n
b
y
th
e
fo
ll
ow

in
g
ex
p
re
ss
io
n
:

(F
R
) I

=
(F

I 1
V
)2
(1

+
0
.5
γ
−
2
)
+
(F

I
′

1
A
)2

+
2
FI 1

V
FI

′
1
A
+
2
FI 2

V
(3
FI 1

V
+
2
FI

′
1
A
)
−

β
FI 1

V
R
e(
FI 2

A
)

2
[ (1

+
0
.5
γ
−
2
)(
FI 1

V
)2

+
(F

I
′

1
A
)2

+
3
FI 1

V
FI 2

V

]
.

(9
)

T
h
e
va
lu
es

ex
p
ec
te
d
in

th
e
S
ta
n
d
ar
d
M
o
d
el

ar
e
(F

R
) L

=
0.
25

an
d
(F

R
) R

=
0.
76
.

T
h
e
E
q
.
9
co
n
ta
in
s
a
C
P

v
io
la
ti
n
g
te
rm

p
ro
p
or
ti
on

al
to

R
e(
FI 2

A
).

T
h
is

te
rm

w
il
l

n
ot

b
e
d
et
er
m
in
ed

in
th
s
p
re
se
n
t
st
u
d
y
b
u
t
ca
n
al
so

b
e
p
re
ci
se
ly

es
ti
m
at
ed

u
si
n
g

C
P

v
io
la
ti
n
g
ob

se
rv
ab

le
s,
se
e
la
te
r
in

T
ab

.
5.

T
h
is
im

p
li
es

th
at

C
P

co
n
se
rv
in
g
fo
rm

fa
ct
or
s
ca
n
b
e
fu
ll
y
d
is
en
ta
n
gl
ed

w
it
h
ou

t
th
e
as
su
m
p
ti
on

of
C
P

co
n
se
rv
at
io
n
.

3
E
x
p
e
ri
m
e
n
ta
l
e
n
v
ir
o
n
m
e
n
t
a
n
d

d
a
ta

sa
m
p
le
s

T
h
e
In
te
rn
at
io
n
al

L
in
ea
r
C
ol
li
d
er

is
a
p
ro
p
os
al

fo
r
a
li
n
ea
r
el
ec
tr
on

-p
os
it
ro
n
ac
-

ce
le
ra
to
r
at

th
e
T
eV

sc
al
e.

F
or

a
d
et
ai
le
d
d
es
cr
ip
ti
on

of
th
e
m
ac
h
in
e
th
e
re
ad

er
is

re
fe
rr
ed

to
[2
,3
].
F
or

th
e
st
u
d
ie
s
p
re
se
n
te
d
in

th
is
ar
ti
cl
e
it
is
im

p
or
ta
n
t
to

em
p
h
as
is
e

th
at

th
e
m
ac
h
in
e
ca
n
d
el
iv
er

p
ol
ar
is
ed

el
ec
tr
on

an
d
p
os
it
ro
n
b
ea
m
s.

A
t
a
ce
n
tr
e-
of
-

m
as
s
en
er
gy

of
√ s

=
50
0
G
eV

th
e
en
v
is
ag
ed

d
eg
re
e
of

p
ol
ar
is
at
io
n
is
80
%

in
ca
se

of
el
ec
tr
on

s
an

d
30
%

in
ca
se

of
p
os
it
ro
n
s.

T
h
e
IL
D

d
et
ec
to
r
is

d
es
ig
n
ed

as
a
d
et
ec
to
r
fo
r
P
ar
ti
cl
e
F
lo
w
.
T
h
is

m
ea
n
s
th
at

th
e
je
t
en
er
gy

m
ea
su
re
m
en
t
is

b
as
ed

on
th
e
m
ea
su
re
m
en
t
of

in
d
iv
id
u
al

p
ar
ti
cl
es

[9
].

A
d
et
ai
le
d
d
es
cr
ip
ti
on

of
th
e
cu
rr
en
t
m
o
d
el

of
th
e
IL
D

d
et
ec
to
r
ca
n
b
e
fo
u
n
d
el
se
-

w
h
er
e
[1
0]
.
T
h
e
z-
ax

is
of

th
e
ri
gh

t
h
an

d
ed

co
-o
rd
in
at
e
sy
st
em

is
gi
ve
n
b
y
th
e
d
ir
ec
ti
on

of
th
e
in
co
m
in
g
el
ec
tr
on

b
ea
m
.
P
ol
ar

an
gl
es

gi
ve
n
in

th
is

n
ot
e
ar
e
d
efi
n
ed

w
it
h
re
-

sp
ec
t
to

th
is
ax

is
.
T
h
e
m
os
t
im

p
or
ta
n
t
su
b
-d
et
ec
to
rs

fo
r
th
is
st
u
d
y
ar
e
d
es
cr
ib
ed

in
th
e
fo
ll
ow

in
g.

•
T
h
e
ve
rt
ex

d
et
ec
to
r
co
n
si
st
s
of

th
re
e
d
ou

b
le

la
ye
rs

of
si
li
co
n

ex
te
n
d
in
g
b
e-

tw
ee
n

16
m
m

an
d

60
m
m

in
ra
d
iu
s
an

d
b
et
w
ee
n

62
.5
m
m

an
d

12
5
m
m

in
z

d
ir
ec
ti
on

.
It

is
d
es
ig
n
ed

fo
r
an

im
p
ac
t
p
ar
am

et
er

re
so
lu
ti
on

of
σ
r
φ
=

σ
r
z
=

5
⊕

10
/(
ps
in

3 2
θ)

μ
m
.

•
T
h
e
m
ea
su
re
m
en
t
of

ch
ar
ge
d
tr
ac
k
s
is

su
p
p
or
te
d
b
y
an

in
n
er

S
il
ic
on

T
ra
ck
er

(S
IT

)
in

th
e
ce
n
tr
al

re
gi
on

an
d
b
y
a
se
t
of

si
li
co
n
d
is
k
s
in

fo
rw

ar
d
d
ir
ec
ti
on

,
i.
e.

to
w
ar
d
s
la
rg
e
ab

so
lu
te

va
lu
es

of
co
sθ
.
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•
T
h
e
IL
D

d
et
ec
to
r
co
n
ta
in
s
a
la
rg
e
T
im

e
P
ro
je
ct
io
n
C
h
am

b
er

(T
P
C
)
w
it
h
an

in
n
er

se
n
si
ti
ve

ra
d
iu
s
of

39
5
m
m

an
d
an

ou
te
r
se
n
si
ti
ve

ra
d
iu
s
of

17
43

m
m
.
T
h
e

h
al
f
le
n
gt
h
in

z
is

22
50

m
m
.
R
ec
en
t
si
m
u
la
ti
on

st
u
d
ie
s
co
n
fi
rm

th
at

th
e
m
o-

m
en
tu
m

of
ch
ar
ge
d
p
ar
ti
cl
e
tr
ac
k
s
ca
n
b
e
m
ea
su
re
d
to

a
p
re
ci
si
on

of
δ(
1/
P
T
)
∼

2
×

10
−5

G
eV

−1
.
H
er
e
P
T
d
en
ot
es

th
e
tr
an

sv
er
se

co
m
p
on

en
t
of

th
e
th
re
e
m
o-

m
en
tu
m

P
of

th
e
p
ar
ti
cl
es
.

•
T
h
e
el
ec
tr
om

ag
n
et
ic
ca
lo
ri
m
et
er

is
a
S
iW

sa
m
p
li
n
g
ca
lo
ri
m
et
er
.
It
s
lo
n
gi
tu
d
in
al

d
ep
th
s
of

24
X

0
al
lo
w
s
fo
r
th
e
co
m
p
le
te

ab
so
rp
ti
on

of
p
h
ot
on

s
w
it
h
en
er
gi
es

of
u
p
to

50
G
eV

as
re
le
va
n
t
fo
r
th
e
st
u
d
ie
s
h
er
e.

T
h
e
si
m
u
la
te
d
en
er
gy

re
so
lu
ti
on

of
th
e
el
ec
tr
om

ag
n
et
ic

ca
lo
ri
m
et
er

is
Δ
E E
=

15
%
/√ E

[G
eV

]

•
T
h
e
h
ad

ro
n
ic

ca
lo
ri
m
et
er

su
rr
ou

n
d
s
th
e
el
ec
tr
om

ag
n
et
ic

ca
lo
ri
m
et
er

an
d
co
m
-

p
ri
se
s
4.
5
in
te
ra
ct
io
n
le
n
gt
h
λ
I
.

T
w
o
p
ro
p
os
al
s
ex
is
t
fo
r
th
e
h
ad

ro
n
ic

ca
lo
ri
m
et
er
.
A

se
m
i-
d
ig
it
al

va
ri
an

t
co
n
-

si
st
in
g
of

st
ee
l
ab

so
rb
er
s
an

d
ga
s
R
P
C
ch
am

b
er
s
w
it
h
a
p
ix
el
si
ze

of
1
×
1
cm

2
as

ac
ti
ve

m
at
er
ia
l.
T
h
e
se
co
n
d
on

e
fe
at
u
re
s
sc
in
ti
ll
at
in
g
ti
le
s
w
it
h
si
ze

of
3
×
3
cm

2

as
ac
ti
ve

m
at
er
ia
l.
T
h
e
la
tt
er

op
ti
on

is
em

p
lo
ye
d
in

th
e
p
re
se
n
t
w
or
k
.

3
.1

E
v
e
n
t
g
e
n
e
ra

ti
o
n

a
n
d

te
ch

n
ic
a
l
re
m
a
rk

s

T
h
e
ev
en
ts

ar
e
ge
n
er
at
ed

w
it
h
ve
rs
io
n
1.
95

of
th
e
W
H
I
Z
A
R
D
ev
en
t
ge
n
er
at
or

[1
1,
12
]

in
th
e
fo
rm

of
si
x
fe
rm

io
n
fi
n
al

st
at
es

of
w
h
ic
h
tt

ev
en
ts

fo
rm

a
su
b
sa
m
p
le
.

T
h
e
ge
n
er
at
ed

ev
en
ts

ar
e
th
en

p
as
se
d

to
th
e
P
Y
T
H
IA

si
m
u
la
ti
on

p
ro
gr
am

to
ge
n
er
at
e
p
ar
to
n
sh
ow

er
an

d
su
b
se
q
u
en
t
h
ad

ro
n
is
at
io
n
.
E
ve
n
ts

ar
e
se
le
ct
ed

fo
r
w
h
ic
h

th
e
d
iff
er
en
ce

b
et
w
ee
n
th
e
in
va
ri
an

t
m
as
se
s
of

th
e
th
re
e
fe
rm

io
n
sy
st
em

s
fo
rm

in
g
a

to
p
fr
om

W
H
IZ
A
R
D

an
d
th
e
in
p
u
t
t
m
as
s
to

W
H
IZ
A
R
D

of
17
4
G
eV

is
sm

al
le
r
th
an

5Γ
t.

H
er
e
Γ
t
is
th
e
to
ta
l
d
ec
ay

w
id
th

of
th
e
t
q
u
ar
k
.
B
y
th
is

on
ly

ab
ou

t
70
%

of
th
e

ev
en
ts

ge
n
er
at
ed

b
y
W

H
IZ
A
R
D

ar
e
re
co
gn

is
ed

as
t t

ev
en
ts

an
d
tr
ea
te
d
ac
co
rd
in
gl
y.

T
h
e
fo
ll
ow

in
g
an

al
y
si
s
is
b
as
ed

on
th
e
d
es
cr
ib
ed

su
b
-s
el
ec
ti
on

of
ev
en
ts
.

T
h
e
st
u
d
y
h
as

b
ee
n
ca
rr
ie
d
ou

t
on

a
fu
ll
y
p
ol
ar
is
ed

sa
m
p
le
.
R
ea
li
st
ic

va
lu
es

of
th
e
b
ea
m

p
ol
ar
is
at
io
n
s
at

th
e
IL
C

at
√ s

=
50
0
G
eV

ar
e
h
ow

ev
er

P,
P′

=
±0

.8
,∓

0.
3.

T
h
e
cr
os
s
se
ct
io
n
an

d
th
er
ef
or
e
it
s
u
n
ce
rt
ai
n
ty

sc
al
es

w
it
h
th
e
p
ol
ar
is
at
io
n
ac
co
rd
in
g

to
E
q
.
5.

T
h
e
ob

se
rv
ab

le
s
A

t F
B
an

d
λ
t
va
ry

on
ly

ve
ry

m
il
d
ly

w
it
h
th
e
b
ea
m

p
ol
ar
is
a-

ti
on

.
A
ga
in
,
th
e
re
d
u
ce
d
cr
os
s
se
ct
io
n
le
ad

s
to

a
h
ig
h
er

st
at
is
ti
ca
l
er
ro
r
fo
r
n
on

-f
u
ll
y

p
ol
ar
is
ed

b
ea
m
s.

T
h
is

w
il
l
b
e
co
rr
ec
tl
y
ta
ke
n
in
to

ac
co
u
n
t
in

th
e
u
n
ce
rt
ai
n
ty

of
th
e

re
su
lt
s.

E
ve
n
ts

co
rr
es
p
on

d
in
g
to

a
lu
m
in
os
it
y
of

25
0
fb

−1
fo
r
ea
ch

of
th
e
p
ol
ar
is
at
io
n
co
n
-

fi
gu

ra
ti
on

s
w
er
e
su
b
je
ct

to
a
fu
ll
si
m
u
la
ti
on

of
th
e
IL
D

d
et
ec
to
r
an

d
su
b
se
q
u
en
t
ev
en
t

6
9

re
co
n
st
ru
ct
io
n
u
si
n
g
th
e
ve
rs
io
n
I
L
D
o
1
v
0
5
of

th
e
IL
C

so
ft
w
ar
e.

In
R
ef
.
[1
3]

it
w
as

sh
ow

n
th
at

th
e
b
ac
k
gr
ou

n
d
ca
n
b
e
n
ea
rl
y
el
im

in
at
ed

fo
r
th
e
se
m
i-
le
p
to
n
ic

fi
n
al

st
at
e

(9
5%

p
u
ri
ty
).

T
h
er
ef
or
e
at

th
is

st
ag
e
n
on

e
of

th
e
li
st
ed

b
ac
k
gr
ou

n
d
p
ro
ce
ss
es

ar
e

in
cl
u
d
ed

in
th
e
an

al
y
si
s.

4
E
v
e
n
t
se
le
ct
io
n

T
h
e
an

al
y
si
s
st
ar
ts

ou
t
fr
om

th
e
st
u
d
ie
s
p
re
se
n
te
d
in

d
et
ai
l
in

[1
3]
.
T
h
e
sa
m
p
le
s

an
al
y
se
d
h
er
e
co
n
ta
in

b
ac
k
gr
ou

n
d
ge
n
er
at
ed

b
y
b
ea
m

b
ea
m

in
te
ra
ct
io
n
s,

so
-c
al
le
d

γ
γ
b
ac
k
gr
ou

n
d
.
N
o
cu
t
to

re
m
ov
e
th
is

b
ac
k
gr
ou

n
d
is

ap
p
li
ed

in
th
is

an
al
y
si
s.

S
u
ch

a
st
u
d
y
is

le
ft

fo
r
fu
tu
re

w
or
k
.
T
h
e
p
ro
d
u
ce
d
t(
t)
-q
u
ar
k
d
ec
ay
s
al
m
os
t
ex
cl
u
si
ve
ly

in
to

a
bW

p
ai
r.

T
h
e
b
q
u
ar
k
h
ad

ro
n
is
es

gi
v
in
g
ri
se

to
a
je
t.

T
h
e
W

b
os
on

ca
n

d
ec
ay

ha
dr
on

ic
al
ly

in
to

li
gh

t
q
u
ar
k
s,

w
h
ic
h
tu
rn

in
to

je
ts
,
or

le
pt
on

ic
al
ly

in
to

a
p
ai
r

co
m
p
os
ed

b
y
a
ch
ar
ge
d
le
p
to
n
an

d
a
n
eu
tr
in
o.

T
h
e
se
m
i-
le
pt
on

ic
pr
oc
es
s
is

d
efi
n
ed

b
y
ev
en
ts

in
w
h
ic
h
on

e
W

d
ec
ay
s
h
ad

ro
n
ic
al
ly

w
h
il
e
th
e
ot
h
er

on
e
d
ec
ay
s
le
p
to
n
ic
al
ly
,

i.
e.

t t
→

(b
W

)(
bW

)
→

(b
qq

′ )
(b

ν
)

(1
0)

In
th
e
S
ta
n
d
ar
d
M
o
d
el
th
e
fr
ac
ti
on

of
se
m
i-
le
p
to
n
ic
fi
n
al

st
at
es

in
e+

e−
→

tt
is
ab

ou
t

43
%
.
T
h
e
ch
ar
ge
d
le
p
to
n
al
lo
w
s
fo
r
th
e
d
et
er
m
in
at
io
n
of

th
e
t
q
u
ar
k
ch
ar
ge
.
T
h
e

t
q
u
ar
k
m
as
s
is

re
co
n
st
ru
ct
ed

fr
om

th
e
h
ad

ro
n
ic
al
ly

d
ec
ay
in
g
W

w
h
ic
h
is

co
m
b
in
ed

w
it
h
on

e
of

th
e
b-
q
u
ar
k
je
ts
.
In

ge
n
er
al

le
p
to
n
s
ar
e
id
en
ti
fi
ed

u
si
n
g
ty
p
ic
al

se
le
ct
io
n

cr
it
er
ia
.
T
h
e
le
p
to
n
fr
om

th
e
W

b
os
on

d
ec
ay

is
ei
th
er

th
e
m
os
t
en
er
ge
ti
c
p
ar
ti
cl
e
in

a
je
t
or

h
as

a
si
ze
ab

le
tr
an

sv
er
se

m
om

en
tu
m

w
.r
.t
.
n
ei
gh

b
ou

re
d
je
ts
.
M
or
e
sp
ec
ifi
c

th
e
fo
ll
ow

in
g
cr
it
er
ia

ar
e
ap

p
li
ed

x
T
=

p T
,l
ep

to
n
/M

je
t
>

0.
25

an
d

z
=

E
le
p
to
n
/E

je
t
>

0.
6,

(1
1)

w
h
er
e
E

le
p
to
n
is
th
e
en
er
gy

an
d
p T

,l
ep

to
n
th
e
tr
an

sv
er
se

m
om

en
tu
m

of
th
e
le
p
to
n
w
it
h
in

a
je
t
w
it
h
en
er
gy

E
je
t
an

d
m
as
s
M

je
t.

T
h
e
d
ec
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p
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n
b
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h
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ab

ou
t
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w
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e
se
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ct
io
n
h
as

a
te
n
d
en
cy

to
re
je
ct

lo
w

m
om

en
tu
m

le
p
to
n
s.

T
h
e
τ
le
p
to
n
s
ca
n
d
ec
ay

th
em

se
lv
es

in
to

e
or

μ
,
w
h
ic
h
ar
e

co
ll
in
ea
r
w
it
h
th
e
p
ro
d
u
ce
d
τ
b
u
t
h
av
e
lo
w
er

m
om

en
tu
m

th
an

p
ri
m
ar
y
d
ec
ay

le
p
to
n
s.

T
ak

in
g
in
to

ac
co
u
n
t
th
e
τ
le
p
to
n
s,
th
e
effi

ci
en
cy

to
id
en
ti
fy

th
e
d
ec
ay

le
p
to
n
is
ab

ou
t

70
%
. T
h
e
id
en
ti
fi
ed

le
p
to
n
is

re
m
ov
ed

fr
om

th
e
li
st

of
re
co
n
st
ru
ct
ed

p
ar
ti
cl
es

an
d
th
e

re
m
ai
n
in
g
fi
n
al

st
at
e
is
ag
ai
n
cl
u
st
er
ed

in
to

fo
u
r
je
ts
.
T
w
o
of

th
es
e
m
u
st

b
e
id
en
ti
fi
ed

as
b
ei
n
g
p
ro
d
u
ce
d
b
y
th
e
b-
q
u
ar
k
s
of

th
e
t
q
u
ar
k
d
ec
ay
.
T
h
e
b-
li
ke
n
es
s
or

b-
ta
g
is

d
et
er
m
in
ed

w
it
h
th
e
L
C
F
I
P
l
u
s
p
ac
ka
ge
,
w
h
ic
h
u
se
s
in
fo
rm

at
io
n
of

th
e
tr
ac
k
in
g
sy
st
em

as
in
p
u
t.

S
ec
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d
ar
y
ve
rt
ic
es

in
th
e
ev
en
t
ar
e
an

al
y
se
d
b
y
m
ea
n
s
of

th
e
je
t
m
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th
e
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d
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le
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d
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e
p
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ci
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e
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w
it
h
th
e
h
ig
h
es
t
b-
ta
g
va
lu
es

ar
e

se
le
ct
ed
.
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s
sh
ow

n
in

F
ig
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th
e
h
ig
h
er
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g
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lu
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p
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T
h
e
b-
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g
va
lu
es

a
s
a
fu
n
ct
io
n
o
f
th
e
p
o
la
r
a
n
g
le

of
th
e
je
ts

w
it
h
th
e
h
ig
h
es
t
b-
ta
g

va
lu
e
(b
la
ck

d
o
ts
)
a
n
d
of

th
a
t
w
it
h
th
e
se
co
n
d
h
ig
h
es
t
b-
ta
g
va
lu
e
(b
lu
e
d
o
ts
).

T
h
es
e
va
lu
es

ar
e
n
ea
rl
y
in
d
ep

en
d
en
t
of

th
e
p
ol
ar

an
gl
e
of

th
e
b
q
u
ar
k
je
t
b
u
t
d
ro
p

to
w
ar
d
s
th
e
ac
ce
p
ta
n
ce

li
m
it
s
of

th
e
d
et
ec
to
r.

F
in
al
ly
,
th
e
tw

o
re
m
ai
n
in
g
je
ts

ar
e

as
so
ci
at
ed

w
it
h
th
e
d
ec
ay

p
ro
d
u
ct
s
of

th
e
W

b
os
on

.
T
h
e
si
gn

al
is

re
co
n
st
ru
ct
ed

b
y

ch
o
os
in
g
th
at

co
m
b
in
at
io
n
of

b
q
u
ar
k
je
t
an

d
W

b
os
on

th
at

m
in
im

is
es

th
e
fo
ll
ow

in
g

eq
u
at
io
n
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d
2
=

( m c
a
n
d
.
−

m
t

σ
m

t

) 2 +

( E c
a
n
d
.
−

E
be
a
m

σ
E

c
a
n
d
.

) 2 +

( p∗ b
−
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σ
p
∗ b

) 2 +
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θ b

W
−

0.
23

σ
co
sθ

b
W

) 2 (1
2)

In
th
is
eq
u
at
io
n
m
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n
d
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an

d
E
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n
d
.
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e
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ri
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s
an

d
en
er
gy
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th
e
t
q
u
ar
k
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n
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at
e
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in
g
h
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n
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ti
ve
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an
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m

t
an

d
E
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a
m
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e
in
p
u
t
t
m
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s
an

d
th
e

b
ea
m

en
er
gy
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0
G
eV
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th
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th
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b
q
u
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e
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n
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th
e
t
q
u
ar
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an
d
th
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e
b
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ar
k
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e
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p
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e
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at
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d
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u
ti
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sh
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in
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at
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b
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n
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.
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e

ap
p
li
ed
.
In

ad
d
it
io
n
th
e
m
as
s
w
in
d
ow

s
fo
r
th
e
re
co
n
st
ru
ct
ed

W
-b
os
on

an
d
t-
q
u
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D
is
tr
ib
u
ti
o
n
s
o
f
th
e
m
o
m
en
tu
m

of
th
e
b
q
u
a
rk

je
t
in

th
e
ce
n
tr
e-
o
f-
m
a
ss

fr
a
m
e
of

th
e
t
q
u
a
rk
,
p
∗ b
a
n
d
th
e
co
si
n
e
o
f
th
e
an

g
le

θ b
W

b
et
w
ee
n
th
e
b
q
u
a
rk

an
d
th
e
W

b
os
on

.

T
h
e
en
ti
re

se
le
ct
io
n

re
ta
in
s
53
.5
%

si
gn

al
ev
en
ts

fo
r
th
e
co
n
fi
gu

ra
ti
on

P,
P′

=
−1

,+
1
an

d
56
.5
%

fo
r
th
e
co
n
fi
gu

ra
ti
on

P,
P′

=
+
1,
−1

.

5
M

e
a
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re
m
e
n
t
o
f
th

e
fo
rw

a
rd

b
a
ck

w
a
rd

a
sy

m
m
e
tr
y

G
ar
c̀ı
a
F
or

th
e
d
et
er
m
in
at
io
n
of

th
e
fo
rw

ar
d
-b
ac
k
w
ar
d
as
y
m
m
et
ry

A
t F
B
,
th
e
n
u
m
-

b
er

of
ev
en
ts

in
th
e
h
em

is
p
h
er
es

of
th
e
d
et
ec
to
r
w
.r
.t
.
th
e
p
ol
ar

an
gl
e
θ
of

th
e
t
q
u
ar
k

is
co
u
n
te
d
,
i.
e.

A
t F
B
=

N
(c
os
θ
>

0)
−

N
(c
os
θ
<

0)

N
(c
os
θ
>

0)
+
N
(c
os
θ
<

0)
.

(1
3)

H
er
e,

th
e
p
ol
ar

an
gl
e
of

th
e
t
q
u
ar
k
is

ca
lc
u
la
te
d
fr
om

th
e
d
ec
ay

p
ro
d
u
ct
s
in

th
e

h
ad

ro
n
ic

d
ec
ay

b
ra
n
ch
.
T
h
e
d
ir
ec
ti
on

m
ea
su
re
m
en
t
d
ep

en
d
s
on

th
e
co
rr
ec
t
as
so
ci
a-

ti
on

of
th
e
b
q
u
ar
k
s
to

th
e
je
ts

of
th
e
h
ad

ro
n
ic
b
q
u
ar
k
d
ec
ay
s.

T
h
e
an

al
y
si
s
is
ca
rr
ie
d

ou
t
se
p
ar
at
el
y
fo
r
a
le
ft
-h
an

d
ed

p
ol
ar
is
ed

el
ec
tr
on

b
ea
m

an
d
fo
r
a
ri
gh

t
h
an

d
ed

p
o-

la
ri
se
d
b
ea
m
.
T
h
er
ef
or
e,

tw
o
d
iff
er
en
t
si
tu
at
io
n
s
h
av
e
to

b
e
d
is
ti
n
gu

is
h
ed
,
se
e
al
so

F
ig
.
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•
In

ca
se

of
a
ri
gh
t-
h
an

d
ed

el
ec
tr
on

b
ea
m

th
e
sa
m
p
le

is
ex
p
ec
te
d
to

b
e
en
ri
ch
ed

w
it
h
t-
q
u
ar
k
s
w
it
h
ri
gh
t-
h
an

d
ed

h
el
ic
it
y
[4
].

D
u
e
to

th
e
V

−
A

st
ru
ct
u
re

of
th
e
st
an

d
ar
d
m
o
d
el

an
en
er
ge
ti
c
W

b
os
on

is
em

it
te
d
in
to

th
e
fl
ig
h
t
d
ir
ec
ti
on

of
th
e
t-
q
u
ar
k
.
T
h
e
W

b
os
on

d
ec
ay
s
in
to

tw
o
en
er
ge
ti
c
je
ts
.
T
h
e
b
q
u
ar
k
fr
om

th
e
d
ec
ay

of
th
e
t
q
u
ar
k
ar
e
co
m
p
ar
at
iv
el
y
so
ft
.

T
h
er
ef
or
e,

th
e
d
ir
ec
ti
on

of
th
e
t
q
u
ar
k
is

es
se
n
ti
al
ly

re
co
n
st
ru
ct
ed

fr
om

th
e
d
ir
ec
ti
on

of
th
e
en
er
ge
ti
c
je
ts

fr
om

th
e
W

b
os
on

d
ec
ay
.

T
h
is

sc
en
ar
io

is
th
u
s
in
se
n
si
ti
ve

to
w
ar
d
s
a
w
ro
n
g

as
so
ci
at
io
n
of

th
e
je
t
fr
om

th
e
b
q
u
ar
k
d
ec
ay

to
th
e
je
ts

fr
om

th
e
W

b
os
on

d
ec
ay

•
In

ca
se

of
a
le
ft
-h
an

d
ed

el
ec
tr
on

b
ea
m

th
e
sa
m
p
le

is
en
ri
ch
ed

w
it
h
t
q
u
ar
k
s

w
it
h
le
ft
-h
an

d
ed

h
el
ic
it
y.

In
th
is

ca
se

th
e
W

b
os
on

is
em

it
te
d
op

p
os
it
e
to

th
e

fl
ig
h
t-
d
ir
ec
ti
on

of
th
e
t
q
u
ar
k
an

d
ga
in
s
th
er
ef
or
e
on

ly
li
tt
le

k
in
et
ic

en
er
gy
.
In

fa
ct

fo
r
a
ce
n
tr
e-
of
-m

as
s
en
er
gy

of
50
0
G
eV

th
e
W

b
os
on

is
n
ea
rl
y
at

re
st
.
O
n

th
e
ot
h
er

h
an

d
th
e
b
q
u
ar
k
s
ar
e
ve
ry

en
er
ge
ti
c
an

d
w
il
l
th
er
ef
or
e
d
om

in
at
e
th
e

re
co
n
st
ru
ct
io
n
of

th
e
p
ol
ar

an
gl
e
of

th
e
t
q
u
ar
k
.
In

th
is
ca
se

a
w
ro
n
g
as
so
ci
at
io
n

of
th
e
je
ts

w
it
h
th
at

fr
om

th
e
b
q
u
ar
k
ca
n
fl
ip

th
e
re
co
n
st
ru
ct
ed

p
ol
ar

an
gl
e
b
y

π
gi
v
in
g
ri
se

to
m
ig
ra
ti
on

s
in

th
e
p
ol
ar

an
gl
e
d
is
tr
ib
u
ti
on

of
th
e
t
q
u
ar
k
.

T
h
e
ex
p
la
n
at
io
n
s
ab

ov
e
ap

p
ly

co
rr
es
p
on

d
in
gl
y
to

p
ol
ar
is
ed

p
os
it
ro
n
b
ea
m
s
an

d
t-

q
u
ar
k
s.

�
b l
ep

.

q

b h
a
d
.q′

�
b l
ep

.

q

b h
a
d
.

q′
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e
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a
rk
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o
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te

th
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a
n
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ru
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o
f
th
e
p
o
la
r
a
n
g
le

of
th
e
t
q
u
a
rk
.
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e
d
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ed
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en
ar
io
s
ar
e
en
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u
n
te
re
d
as

sh
ow

n
in

F
ig
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4.
F
ir
st
,
th
e
re
co
n
-

st
ru
ct
ed

sp
ec
tr
u
m

of
p
ol
ar

an
gl
es

of
th
e
t
q
u
ar
k
in

th
e
ca
se

of
ri
gh

t
h
an

d
ed

el
ec
tr
on

b
ea
m
s
is
in

re
so
n
ab

le
ag
re
em

en
t
w
it
h
th
e
ge
n
er
at
ed

on
e.

O
n
th
e
ot
h
er

h
an

d
th
e
re
co
n
-

st
ru
ct
io
n
of

co
s
θ t

in
ca
se

of
le
ft
-h
an

d
ed

t
q
u
ar
k
s
su
ff
er
s
fr
om

co
n
si
d
er
ab

le
m
ig
ra
ti
on

s.
A
s
d
is
cu
ss
ed
,
th
e
m
ig
ra
ti
on

s
ar
e
ca
u
se
d
b
y
a
w
ro
n
g
as
so
ci
at
io
n
of

je
ts

st
em

m
in
g
fr
om

b
q
u
ar
k
s
to

je
ts

st
em

m
in
g
fr
om

W
d
ec
ay
s.

T
h
is

im
p
li
es

th
at

th
e
re
co
n
st
ru
ct
io
n
of

ob
se
rv
ab

le
s
w
il
l
ge
t
d
et
er
io
ra
te
d
.
T
h
is
im

p
li
ca
ti
on

m
ot
iv
at
es

to
re
st
ri
ct

th
e
d
et
er
m
i-

n
at
io
n
of

A
t F
B
in

ca
se

of
P,

P′
=

−1
,+

1
to

cl
ea
n
ly

re
co
n
st
ru
ct
ed

ev
en
ts

as
al
re
ad

y
st
u
d
ie
d
p
re
v
io
u
sl
y
in

[1
4,
15
].
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R
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w
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d
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ti
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y
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e
ev
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t
g
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r
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fi
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u
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ti
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n
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o
f
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o
la
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ti
o
n
s.

χ
2
=

( γ t
−

1.
43
5

σ
γ
t

) 2 +

( E∗ b
−

68

σ
E

∗ b

) 2 +

( cos
θ b

W
−

0.
26

σ
co
sθ

b
W

) 2
(1
4)

T
h
e
ob

se
rv
ab

le
s
p∗ b

an
d
co
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p
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at
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.
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os
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os
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it
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b
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at
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at
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s.

It
en
te
rs

d
ir
ec
tl
y
th
e
cr
os
s
se
ct
io
n
m
ea
su
re
m
en
ts
.

T
h
e
st
u
d
ie
s
fo
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p
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at
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b
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b
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at
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b
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at
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ra
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b
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b
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h
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it
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p
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b
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b
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p
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b
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p
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at
ic
u
n
ce
rt
ai
n
ty

on
R

b
of
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b
e
ex
p
ec
te
d

at
th
e
IL
C
.

•
T
h
eo
ry
:
T
h
e
an

al
y
si
s
p
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p
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b
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é,

“
D
et
er
m
in
a
ti
o
n
o
f
T
op

-q
u
a
rk

A
sy
m
m
et
ri
es

at
th
e
IL
C
”
.

[1
5
]
I.
G
a
rc̀
ıa

G
a
rc̀
ıa
,
“T

op
q
u
a
rk

st
u
d
ie
s
a
t
a
L
in
ea
r
C
o
ll
id
er
”
M
a
st
er
’s

th
es
is
,
U
n
iv
er
si
ta
t
d
e

V
al
en
ci
a
,
2
0
1
2
.
h
t
t
p
:
/
/
d
i
g
i
t
a
l
.
c
s
i
c
.
e
s
/
h
a
n
d
l
e
/
1
0
2
6
1
/
6
4
3
0
6
.

[1
6
]
E
.
B
a
rg
er

et
a
l.
,
“T

h
e
T
o
p
Q
u
a
rk

P
ro
d
u
ct
io
n
A
sy
m
m
et
ri
es

A
t F
B

a
n
d
A

� F
B
”
P
h
ys
.R
ev
.L
et
t.

1
0
8
(2
0
1
2
)
,
a
r
x
i
v
:
1
2
0
1
.
1
7
9
0
[
h
e
p
-
p
h
]
.

[1
7
]
C
.
R
im

b
a
u
lt
,
P
.
B
a
m
b
a
d
e,

K
.
M
ö
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n
g
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0
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a
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.
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b
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f
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b
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b
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b
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b
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d
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=
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d
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b
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p
is
d
efi
n
ed

re
la
ti
v
e
to

th
e
in
co
m
in
g
el
ec
tr
o
n
d
ir
ec
ti
o
n
.
T
h
er
ef
o
re
,
if
θ
is
th
e
a
n
g
le
b
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b
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b
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l
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p
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o
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.6

p
b
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m
p
a
re
d
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0
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p
b
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1
T
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a
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a
l
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=

0
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o
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p
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d
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1
T
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a
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u
m
e
a
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l
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te
g
ra
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d
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m
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o
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ty

o
f
1
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b
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1
a
n
d
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a
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m
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d
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p
ra
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e
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e
si
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a
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o
n
is
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m
p
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d
d
u
e
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b
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p
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n
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n
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n
d
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a
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d
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n
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v
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y
o
f
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a
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m
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e
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p
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Δ
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0
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G
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b
e
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m
p
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0
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t
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T
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b
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s
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e
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u
m
e
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p
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o
n
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f
1
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r
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e
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p
m
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/
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r
p
o
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n
b
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m
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r
a
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p
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et
er
-
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o
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f
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e
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p
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u
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u
p
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n
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t
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h
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h
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y
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l
b
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u
d
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u
d
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o
f
th
e
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ig
h
t
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m
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b
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n
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th
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s
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u
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2
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o
p
q
u
a
rk
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n
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io
n
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h
e
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p
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a
W
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n
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a
b
o
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o
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u
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h
a
b
ra
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d
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g
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n
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a
l
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p
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b
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l
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p
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p
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p
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ra
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p
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b
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p
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id
er
s)

fi
n
a
l
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ra
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d
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b
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b
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p
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b
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ra
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b
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b
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d
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p
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b
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f
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p
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p
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p
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d
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b
o
th

ce
n
te
r-
o
f-
m
a
ss

en
er
g
ie
s
o
f
5
0
0
G
eV

a
n
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b
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b
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b
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b
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ra
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b
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b
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b
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2
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,
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0
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n
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m
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er
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b
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o
m
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b
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th
e
3
d
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n
s
x
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n
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n
g
th
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o
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,
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r
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,
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n
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ra
d
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tu
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p
o
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b
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tu
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b
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n
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a
n
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m
p
o
n
en
t
a
s
fo
r
h
a
d
ro
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s.

T
h
e
n
ex
t
st
ep

in
th
e
se
le
ct
io
n
is

th
e
re
co
n
st
ru
ct
io
n
o
f
th
e
W

fr
o
m
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e
le
p
to
n
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a
ll
y
d
ec
ay
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g
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p
-q
u
a
rk
.

T
h
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a
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v
ed

b
y
d
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a
n
d
in
g
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v
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−
m
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s)

−
M

W
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2
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5
)
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r
5
0
0
G
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a
n
d
1
T
eV

,
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v
el
y,

M
W

=
8
0
.4

G
eV

b
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n
g
th
e
W

m
a
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.
T
h
e
le
p
to
n
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to
p
re
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n
st
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n
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a
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b
y
d
em

a
n
d
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<

3
5
(6
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G
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r
5
0
0
G
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a
n
d
1
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,
re
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v
el
y,

M
t
=

1
7
5
G
eV

b
ei
n
g
th
e
to
p
m
a
ss
,
a
n
d
j
a
je
t
w
it
h
E

j
>

2
0
G
eV

a
n
d
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o
s
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|<

0
.9
9
6
.
T
h
e
je
t
j
p
ro
d
u
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n
g
th
e
b
es
t
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t
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se
le
ct
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a
s
th
e
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o
m
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e
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se
m
i-
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p
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n
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ec
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N
o
b
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a
g
g
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g
re
q
u
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en
t
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im
p
o
se
d
b
es
id
es
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is

fi
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g
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n
d
it
io
n
.
T
h
e
fi
n
a
l
re
q
u
ir
em

en
t
is

th
a
t
th
e
to
ta
l

b
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m

en
er
g
y
ca
n
b
e
re
co
n
st
ru
ct
ed

fr
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th
e
en

er
g
y
o
f
th
e
va
ri
o
u
s
p
a
rt
ic
le
s
p
ro
d
u
ce
d
in

th
e
d
ec
ay

o
f
th
e
to
p

q
u
a
rk
,
i.
e.

|E
W

+
E

j
−
E

b
e
a
m
|<

7
5
(2
0
0
)

G
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fo
r
5
0
0
G
eV

a
n
d
1
T
eV

,
re
sp
ec
ti
v
el
y,

E
b
e
a
m

b
ei
n
g
th
e
b
ea
m

en
er
g
y
o
f
2
5
0
(5
0
0
)
G
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.
O
n
ly

th
e
le
p
to
n
ic

si
d
e
o
f
th
e
re
co
n
st
ru
ct
ed

to
p
is

u
se
d
in

th
e
a
n
a
ly
si
s.

T
h
e
ch
a
rg
e
o
f
th
e
le
p
to
n
ca
n
b
e
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te
d
to

th
e
ch
a
rg
e
o
f
th
e
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p
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+
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r
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p
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l−
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r
a
n
ti
to
p
)
a
n
d
a
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s
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er
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o
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th
e
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n
st
ru
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io
n
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e
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a
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g
a
n
g
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b
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e
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m
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g
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a
n
d
th
e
o
u
tg
o
in
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b
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h
a
t
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v
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e
A
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B

a
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m
m
et
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)
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d
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p
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in
F
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1
a
a
n
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F
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.
1
b
,
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r
5
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,
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v
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y.

W
e
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n
se
e
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t
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t
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G
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a
v
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rg
e
m
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ra
ti
o
n
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e
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d
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b
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m
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b
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d
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b
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ra
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n
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o
u
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d
b
y
A
T
L
A
S
in

R
ef
er
en

ce
[8
].

9
5

)θ
co

s(
-1

-0
.8

-0
.6

-0
.4

-0
.2

0
0.

2
0.

4
0.

6
0.

8
1

0

0.
050.

1

0.
150.

2

0.
25

pa
rt

on
-le

ve
l

re
co

ns
tr

uc
te

d

(a
)
5
0
0
G
eV

)θ
co

s(
-1

-0
.8

-0
.6

-0
.4

-0
.2

0
0.

2
0.

4
0.

6
0.

8
1

0

0.
050.

1

0.
150.

2

0.
25

pa
rt

on
-le

ve
l

re
co

ns
tr

uc
te

d

(b
)
1
T
eV

po
la

r a
ng

le
 (t

ru
th

)
-1

-0
.8

-0
.6

-0
.4

-0
.2

0
0.

2
0.

4
0.

6
0.

8
1

polar angle (reco)

-1

-0
.8

-0
.6

-0
.4

-0
.20

0.
2

0.
4

0.
6

0.
81

(c
)
5
0
0
G
eV

po
la

r a
ng

le
 (t

ru
th

)
-1

-0
.8

-0
.6

-0
.4

-0
.2

0
0.

2
0.

4
0.

6
0.

8
1

polar angle (reco)

-1

-0
.8

-0
.6

-0
.4

-0
.20

0.
2

0.
4

0.
6

0.
81

(d
)
1
T
eV

F
ig
u
re

1
:
co
s
θ
d
is
tr
ib
u
ti
o
n
fo
r
to
p
q
u
a
rk

sc
a
tt
er
in
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ri
es

w
it

h
th

e
IL

D
at

th
e

IL
C

”.
h
t
t
p
:
/
/
i
l
c
a
g
e
n
d
a
.
l
i
n
e
a
r
c
o
l
l
i
d
e
r
.
o
r
g
/

g
e
t
F
i
l
e
.
p
y
/
a
c
c
e
s
s
?
c
o
n
t
r
i
b
I
d
=
5
0
&
s
e
s
s
i
o
n
I
d
=
1
0
&
r
e
s
I
d
=
0
&
m
a
t
e
r
i
a
l
I
d
=
s
l
i
d
e
s
&
c
o
n
f
I
d
=
5
4
6
8

,

2
0

1
2

.

[1
1

]
A

.
H

o
ck

er
,

J.
S

te
lz

er
,

F
.

T
eg

en
fe

ld
t,

H
.

V
o

ss
,

K
.

V
o

ss
,
et

al
.,

“T
M

V
A

-
T

o
o

lk
it

fo
r

M
u

lt
iv

ar
ia

te
D

at
a

A
n

al
y

si
s”

Po
S

A
C

AT
(2

0
0

7
)

0
4

0
,
a
r
X
i
v
:
p
h
y
s
i
c
s
/
0
7
0
3
0
3
9
[
P
H
Y
S
I
C
S
]

. 1
1

7

S
in
g
le

to
p
q
u
a
rk

p
o
la
ri
z
a
ti
o
n
a
t
O
(α

s
)
in

tt̄
p
ro

d
u
c
ti
o
n

M
Z
-T

H
/
1
2
-4
1

A
u
g
u
st

2
0
1
2

a
t
a
p
o
la
ri
z
e
d
li
n
e
a
r
e+

e−
c
o
ll
id
e
r

S
.
G
ro
o
te

1
,
J
.G

.
K
ö
rn
er

2
,
B
.
M
el
ić

3
,
S
.
P
re
lo
v
se
k
4

1
L
o
o
d
u
s-

ja
T
eh
n
o
lo
o
g
ia
te
a
d
u
sk
o
n
d
,
F
ü
ü
si
ka

In
st
it
u
u
t,

T
a
rt
u
Ü
li
k
o
o
l,
R
ii
a
1
4
2
,
E
E
–
5
1
0
1
4
T
a
rt
u
,
E
st
o
n
ia

2
In
st
it
u
t
fü
r
P
h
y
si
k
d
er

J
o
h
a
n
n
es
-G

u
te
n
b
er
g
-U

n
iv
er
si
tä
t,
S
ta
u
d
in
g
er

W
eg

7
,
D
–
5
5
0
9
9
M
a
in
z,

G
er
m
a
n
y

3
R
u
d
je
r
B
o
šk
ov

ić
In
st
it
u
te
,
T
h
eo
re
ti
ca
l
P
h
y
si
cs

D
iv
is
io
n
,
B
ij
en
ič
ka

c.
5
4
,
H
R
–
1
0
0
0
0
Z
a
g
re
b
,
C
ro
a
ti
a

4
P
h
y
si
cs

D
ep

a
rt
m
en
t
a
t
U
n
iv
er
si
ty

o
f
L
ju
b
lj
a
n
a
a
n
d
J
o
ze
f
S
te
fa
n
In
st
it
u
te
,
S
I–
1
0
0
0
L
ju
b
lj
a
n
a
,
S
lo
v
en
ia

D
O
I:

w
il
l
b
e
a
ss
ig
n
ed

W
e
p
re
se
n
t
a
d
et
a
il
ed

in
v
es
ti
g
a
ti
o
n
o
f
th
e
N
L
O

p
o
la
ri
za
ti
o
n
o
f
th
e
to
p
q
u
a
rk

in
tt̄

p
ro
d
u
ct
io
n
a
t
a
p
o
la
r-

iz
ed

li
n
ea
r
e+

e−
co
ll
id
er

w
it
h
lo
n
g
it
u
d
in
a
ll
y
p
o
la
ri
ze
d
b
ea
m
s.

B
y
a
p
p
ro
p
ia
te
ly

tu
n
in
g
th
e
p
o
la
ri
za
ti
o
n

o
f
th
e
b
ea
m
s
o
n
e
ca
n
a
ch

ie
v
e
cl
o
se

to
m
a
x
im

a
l
va

lu
es

fo
r
th
e
to
p
q
u
a
rk

p
o
la
ri
za
ti
o
n

ov
er

m
o
st

o
f
th
e

fo
rw

a
rd

h
em

is
p
h
er
e
fo
r
a
la
rg
e
ra
n
g
e
o
f
en

er
g
ie
s.

T
h
is

is
q
u
it
e
w
el
co
m
e
si
n
ce

th
e
ra
te

is
la
rg
es
t
in

th
e

fo
rw

a
rd

h
em

is
p
h
er
e.

O
n
e
ca
n
a
ls
o
tu
n
e
th
e
b
ea
m

p
o
la
ri
za
ti
o
n
to

o
b
ta
in

cl
o
se

to
ze
ro

p
o
la
ri
za
ti
o
n
ov

er
m
o
st

o
f
th
e
fo
rw

a
rd

h
em

is
p
h
er
e.

1
In

tr
o
d
u
ct
o
ry

re
m
a
rk

s

T
h
e
to
p
q
u
a
rk

is
so

h
ea
v
y
th
a
t
it

k
ee
p
s
it
s
p
o
la
ri
za
ti
o
n
a
t
p
ro
d
u
ct
io
n
w
h
en

it
d
ec
ay

s
si
n
ce

τ h
a
d
ro

n
iz
a
ti
o
n
	

τ d
e
c
a
y
.
O
n
e
ca
n
te
st

th
e
S
ta
n
d
a
rd

M
o
d
el
(S
M
)
a
n
d
/
o
r
n
o
n
-S
M

co
u
p
li
n
g
s
th
ro
u
g
h
p
o
la
ri
za
ti
o
n
m
ea
su
re
m
en
ts

in
v
o
lv
in
g
to
p
q
u
a
rk

d
ec
ay

s
(m

o
st
ly

t
→

b
+
W

+
).

N
ew

o
b
se
rv
a
b
le
s
in
v
o
lv
in
g
to
p
q
u
a
rk

p
o
la
ri
za
ti
o
n
ca
n
b
e

d
efi
n
ed

su
ch

a
s
〈� P

t
·�p
〉(

se
e
e.
g
.
R
ef
s.
[1
,
2,

3
,
4,

5
,
6]
).

It
is
cl
ea
r
th
a
t
th
e
a
n
a
ly
zi
n
g
p
ow

er
o
f
su
ch

o
b
se
rv
a
b
le
s

is
la
rg
es
t
fo
r
la
rg
e
va
lu
es

o
f
th
e
p
o
la
ri
za
ti
o
n
o
f
th
e
to
p
q
u
a
rk
.
T
h
is

ca
ll
s
fo
r
la
rg
e
to
p
q
u
a
rk

p
o
la
ri
za
ti
o
n

va
lu
es
.

O
n
e
a
ls
o
w
a
n
ts

a
co
n
tr
o
l
sa
m
p
le

w
it
h

sm
a
ll
o
r
ze
ro

to
p
q
u
a
rk

p
o
la
ri
za
ti
o
n
.

N
ea
r
m
a
x
im

a
l
a
n
d

m
in
im

a
l
va
lu
es

o
f
to
p

q
u
a
rk

p
o
la
ri
za
ti
o
n

a
t
a
li
n
ea
r
e+

e−
co
ll
id
er

ca
n

b
e
a
ch
ie
v
ed

in
tt̄

p
ro
d
u
ct
io
n

b
y

a
p
p
ro
p
ia
te
ly

tu
n
in
g
th
e
lo
n
g
it
u
d
in
a
l
p
o
la
ri
za
ti
o
n
o
f
th
e
b
ea
m

p
o
la
ri
za
ti
o
n
[8
].

A
t
th
e
sa
m
e
ti
m
e
o
n
e
w
a
n
ts

to
k
ee
p
th
e
to
p
q
u
a
rk

p
a
ir
p
ro
d
u
ct
io
n
cr
o
ss

se
ct
io
n
la
rg
e.

It
is
a
fo
rt
u
n
a
te

ci
rc
u
m
st
a
n
ce

th
a
t
a
ll
th
es
e
g
o
a
ls

ca
n
b
e
re
a
li
ze
d
a
t
th
e
sa
m
e
ti
m
e.

A
p
o
la
ri
ze
d
li
n
ea
r
e+

e−
co
ll
id
er

m
ay

th
u
s
b
e
v
ie
w
ed

a
s
a
ri
ch

so
u
rc
e
o
f

cl
o
se

to
ze
ro

a
n
d
cl
o
se

to
1
0
0
%

p
o
la
ri
ze
d
to
p
q
u
a
rk
s.

L
et

u
s
re
m
in
d
th
e
re
a
d
er

th
a
t
th
e
to
p
q
u
a
rk

is
p
o
la
ri
ze
d
ev
en

fo
r
ze
ro

b
ea
m

p
o
la
ri
za
ti
o
n
th
ro
u
g
h
v
ec
to
r–

a
x
ia
l
v
ec
to
r
in
te
rf
er
en

ce
eff

ec
ts

∼
v e
a
e
,
v e
a
f
,
v f
a
e
,
v f
a
f
,
w
h
er
e

v e
,a

e
:

el
ec
tr
o
n
cu
rr
en
t
co
u
p
li
n
g

v f
,a

f
:

to
p
q
u
a
rk

cu
rr
en
t
co
u
p
li
n
g

(1
)

In
F
ig
.
1
w
e
p
re
se
n
t
a
N
L
O

p
lo
t
o
f
th
e
co
s
θ
d
ep

en
d
en
ce

o
f
th
e
ze
ro

b
ea
m

p
o
la
ri
za
ti
o
n
to
p
q
u
a
rk

p
o
la
ri
za
ti
o
n

fo
r
d
iff
er
en
t
ch
a
ra
ct
er
is
ti
c
en

er
g
ie
s
a
t
√ s

=
3
6
0
G
eV

(c
lo
se

to
th
re
sh
o
ld
),

√ s
=

5
0
0
G
eV

(I
L
C

p
h
a
se

1
),

√ s
=

1
0
0
0
G
eV

(I
L
C

p
h
a
se

2
)
a
n
d
√ s

=
3
0
0
0
G
eV

(C
L
IC

).

2
T
o
p
q
u
a
rk

p
o
la
ri
za

ti
o
n
a
t
th

re
sh

o
ld

a
n
d
in

th
e
h
ig
h
e
n
e
rg

y
li
m
it

T
h
e
p
o
la
ri
za
ti
o
n
o
f
th
e
to
p
q
u
a
rk

d
ep

en
d
s
o
n
th
e
c.
m
.
en
er
g
y
√ s

,
th
e
sc
a
tt
er
in
g
a
n
g
le
co
s
θ,

th
e
el
ec
tr
ow

ea
k

co
u
p
li
n
g
co
effi

ci
en
ts

g i
j
a
n
d
th
e
eff

ec
ti
v
e
b
ea
m

p
o
la
ri
za
ti
o
n
P
e
ff
,
i.
e.

o
n
e
h
a
s

� P
=

� P
(√ s,

co
s
θ,
g i

j
,P

e
ff
)
,

(2
)

1
1

8



F
ig
u
re

1
:
M
a
g
n
it
u
d
e
o
f
N
L
O

to
p
q
u
a
rk

p
o
la
ri
za
ti
o
n
fo
r
ze
ro

b
ea
m

p
o
la
ri
za
ti
o
n

w
h
er
e
th
e
eff

ec
ti
v
e
b
ea
m

p
o
la
ri
za
ti
o
n
a
p
p
ea
ri
n
g
in

E
q
.
(2
)
is
g
iv
en

b
y
[9
]

P
e
ff
=

h
−
−
h
+

1
−

h
−
h
+
.

(3
)

a
n
d
w
h
er
e
h
−

a
n
d
h
+

a
re

th
e
lo
n
g
it
u
d
in
a
l
p
o
la
ri
za
ti
o
n
o
f
th
e
el
ec
tr
o
n
a
n
d
p
o
si
tr
o
n
b
ea
m
s
(−

1
<

h
±

<
+
1
),

re
sp
ec
ti
v
el
y.

In
st
ea
d
o
f
th
e
n
o
n
ch
ir
a
l
el
ec
tr
ow

ea
k
co
u
p
li
n
g
s
g i

j
o
n
e
ca
n
a
lt
er
n
a
ti
v
el
y
u
se

th
e
ch
ir
a
l

el
ec
tr
ow

ea
k
co
u
p
li
n
g
s
f m

m
′
(m

,m
′ =

L
,R

)
in
tr
o
d
u
ce
d
in

R
ef
s.

[1
1,

1
2]
.
T
h
e
re
la
ti
o
n
s
b
et
w
ee
n
th
e
tw

o
se
ts

o
f
el
ec
tr
ow

ea
k
co
u
p
li
n
g
co
effi

ci
en
ts

ca
n
b
e
fo
u
n
d
in

R
ef
.
[8
].
In

th
is
re
p
o
rt

w
e
sh
a
ll
m
a
k
e
u
se

o
f
b
o
th

se
ts

o
f

co
u
p
li
n
g
p
a
ra
m
et
er
s.

F
o
r
g
en

er
a
l
en

er
g
ie
s
th
e
fu
n
ct
io
n
a
l
d
ep

en
d
en

ce
in

E
q
.
(2
)
is
n
o
t
si
m
p
le
.
E
v
en

if
th
e
el
ec
tr
ow

ea
k
co
u
p
li
n
g
s

g i
j
a
re

fi
x
ed
,
o
n
e
re
m
a
in
s
w
it
h

a
th
re
e-
d
im

en
si
o
n
a
l
p
a
ra
m
et
er

sp
a
ce

(√
s,
co
s
θ,
P
e
ff
).

O
u
r
st
ra
te
g
y
is

to
d
is
cu
ss

va
ri
o
u
s
li
m
it
in
g
ca
se
s
fo
r
th
e
B
o
rn

te
rm

p
o
la
ri
za
ti
o
n
a
n
d
th
en

to
in
v
es
ti
g
a
te

h
ow

th
e
li
m
it
in
g
va
lu
es

ex
tr
a
p
o
la
te

aw
ay

fr
o
m

th
es
e
li
m
it
s.

In
p
a
rt
ic
u
la
r,

w
e
ex
p
lo
it

th
e
fa
ct

th
a
t,

in
th
e
B
o
rn

te
rm

ca
se
,
a
n
g
u
la
r

m
o
m
en
tu
m

co
n
se
rv
a
ti
o
n
(o
r
m
-q
u
a
n
tu
m

n
u
m
b
er

co
n
se
rv
a
ti
o
n
)
im

p
li
es

1
0
0
%

to
p
q
u
a
rk

p
o
la
ri
za
ti
o
n
a
t
th
e

fo
rw

a
rd

a
n
d
b
a
ck
w
a
rd

p
o
in
ts

fo
r
th
e
(e

− L
e+ R

)
a
n
d
(e

− R
e+ L

)
b
ea
m

co
n
fi
g
u
ra
ti
o
n
s.

In
th
is

se
ct
io
n
w
e
d
is
cu

ss
th
e
b
eh

av
io
u
r
o
f
� P

a
t
n
o
m
in
a
l
th
re
sh
o
ld

√ s
=

2
m

t
(v

=
0
)
a
n
d
in

th
e
h
ig
h

en
er
g
y
li
m
it
√ s

→
∞

(v
→

1
).

A
t
th
re
sh
o
ld

a
n
d
a
t
th
e
B
o
rn

te
rm

le
v
el

o
n
e
h
a
s

� P
th

re
sh

=
P
e
ff
−
A

L
R

1
−
P
e
ff
A

L
R

n̂
e
−
,

(4
)

w
h
er
e
A

L
R
is
th
e
le
ft
–
ri
g
h
t
b
ea
m

p
o
la
ri
za
ti
o
n
a
sy
m
m
et
ry

(σ
L
R
−
σ
R
L
)/
(σ

L
R
+
σ
R
L
)
a
n
d
n̂
e
−
is
a
u
n
it
v
ec
to
r

p
o
in
ti
n
g
in
to

th
e
d
ir
ec
ti
o
n
o
f
th
e
el
ec
tr
o
n
m
o
m
en
tu
m
.

W
e
u
se

a
n
o
ta
ti
o
n
w
h
er
e
σ
(L

R
/
R
L
)
=

σ
(h

−
=

∓1
;h

+
=

±1
).

In
te
rm

s
o
f
th
e
el
ec
tr
ow

ea
k
co
u
p
li
n
g
p
a
ra
m
et
er
s
g i

j
,
th
e
n
o
m
in
a
l
p
o
la
ri
za
ti
o
n
a
sy
m
m
et
ry

a
t

th
re
sh
o
ld

√ s
=

2
m

t
is

g
iv
en

b
y
A

L
R
=

−(
g 4

1
+

g 4
2
)/
(g

1
1
+

g 1
2
)
=

0
.4
0
9
.
E
q
.
(4
)
sh
ow

s
th
a
t,

a
t
th
re
sh
o
ld

a
n
d
a
t
th
e
B
o
rn

te
rm

le
v
el
,
th
e
p
o
la
ri
za
ti
o
n

� P
is

p
a
ra
ll
el

to
th
e
b
ea
m

a
x
is

ir
re
sp
ec
ti
v
e
o
f
th
e
sc
a
tt
er
in
g

a
n
g
le

a
n
d
h
a
s
m
a
x
im

a
l
va
lu
es

|� P
|=

1
fo
r
b
o
th

P
e
ff
=

±1
a
s
d
ic
ta
te
d
b
y
a
n
g
u
la
r
m
o
m
en
tu
m

co
n
se
rv
a
ti
o
n
.

Z
er
o
p
o
la
ri
za
ti
o
n
is

a
ch
ie
v
ed

fo
r
P
e
ff
=

A
L
R
=

0
.4
0
9
.

In
th
e
h
ig
h
en
er
g
y
li
m
it

th
e
p
o
la
ri
za
ti
o
n
o
f
th
e
to
p
q
u
a
rk

is
p
u
re
ly

lo
n
g
it
u
d
in
a
l,
i.
e.

th
e
p
o
la
ri
za
ti
o
n

p
o
in
ts

in
to

th
e
d
ir
ec
ti
o
n
o
f
th
e
to
p
q
u
a
rk
.
A
t
th
e
B
o
rn

te
rm

le
v
el

o
n
e
fi
n
d
s
� P
(c
o
s
θ)

=
P

(�
) (
co
s
θ)

·p̂
t
w
it
h

P
(�
)
(c
o
s
θ)

=
(g

1
4
+
g 4

1
+
P
e
ff
(g

1
1
+
g 4

4
))
(1

+
co
s
θ)

2
+
(g

1
4
−
g 4

1
−
P
e
ff
(g

1
1
−
g 4

4
)(
1
−
co
s
θ)

2

(g
1
1
+
g 4

4
+
P
e
ff
(g

1
4
+
g 4

1
))
(1

+
co
s
θ)

2
+
(g

1
1
−
g 4

4
−
P
e
ff
(g

1
4
−
g 4

1
))
(1

−
co
s
θ)

2
.

(5
)

In
th
e
sa
m
e
li
m
it
,
th
e
el
ec
tr
ow

ea
k
co
u
p
li
n
g
co
effi

ci
en
ts

a
p
p
ea
ri
n
g
in

E
q
.
(5
)
ta
k
e
th
e
n
u
m
er
ic
a
l
va
lu
es

g 1
1
=

0
.6
0
1
,
g 1

4
=

−0
.1
3
1
,
g 4

1
=

−0
.2
0
1
a
n
d
g 4

4
=

0
.4
8
3
.
F
o
r
co
s
θ
=

±1
a
n
d
P
e
ff
=

±1
th
e
to
p
q
u
a
rk

is

1
1

9

1
0
0
%

p
o
la
ri
ze
d
a
s
a
g
a
in

d
ic
ta
te
d
b
y
a
n
g
u
la
r
m
o
m
en
tu
m

co
n
se
rv
a
ti
o
n
.
T
h
e
le
ss
o
n
fr
o
m

th
e
th
re
sh
o
ld

a
n
d

h
ig
h
en

er
g
y
li
m
it
s
is

th
a
t
la
rg
e
va
lu
es

o
f
th
e
p
o
la
ri
za
ti
o
n
o
f
th
e
to
p
q
u
a
rk

cl
o
se

to
|� P

|=
1
a
re

en
g
en
d
er
ed

fo
r
la
rg
e
va
lu
es

o
f
th
e
eff

ec
ti
v
e
b
ea
m

p
o
la
ri
za
ti
o
n
p
a
ra
m
et
er

cl
o
se

to
P
e
ff
=

±1
.

T
a
k
e,

fo
r
ex
a
m
p
le
,
th
e
fo
rw

a
rd
–
b
a
ck
w
a
rd

a
sy
m
m
et
ry

w
h
ic
h
is

ze
ro

a
t
th
re
sh
o
ld
,
a
n
d
la
rg
e
a
n
d
p
o
si
ti
v
e

in
th
e
h
ig
h
en
er
g
y
li
m
it
.
In

fa
ct
,
fr
o
m

th
e
n
u
m
er
a
to
r
o
f
th
e
h
ig
h
en
er
g
y
fo
rm

u
la

E
q
.
(5
)
o
n
e
ca
lc
u
la
te
s

A
F
B
=

3 4

g 4
4
+
P
e
ff
g 1

4

g 1
1
+
P
e
ff
g 4

1
=

0
.6
1
1
−
0
.2
7
P
e
ff

1
−
0
.3
3
P
e
ff
.

(6
)

T
h
e
fo
rw

a
rd
-b
a
ck
w
a
rd

a
sy
m
m
et
ry

is
la
rg
e
a
n
d
o
n
ly

m
il
d
ly

d
ep

en
d
en
t
o
n
P
e
ff
.
M
o
re

d
et
a
il
ed

ca
lc
u
la
ti
o
n
s

sh
ow

th
a
t
th
e
st
ro
n
g
fo
rw

a
rd

d
o
m
in
a
n
ce

o
f
th
e
ra
te

se
ts

in
ra
th
er

fa
st

a
b
ov
e
th
re
sh
o
ld

[8
].

T
h
is

is
q
u
it
e

w
el
co
m
e
si
n
ce

th
e
fo
rw

a
rd

re
g
io
n
is
a
ls
o
fa
v
o
u
re
d
fr
o
m

th
e
p
o
la
ri
za
ti
o
n
p
o
in
t
o
f
v
ie
w
.

A
s
a
n
o
th
er

ex
a
m
p
le

ta
k
e
th
e
va
n
is
h
in
g
o
f
th
e
p
o
la
ri
za
ti
o
n
w
h
ic
h
,
a
t
th
re
sh
o
ld
,
o
cc
u
rs

a
t
P
e
ff
=

0
.4
0
9
.

In
th
e
h
ig
h
en
er
g
y
li
m
it
,
a
n
d
in

th
e
fo
rw

a
rd

re
g
io
n
w
h
er
e
th
e
n
u
m
er
a
to
r
p
a
rt

o
f
E
q
.
(5
)
p
ro
p
o
rt
io
n
a
l
to

(1
+
co
s
θ)

2
d
o
m
in
a
te
s,
o
n
e
fi
n
d
s
a
p
o
la
ri
za
ti
o
n
ze
ro

a
t
P
e
ff
=

(g
1
4
+
g 4

1
)/
(g

1
1
+
g 4

4
)
=

0
.3
0
6
.
T
h
e
tw

o
va
lu
es

o
f
P
e
ff
d
o
n
o
t
d
iff
er

m
u
ch

fr
o
m

a
n
o
th
er
.

3
O
v
e
ra

ll
ra

te
a
n
d

le
ft
-r
ig
h
t
(L

R
)
a
n
d

ri
g
h
t-
le
ft

(R
L
)
ra

te
s

T
h
e
ov
er
a
ll
ra
te

σ
fo
r
p
a
rt
ia
ll
y
lo
n
g
it
u
d
in
a
l
p
o
la
ri
ze
d
b
ea
m

p
ro
d
u
ct
io
n
ca
n
b
e
co
m
p
o
se
d
fr
o
m

th
e
L
R

ra
te

σ
L
R

a
n
d
th
e
R
L

ra
te

σ
R
L

va
li
d
fo
r
1
0
0
%

lo
n
g
it
u
d
in
a
ll
y
p
o
la
ri
ze
d
b
ea
m
s.

T
h
e
n
o
ta
ti
o
n
is

su
ch

th
a
t
L
R

an
d
R
L
re
fe
r
to

th
e
(e

− L
e+ R

)
a
n
d
(e

− R
e+ L

)
lo
n
g
it
u
d
in
a
l
p
o
la
ri
za
ti
o
n
co
n
fi
g
u
ra
ti
o
n
s,

re
sp
ec
ti
v
el
y.

T
h
e
re
la
ti
o
n

re
a
d
s
[1
0]

d
σ

d
co
s
θ

=
1
−
h
−

2

1
+
h
+

2

d
σ
L
R

d
co
s
θ
+

1
+
h
−

2

1
−
h
+

2

d
σ
R
L

d
co
s
θ

=
1 4
(1

−
h
−
h
+
)( dσ L

R
+
d
σ
R
L

d
co
s
θ

−
P
e
ff
d
σ
L
R
−
d
σ
R
L

d
co
s
θ

) .
(7
)

U
si
n
g
th
e
le
ft
–
ri
g
h
t
p
o
la
ri
za
ti
o
n
a
sy
m
m
et
ry A

L
R
=

d
σ
L
R
−
d
σ
R
L

d
σ
L
R
+
d
σ
R
L

(8
)

o
n
e
ca
n
re
w
ri
te

th
e
ra
te

(7
)
in

th
e
fo
rm

d
σ

d
co
s
θ
=

1 4
(1

−
h
−
h
+
)
d
σ
L
R
+
d
σ
R
L

d
co
s
θ

( 1
−
P
e
ff
A

L
R

) .
(9
)

T
h
e
d
iff
er
en
ti
a
l
ra
te

d
σ
/
d
co
s
θ
ca
rr
ie
s
a
n
ov
er
a
ll
h
el
ic
it
y
a
li
g
n
m
en
t
fa
ct
o
r
(1

−
h
−
h
+
)
w
h
ic
h
en
h
a
n
ce
s
th
e

ra
te

fo
r
n
eg
a
ti
v
e
va
lu
es

o
f
h
−
h
+
.
A
ls
o
,
F
ig
.
2
sh
ow

s
th
a
t
A

L
R

va
ri
es

in
th
e
ra
n
g
e
b
et
w
ee
n
0
.3
0
a
n
d
0
.6
0

w
h
ic
h
le
a
d
s
to

a
fu
rt
h
er

ra
te

en
h
a
n
ce
m
en
t
fr
o
m

th
e
la
st

fa
ct
o
r
in

E
q
.
(9
)
fo
r
n
eg
a
ti
v
e
va
lu
es

o
f
P
e
ff
.

L
et

u
s
d
efi
n
e
re
d
u
ce
d
L
R

a
n
d
R
L
ra
te

fu
n
ct
io
n
s
D

L
R
/
R
L
b
y
w
ri
ti
n
g

d
σ
L
R
/
R
L

d
co
s
θ

=
π
α
2
v

3
s2

D
L
R
/
R
L
(c
o
s
θ)

(1
0
)

su
ch

th
a
t,

in
a
n
a
lo
g
y
to

E
q
.
(7
),

D
=

1 4
(1

−
h
−
h
+
)
(D

L
R
+
D

R
L
−
P
e
ff
(D

L
R
−
D

R
L
))

.
(1
1
)

In
th
e
n
ex
t
st
ep

w
e
ex
p
re
ss

th
e
re
d
u
ce
d
ra
te

fu
n
ct
io
n
s
th
ro
u
g
h
a
se
t
o
f
in
d
ep

en
d
en
t
h
a
d
ro
n
ic
h
el
ic
it
y
st
ru
ct
u
re

fu
n
ct
io
n
s.

F
o
r
th
e
L
R

re
d
u
ce
d
ra
te

fu
n
ct
io
n
o
n
e
h
a
s

2
D

L
R
(c
o
s
θ)

=
3 8
(1

+
co
s2
θ)
( (f

2 L
L
+
f
2 L
R
)H

1 U
+
2
f L

L
f L

R
H

2 U

)
+
3 4
si
n
2
θ
( (f

2 L
L
+
f
2 L
R
)H

1 L
+
2
f L

L
f L

R
H

2 L

)
+
3 4
co
s
θ(
f
2 L
L
−
f
2 L
R
)H

4 F
(1
2
)

1
2

0



F
ig
u
re

2
:
N
L
O

le
ft
–
ri
g
h
t
p
o
la
ri
za
ti
o
n
a
sy
m
m
et
ry

A
L
R
fo
r
√ s

=
3
6
0
,
5
0
0
,
1
0
0
0
,
a
n
d
3
0
0
0
G
eV

a
n
d
a
cc
o
rd
in
g
ly

fo
r
D

R
L
w
it
h
f L

L
→

f R
R
a
n
d
f L

R
→

f R
L
.

A
t
N
L
O

o
n
e
h
a
s
H

j a
=

H
j a
(B

o
rn

)
+

H
j a
(α

s
).

T
h
e
ra
d
ia
ti
v
el
y
co
rr
ec
te
d
st
ru
ct
u
re

fu
n
ct
io
n
s
H

j a
(α

s
)
a
re

li
st
ed

in
R
ef
.
[8
].

If
n
ee
d
ed

th
ey

ca
n

b
e
o
b
ta
in
ed

fr
o
m

S
.G

.
o
r
B
.M

.
in

M
a
th
em

a
ti
ca

fo
rm

a
t.

F
o
r
th
e

n
o
n
-v
a
n
is
h
in
g
u
n
p
o
la
ri
ze
d
B
o
rn

te
rm

co
n
tr
ib
u
ti
o
n
s
H

j a
(B

o
rn

)
o
n
e
o
b
ta
in
s
(s
ee

e.
g
.
R
ef
.
[7
,
8]
)

H
1 U
(B

o
rn

)
=

2
N

c
s(
1
+
v
2
),

H
1 L
(B

o
rn

)
=

H
2 L
(B

o
rn

)
=

N
c
s(
1
−
v
2
),

H
2 U
(B

o
rn

)
=

2
N

c
s(
1
−
v
2
),

H
4 F
(B

o
rn

)
=

4
N

c
sv
.

(1
3
)

F
o
ll
ow

in
g
R
ef
s.

[1
1,

1
2]
,
D

L
R
(c
o
s
θ)

(a
n
d
D

R
L
(c
o
s
θ)
)
ca
n
b
e
ca
st

in
to

a
v
er
y
co
m
p
a
ct

B
o
rn

te
rm

fo
rm

D
L
R
(B

or
n
)
=

3 8

( C
2 L
R
−
2
f L

L
f L

R
v
2
si
n
2
θ) 2

N
c
s,

(1
4
)

w
h
er
e

C
L
R
(c
o
s
θ)

=
f L

L
(1

+
v
co
s
θ)

+
f L

R
(1

−
v
co
s
θ)

.
(1
5
)

T
h
e
co
rr
es
p
o
n
d
in
g
R
L
fo
rm

D
R
L
is
o
b
ta
in
ed

a
g
a
in

b
y
th
e
su
b
st
it
u
ti
o
n
(L

↔
R
)
in

E
q
s.

(1
4
)
a
n
d
(1
5
).

W
it
h
th
e
h
el
p
o
f
th
e
co
m
p
a
ct

ex
p
re
ss
io
n
in

E
q
.
(1
4
)
a
n
d
th
e
tr
a
n
sl
a
ti
o
n
ta
b
le
2
(g

1
1
−
g 4

1
)
=

(f
2 L
L
+
f
2 L
R
),

2
(g

1
4
−

g 4
4
)
=

−f
2 L
L
+

f
2 L
R
,
2
(g

1
1
+

g 4
1
)
=

f
2 R
R
+

f
2 R
L
,
2
(g

1
4
+

g 4
4
)
=

f
2 R
R
−

f
2 R
L
o
n
e
ca
n
ea
si
ly

v
er
if
y
th
e

th
re
sh
o
ld

va
lu
e
fo
r
A

L
R
a
n
d
th
e
h
ig
h
en

er
g
y
li
m
it
s
fo
r
A

F
B

d
is
cu

ss
ed

in
S
ec
.
2
.

4
S
in
g
le

to
p

p
o
la
ri
za

ti
o
n

in
e+

e−
→

tt̄

T
h
e
p
o
la
ri
za
ti
o
n
co
m
p
o
n
en
ts

P
(m

)
(m

=
�:

lo
n
g
it
u
d
in
a
l;
m

=
tr
:
tr
a
n
sv
er
se
)
o
f
th
e
to
p
q
u
a
rk

in
e+

e−
→

tt̄
a
re

o
b
ta
in
ed

fr
o
m

(t
h
e
a
n
ti
to
p
q
u
a
rk

sp
in

is
su
m
m
ed

ov
er
)

P
(m

)
(P

e
ff
)
=

N
(m

)
(P

e
ff
)

D
(P

e
ff
)

,
(1
6
)

w
h
er
e
th
e
d
ep

en
d
en
ce

o
n
P
e
ff
is

g
iv
en

b
y

N
(m

)
(P

e
ff
)
=

1 4
(1

−
h
−
h
+
)
( N

(m
)

L
R

+
N

(m
)

R
L

−
P
e
ff
(N

(m
)

L
R

−
N

(m
)

R
L
)) .

(1
7
)

P
(t
r
)
is
th
e
tr
a
n
sv
er
se

p
o
la
ri
za
ti
o
n
co
m
p
o
n
en
t
p
er
p
en

d
ic
u
la
r
to

th
e
m
o
m
en
tu
m

o
f
th
e
to
p
q
u
a
rk

in
th
e
sc
a
t-

te
ri
n
g
p
la
n
e.

T
h
e
ov
er
a
ll
h
el
ic
it
y
a
li
g
n
m
en
t
fa
ct
o
r
(1

−
h
−
h
+
)
d
ro
p
s
o
u
t
w
h
en

o
n
e
ca
lc
u
la
te
s
th
e
n
o
rm

a
li
ze
d

p
o
la
ri
za
ti
o
n
co
m
p
o
n
en
ts

a
cc
o
rd
in
g
to

E
q
.
(1
6
).

T
h
is
ex
p
la
in
s
w
h
y
th
e
p
o
la
ri
za
ti
o
n
d
ep

en
d
s
o
n
ly

o
n
P
e
ff
a
n
d

n
o
t
se
p
a
ra
te
ly

o
n
h
−

a
n
d
h
+
(s
ee

E
q
.
(2
))
.

1
2

1

T
h
e
n
u
m
er
a
to
r
fa
ct
o
rs

N
(m

)
L
R

a
n
d
N

(m
)

R
L

in
E
q
.
(1
6
)
a
re

g
iv
en

b
y

−2
N

(�
)

L
R
(c
o
s
θ)

=
3 8
(1

+
co
s2
θ)

(f
2 L
L
−
f
2 L
R
)H

4
(�
)

U
+

3 4
si
n
2
θ
(f

2 L
L
−
f
2 L
R
)H

4
(�
)

L

+
3 4
co
s
θ

( (f
2 L
L
+
f
2 L
R
)H

1
(�
)

F
+
2
f L

L
f L

R
H

2
(�
)

F

) ,
(1
8
)

−2
N

(t
r
) (
co
s
θ)

=
−

3 √ 2
si
n
θ
co
s
θ
(f

2 L
L
−
f
2 L
R
)
H

4
(t
r
)

I

−
3 √ 2

si
n
θ
( (f

2 L
L
+
f
2 L
R
)H

1
(t
r
)

A
+
2
f L

L
f L

R
H

2
(t
r
)

A

) ,
(1
9
)

a
n
d
N

(m
)

R
L

=
−N

(m
)

L
R
(L

↔
R
).

N
o
te

th
e
ex
tr
a
m
in
u
s
si
g
n
w
h
en

re
la
ti
n
g
N

(m
)

L
R

a
n
d
N

(m
)

R
L
.

T
h
e
L
O

lo
n
g
it
u
d
in
a
l
a
n
d
tr
a
n
sv
er
se

p
o
la
ri
za
ti
o
n
co
m
p
o
n
en
ts

re
a
d
(s
ee

e.
g
.
R
ef
.
[7
,
8]
)

H
4
(�
)

U
(B

o
rn

)
=

4
N

c
sv
,

H
1
(�
)

F
(B

o
rn

)
=

2
N

c
s(
1
+
v
2
),

H
4
(�
)

L
(B

o
rn

)
=

0
,

H
2
(�
)

F
(B

o
rn

)
=

2
N

c
s(
1
−
v
2
),

(2
0
)

a
n
d

H
4
(t
r
)

I
(B

o
rn

)
=

2
N

c
s

1

2
√ 2

v
√ 1

−
v
2
,

H
1
(t
r
)

A
(B

o
rn

)
=

H
2
(t
r
)

A
(B

o
rn

)
=

2
N

c
s

1

2
√ 2

√ 1
−
v
2
.

(2
1
)

T
h
e
L
O

n
u
m
er
a
to
rs

(1
8
)
a
n
d
(1
9
)
ca
n
b
e
se
en

to
ta
k
e
a
fa
ct
o
ri
ze
d
fo
rm

[1
1,

1
2]

N
(�
)

L
R
(c
o
s
θ)

=
−
3 8

( f L
L
(c
o
s
θ
+
v
)
+
f L

R
(c
o
s
θ
−
v
)) C

L
R
(c
o
s
θ)

2
N

c
s
,

N
(t
r
)

L
R
(c
o
s
θ)

=
3 8
si
n
θ√ 1

−
v
2
(f

L
L
+
f L

R
)
C

L
R
(c
o
s
θ)

2
N

c
s
,

(2
2
)

w
h
er
e
th
e
co
m
m
o
n
fa
ct
o
r
C

L
R
(c
o
s
θ)

h
a
s
b
ee
n
d
efi

n
ed

in
E
q
.
(1
5
).

O
n
e
ca
n
th
en

d
et
er
m
in
e
th
e
a
n
g
le

α
en

cl
o
si
n
g
th
e
d
ir
ec
ti
o
n
o
f
th
e
to
p
q
u
a
rk

a
n
d
it
s
p
o
la
ri
za
ti
o
n
v
ec
to
r

b
y
ta
k
in
g
th
e
ra
ti
o
N

(t
r
)

L
R
/N

(�
)

L
R
.
O
n
e
h
a
s

ta
n
α
L
R
=

N
(t
r
)

L
R
(c
o
s
θ)

N
(�
)

L
R
(c
o
s
θ)

=
−

si
n
θ√ 1

−
v
2
(f

L
L
+
f L

R
)

f L
L
(c
o
s
θ
+

v
)
+
f L

R
(c
o
s
θ
−
v
)
.

(2
3
)

F
o
r
v
=

1
o
n
e
fi
n
d
s
α
L
R
=

0
,
i.
e.

th
e
p
o
la
ri
za
ti
o
n
v
ec
to
r
is
a
li
g
n
ed

w
it
h
th
e
m
o
m
en
tu
m

o
f
th
e
to
p
q
u
a
rk
,
in

a
g
re
em

en
t
w
it
h
w
h
a
t
h
a
s
b
ee
n
sa
id

b
ef
o
re
.
In

R
ef
.
[8
]
w
e
h
av
e
sh
ow

n
th
a
t
ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s
to

th
e
va
lu
e

o
f
α
L
R
a
re

sm
a
ll
in

th
e
fo
rw

a
rd

re
g
io
n
b
u
t
ca
n
b
ec
o
m
e
a
s
la
rg
e
a
s
Δ
α
L
R
=

1
0
◦
in

th
e
b
a
ck
w
a
rd

re
g
io
n
fo
r

la
rg
e
en
er
g
ie
s.

E
q
s.

(2
2
)
a
n
d
(2
2
)
ca
n
b
e
u
se
d
to

fi
n
d
a
v
er
y
co
m
p
a
ct

L
O

fo
rm

fo
r
|� P

L
R
|.
O
n
e
o
b
ta
in
s
[8
]

|� P
L
R
|=

√ N
(�
)2

L
R

+
N

(t
r
)2

L
R

D
L
R

=

√ 1
−
4
a
L
R

1
−
2
a
L
R

=
1
−
2
a
2 L
R
−
8
a
3 L
R
−

1
8
a
3 L
R
..
.,

(2
4
)

w
h
er
e
th
e
co
effi

ci
en
t
a
L
R
d
ep

en
d
s
o
n
co
s
θ
th
ro
u
g
h

a
L
R
(c
o
s
θ)

=
f L

L
f L

R

C
2 L
R
(c
o
s
θ)
v
2
si
n
2
θ
.

(2
5
)

A
g
a
in
,
th
e
co
rr
es
p
o
n
d
in
g
ex
p
re
ss
io
n
s
fo
r
|� P

L
R
|a

n
d
a
L
R
ca
n
b
e
fo
u
n
d
b
y
th
e
su
b
st
it
u
ti
o
n
(L

↔
R
).

F
o
r
th
e
fu
n
o
f
it

w
e
a
ls
o
li
st

a
co
m
p
a
ct

L
O

fo
rm

fo
r
|� P

(P
e
ff
=

0
)|.

O
n
e
h
a
s

|� P
(P

e
ff
=

0
)|
=

√ (C
2 L
R
−
C

2 R
L
)2

−
4
v
2
si
n
2
θ(
C

L
R
f L

L
−
C

R
L
f R

R
)(
C

L
R
f L

R
−
C

R
L
f R

L
)

C
2 L
R
+
C

2 R
L
−
2
v
2
si
n
2
θ(
f L

L
f L

R
+
f R

R
f R

L
)

.
(2
6
)

E
q
.
(2
6
)
w
o
u
ld

p
ro
d
u
ce

a
L
O

v
er
si
o
n
o
f
F
ig

1
.

1
2

2



5
E
ff
e
ct
iv
e
b
e
a
m

p
o
la
ri
za

ti
o
n

A
s
d
es
cr
ib
ed

in
S
ec
.
2
,
la
rg
e
va
lu
es

o
f
th
e
eff

ec
ti
v
e
b
ea
m

p
o
la
ri
za
ti
o
n

P
e
ff

a
re

n
ee
d
ed

to
p
ro
d
u
ce

la
rg
e

p
o
la
ri
za
ti
o
n
va
lu
es

o
f
� P
.
It

is
a
fo
rt
u
n
a
te

ci
rc
u
m
st
a
n
ce

th
a
t
n
ea
rl
y
m
a
x
im

a
l
va
lu
es

o
f
P
e
ff
ca
n
b
e
a
ch
ie
v
ed

w
it
h
n
o
n
-m

a
x
im

a
l
va
lu
es

o
f
(h

−
,h

+
).

T
h
is
is
sh
ow

n
in

F
ig
.
3
w
h
er
e
w
e
d
ra
w
n
co
n
to
u
r
p
lo
ts

P
e
ff
=

co
n
st

in
th
e
(h

−
,h

+
)
p
la
n
e.

T
h
e
tw

o
ex
a
m
p
le
s
sh
ow

n
in

F
ig
.
3
re
fe
r
to

(h
−
=

−0
.8
0
,
h
+
=

+
0
.6
2
5
)

le
a
d
s
to

P
e
ff
=

−0
.9
5
,

(h
−
=

+
0
.8
0
,
h
+
=

−0
.6
2
5
)

le
a
d
s
to

P
e
ff
=

+
0
.9
5
.

(2
7
)

T
h
es
e
tw

o
o
p
ti
o
n
s
a
re

a
t
th
e
te
ch
n
ic
a
l
li
m
it
s
th
a
t
ca
n
b
e
a
ch
ie
v
ed

[1
3
].
In

th
e
n
ex
t
se
ct
io
n
w
e
sh
a
ll
se
e
th
a
t

th
e
ch
o
ic
e
P
e
ff
∼

−0
.9
5
is

to
b
e
p
re
fe
rr
ed

si
n
ce

th
e
p
o
la
ri
za
ti
o
n
is

m
o
re

st
a
b
le

a
g
a
in
st

sm
a
ll
va
ri
a
ti
o
n
s
o
f

P
e
ff
.
F
u
rt
h
er
m
o
re
,
n
eg
a
ti
v
e
va
lu
es

o
f
P
e
ff
g
iv
es

y
et

a
n
o
th
er

ra
te

en
h
a
n
ce
m
en
t
a
s
d
is
cu

ss
ed

a
ft
er

E
q
.
(9
).

0.
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0.
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0.
5

0.
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0

�
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�
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5

�
0.

75

�
0.

95

�
1.

0
�

0.
5

0.
0

0.
5

1.
0

�
1.

0

�
0.

5

0.
0

0.
5

1.
0

h �

h �

F
ig
u
re

3
:
C
o
n
to
u
r
p
lo
ts

o
f
P
e
ff
=

co
n
st

in
th
e
(h

+
,h

−
)
p
la
n
e

6
S
ta
b
il
it
y
o
f
p
o
la
ri
za

ti
o
n

a
g
a
in
st

v
a
ri
a
ti
o
n
s
o
f
P
eff

E
x
tr
a
p
o
la
ti
o
n
s
o
f
|� P

|a
w
ay

fr
o
m

P
e
ff
=

±1
a
re

m
o
re

st
a
b
le

fo
r
P
e
ff
=

−1
th
a
n
fo
r
P
e
ff
=

+
1
.
B
ec
a
u
se

th
e

d
er
iv
a
ti
v
e
o
f
th
e
m
a
g
n
it
u
d
e
o
f
|� P

|l
ea
d
s
to

ra
th
er

u
n
w
ie
ld
y
ex
p
re
ss
io
n
s,

w
e
d
em

o
n
st
ra
te

th
is

se
p
a
ra
te
ly

fo
r

th
e
tw

o
p
o
la
ri
za
ti
o
n
co
m
p
o
n
en
ts

P
(�
)
a
n
d
P

(t
r
)
.
T
h
e
p
o
la
ri
za
ti
o
n
co
m
p
o
n
en
ts

a
re

g
iv
en

b
y
(m

=
�,
tr
)

P
(m

)
=

N
(m

)
0

−
P
e
ff
N

(m
)

P

D
0
−
P
e
ff
D

P
,

(2
8
)

w
h
er
e
N

(m
)

0
=

N
(m

)
L
R

+
N

(m
)

R
L

a
n
d
N

(m
)

P
=

N
(m

)
L
R

−
N

(m
)

R
L

a
n
d
si
m
il
a
rl
y
fo
r
D

0
a
n
d
D

P
.
U
p
o
n
d
iff
er
en
ti
a
ti
o
n

w
.r
.t
.
P
e
ff
o
n
e
o
b
ta
in
s

d
P

(m
)

d
P
e
ff

=
−N

(m
)

0
D

P
+
N

(m
)

P
D

0

(D
0
−
P
e
ff
D

P
)2

.
(2
9
)

F
o
r
th
e
ra
ti
o
s
o
f
th
e
sl
o
p
es

fo
r
P
e
ff
=

−1
a
n
d
P
e
ff
=

+
1
o
n
e
fi
n
d
s

d
P

(m
)

d
P
e
ff

∣ ∣ ∣ P
e
ff
=
−
1

/ d
P

(m
)

d
P
e
ff

∣ ∣ ∣ P
e
ff
=
+
1
=

( D 0
−
D

P

D
0
+
D

P

) 2 =

( D R
L

D
L
R

) 2 =

( 1−
A

L
R

1
+
A

L
R

) 2 .
(3
0
)

D
ep

en
d
in
g
o
n
th
e
en
er
g
y
a
n
d
th
e
sc
a
tt
er
in
g
a
n
g
le
,
F
ig
.
2
sh
ow

s
th
a
t
A

L
R
va
ri
es

b
et
w
ee
n
0
.3

a
n
d
0
.7

w
h
ic
h

im
p
li
es

th
a
t
(D

R
L
/
D

L
R
)2

va
ri
es

b
et
w
ee
n
0
.2
9
a
n
d
0
.0
6
,
i.
e.

fo
r
P
e
ff
=

−1
th
e
p
o
la
ri
za
ti
o
n
co
m
p
o
n
en
ts

a
re

1
2

3

m
u
ch

m
o
re

st
a
b
le

a
g
a
in
st

va
ri
a
ti
o
n
s
o
f
P
e
ff
th
a
n
fo
r
P
e
ff
=

+
1
.
A
t
th
re
sh
o
ld

th
e
ra
ti
o
o
f
sl
o
p
es

o
f
|� P

th
re
sh
|

fo
r
P
e
ff
=

−1
a
n
d
P
e
ff
=

+
1
is

g
iv
en

b
y
−(

D
R
L
/
D

L
R
)2

=
−0

.1
8
w
h
er
e
th
e
m
in
u
s
si
g
n
re
su
lt
s
fr
o
m

h
av

in
g

ta
k
en

th
e
d
er
iv
a
ti
v
e
o
f
th
e
m
a
g
n
it
u
d
e
|� P

|(
se
e
E
q
.
(4
))
.

7
L
o
n
g
it
u
d
in
a
l
a
n
d
tr
a
n
sv

e
rs
e
p
o
la
ri
za

ti
o
n

P
(�
)
v
s.

P
(t
r)

fo
r
g
e
n
e
ra

l
a
n
g
le
s
a
n
d

e
n
e
rg

ie
s

In
F
ig
.
4
w
e
p
lo
t
th
e
lo
n
g
it
u
d
in
a
l
co
m
p
o
n
en
t
P

(�
)
a
n
d
th
e
tr
a
n
sv
er
se

co
m
p
o
n
en
t
P

(t
r
)
o
f
th
e
to
p
q
u
a
rk

p
o
la
ri
za
ti
o
n
fo
r
d
iff
er
en
t
sc
a
tt
er
in
g
a
n
g
le
s
θ
a
n
d
en
er
g
ie
s
√ s

st
a
rt
in
g
fr
o
m

th
re
sh
o
ld

u
p
to

th
e
h
ig
h
en

er
g
y

li
m
it
.
T
h
e
le
ft
a
n
d
ri
g
h
t
p
a
n
el
s
o
f
F
ig
.
4
a
re

d
ra
w
n
fo
r
P
e
ff
=

(−
1
,−

0
.9
5
)
a
n
d
fo
r
P
e
ff
=

(+
1
,+

0
.9
5
),
re
sp
ec
-

ti
v
el
y.

T
h
e
a
p
ex

o
f
th
e
p
o
la
ri
za
ti
o
n
v
ec
to
r
� P

fo
ll
ow

s
a
tr
a
je
ct
o
ry

th
a
t
st
a
rt
s
a
t
� P
=

P
th

re
sh
(−

co
s
θ,
si
n
θ)

a
n
d

� P
=

P
th

re
sh
(c
o
s
θ,
−
si
n
θ)

fo
r
n
eg
a
ti
v
e
a
n
d
p
o
si
ti
v
e
va
lu
es

o
f
P
e
ff
,
re
sp
ec
ti
v
el
y,

a
n
d
en

d
s
o
n
th
e
li
n
e

P
(t
r
)
=

0
in

th
e
h
ig
h
en
er
g
y
li
m
it
.
T
h
e
tw

o
6
0
◦
tr
a
je
ct
o
ri
es

sh
ow

th
a
t
la
rg
e
va
lu
es

o
f
th
e
si
ze

o
f
|� P

|c
lo
se

to
th
e
m
a
x
im

a
l
va
lu
e
o
f
1
ca
n
b
e
a
ch
ie
v
ed

in
th
e
fo
rw

a
rd

re
g
io
n
fo
r
b
o
th

P
e
ff
∼

∓1
a
t
a
ll
en

er
g
ie
s.

H
ow

ev
er
,

th
e
tw

o
fi
g
u
re
s
a
ls
o
sh
ow

th
a
t
th
e
o
p
ti
o
n
P
e
ff
∼

−1
h
a
s
to

b
e
p
re
fe
rr
ed

si
n
ce

th
e
P
e
ff
∼

−1
p
o
la
ri
za
ti
o
n
is

m
o
re

st
a
b
le

a
g
a
in
st

va
ri
a
ti
o
n
s
o
f
P
e
ff
.

F
ig
u
re

4
:
P
a
ra
m
et
ri
c
p
lo
t
o
f
th
e
o
ri
en
ta
ti
o
n
a
n
d
th
e
le
n
g
th

of
th
e
p
o
la
ri
za
ti
o
n
v
ec
to
r
in

d
ep

en
d
en
ce

o
n

th
e
c.
m
.
en
er
g
y
√ s

fo
r
va
lu
es

θ
=

6
0
◦ ,

9
0
◦ ,

1
2
0
◦ ,

a
n
d
1
5
0
◦
fo
r
i)

(l
ef
t
p
a
n
el
)
P
e
ff
=

−1
(s
o
li
d
li
n
es
)
a
n
d

P
e
ff
=

−0
.9
5
(d
a
sh
ed

li
n
es
)
a
n
d
ii
)
(r
ig
h
t
p
a
n
el
)
P
e
ff
=

+
1
(s
o
li
d
li
n
es
)
a
n
d
P
e
ff
=

+
0
.9
5
(d
a
sh
ed

li
n
es
).

T
h
e

th
re
e
ti
ck
s
o
n
th
e
tr
a
je
ct
o
ri
es

st
a
n
d
fo
r
√ s

=
5
0
0
G
eV

,
1
0
0
0
G
eV

,
a
n
d
3
0
0
0
G
eV

.

It
is

n
o
te
w
o
rt
h
y
th
a
t
th
e
m
a
g
n
it
u
d
e
o
f
th
e
p
o
la
ri
za
ti
o
n
v
ec
to
r
re
m
a
in
s
cl
o
se
r
to

|� P
|=

1
in

th
e
fo
rw

a
rd

re
g
io
n
th
a
n
in

th
e
b
a
ck
w
a
rd

re
g
io
n
w
h
en

co
s
θ
is

va
ri
ed

.
L
et

u
s
in
v
es
ti
g
a
te

th
is

eff
ec
t
fo
r
P
e
ff

=
−1

b
y

ex
p
a
n
d
in
g
th
e
h
ig
h

en
er
g
y

fo
rm

u
la

(5
)
in

Δ
co
s
θ
a
ro
u
n
d

co
s
θ

=
+
1
a
n
d

co
s
θ

=
−1

.
S
in
ce

th
e
fi
rs
t

d
er
iv
a
ti
v
e
va
n
is
h
es
,
o
n
e
h
a
s
to

ex
p
a
n
d
to

th
e
se
co
n
d
o
rd
er

in
Δ
co
s
θ.

T
h
e
re
su
lt
is

F
o
rw

a
rd

|� P
L
R
|

=
1
−

1 2

( f L
R

f L
L

) 2 (Δ
co
s
θ)

2
+
..
.

B
a
ck
w
a
rd

|� P
L
R
|

=
1
−

1 2

( f L
L

f R
L

) 2 (Δ
co
s
θ)

2
+
..
.
.

(3
1
)

N
u
m
er
ic
a
ll
y,

o
n
e
h
a
s
f
2 L
R
/
f
2 L
L
=

0
.1
3
a
n
d
f
2 L
L
/
f
2 L
R
=

7
.5
3
.
T
h
e
se
co
n
d
d
er
iv
a
ti
v
e
is

v
er
y
m
u
ch

sm
a
ll
er

in
th
e
fo
rw

a
rd

d
ir
ec
ti
o
n
th
a
n
in

th
e
b
a
ck
w
a
rd

d
ir
ec
ti
o
n
.
T
h
is
te
n
d
en
cy

ca
n
b
e
cl
ea
rl
y
d
is
ce
rn
ed

in
F
ig
.
4
.
A

si
m
il
a
r
b
u
t
ev
en

st
ro
n
g
er

co
n
cl
u
si
o
n
is

re
a
ch
ed

fo
r
th
e
se
co
n
d
d
er
iv
a
ti
v
e
o
f
|� P

R
L
|w

h
er
e
th
e
co
rr
es
p
o
n
d
in
g

se
co
n
d

o
rd
er

co
effi

ci
en
ts

a
re

g
iv
en

b
y

f
2 R
L
/
f
2 R
R

=
0
.0
6
4
fo
r
co
s
θ

=
+
1
,
a
n
d

b
y

f
2 R
R
/
f
2 R
L

=
1
5
.6
7
fo
r

co
s
θ
=

−1
.
C
o
rr
es
p
o
n
d
in
g
v
-d
ep

en
d
en
t
ex
p
a
n
si
o
n
s
ca
n
b
e
o
b
ta
in
ed

fr
o
m

E
q
.
(2
4
).

1
2

4



W
e
m
en
ti
o
n
th
a
t
a
t
N
L
O

th
er
e
is
a
ls
o
a
n
o
rm

a
l
co
m
p
o
n
en
t
o
f
th
e
to
p
q
u
a
rk

p
o
la
ri
za
ti
o
n
P

(n
)
g
en

er
a
te
d

b
y
th
e
o
n
e–
lo
o
p
co
n
tr
ib
u
ti
o
n
w
h
ic
h
,
h
ow

ev
er
,
is
q
u
it
e
sm

a
ll
(o
f
O
(3
%
))

[8
].

8
S
u
m
m
a
ry

T
h
e
a
im

o
f
o
u
r
in
v
es
ti
g
a
ti
o
n
w
a
s
to

m
a
x
im

iz
e
a
n
d
to

m
in
im

iz
e
th
e
p
o
la
ri
za
ti
o
n
v
ec
to
r
o
f
th
e
to
p
q
u
a
rk

� P
(√

s,
co
s
θ,
g i

j
,P

e
ff
)
b
y
tu
n
in
g
th
e
b
ea
m

p
o
la
ri
za
ti
o
n
.

L
et

u
s
su
m
m
a
ri
ze

o
u
r
fi
n
d
in
g
s
w
h
ic
h

h
av
e
b
ee
n

fo
u
n
d
in

N
L
O

Q
C
D

in
th
e
co
n
te
x
t
o
f
th
e
S
M
.

A
.
M

a
x
im

a
l
p
o
la
ri
z
a
ti
o
n
:
L
a
rg
e
va
lu
es

o
f
� P

ca
n
b
e
re
a
li
ze
d
fo
r
P
e
ff
∼

±1
a
t
a
ll
in
te
rm

ed
ia
te

en
er
g
ie
s.

T
h
is

is
p
a
rt
ic
u
la
rl
y
tr
u
e
in

th
e
fo
rw

a
rd

h
em

is
p
h
er
e
w
h
er
e
th
e
ra
te

is
h
ig
h
es
t.

N
eg
a
ti
v
e
la
rg
e
va
lu
es

fo
r
P
e
ff

w
it
h
a
li
g
n
ed

b
ea
m

h
el
ic
it
ie
s
(h

−
h
+
n
eg
.)

a
re

p
re
fe
rr
ed

fo
r
tw

o
re
a
so
n
s.

F
ir
st

th
er
e
is

a
fu
rt
h
er

g
a
in

in
ra
te

a
p
a
rt

fr
o
m

th
e
h
el
ic
it
y
a
li
g
n
m
en
t
fa
ct
o
r
(1

−
h
−
h
+
)
d
u
e
to

th
e
fa
ct

th
a
t
g
en
er
a
ll
y
σ
L
R
>

σ
R
L
a
s
ex
p
la
in
ed

a
ft
er

E
q
.
(7
).

S
ec
o
n
d
,
th
e
p
o
la
ri
za
ti
o
n
is

m
o
re

st
a
b
le

a
g
a
in
st

va
ri
a
ti
o
n
s
o
f
P
e
ff
aw

ay
fr
o
m

P
e
ff
=

−1
.
T
h
e

fo
rw

a
rd

re
g
io
n
is
a
ls
o
fa
v
o
u
re
d
si
n
ce

th
e
1
0
0
%

L
O

p
o
la
ri
za
ti
o
n
va
li
d
a
t
co
s
θ
=

1
ex
tr
a
p
o
la
te
s
sm

o
o
th
ly

in
to

th
e
fo
rw

a
rd

h
em

is
p
h
er
e
w
it
h
sm

a
ll
ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s.

B
.
M

in
im

a
l
p
o
la
ri
z
a
ti
o
n
:
C
lo
se

to
ze
ro

va
lu
es

o
f
th
e
p
o
la
ri
za
ti
o
n
v
ec
to
r
� P
ca
n
b
e
a
ch
ie
v
ed

fo
r
P
e
ff
∼

0
.4
.

A
g
a
in

th
e
fo
rw

a
rd

re
g
io
n
is

fa
v
o
u
re
d
.
In

o
rd
er

to
m
a
x
im

iz
e
th
e
ra
te

fo
r
th
e
sm

a
ll
p
o
la
ri
za
ti
o
n
ch
o
ic
e
ta
k
e

q
u
a
d
ra
n
t
IV

in
th
e
(h

−
,
h
+
)
p
la
n
e.

A
ck

n
o
w
le
d
g
e
m
e
n
ts

J
.G

.K
.
w
o
u
ld

li
k
e
to

th
a
n
k
X
.
A
rt
ru

a
n
d
E
.
C
h
ri
st
ov
a
fo
r
d
is
cu
ss
io
n
s
a
n
d
G
.
M
o
o
rt
g
a
t-
P
ic
k
fo
r
en
co
u
r-

a
g
em

en
t.

T
h
e
w
o
rk

o
f
S
.G

.
is

su
p
p
o
rt
ed

b
y
th
e
E
st
o
n
ia
n
ta
rg
et

fi
n
a
n
ce
d
p
ro
je
ct

N
o
.
0
1
8
0
0
5
6
s0
9
,
b
y
th
e

E
st
o
n
ia
n
S
ci
en

ce
F
o
u
n
d
a
ti
o
n
u
n
d
er

g
ra
n
t
N
o
.
8
7
6
9
a
n
d
b
y
th
e
D
eu

ts
ch
e
F
o
rs
ch
u
n
g
sg
em

ei
n
sc
h
a
ft

(D
F
G
)

u
n
d
er

g
ra
n
t
4
3
6
E
S
T

1
7
/
1
/
0
6
.
B
.M

.
a
ck
n
ow

le
d
g
es

su
p
p
o
rt

o
f
th
e
M
in
is
tr
y
o
f
S
ci
en

ce
a
n
d
T
ec
h
n
o
lo
g
y
o
f

th
e
R
ep

u
b
li
c
o
f
C
ro
a
ti
a
u
n
d
er

co
n
tr
a
ct

N
o
.
0
9
8
-0
9
8
2
9
3
0
-2
86
4.

S
.P
.
is

su
p
p
o
rt
ed

b
y
th
e
S
lo
v
en

ia
n
R
es
ea
rc
h

A
g
en

cy
.

R
e
fe
re
n
ce

s
[1
]
E
.
C
h
ri
st
ov
a
a
n
d
D
.
D
ra
g
a
n
ov

,
P
h
y
s.

L
et
t.

B
4
3
4
(1
9
9
8
)
3
7
3

[2
]
M
.
F
is
ch

er
,
S
.
G
ro
o
te
,
J
.G

.
K
ö
rn

er
,
M
.C

.
M
a
u
se
r
a
n
d
B
.
L
a
m
p
e,

P
h
y
s.

L
et
t.

B
4
5
1
(1
9
9
9
)
4
0
6

[3
]
M
.
F
is
ch

er
,
S
.
G
ro
o
te
,
J
.G

.
K
ö
rn

er
a
n
d
M
.C

.
M
a
u
se
r,

P
h
y
s.

R
ev

.
D
6
5
(2
0
0
2
)
0
5
4
0
3
6

[4
]
S
.
G
ro
o
te
,
W

.S
.
H
u
o
,
A
.
K
a
d
ee
r
a
n
d
J
.G

.
K
ö
rn

er
,
P
h
y
s.

R
ev

.
D
7
6
(2
0
0
7
)
0
1
4
0
1
2

[5
]
J
.A

.
A
g
u
il
a
r-
S
a
av

ed
ra

a
n
d
J
.
B
er
n
a
b
eu

,
N
u
cl
.
P
h
y
s.

B
8
4
0
(2
0
1
0
)
3
4
9
;

J
.A

.
A
g
u
il
a
r-
S
a
av

ed
ra

a
n
d
R
.V

.
H
er
re
ro
-H

a
h
n
,
a
rX

iv
:1
2
0
8
.6
0
0
6

[6
]
J
.
D
ro
b
n
a
k
,
S
.
F
a
jf
er

a
n
d
J
.F
.
K
a
m
en

ik
,
P
h
y
s.

R
ev

.
D
8
2
(2
0
1
0
)
1
1
4
0
0
8

[7
]
S
.
G
ro
o
te

a
n
d
J
.
G
.
K
ö
rn

er
,
P
h
y
s.

R
ev

.
D

8
0
(2
0
0
9
)
0
3
4
0
0
1

[8
]
S
.
G
ro
o
te
,
J
.G

.
K
ö
rn

er
,
B
.
M
el
ic

a
n
d
S
.
P
re
lo
v
se
k
,
P
h
y
s.

R
ev

.
D
8
3
(2
0
1
1
)
0
5
4
0
1
8

[9
]
G
.A

.
M
o
o
rt
g
a
t-
P
ic
k
et

a
l.
,
P
h
y
s.

R
ep

t.
4
6
0
(2
0
0
8
)
1
3
1

[1
0
]
X
.
A
rt
ru

,
M
.
E
lc
h
ik
h
,
J
.M

.
R
ic
h
a
rd

,
J
.
S
o
ff
er

a
n
d
O
.V

.
T
er
y
a
ev

,
P
h
y
s.

R
ep

t.
4
7
0
(2
0
0
9
)
1

[1
1
]
S
.
P
a
rk
e
a
n
d
Y
.
S
h
a
d
m
i,
P
h
y
s.

L
et
t.

B
3
8
7
(1
9
9
6
)
1
9
9

[1
2
]
J
.
K
o
d
a
ir
a
,
T
.
N
a
su

n
o
a
n
d
S
.J
.
P
a
rk
e,

P
h
y
s.

R
ev

.
D
5
9
(1
9
9
8
)
0
1
4
0
2
3

[1
3
]
G
.
A
le
x
a
n
d
er
,
J
.
B
a
rl
ey
,
Y
.
B
a
ty
g
in
,
S
.
B
er
ri
d
g
e,

V
.
B
h
a
ra
d
w
a
j,
G
.
B
ow

er
,
W

.
B
u
g
g
a
n
d
F
.J
.
D
ec
k
er

et
a
l.
,

N
u
cl
.
In
st
ru

m
.
M
et
h
.
A
6
1
0
(2
0
0
9
)
4
5
1

1
2
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C
ha

pt
er

3

E
le

ct
ro

w
ea

k
Pr

ec
is

io
n

Ph
ys

ic
s

1
2

7

T
h
e
m
u
on

m
ag
n
et
ic
m
om

en
t
an
d
n
ew

p
hy
si
cs

D
om

in
ik

S
tö
ck
in
ge
r

In
st
it
u
te

fo
r
N
u
cl
ea
r
an

d
P
ar
ti
cl
e
P
h
y
si
cs

T
U

D
re
sd
en
,
G
er
m
an
y

S
ep
te
m
b
er

12
,
20
12

1
In

tr
o
d
u
ct
io
n

T
h
e
L
H
C
er
a
h
a
s
h
a
d
it
s
fi
rs
t
sp
ec
ta
cu

la
r
su
cc
es
s
w
it
h
th
e
d
is
co
v
er
y
o
f
a
n
ew

p
a
r-

ti
cl
e
co
m
p
a
ti
b
le

w
it
h
a
S
ta
n
d
a
rd

M
o
d
el

(S
M
)
H
ig
g
s
b
o
so
n
.
T
h
e
L
H
C

p
ro
m
is
es

g
re
a
t
p
ro
g
re
ss

in
u
n
d
er
st
a
n
d
in
g
th
e
n
a
tu
re

o
f
el
ec
tr
ow

ea
k
sy
m
m
et
ry

b
re
a
k
in
g

(E
W

S
B
).
A
d
d
it
io
n
a
l,
n
o
n
-L
H
C
o
b
se
rv
a
b
le
s
a
re

n
ev
er
th
el
es
s
im

p
o
rt
a
n
t,
fo
r
th
ey

ca
n
p
ro
v
id
e
co
m
p
le
m
en
ta
ry

in
fo
rm

a
ti
o
n
o
n
E
W

S
B
,
a
n
d
th
ey

ca
n
u
n
ra
v
el

th
e

ex
is
te
n
ce

o
f
p
h
y
si
cs

b
ey
o
n
d
th
e
S
M

in
v
is
ib
le

a
t
th
e
L
H
C

a
n
d
p
o
ss
ib
ly

u
n
re
la
te
d

to
E
W

S
B
.

T
h
e
m
u
o
n
m
a
g
n
et
ic

m
o
m
en
t
a
μ
h
a
s
a
sp
ec
ia
l
ro
le

b
ec
a
u
se

it
is

se
n
si
ti
v
e
to

a
la
rg
e
cl
a
ss

o
f
m
o
d
el
s
re
la
te
d
a
n
d
u
n
re
la
te
d
to

E
W

S
B
a
n
d
b
ec
a
u
se

it
co
m
b
in
es

se
v
er
a
l
p
ro
p
er
ti
es

in
a
u
n
iq
u
e
w
ay

:
it
is
a
fl
av
o
u
r-
a
n
d
C
P
-c
o
n
se
rv
in
g
,
ch
ir
a
li
ty
-

fl
ip
p
in
g
a
n
d
lo
o
p
-i
n
d
u
ce
d
q
u
a
n
ti
ty
.
In

co
n
tr
a
st
,
m
a
n
y
h
ig
h
-e
n
er
g
y
co
ll
id
er

o
b
-

se
rv
a
b
le
s
a
t
th
e
L
H
C

a
n
d
a
fu
tu
re

li
n
ea
r
co
ll
id
er

a
re

ch
ir
a
li
ty
-c
o
n
se
rv
in
g
,
a
n
d

m
a
n
y
o
th
er

lo
w
-e
n
er
g
y
p
re
ci
si
o
n
o
b
se
rv
a
b
le
s
su
ch

a
s
el
ec
tr
ic

d
ip
o
le

m
o
m
en
ts

o
r

p
ro
ce
ss
es

su
ch

a
s
μ
→

eγ
a
re

C
P
-
o
r
fl
av
o
u
r-
v
io
la
ti
n
g
.
T
h
es
e
p
ro
p
er
ti
es

m
ig
h
t

b
e
th
e
re
a
so
n
w
h
y
th
er
e
is
a
si
g
n
ifi
ca
n
t
d
ev
ia
ti
o
n
b
et
w
ee
n
th
e
ex
p
er
im

en
ta
l
a
n
d

th
e
S
M

va
lu
e
o
f
a
μ
,

a
e
x
p

μ
−
a
r
m

S
M

μ
=

(2
8
.7
±
8
.0
)1
0
1
0
,

(1
)

w
h
il
e
th
er
e
is

n
o
si
g
n
ifi
ca
n
t
d
ev
ia
ti
o
n
in

el
ec
tr
ow

ea
k
p
re
ci
si
o
n
o
b
se
rv
a
b
le
s
a
n
d

se
a
rc
h
es

fo
r
el
ec
tr
ic

d
ip
o
le

m
o
m
en
ts

a
n
d
le
p
to
n
-fl
av
o
u
r
v
io
la
ti
o
n
h
av
e
b
ee
n
u
n
-

su
cc
es
fu
l.

In
th
es
e
p
ro
ce
ed

in
g
s
w
e
w
il
l
fi
rs
t
b
ri
efl

y
re
v
ie
w
th
e
cu

rr
en
t
st
a
tu
s
a
n
d
fu
tu
re

p
ro
sp
ec
ts

o
f
a
e
x
p

μ
a
n
d
a
S
M

μ
a
n
d
w
e
w
il
l
ex
p
la
in

th
e
g
en

er
a
l
st
ru
ct
u
re

a
n
d
m
o
d
el
-

d
ep

en
d
en
ce

o
f
co
n
tr
ib
u
ti
o
n
s
fr
o
m

n
ew

p
h
y
si
cs
.
T
h
en

w
e
w
il
l
d
is
cu
ss

co
n
cr
et
e

ex
a
m
p
le
s
o
f
co
n
tr
ib
u
ti
o
n
s
fr
o
m

a
n
d
co
n
st
ra
in
ts

o
n
n
ew

p
h
y
si
cs

m
o
d
el
s,

w
it
h

p
a
rt
ic
u
la
r
em

p
h
a
si
s
o
n
th
e
co
m
p
le
m
en
ta
ri
ty

to
re
ce
n
t
L
H
C

re
su
lt
s.

1
2
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2
C
u
rr
e
n
t
st
a
tu

s
a
n
d

fu
tu

re
p
ro

sp
e
ct
s

T
h
e
u
n
ce
rt
a
in
ty

q
u
o
te
d
in

E
q
.
(1
)
is
th
e
q
u
a
d
ra
ti
c
su
m

o
f
va
ri
o
u
s
ex
p
er
im

en
ta
l

a
n
d
th
eo
re
ti
ca
l
er
ro
rs
.
T
h
e
ex
p
er
im

en
ta
l
va
lu
e
o
f
th
e
m
u
o
n
m
a
g
n
et
ic

m
o
m
en
t

h
a
s
b
ee
n
d
et
er
m
in
ed

b
y
a
se
ri
es

o
f
m
ea
su
re
m
en
ts

a
t
B
N
L
[1
]
w
it
h
a
fi
n
a
l
st
a
ti
st
i-

ca
l
a
n
d
sy
st
em

a
ti
c
u
n
ce
rt
a
in
ty

o
f
(±

5
.4

st
a
t
±3

.3
sy

st
)×

1
0
−
1
0
,
w
h
ic
h
is
d
o
m
in
a
te
d

b
y
st
a
ti
st
ic
s.

T
h
e
im

p
o
rt
a
n
ce

o
f
th
is
re
su
lt
h
a
s
m
o
ti
va
te
d
tw

o
n
ew

ex
p
er
im

en
ts
.

O
n
e
is
a
lr
ea
d
y
u
n
d
er

co
n
st
ru
ct
io
n
a
t
F
er
m
il
a
b
,
u
si
n
g
th
e
sa
m
e
te
ch
n
iq
u
e
a
s
u
se
d

a
t
B
N
L
,
w
h
er
e
h
ig
h
-e
n
er
g
y
m
u
o
n
s
a
t
th
e
“
m
a
g
ic

re
la
ti
v
is
ti
c
γ
”
a
re

u
se
d
,
fo
r

w
h
ic
h
el
ec
tr
ic

fo
cu

si
n
g
fi
el
d
s
in

th
e
ri
n
g
d
o
n
o
t
p
er
tu
rb

th
e
m
u
o
n
p
re
ce
ss
io
n
.

T
h
e
se
co
n
d
is
p
la
n
n
ed

a
t
J
-P
A
R
C
,
u
si
n
g
u
lt
ra
-c
o
ld

m
u
o
n
s
w
it
h
sm

a
ll
er

γ
b
u
t
n
o

el
ec
tr
ic

fo
cu

si
n
g
fi
el
d
.
B
o
th

o
f
th
es
e
co
m
p
le
m
en
ta
ry

ex
p
er
im

en
ts

a
im

to
re
d
u
ce

th
e
st
a
ti
st
ic
a
l
u
n
ce
rt
a
in
ty

b
y
m
o
re

th
a
n
a
fa
ct
o
r
4
.

T
h
e
p
re
ci
si
o
n
o
f
th
e
S
M

th
eo
ry

p
re
d
ic
ti
o
n
is
cu

rr
en
tl
y
ev
en

h
ig
h
er

th
a
n
th
e

ex
p
er
im

en
ta
l
o
n
e.

T
h
e
re
m
a
in
in
g
th
eo
ry

er
ro
r
is

d
o
m
in
a
te
d
b
y
th
e
h
a
d
ro
n
ic

va
cu
u
m

p
o
la
ri
za
ti
o
n
(H

V
P
)
co
n
tr
ib
u
ti
o
n
s.

T
h
es
e
ca
n
b
e
re
la
te
d
to

th
e
cr
o
ss

se
ct
io
n
fo
r
e+

e−
→

h
a
d
ro
n
s,
a
n
d
th
e
in
cr
ea
si
n
g
ly

p
re
ci
se

ex
p
er
im

en
ta
l
d
a
ta

fo
r

th
is
cr
o
ss

se
ct
io
n
le
a
d
to

co
n
si
st
en
t
re
ce
n
t
ev
a
lu
a
ti
o
n
s
b
y
se
v
er
a
l
g
ro
u
p
s
[2
,
3,

4
]

(f
o
r
re
ce
n
t
ov
er
v
ie
w
s
se
e
[4
,
5
])
.
T
h
e
er
ro
r
u
se
d
in

E
q
.
(1
)
is

ta
k
en

fr
o
m

R
ef
.

[2
]
a
n
d
is
±4

.2
×
1
0
−
1
0
.
E
a
rl
ie
r
d
is
cr
ep

a
n
ci
es

b
et
w
ee
n
th
es
e
e+

e−
-b
a
se
d
re
su
lt
s

a
n
d
a
lt
er
n
a
ti
v
e
o
n
es

u
si
n
g
d
a
ta

fr
o
m

τ
-d
ec
ay

s
h
av
e
b
ee
n
d
ra
m
a
ti
ca
ll
y
re
d
u
ce
d

[2
,
6
,
7
].

A
su
b
d
o
m
in
a
n
t
p
a
rt

o
f
th
e
S
M

th
eo
ry

er
ro
r
is

d
u
e
to

th
e
h
a
d
ro
n
ic

li
g
h
t-

b
y
-l
ig
h
t
sc
a
tt
er
in
g
(H

L
b
L
)
co
n
tr
ib
u
ti
o
n
s.

H
er
e
p
ro
g
re
ss

is
v
er
y
d
iffi

cu
lt

si
n
ce

h
a
d
ro
n
ic
d
y
n
a
m
ic
s
is
re
le
va
n
t
in

k
in
em

a
ti
ca
l
re
g
im

es
w
h
er
e
n
ei
th
er

p
er
tu
rb
a
ti
o
n

th
eo
ry

n
o
r
es
ta
b
li
sh
ed

lo
w
-e
n
er
g
y
eff

ec
ti
v
e
th
eo
ri
es

a
re

va
li
d
.
In

sp
it
e
o
f
u
si
n
g

d
iff
er
en
t
a
p
p
ro
a
ch
es
,t
h
e
re
su
lt
s
o
f
va
ri
o
u
s
g
ro
u
p
s
a
g
re
e
w
it
h
in

th
e
q
u
o
te
d
er
ro
rs
,

se
e
in

p
a
rt
ic
u
la
r
R
ef
s.

[4
,
8
].

T
h
e
re
su
lt

q
u
o
te
d

in
E
q
.
(1
)
is

b
a
se
d

o
n

th
e

ev
a
lu
a
ti
o
n
s
o
f
R
ef
s.

[2
,
8
],
a
n
d
h
a
s
th
e
th
eo
ry

er
ro
r
±2

.6
×
1
0
−
1
0
.

3
N
e
w

p
h
y
si
cs

c
o
n
tr
ib
u
ti
o
n
s
in

g
e
n
e
ra

l

G
en
er
a
l
co
n
tr
ib
u
ti
o
n
s
fr
o
m

n
ew

p
h
y
si
cs

to
a
μ
a
re

b
es
t
u
n
d
er
st
o
o
d
b
y
u
si
n
g
a

re
la
ti
o
n
b
et
w
ee
n
a
μ
a
n
d
m

μ
,
th
e
m
u
o
n
m
a
ss
.
B
o
th

a
μ
a
n
d
m

μ
co
rr
es
p
o
n
d
to

q
u
a
n
tu
m

fi
el
d

o
p
er
a
to
rs

w
h
ic
h

fl
ip

ch
ir
a
li
ty
,
i.
e.

co
n
v
er
t
a
le
ft
-h
a
n
d
ed

in
to

a
ri
g
h
t-
h
a
n
d
ed

m
u
o
n
.
F
o
r
th
is
re
a
so
n
,
co
n
tr
ib
u
ti
o
n
s
o
f
n
ew

p
h
y
si
cs

a
t
so
m
e
sc
a
le

Λ
to

b
o
th

q
u
a
n
ti
ti
es
,
a
μ
(N

.P
.)

a
n
d
δm

μ
(N

.P
.)
,
a
re

li
n
k
ed

a
s

a
μ
(N

.P
.)
=

O(
1
)
×
( m μ Λ

) 2 ×
( δm

μ
(N

.P
.)

m
μ

) .
(2
)

A
s
d
is
cu
ss
ed

in
[9
],

th
is

re
la
ti
o
n

is
m
o
d
el
-i
n
d
ep

en
d
en
t,

b
u
t
th
e
va
lu
e
o
f
th
e

co
n
st
a
n
t
C

=
δm

μ
(N

.P
.)
/
m

μ
is

h
ig
h
ly

m
o
d
el
-d
ep

en
d
en
t.

It
is

im
p
o
rt
a
n
t
th
a
t

th
e
O(

1
)
fa
ct
o
rs

d
o
n
o
t
co
n
ta
in

a
n
y
co
u
p
li
n
g
co
n
st
a
n
ts

o
f
1/

1
6
π
2
fa
ct
o
rs

—
th
o
se

a
re

co
n
ta
in
ed

in
th
e
co
n
st
a
n
t
C
.
A

fi
rs
t
co
n
se
q
u
en

ce
o
f
th
is

re
la
ti
o
n
is

1
2

9

th
a
t
n
ew

p
h
y
si
cs

ca
n
ex
p
la
in

th
e
cu
rr
en
tl
y
o
b
se
rv
ed

d
ev
ia
ti
o
n
(1
)
o
n
ly

if
Λ
is
a
t

th
e
T
eV

sc
a
le

o
r
sm

a
ll
er

(a
ss
u
m
in
g
n
o
fi
n
e-
tu
n
in
g
in

th
e
m
u
o
n
m
a
ss
,
|C

|<
1
).

S
ec
o
n
d
,
th
e
re
la
ti
o
n
il
lu
st
ra
te
s
h
ow

w
id
el
y
d
iff
er
en
t
co
n
tr
ib
u
ti
o
n
s
to

a
μ
a
re

p
o
ss
ib
le
.

•
F
o
r
m
o
d
el
s
w
it
h
n
ew

w
ea
k
ly

in
te
ra
ct
in
g
p
a
rt
ic
le
s
(e
.g
.
Z

′ ,
W

′ ,
li
tt
le

H
ig
g
s

o
r
u
n
iv
er
sa
l
ex
tr
a
d
im

en
si
o
n
m
o
d
el
s
[1
0,

1
1]
)
o
n
e
ty
p
ic
a
ll
y
o
b
ta
in
s
p
er
-

tu
rb
a
ti
v
e
co
n
tr
ib
u
ti
o
n
s
to

th
e
m
u
o
n
m
a
ss

C
=

O(
α
/
4
π
).

H
en
ce

fo
r
w
ea
k
-

sc
a
le
m
a
ss
es

th
es
e
m
o
d
el
s
p
re
d
ic
t
v
er
y
sm

a
ll
co
n
tr
ib
u
ti
o
n
s
to

a
μ
a
n
d
m
ig
h
t

b
e
ch
a
ll
en
g
ed

b
y
th
e
fu
tu
re

m
o
re

p
re
ci
se

a
μ
m
ea
su
re
m
en
t.

M
o
d
el
s
o
f
th
is

k
in
d
ca
n
o
n
ly

ex
p
la
in

a
si
g
n
ifi
ca
n
t
co
n
tr
ib
u
ti
o
n
to

a
μ
if
th
e
n
ew

p
a
rt
ic
le
s

in
te
ra
ct

w
it
h
m
u
o
n
s
b
u
t
a
re

o
th
er
w
is
e
h
id
d
en

fr
o
m

se
a
rc
h
es
.
A
n
ex
a
m
-

p
le

is
th
e
m
o
d
el

w
it
h
a
n
ew

g
a
u
g
e
b
o
so
n
a
ss
o
ci
a
te
d
to

a
g
a
u
g
ed

le
p
to
n

n
u
m
b
er

L
μ
−
L
τ
[1
2]
,
w
h
er
e
a
g
a
u
g
e
b
o
so
n
m
a
ss

o
f
O(

1
0
0
G
eV

)
is
v
ia
b
le
.

•
F
o
r
su
p
er
sy
m
m
et
ri
c
(S
U
S
Y
)
m
o
d
el
s
o
n
e
o
b
ta
in
s
a
n
a
d
d
it
io
n
a
l
fa
ct
o
r
ta
n
β
,

th
e
ra
ti
o
o
f
th
e
tw

o
H
ig
g
s
va
cu

u
m

ex
p
ec
ta
ti
o
n
va
lu
es

[1
3]
.
A

n
u
m
er
ic
a
l

a
p
p
ro
x
im

a
ti
o
n
fo
r
th
e
S
U
S
Y

co
n
tr
ib
u
ti
o
n
s
is

g
iv
en

b
y

a
S
U
S
Y

μ
≈

1
3
×
1
0
−
1
0

( 10
0
G
eV

M
S
U
S
Y

) 2 ta
n
β
si
g
n
(μ
),

(3
)

w
h
er
e
M

S
U
S
Y

d
en
o
te
s
th
e
co
m
m
o
n

su
p
er
p
a
rt
n
er

m
a
ss

sc
a
le

a
n
d

μ
th
e

H
ig
g
si
n
o
m
a
ss

p
a
ra
m
et
er
.
It

a
g
re
es

w
it
h
th
e
g
en

er
ic

re
su
lt

(2
)
fo
r
C

=
O(

ta
n
β
×

α
/
4
π
)
a
n
d

is
ex
a
ct
ly

va
li
d

if
a
ll

S
U
S
Y

m
a
ss
es

a
re

eq
u
a
l
to

M
S
U
S
Y
.
T
h
e
fo
rm

u
la
sh
ow

s
th
a
t
th
e
o
b
se
rv
ed

d
ev
ia
ti
o
n
co
u
ld

b
e
ex
p
la
in
ed

e.
g
.
fo
r
re
le
va
n
t
S
U
S
Y

m
a
ss
es

o
f
ro
u
g
h
ly

2
0
0
G
eV

a
n
d
ta
n
β
∼

1
0
o
r
S
U
S
Y

m
a
ss
es

o
f
5
0
0
G
eV

a
n
d
ta
n
β
∼

5
0
.
H
ow

ev
er
,
th
e
S
U
S
Y

p
re
d
ic
ti
o
n
fo
r
a
μ

d
ep

en
d
s
st
ro
n
g
ly

o
n
th
e
d
et
a
il
ed

sc
en
a
ri
o
,
a
n
d
if
S
U
S
Y

ex
is
ts

a
μ
w
il
l
h
el
p

to
m
ea
su
re

th
e
S
U
S
Y

p
a
ra
m
et
er
s.

•
M
o
d
el
s
w
it
h
la
rg
e
C

�
1
a
re

o
f
in
te
re
st

si
n
ce

th
er
e
th
e
m
u
o
n
m
a
ss

is
es
se
n
-

ti
a
ll
y
g
iv
en

b
y
n
ew

p
h
y
si
cs

lo
o
p
eff

ec
ts
.
S
o
m
e
ex
a
m
p
le
s
o
f
su
ch

ra
d
ia
ti
v
e

m
u
o
n
m
a
ss

g
en

er
a
ti
o
n
m
o
d
el
s
a
re

g
iv
en

in
[9
].
F
o
r
ex
a
m
p
le
s
w
it
h
in

S
U
S
Y

se
e
e.
g
.
[1
4,

1
5]
.
In

su
ch

m
o
d
el
s
a
μ
ca
n
b
e
la
rg
e
ev
en

fo
r
p
a
rt
ic
le

m
a
ss
es

a
t
th
e
T
eV

sc
a
le
.

4
S
u
p
e
rs
y
m
m
e
tr
y
a
n
d

a
μ

A
s
d
is
cu

ss
ed

a
b
ov
e,
su
p
er
sy
m
m
et
ry

w
it
h
m
o
d
er
a
te

to
la
rg
e
ta
n
β
a
n
d
m
a
ss
es

in
th
e
2
0
0
–
5
0
0
G
eV

ra
n
g
e
ca
n
ea
si
ly

ex
p
la
in

th
e
cu

rr
en
tl
y
o
b
se
rv
ed

d
ev
ia
ti
o
n
(1
).

W
e
n
ow

d
is
cu
ss

th
e
su
p
er
sy
m
m
et
ry

co
n
tr
ib
u
ti
o
n
s
in

m
o
re

d
et
a
il
.
A
t
th
e
o
n
e-

lo
o
p
le
v
el
,
th
e
d
ia
g
ra
m
s
in
v
o
lv
e
ei
th
er

ch
a
rg
in
o
s
a
n
d
sn
eu

tr
in
o
s,

o
r
n
eu

tr
a
li
n
o
s

a
n
d
sm

u
o
n
s.

T
h
e
re
le
va
n
t
p
a
ra
m
et
er
s
a
re

th
u
s
th
e
so
ft
m
a
ss

p
a
ra
m
et
er
s
fo
r
th
e

2
n
d
g
en

er
a
ti
o
n
sl
ep
to
n
s,

th
e
g
a
u
g
in
o
m
a
ss
es

M
2
,
M

1
,
a
n
d
th
e
H
ig
g
si
n
o
m
a
ss

p
a
ra
m
et
er

μ
.

S
tr
o
n
g
ly

in
te
ra
ct
in
g
p
a
rt
ic
le
s,

sq
u
a
rk
s
a
n
d

g
lu
in
o
s,

a
n
d

th
ei
r

m
a
ss
es

a
re

ir
re
le
va
n
t.

1
3

0



(a
)

(b
)

F
ig
u
re

1
:
(a
)
S
U
S
Y

co
n
tr
ib
u
ti
o
n
s
to

a
μ
fo
r
th
e
S
P
S
b
en
ch
m
a
rk

p
o
in
ts

(r
ed
),

a
n
d
fo
r
th
e
“
d
eg
en

er
a
te

so
lu
ti
o
n
s”

fr
o
m

R
ef
.
[2
2
].

(b
)
P
o
ss
ib
le

fu
tu
re

ta
n
β
d
e-

te
rm

in
a
ti
o
n
a
ss
u
m
in
g
th
a
t
a
sl
ig
h
tl
y
m
o
d
ifi
ed

M
S
S
M

p
o
in
t
S
P
S
1
a
(s
ee

te
x
t)

is
re
a
li
ze
d
.
T
h
e
b
a
n
d
s
sh
ow

th
e
Δ
χ
2
p
a
ra
b
o
la
s
fr
o
m

L
H
C
-d
a
ta

a
lo
n
e
(y
el
lo
w
)
[2
4]
,

in
cl
u
d
in
g
th
e
a
μ
w
it
h
cu

rr
en
t
p
re
ci
si
o
n
(d
a
rk

b
lu
e)

a
n
d
w
it
h
p
ro
sp
ec
ti
v
e
p
re
-

ci
si
o
n

(l
ig
h
t
b
lu
e)
.

T
h
e
w
id
th

o
f
th
e
b
lu
e
cu
rv
es

re
su
lt
s
fr
om

th
e
ex
p
ec
te
d

L
H
C
-u
n
ce
rt
a
in
ty

o
f
th
e
p
a
ra
m
et
er
s
(m

a
in
ly

sm
u
o
n
a
n
d
ch
a
rg
in
o
m
a
ss
es
)
[2
4]
.

If
a
ll
th
e
re
le
va
n
t
m
a
ss

p
a
ra
m
et
er
s
a
re

eq
u
a
l,
th
e
a
p
p
ro
x
im

at
io
n
(3
)
is
va
li
d
,

a
n
d
th
e
d
o
m
in
a
n
t
co
n
tr
ib
u
ti
o
n
is

fr
o
m

th
e
ch
a
rg
in
o
–
sn
eu
tr
in
o
d
ia
g
ra
m
s.

If
μ

is
v
er
y
la
rg
e,

th
e
b
in
o
-l
ik
e
n
eu
tr
a
li
n
o
co
n
tr
ib
u
ti
o
n
is

a
p
p
ro
x
im

a
te
ly

li
n
ea
r
in

μ
a
n
d
ca
n
d
o
m
in
a
te
.
If
th
er
e
is
a
la
rg
e
m
a
ss

sp
li
tt
in
g
b
et
w
ee
n
th
e
le
ft
-
a
n
d
ri
g
h
t-

h
a
n
d
ed

sm
u
o
n
,
ev
en

th
e
si
g
n
ca
n
b
e
o
p
p
o
si
te

to
E
q
.
(3
),

se
e
th
e
d
is
cu
ss
io
n
s
in

[1
6,

1
3]
.

A
t
th
e
tw

o
-l
o
o
p
le
v
el
va
ri
o
u
s
co
n
tr
ib
u
ti
o
n
s
a
re

p
o
ss
ib
le
w
it
h
p
o
te
n
ti
a
ll
y
re
le
-

va
n
t
im

p
a
ct
.
P
h
o
to
n
ic

tw
o
-l
o
o
p
co
rr
ec
ti
o
n
s
a
lw
ay

s
d
ec
re
a
se

th
e
o
n
e-
lo
o
p
re
su
lt

sl
ig
h
tl
y
[1
9]
,
a
n
d
tw

o
-l
o
o
p
d
ia
g
ra
m
s
w
it
h
ei
th
er

a
sf
er
m
io
n
(s
to
p
,
sb
o
tt
o
m
,
..
.)

lo
o
p
o
r
a
ch
a
rg
in
o
lo
o
p
ca
n
b
e
la
rg
e
ev
en

if
th
e
o
n
e-
lo
o
p
co
n
tr
ib
u
ti
o
n
s
a
re

su
p
-

p
re
ss
ed

[1
7,

1
8]
.

F
o
r
la
rg
e
ta
n
β
,
tw

o
-l
o
o
p

(t
a
n
β
)2
-e
n
h
a
n
ce
d

eff
ec
ts

b
ec
o
m
e

im
p
o
rt
a
n
t
[2
0]
.

W
it
h
in

su
p
er
sy
m
m
et
ry

th
e
co
n
tr
ib
u
ti
o
n
s
to

a
μ
a
re

th
er
ef
o
re

v
er
y
m
o
d
el
-

d
ep

en
d
en
t,
a
n
d
a
μ
p
la
ce
s
im

p
o
rt
a
n
t
co
n
st
ra
in
ts

o
n
h
ow

su
p
er
sy
m
m
et
ry

ca
n
b
e

re
a
li
ze
d
.
F
ig
.
1
il
lu
st
ra
te
s
th
is
.
T
h
e
le
ft

p
lo
t
sh
ow

s
th
e
va
lu
es

fo
r
th
e
so
-c
a
ll
ed

S
P
S
b
en

ch
m
a
rk

p
o
in
ts

[2
1]
.
T
h
es
e
sp
a
n
a
w
id
e
ra
n
g
e
a
n
d
ca
n
b
e
p
o
si
ti
v
e
o
r

n
eg
a
ti
v
e,

d
u
e
to

th
e
fa
ct
o
r
si
g
n
(μ
)
in

E
q
.
3
.
T
h
e
d
is
cr
im

in
a
ti
n
g
p
ow

er
o
f
th
e

cu
rr
en
t
(y
el
lo
w
b
a
n
d
)
a
n
d
a
n
im

p
ro
v
ed

(b
lu
e
b
a
n
d
)
m
ea
su
re
m
en
t
is
ev
id
en
t
fr
o
m

F
ig
.
1
(a
).

O
n
e
m
ig
h
t
th
in
k
th
a
t
if
S
U
S
Y

ex
is
ts
,
th
e
L
H
C
-e
x
p
er
im

en
ts

w
il
l
fi
n
d

it
a
n
d
m
ea
su
re

it
s
p
a
ra
m
et
er
s.

T
h
e
g
re
en

p
o
in
ts

il
lu
st
ra
te

th
a
t
th
is

is
n
o
t
th
e

ca
se
.
T
h
ey

co
rr
es
p
o
n
d
to

“
d
eg
en

er
a
te

so
lu
ti
o
n
s”

o
f
R
ef
.
[2
2
]
—

d
iff
er
en
t
S
U
S
Y

p
a
ra
m
et
er

p
o
in
ts

w
h
ic
h
ca
n
n
o
t
b
e
d
is
ti
n
g
u
is
h
ed

a
t
th
e
L
H
C

a
lo
n
e
(s
ee

a
ls
o
R
ef
.

1
3

1

[2
3]

fo
r
th
e
L
H
C

in
v
er
se

p
ro
b
le
m
).

T
h
ey

h
av
e
v
er
y
d
iff
er
en
t
a
μ
p
re
d
ic
ti
o
n
s,

in
p
a
rt
ic
u
la
r
d
iff
er
en
t
si
g
n
s
fo
r
μ
,
a
n
d
h
en
ce

a
μ
ca
n
re
so
lv
e
su
ch

L
H
C
d
eg
en

er
a
ci
es
.

T
h
e
ri
g
h
t
p
lo
t
o
f
F
ig
.
1
il
lu
st
ra
te
s
th
a
t
th
e
S
U
S
Y

p
a
ra
m
et
er

ta
n
β

ca
n
b
e

m
ea
su
re
d
m
o
re

p
re
ci
se
ly

b
y
co
m
b
in
in
g
L
H
C
-d
a
ta

w
it
h
a
μ
.
It

is
b
a
se
d
o
n
th
e

a
ss
u
m
p
ti
o
n

th
a
t
S
U
S
Y

is
re
a
li
ze
d
,
fo
u
n
d

a
t
th
e
L
H
C

a
n
d

th
e
o
ri
g
in

o
f
th
e

o
b
se
rv
ed

a
μ
d
ev
ia
ti
o
n
(1
).

T
o
fi
x
a
n
ex
a
m
p
le
,
w
e
u
se

a
sl
ig
h
tl
y
m
o
d
ifi
ed

S
P
S
1
a

b
en
ch
m
a
rk

p
o
in
t
w
it
h
ta
n
β
sc
a
le
d
d
ow

n
to

ta
n
β
=

8
.5

su
ch

th
a
t
a
S
U
S
Y

μ
is
eq
u
a
l

to
a
n
a
ss
u
m
ed

d
ev
ia
ti
o
n
Δ
a
μ
=

2
5
5
×1

0
−
1
1
.1

R
ef
.
[2
4]

h
a
s
sh
ow

n
th
a
t
th
en

m
a
ss

m
ea
su
re
m
en
ts

a
t
th
e
L
H
C

a
lo
n
e
a
re

su
ffi
ci
en
t
to

d
et
er
m
in
e
ta
n
β
to

a
p
re
ci
si
o
n

o
f
±4

.5
o
n
ly
.
T
h
e
co
rr
es
p
o
n
d
in
g
Δ
χ
2
p
a
ra
b
o
la

is
sh
ow

n
in

y
el
lo
w
in

th
e
p
lo
t.

In
su
ch

a
si
tu
a
ti
o
n
o
n
e
ca
n
st
u
d
y
th
e
S
U
S
Y

p
re
d
ic
ti
o
n
fo
r
a
μ
a
s
a
fu
n
ct
io
n
o
f
ta
n
β

(a
ll
o
th
er

p
a
ra
m
et
er
s
a
re

k
n
ow

n
fr
o
m

th
e
g
lo
b
a
l
fi
t
to

L
H
C

d
a
ta
)
a
n
d
co
m
p
a
re

it
to

th
e
m
ea
su
re
d
va
lu
e,

in
p
a
rt
ic
u
la
r
a
ft
er

a
n
im

p
ro
v
ed

m
ea
su
re
m
en
t.

T
h
e

p
lo
t
co
m
p
a
re
s
th
e
L
H
C

Δ
χ
2
p
a
ra
b
o
la

w
it
h
th
e
o
n
es

o
b
ta
in
ed

fr
o
m

in
cl
u
d
in
g

a
μ
,
Δ
χ
2
=

[(
a
S
U
S
Y

μ
(t
a
n
β
)
−

Δ
a
μ
)/
δa

μ
]2

w
it
h

th
e
er
ro
rs

δa
μ

=
8
0
×

1
0
−
1
1

(d
a
rk

b
lu
e)

a
n
d
3
4
×
1
0
−
1
1
(l
ig
h
t
b
lu
e)
.
A
s
ca
n
b
e
se
en

fr
o
m

th
e
F
ig
u
re
,
u
si
n
g

to
d
ay

’s
p
re
ci
si
o
n
fo
r
a
μ
w
o
u
ld

a
lr
ea
d
y
im

p
ro
v
e
th
e
d
et
er
m
in
a
ti
o
n
o
f
ta
n
β
,
b
u
t

th
e
im

p
ro
v
em

en
t
w
il
l
b
e
ev
en

m
o
re

im
p
re
ss
iv
e
a
ft
er

a
fu
tu
re

m
o
re

p
re
ci
se

a
μ

m
ea
su
re
m
en
t.

T
o
d
a
te
,
th
e
L
H
C

h
a
s
n
o
t
fo
u
n
d
in
d
ic
a
ti
o
n
s
fo
r
su
p
er
sy
m
m
et
ri
c
p
a
rt
ic
le
s,

so
a
te
n
si
o
n
is

ri
si
n
g
b
et
w
ee
n
fo
u
r
p
ie
ce
s
o
f
ex
p
er
im

en
ta
l
in
fo
rm

a
ti
o
n
a
n
d
th
e-

o
re
ti
ca
l
p
re
ju
d
ic
e:

•
If

su
p
er
sy
m
m
et
ry

is
th
e
o
ri
g
in

o
f
th
e
d
ev
ia
ti
o
n

in
a
μ
,
th
e
su
p
er
sy
m
-

m
et
ri
c

p
a
rt
ic
le
s
ca
n
n
o
t
b
e

to
o

h
ea
v
y,

in
p
a
rt
ic
u
la
r
th
e

sm
u
on

s
a
n
d

ch
a
rg
in
o
s/
n
eu
tr
a
li
n
o
s.

•
T
h
e
n
eg
a
ti
v
e
re
su
lt
s
o
f
th
e
L
H
C

se
a
rc
h
es

fo
r
su
p
er
sy
m
m
et
ri
c
p
a
rt
ic
le
s

im
p
ly

lo
w
er

li
m
it
s,

in
p
a
rt
ic
u
la
r
o
n
sq
u
a
rk

a
n
d
g
lu
in
o
m
a
ss
es
.

•
T
h
e
co
n
st
ra
in
t
th
a
t
a
S
M
-l
ik
e
H
ig
g
s
b
o
so
n
m
a
ss

is
a
ro
u
n
d
1
2
6
G
eV

re
-

q
u
ir
es

ei
th
er

v
er
y
la
rg
e
lo
o
p

co
rr
ec
ti
o
n
s
fr
o
m

la
rg
e
lo
g
a
ri
th
m
s
o
r
n
o
n
-

m
in
im

a
l
tr
ee
-l
ev
el
co
n
tr
ib
u
ti
o
n
s
fr
o
m

a
d
d
it
io
n
a
l
n
o
n
-m

in
im

a
l
p
a
rt
ic
le
co
n
-

te
n
t.

•
T
h
e
re
q
u
ir
em

en
t
o
f
sm

a
ll

fi
n
e-
tu
n
in
g
b
et
w
ee
n

su
p
er
sy
m
m
et
ry
-b
re
a
k
in
g

p
a
ra
m
et
er
s
a
n
d
th
e
Z
-b
o
so
n
m
a
ss

p
re
fe
rs

ce
rt
a
in

p
a
rt
ic
le
s,

in
p
a
rt
ic
u
la
r

st
o
p
s,

g
lu
in
o
s
a
n
d
H
ig
g
si
n
o
s
to

b
e
ra
th
er

li
g
h
t.

A
p
a
rt

fr
o
m

fi
n
e-
tu
n
in
g
,
it

is
o
f
co
u
rs
e
p
o
ss
ib
le

to
a
cc
o
m
m
o
d
a
te

a
ll
ex
p
er
im

en
-

ta
l
d
a
ta

in
th
e
m
in
im

a
l
su
p
er
sy
m
m
et
ri
c
st
a
n
d
a
rd

m
o
d
el
,
w
h
ic
h
h
a
s
en
o
u
g
h
fr
ee

p
a
ra
m
et
er
s
[2
5]
.
H
ow

ev
er
,
th
e
C
o
n
st
ra
in
ed

M
S
S
M

(C
M
S
S
M
)
ca
n
n
o
t
si
m
u
lt
a
-

n
eo
u
sl
y
d
es
cr
ib
e
a
ll
d
a
ta

[2
6]
,
w
h
il
e
sl
ig
h
t
ex
te
n
si
o
n
s
su
ch

a
s
th
e
N
o
n
-u
n
iv
er
sa
l

H
ig
g
s
m
a
ss

m
o
d
el

(N
U
H
M
)
o
r
a
m
o
d
el

w
it
h
g
a
u
g
e-
m
ed
ia
te
d
su
p
er
sy
m
m
et
ry

1
T
h
e
a
ct
u
a
l
S
P
S
1
a
p
o
in
t
is

ru
le
d
o
u
t
b
y
L
H
C
,
h
ow

ev
er

fo
r
o
u
r
p
u
rp

o
se
s
o
n
ly

th
e
w
ea
k
ly

in
te
ra
ct
in
g
p
a
rt
ic
le
s
a
re

re
le
va

n
t,

a
n
d
th
es
e
a
re

n
o
t
ex

cl
u
d
ed

.
T
h
e
fo
ll
ow

in
g
co
n
cl
u
si
o
n
s
a
re

n
ei
th
er

v
er
y
se
n
si
ti
v
e
to

th
e
a
ct
u
a
l
ta
n
β

va
lu
e
n
o
r
to

th
e
a
ct
u
a
l
va

lu
e
o
f
th
e
d
ev

ia
ti
o
n
Δ
a
μ
.

1
3

2



b
re
a
k
in
g
a
n
d

ex
tr
a
v
ec
to
r-
li
k
e
m
a
tt
er

[2
7]

a
re

m
a
rg
in
a
ll
y
co
n
si
st
en
t
w
it
h

a
ll

d
a
ta
. M
o
d
el
s
in
sp
ir
ed

b
y
n
a
tu
ra
ln
es
s,
w
h
er
e
th
e
sp
ec
tr
u
m

is
su
ch

th
a
t
fi
n
e-
tu
n
in
g

is
m
in
im

iz
ed

w
h
il
e
sq
u
a
rk
s
a
n
d

g
lu
in
o
s
ev
a
d
e
L
H
C

b
o
u
n
d
s,

ca
n

ex
p
la
in

th
e

o
b
se
rv
ed

H
ig
g
s
b
o
so
n
m
a
ss

b
u
t
co
m
p
le
te
ly

fa
il
to

ex
p
la
in

a
μ
[2
8
].

A
n
in
te
re
st
in
g
p
o
ss
ib
il
it
y
is
p
ro
v
id
ed

b
y
su
p
er
sy
m
m
et
ri
c
sc
en
a
ri
o
s
th
a
t
re
a
l-

iz
e
ra
d
ia
ti
v
e
g
en

er
a
ti
o
n
o
f
th
e
m
u
o
n
m
a
ss
.
S
in
ce

th
e
m
u
o
n
m
a
ss

a
t
tr
ee

le
v
el

is
g
iv
en

b
y
th
e
p
ro
d
u
ct

o
f
a
Y
u
ka
w
a
co
u
p
li
n
g
a
n
d
th
e
va
cu
u
m

ex
p
ec
ta
ti
o
n
va
lu
e

o
f
th
e
H
ig
g
s
d
o
u
b
le
t
H

d
,
th
er
e
a
re

tw
o
k
in
d
s
o
f
su
ch

sc
en

a
ri
o
s.

F
ir
st
,
o
n
e
ca
n

p
o
st
u
la
te

th
a
t
th
e
m
u
o
n
Y
u
ka
w
a
co
u
p
li
n
g
is
ze
ro

b
u
t
ch
ir
a
l
in
va
ri
a
n
ce

is
b
ro
k
en

b
y
so
ft

su
p
er
sy
m
m
et
ry
-b
re
a
k
in
g
A
-t
er
m
s.

T
h
en
,
th
e
m
o
u
n
m
a
ss
,
a
n
d
a
S
U
S
Y

μ
,

a
ri
se
s
a
t
th
e
o
n
e-
lo
o
p
le
v
el

a
n
d
a
S
U
S
Y

μ
ca
n
b
e
la
rg
e
ev
en

fo
r
T
eV

-s
ca
le

sm
u
o
n

m
a
ss
es

[1
4,

1
5]
.
S
ec
o
n
d
,
o
n
e
ca
n
p
o
st
u
la
te

th
a
t
th
e
va
cu
u
m

ex
p
ec
ta
ti
o
n
va
lu
e

〈H
d
〉i

s
v
er
y
sm

a
ll
o
r
ze
ro

[2
9,

3
0
].

T
h
en
,
th
e
m
u
o
n
m
a
ss

a
n
d
a
S
U
S
Y

μ
a
ri
se

a
t

th
e
o
n
e-
lo
o
p
le
v
el

fr
o
m

lo
o
p
-i
n
d
u
ce
d
co
u
p
li
n
g
s
to

th
e
o
th
er

H
ig
g
s
d
o
u
b
le
t.

5
C
o
n
c
lu
si
o
n
s

In
sp
it
e
o
f
tr
em

en
d
o
u
s
p
ro
g
re
ss

a
t
th
e
L
H
C
,
a
μ
is

st
il
l
a
v
er
y
im

p
o
rt
a
n
t
co
n
-

st
ra
in
t
o
n
p
h
y
si
cs

b
ey
o
n
d
th
e
S
M
.
T
h
e
in
cr
ea
si
n
g
d
iffi

cu
lt
y
to

ex
p
la
in

th
e
a
μ

d
ev
ia
ti
o
n
a
n
d
sa
ti
sf
y
L
H
C
b
o
u
n
d
s
a
n
d
H
ig
g
s
m
a
ss

co
n
st
ra
in
ts

h
ig
h
li
g
h
ts

th
is
.
It

is
co
n
ce
iv
a
b
le
th
a
t
th
e
o
b
se
rv
ed

d
ev
ia
ti
o
n
(1
)
is
re
a
l
b
u
t
n
o
t
d
u
e
to

n
ew

p
h
y
si
cs

a
t
th
e
el
ec
tr
ow

ea
k
sc
a
le
,
b
u
t
e.
g
.
d
u
e
to

n
ew

v
er
y
li
g
h
t
p
a
rt
ic
le
s,

a
s
su
g
g
es
te
d

e.
g
.
in

[3
1]
.
In

su
ch

a
ca
se
,
th
e
re
so
lu
ti
o
n
o
f
th
e
E
W

S
B
p
u
zz
le
w
o
u
ld

b
e
th
e
ta
sk

o
f
th
e
L
H
C

a
n
d
a
p
o
ss
ib
le

fu
tu
re

li
n
ea
r
co
ll
id
er
,
w
h
il
e
th
e
n
ew

li
g
h
t
p
a
rt
ic
le
s

co
u
ld

b
e
p
ro
b
ed

b
y
d
ed

ic
a
te
d
lo
w
-e
n
er
g
y
p
re
ci
si
o
n
ex
p
er
im

en
ts

su
ch

a
s
th
e
n
ex
t

g
en

er
a
ti
o
n
a
μ
m
ea
su
re
m
en
ts
.

R
e
fe
re
n
ce

s

[1
]
G
.W

.
B
en
n
et
t,

et
a
l.
,
(M

u
o
n
(g

−
2
)
C
o
ll
a
b
o
ra
ti
o
n
),

P
h
y
s.

R
ev
.
D

7
3
,

0
7
2
0
0
3
(2
0
0
6
).

[2
]
M
.
D
av

ie
r,

A
.
H
o
ec
k
er
,
B
.
M
a
la
es
cu

a
n
d
Z
.
Z
h
a
n
g
,
E
u
r.

P
h
y
s.

J
.
C

7
1

(2
0
1
1
)
1
5
1
5
[E
rr
a
tu
m
-i
b
id
.
C

7
2
(2
0
1
2
)
1
8
7
4
]
[a
rX

iv
:1
0
1
0
.4
1
8
0
[h
ep

-p
h
]]
.

[3
]
K
.
H
a
g
iw
a
ra
,
R
.
L
ia
o
,
A
.
D
.
M
a
rt
in
,
D
.
N
o
m
u
ra

a
n
d
T
.
T
eu
b
n
er
,
J
.
P
h
y
s.

G
G

3
8
(2
0
1
1
)
0
8
5
0
0
3
[a
rX

iv
:1
1
0
5
.3
1
4
9
[h
ep

-p
h
]]
.

[4
]
F
.
J
eg
er
le
h
n
er

a
n
d
A
.
N
y
ff
el
er
,
P
h
y
s.
R
ep
t.

4
7
7
(2
0
0
9
)
1
.

[5
]
J
.
M
il
le
r,

E
.
d
e
R
a
fa
el
,
B
.L
.
R
o
b
er
ts
,
D
.
S
tö
ck
in
g
er
,
A
n
n
.R

ev
.N

u
cl
.P
a
rt
.

(2
0
1
2
)
6
2
.

[6
]
F
.

J
eg
er
le
h
n
er

a
n
d

R
.

S
za
fr
o
n
,

E
u
r.

P
h
y
s.

J
.

C
7
1

(2
0
1
1
)

1
6
3
2

[a
rX

iv
:1
1
0
1
.2
8
7
2
[h
ep

-p
h
]]
.

1
3

3

[7
]
M
.
B
en
ay
o
u
n
,
P
.
D
av

id
,
L
.
D
el
B
u
o
n
o
a
n
d
F
.
J
eg
er
le
h
n
er
,
E
u
r.
P
h
y
s.
J
.
C

7
2
(2
0
1
2
)
1
8
4
8
[a
rX

iv
:1
1
0
6
.1
3
1
5
[h
ep

-p
h
]]
.

[8
]
J
.
P
ra
d
es
,
E
.
d
e
R
a
fa
el

a
n
d
A
.
V
a
in
sh
te
in
,
a
rX

iv
:0
9
0
1
.0
3
0
6
[h
ep

-p
h
].

[9
]
A
.
C
za
rn
ec
k
i
a
n
d
W

.
J
.
M
a
rc
ia
n
o
,
P
h
y
s.
R
ev
.
D

6
4
(2
0
0
1
)
0
1
3
0
1
4
.

[1
0
]
M
.
B
la
n
k
e,

A
.
J
.
B
u
ra
s,

B
.
D
u
li
n
g
,
A
.
P
o
sc
h
en
ri
ed
er

a
n
d
C
.
T
a
ra
n
ti
n
o
,

J
H
E
P

0
7
0
5
(2
0
0
7
)
0
1
3
[a
rX

iv
:h
ep

-p
h
/
0
7
0
2
1
3
6
].

[1
1
]
T
.
A
p
p
el
q
u
is
t
a
n
d

B
.
A
.
D
o
b
re
sc
u
,
“
U
n
iv
er
sa
l
ex
tr
a

d
im

en
si
o
n
s
a
n
d

th
e
m
u
o
n
m
a
g
n
et
ic

m
o
m
en
t,
”
P
h
y
s.

L
et
t.

B
5
1
6
(2
0
0
1
)
8
5
[a
rX

iv
:h
ep

-
p
h
/
0
1
0
6
1
4
0
].

[1
2
]
E
.
M
a
,
D
.
P
.
R
oy

a
n
d

S
.
R
oy
,
P
h
y
s.

L
et
t.

B
5
2
5

(2
0
0
2
)
1
0
1

[h
ep

-
p
h
/
0
1
1
0
1
4
6
].

J
.
H
ee
ck

a
n
d

W
.
R
o
d
ej
o
h
a
n
n
,
P
h
y
s.

R
ev
.
D

8
4

(2
0
1
1
)

0
7
5
0
0
7
[a
rX

iv
:1
1
0
7
.5
2
3
8
[h
ep

-p
h
]]
.

[1
3
]
D
.
S
tö
ck
in
g
er
,
J
.
P
h
y
s.
G

G
3
4
(2
0
0
7
)
R
4
5
.

[1
4
]
F
.
B
o
rz
u
m
a
ti
,
G
.
R
.
F
a
rr
a
r,
N
.
P
o
lo
n
sk
y
a
n
d
S
.
D
.
T
h
o
m
a
s,
N
u
cl
.
P
h
y
s.

B
5
5
5
(1
9
9
9
)
5
3
[h
ep

-p
h
/
9
9
0
2
4
4
3
].

[1
5
]
A
.
C
ri
v
el
li
n
,
J
.
G
ir
rb
a
ch

a
n
d
U
.
N
ie
rs
te
,
P
h
y
s.

R
ev
.
D

8
3
(2
0
1
1
)
0
5
5
0
0
9

[a
rX

iv
:1
0
1
0
.4
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-p
h
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.

[1
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T
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M
o
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i,
P
h
y
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R
ev
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5
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a
tu
m
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b
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5
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[1
7
]
S
.
H
ei
n
em

ey
er
,
D
.
S
tö
ck
in
g
er

a
n
d
G
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W
ei
g
le
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,
N
u
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.
P
h
y
s.
B

6
9
0
(2
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0
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6
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[1
8
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S
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H
ei
n
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ey
er
,
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.
S
tö
ck
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g
er

a
n
d
G
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W
ei
g
le
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N
u
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.
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h
y
s.
B

6
9
9
(2
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0
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1
0
3
.

[1
9
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G
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D
eg
ra
ss
i
a
n
d
G
.
F
.
G
iu
d
ic
e,

P
h
y
s.
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ev
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D

5
8
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9
8
)
0
5
3
0
0
7
,
P
.
v
o
n

W
ei
te
rs
h
a
u
se
n
,
M
.
S
ch
a
fe
r,

H
.
S
to
ck
in
g
er
-K

im
a
n
d
D
.
S
to
ck
in
g
er
,
P
h
y
s.

R
ev
.
D

8
1
(2
0
1
0
)
0
9
3
0
0
4
[a
rX

iv
:1
0
0
3
.5
8
2
0
[h
ep

-p
h
]]
.

[2
0
]
S
.
M
a
rc
h
et
ti
,
S
.
M
er
te
n
s,
U
.
N
ie
rs
te

a
n
d
D
.
S
tö
ck
in
g
er
,
P
h
y
s.
R
ev
.
D

7
9
,

0
1
3
0
1
0
(2
0
0
9
).

[2
1
]
B
.
C
.
A
ll
a
n
a
ch

et
a
l.
,
in

P
ro
c.

o
f
th
e
A
P
S
/
D
P
F
/
D
P
B

S
u
m
m
er

S
tu
d
y
o
n

th
e
F
u
tu
re

o
f
P
a
rt
ic
le

P
h
ys
ic
s
(S
n
o
w
m
a
ss

2
0
0
1
)

ed
.
N
.
G
ra
f,
E
u
r.
P
h
y
s.

J
.
C

2
5
(2
0
0
2
)
1
1
3
.

[2
2
]
C
.
A
d
a
m
,
J
.
-L
.
K
n
eu
r,

R
.
L
a
fa
y
e,

T
.
P
le
h
n
,
M
.
R
a
u
ch

a
n
d
D
.
Z
er
w
a
s,

E
u
r.
P
h
y
s.
J
.
C

7
1
(2
0
1
1
)
1
5
2
0
[a
rX

iv
:1
0
0
7
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1
9
0
[h
ep

-p
h
]]
.

[2
3
]
N
.
A
rk
a
n
i-
H
a
m
ed

,
G
.
L
.
K
a
n
e,

J
.
T
h
a
le
r
a
n
d
L
.
T
.
W
a
n
g
,
J
H
E
P

0
6
0
8
,

0
7
0
(2
0
0
6
)
[a
rX

iv
:h
ep

-p
h
/
0
5
1
2
1
9
0
].
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[2
4
]
M
.
A
le
x
a
n
d
er
,
S
.
K
re
is
s,
R
.
L
a
fa
y
e,

T
.
P
le
h
n
,
M
.
R
a
u
ch
,
a
n
d
D
.
Z
er
w
a
s,

C
h
a
p
te
r
9
in

M
.
M
.
N
o
ji
ri
et

a
l.
,
a
rX

iv
:0
8
0
2
.3
6
7
2
[h
ep

-p
h
].

[2
5
]
R
.
B
en
b
ri
k
,
M
.
G
.
B
o
ck
,
S
.
H
ei
n
em

ey
er
,
O
.S

ta
l,
G
.
W
ei
g
le
in

a
n
d
L
.
Z
eu
n
e,

a
rX

iv
:1
2
0
7
.1
0
9
6
[h
ep

-p
h
].

[2
6
]
P
.
B
ec
h
tl
e,

T
.
B
ri
n
g
m
a
n
n
,
K
.
D
es
ch
,
H
.
D
re
in
er
,
M
.
H
a
m
er
,
C
.
H
en
se
l,

M
.
K
ra
m
er

a
n
d
N
.
N
g
u
y
en

et
a
l.
,
J
H
E
P
1
2
0
6
(2
0
1
2
)
0
9
8
[a
rX

iv
:1
2
0
4
.4
1
9
9

[h
ep
-p
h
]]
.

[2
7
]
M
.
E
n
d
o
,
K
.
H
a
m
a
g
u
ch
i,

S
.
Iw

a
m
o
to
,
K
.
N
a
ka
y
a
m
a
a
n
d

N
.
Y
o
k
o
za
k
i,

P
h
y
s.
R
ev
.
D

8
5
(2
0
1
2
)
0
9
5
0
0
6
[a
rX

iv
:1
1
1
2
.6
4
1
2
[h
ep

-p
h
]]
.

[2
8
]
H
.
B
a
er
,
V
.
B
a
rg
er
,
P
.
H
u
a
n
g

a
n
d

X
.
T
a
ta
,
J
H
E
P

1
2
0
5

(2
0
1
2
)
1
0
9

[a
rX

iv
:1
2
0
3
.5
5
3
9
[h
ep

-p
h
]]
.

[2
9
]
B
.
A
.
D
o
b
re
sc
u

a
n
d

P
.
J
.
F
ox

,
E
u
r.

P
h
y
s.

J
.
C

7
0

(2
0
1
0
)

2
6
3

[a
rX

iv
:1
0
0
1
.3
1
4
7
[h
ep

-p
h
]]
.

[3
0
]
W

.
A
lt
m
a
n
n
sh
o
fe
r

a
n
d

D
.

M
.

S
tr
a
u
b
,

J
H
E
P

1
0
0
9

(2
0
1
0
)

0
7
8

[a
rX

iv
:1
0
0
4
.1
9
9
3
[h
ep

-p
h
]]
.

[3
1
]
M
.
P
o
sp
el
ov

,
P
h
y
s.
R
ev
.
D

8
0
(2
0
0
9
)
0
9
5
0
0
2
[a
rX

iv
:0
8
1
1
.1
0
3
0
[h
ep

-p
h
]]
.

1
3

5

P
hy
si
cs

A
p
p
lic
at
io
n
s
of

P
ol
ar
iz
ed

P
os
it
ro
n
s

S
.
R
ie
m
an

n
D
E
S
Y

Z
eu

th
en

,
P
la
ta
n
en

a
ll
ee

6,
D
-1
5
7
3
8
Z
eu

th
en

,
G
er
m
a
n
y

A
b
st
ra

c
t

W
it
h
th
e
L
H
C

a
n
ew

er
a
of

m
ea
su
re
m
en
ts

a
t
th
e
en

er
g
y
fr
o
n
ti
er

h
a
s
st
a
rt
ed

,
a
n
d
ex
ci
ti
n
g
n
ew

d
is
co
v
er
ie
s
a
re

ex
p
ec
te
d
.
H
ow

ev
er
,
a
ls
o

m
ea
su
re
m
en
ts

a
t
th
e
p
re
ci
si
o
n
fr
o
n
ti
er

w
il
l
b
e
n
ec
es
sa
ry

to
fu
ll
y
u
n
-

d
er
st
a
n
d
th
e
u
n
d
er
ly
in
g
p
h
y
si
cs

m
o
d
el
.
T
h
e
p
ro
g
ra
m
m
e
fo
r
th
e
e+

e−

co
ll
id
er

p
ro
je
ct
s
IL
C

a
n
d
C
L
IC

is
fo
cu

se
d
o
n
p
re
ci
si
o
n
te
st
s
of

th
e

S
ta
n
d
a
rd

M
o
d
el

a
n
d
n
ew

p
h
y
si
cs

b
ey
o
n
d
it

a
t
th
e
T
eV

sc
a
le
.
P
o
la
r-

iz
ed

p
o
si
tr
o
n
b
ea
m
s
p
la
y
a
cr
u
ci
a
l
ro
le

in
th
es
e
a
n
a
ly
se
s.

H
er
e,

th
e

a
d
va
n
ta
g
es

a
s
w
el
l
a
s
th
e
re
q
u
ir
em

en
ts

u
si
n
g
a
ls
o
p
ol
a
ri
ze
d
p
o
si
tr
o
n

b
ea
m
s
fo
r
m
ea
su
re
m
en
ts

a
t
e+

e−
co
ll
id
er
s
a
re

d
is
cu

ss
ed

.

1
In

tr
o
d
u
ct
io
n

S
o
fa
r,
th
e
p
ar
ti
cl
e
p
h
y
si
cs

ex
p
er
im

en
ts

h
av
e
co
n
fi
rm

ed
th
e
S
ta
n
d
ar
d
M
o
d
el

(S
M
)
w
it
h
ex
ce
ll
en
t
p
re
ci
si
on

.
N
ei
th
er

si
gn

ifi
ca
n
t
d
ev
ia
ti
on

s
fr
om

th
e
S
M

p
re
d
ic
ti
on

s
n
or

n
ew

p
h
y
si
cs

p
h
en
om

en
a
h
av
e
b
ee
n
ob

ta
in
ed
.
B
as
ed

on
th
e

gl
ob

al
an

al
y
si
s
of

th
e
m
ea
su
re
m
en
ts

it
is
ex
p
ec
te
d
th
at

th
e
S
M

H
ig
gs

b
os
on

h
as

a
m
as
s
of

O(
10
0)

G
eV

.
T
h
e
fu
n
d
am

en
ta
l
q
u
es
ti
on

w
h
et
h
er

th
e
H
ig
gs

b
os
on

ex
is
ts

w
il
l
b
e
an

sw
er
ed

so
on

b
y
th
e
m
ea
su
re
m
en
ts

at
th
e
L
H
C
,
an

d
th
e
ex
p
er
im

en
ts

ar
e
w
el
l
p
re
p
ar
ed

to
d
is
co
ve
r
an

d
p
ro
b
e
n
ew

p
h
y
si
cs

b
ey
on

d
th
e
S
M
.B

u
t
th
e
fu
ll
u
n
d
er
st
an

d
in
g
of

p
h
en
om

en
a
ob

ta
in
ed

at
th
e
L
H
C
is
on

ly
p
os
si
b
le

if
co
m
p
le
m
en
ta
ry

m
ea
su
re
m
en
ts

fr
om

le
p
to
n
co
ll
id
er
s
ar
e
av
ai
la
b
le
.

T
h
e
p
re
ci
se

k
n
ow

le
d
ge

of
ty
p
e,
en
er
gy

an
d
h
el
ic
it
y
of

th
e
in
te
ra
ct
in
g
p
ar
ti
cl
es

al
lo
w
s
to

te
st

th
eo
re
ti
ca
l
m
o
d
el
s
at

th
e
le
ve
l
of

q
u
an

tu
m

co
rr
ec
ti
on

s
u
p
to

h
ig
h
er

or
d
er
s.

T
h
e
m
ic
ro
sc
op

ic
w
or
ld

of
el
ec
tr
ow

ea
k
in
te
ra
ct
io
n
s
is
n
ot

le
ft
-

ri
gh

t
sy
m
m
et
ri
c
an

d
so

ar
e
n
ew

p
h
en
om

en
a
su
gg
es
te
d
b
y
va
ri
ou

s
ex
te
n
si
on

s
of

th
e
S
M
.
T
h
e
ch
ir
al

st
ru
ct
u
re

of
in
te
ra
ct
io
n
s
ca
n
b
e
an

al
y
ze
d
b
es
t
u
si
n
g

h
ig
h
-e
n
er
gy

le
p
to
n
co
ll
id
er
s
w
it
h
p
ol
ar
iz
ed

b
ea
m
s.

H
ow

ev
er
,
th
e
p
ro
d
u
ct
io
n

of
an

in
te
n
se
,
h
ig
h
ly

p
ol
ar
iz
ed

el
ec
tr
on

b
ea
m

w
it
h
h
ig
h
en
er
gy

is
si
m
p
le

in
co
m
p
ar
is
on

to
th
e
ge
n
er
at
io
n
of

th
e
co
rr
es
p
on

d
in
g
p
ol
ar
iz
ed

p
os
it
ro
n
b
ea
m
.
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B
u
t
th
e
fl
ex
ib
il
it
y
an

d
th
e
su
b
st
an

ti
al

ad
va
n
ta
ge
s
ju
st
if
y
th
e
eff

or
t
n
ec
es
sa
ry

to
cr
ea
te

th
e
p
ol
ar
iz
ed

p
os
it
ro
n
b
ea
m
.

In
th
is
p
ap

er
im

p
or
ta
n
t
fe
at
u
re
s
of

m
ea
su
re
m
en
ts

at
e+

e−
co
ll
id
er
s
w
it
h

p
ol
ar
iz
ed

b
ea
m
s
ar
e
d
is
cu
ss
ed
.
S
ec
ti
on

2
p
re
se
n
ts

fe
w

se
le
ct
ed

ex
am

p
le
s
fo
r

p
re
ci
si
on

p
h
y
si
cs

w
it
h
p
ol
ar
iz
ed

b
ea
m
s.

In
su
b
se
ct
io
n
s
2.
1–
2.
3
th
e
b
as
ic
s

of
m
ea
su
re
m
en
ts

w
it
h
p
ol
ar
iz
ed

b
ea
m
s
ar
e
in
tr
o
d
u
ce
d
.

T
h
e
ex
p
er
im

en
ta
l

re
q
u
ir
em

en
ts

to
u
ti
li
ze

p
ol
ar
iz
ed

p
os
it
ro
n
b
ea
m
s
ar
e
d
es
cr
ib
ed

in
se
ct
io
n
3.

S
ec
ti
on

4
su
m
m
ar
iz
es
.

2
P
h
y
si
c
s
w
it
h

P
o
la
ri
z
e
d

P
o
si
tr
o
n
s

T
h
e
er
a
of

p
re
ci
si
on

el
ec
tr
ow

ea
k
m
ea
su
re
m
en
ts

[2
]
at

h
ig
h
en
er
gi
es

w
as

b
as
ed

on
ex
p
er
im

en
ts

at
th
e
L
ar
ge

E
le
ct
ro
n
P
os
it
ro
n
C
ol
li
d
er

(L
E
P
)
at

C
E
R
N

an
d

at
th
e
S
L
A
C
L
in
ea
r
C
ol
li
d
er

(S
L
C
).
T
h
e
S
ta
n
d
ar
d
M
o
d
el
h
as

b
ee
n
co
n
fi
rm

ed
w
it
h
ex
tr
em

el
y
h
ig
h
p
re
ci
si
on

,
u
p
to

lo
op

co
rr
ec
ti
on

s.
It
s
p
ar
am

et
er
s
h
av
e

b
ee
n
d
et
er
m
in
ed

an
d
th
e
m
as
s
of

th
e
S
M

H
ig
gs

b
os
on

h
as

b
ee
n
p
re
d
ic
te
d
.

O
n
e
of

th
e
im

p
or
ta
n
t
S
M

p
ar
am

et
er
s
th
at

d
es
cr
ib
e
th
e
el
ec
tr
ow

ea
k
sy
m
m
e-

tr
y
b
re
ak

in
g
is

th
e
w
ea
k
m
ix
in
g
an

gl
e,

si
n
2
θ W

.
T
h
e
m
ea
su
re
m
en
t
of

th
is

ob
se
rv
ab

le
w
as

p
er
fo
rm

ed
b
y
th
e
fo
u
r
L
E
P

co
ll
ab

or
at
io
n
s,

A
L
E
P
H
,
D
E
L
-

P
H
I,

L
3
an

d
O
P
A
L
,
an

d
b
y
th
e
S
L
D

co
ll
ab

or
at
io
n
;
th
e
re
su
lt
s
an

d
d
et
ai
ls

ca
n
b
e
fo
u
n
d
in

re
fe
re
n
ce

[2
].

It
w
as

im
p
re
ss
iv
e
to

se
e
th
at

th
e
S
L
D

co
ll
ab

o-
ra
ti
on

ac
h
ie
ve
d
a
sl
ig
h
tl
y
m
or
e
p
re
ci
se

m
ea
su
re
m
en
t
of

th
is
p
ar
am

et
er

th
an

th
e
fo
u
r
L
E
P

co
ll
ab

or
at
io
n
s
co
m
b
in
ed

al
th
ou

gh
th
e
la
tt
er

ob
ta
in
ed

a
m
or
e

th
an

30
ti
m
es

h
ig
h
er

n
u
m
b
er

of
Z
b
os
on

s
cr
ea
te
d
in

e+
e−

co
ll
is
io
n
s.

T
h
e
cr
u
-

ci
al

p
oi
n
t
w
as

th
e
p
ol
ar
iz
ed

el
ec
tr
on

b
ea
m

w
h
ic
h
in
cr
ea
se
d
th
e
se
n
si
ti
v
it
y
to

th
e
le
ft
-r
ig
h
t
as
y
m
m
et
ry

of
th
e
Z
b
os
on

co
u
p
li
n
g
to

fe
rm

io
n
s.

If
S
L
D

w
ou

ld
h
av
e
u
se
d
al
so

p
ol
ar
iz
ed

p
os
it
ro
n
s
a
fu
rt
h
er

re
d
u
ct
io
n
of

th
e
u
n
ce
rt
ai
n
ty

b
y

a
fa
ct
or

of
ab

ou
t
tw

o
w
ou

ld
h
av
e
b
ee
n
p
os
si
b
le
.

T
h
is
si
m
p
le
G
ed
an

ke
n
ex
p
er
im

en
t
d
em

on
st
ra
te
s
th
e
p
ot
en
ti
al

of
p
ol
ar
iz
ed

b
ea
m
s
in

h
ig
h
en
er
gy

p
ar
ti
cl
e
p
h
y
si
cs

ex
p
er
im

en
ts
.
T
h
e
p
re
ci
se

te
st

of
th
e

S
M

at
h
ig
h
en
er
gi
es

as
w
el
l
as

th
e
u
n
d
er
st
an

d
in
g
of

n
ew

p
h
en
om

en
a
b
en
efi
t

su
b
st
an

ti
al
ly

if
el
ec
tr
on

an
d
p
os
it
ro
n
b
ea
m
s
ar
e
p
ol
ar
iz
ed
.
A

co
m
p
re
h
en
si
ve

ov
er
v
ie
w

of
p
h
y
si
cs

w
it
h
b
ot
h
b
ea
m
s
–
el
ec
tr
on

s
an

d
p
os
it
ro
n
s
–
p
ol
ar
iz
ed

is
gi
ve
n
in

re
fe
re
n
ce

[1
].

H
er
e,

so
m
e
of

th
e
b
as
ic
s
ar
e
em

p
h
as
iz
ed
.

F
ir
st
,
fe
w

re
m
ar
k
s
ab

ou
t
th
e
re
q
u
ir
em

en
ts

fo
r
m
ea
su
re
m
en
ts

at
th
e
p
re
-

ci
si
on

fr
on

ti
er
.
F
u
tu
re

le
p
to
n
co
ll
id
er
s
h
av
e
to

co
m
p
le
m
en
t
an

d
to

at
te
n
d

th
e
p
h
y
si
cs

go
al
s
ac
h
ie
ve
d
w
it
h
th
e
L
H
C
.
T
h
is

im
p
li
es

p
h
y
si
cs

at
ce
n
te
r-
of
-

m
as
s
en
er
gi
es

b
et
w
ee
n
20
0
G
eV

an
d
1
(3
)
T
eV

.
T
w
o
p
ro
je
ct
s
ar
e
u
n
d
er

d
e-

ve
lo
p
m
en
t:

th
e
In
te
rn
at
io
n
al

L
in
ea
r
C
ol
li
d
er

(I
L
C
)
[3
]
w
it
h
en
er
gi
es

b
et
w
ee
n

20
0
G
eV

an
d
1
T
eV

an
d
th
e
p
os
si
b
il
it
y
to

ru
n
al
so

at
th
e
Z
b
os
on

re
so
n
an

ce
,

1
3

7

√ s
=

91
.2
G
eV

,
an

d
th
e
C
om

p
ac
t
L
in
ea
r
C
ol
li
d
er

(C
L
IC

)
[4
]
fo
re
se
en

fo
r

en
er
gi
es

u
p
to

3
T
eV

.
T
o
in
te
rp
re
te

th
e
re
su
lt
s
an

d
to

ex
am

in
e
th
e
S
M

an
d

p
os
si
b
le

ex
te
n
si
on

s,
th
e
p
re
ci
si
on

of
m
ea
su
re
m
en
ts

m
u
st

b
e
b
et
te
r
th
an

th
e

si
ze

of
h
ig
h
er

or
d
er

co
rr
ec
ti
on

s
to

th
e
ob

se
rv
ab

le
s.

W
it
h
ot
h
er

w
or
d
s:

O
n
ly

h
ig
h
in
te
n
si
ti
es

(c
om

b
in
ed

w
it
h
a
h
ig
h
ly

so
p
h
is
ti
ca
te
d
d
et
ec
to
r)

al
lo
w

to
d
e-

te
ct

th
e
h
u
ge

n
u
m
b
er

of
ev
en
ts

fo
r
al
l
in
te
re
st
in
g
p
ro
ce
ss
es

w
h
ic
h
is
n
ec
es
sa
ry

to
p
er
fo
rm

m
ea
su
re
m
en
ts

w
it
h
u
n
ce
rt
ai
n
ti
es

at
an

d
b
el
ow

th
e
p
er
ce
n
t-
le
ve
l.

H
ow

ev
er
,
it

is
n
ot

at
al
l
ea
sy

to
p
ro
d
u
ce

a
b
ea
m

w
it
h
th
e
re
q
u
ir
ed

h
ig
h
lu
-

m
in
os
it
y.

S
in
ce

th
e
cr
os
s
se
ct
io
n
s
in

le
p
to
n
co
ll
id
er
s
fa
ll
as

σ
∼

1/
E

2
,
th
e

in
cr
ea
se

of
en
er
gy

b
y
a
fa
ct
or

f
h
as

to
b
e
co
m
p
en
sa
te
d
b
y
a
fa
ct
or

f
2
fo
r

th
e
lu
m
in
os
it
y
to

ke
ep

th
e
n
u
m
b
er

of
ev
en
ts

al
m
os
t
co
n
st
an

t.
F
u
rt
h
er
,
th
e

st
ab

il
it
y
of

en
er
gy

an
d
lu
m
in
os
it
y
m
u
st

b
e
ve
ry

h
ig
h
–
b
el
ow

0.
1%

fo
r
th
e

IL
C

–
an

d
th
e
p
re
ci
se

m
ea
su
re
m
en
ts

of
en
er
gy

an
d
lu
m
in
os
it
y
m
u
st

b
e
p
os
-

si
b
le
.
S
im

il
ar

re
q
u
ir
em

en
ts

ex
is
t
fo
r
th
e
b
ea
m

p
ol
ar
iz
at
io
n
.
A
s
sh
ow

n
in

th
e

S
L
D

ex
p
er
im

en
t
at

S
L
C
,
el
ec
tr
on

b
ea
m

p
ol
ar
iz
at
io
n
of

80
%

is
p
os
si
b
le

an
d

m
ea
su
ra
b
le

w
it
h
a
p
re
ci
si
on

of
0.
5%

[2
].

F
u
rt
h
er

im
p
ro
ve
m
en
ts

ar
e
p
os
si
b
le

at
th
e
IL
C

[5
].

In
th
e
fo
ll
ow

in
g
fe
at
u
re
s
of

p
re
ci
si
on

m
ea
su
re
m
en
ts

u
si
n
g

p
ol
ar
iz
ed

b
ea
m
s
ar
e
d
is
cu
ss
ed
.

2
.1

F
e
rm

io
n
-P

a
ir

P
ro

d
u
ct
io
n
in

th
e
s-
C
h
a
n
n
e
l

S
om

e
im

p
or
ta
n
t
ad

va
n
ta
ge
s
of

p
h
y
si
cs

w
it
h
co
ll
id
in
g
p
ol
ar
iz
ed

b
ea
m
s
ca
n

b
e
ex
p
la
in
ed

b
es
t
fo
r
th
e
fe
rm

io
n
-p
ai
r
p
ro
d
u
ct
io
n
p
ro
ce
ss
.

P
h
ot
on

an
d
Z

b
os
on

ar
e
sp
in
-1

p
ar
ti
cl
es
,
an

d
in

th
e
S
M

th
ey

ar
e
ex
ch
an

ge
d
in

th
is
p
ro
ce
ss
,

e+
e−

→
Z
,γ

→
ff
.
T
h
e
F
ey
n
m
an

d
ia
gr
am

in
lo
w
es
t
or
d
er

is
sh
ow

n
in

fi
gu

re
1.

F
or

lo
n
gi
tu
d
in
al
ly

p
ol
ar
iz
ed

b
ea
m
s,
th
e
cr
os
s
se
ct
io
n
ca
n
b
e
w
ri
tt
en

as

e+ e−

γ,
 Ζ

 

f− f

F
ig
u
re

1:
T
h
e
F
ey
n
m
an

d
ia
gr
am

in
lo
w
es
t
or
d
er

fo
r
th
e
fe
rm

io
n
-p
ai
r
p
ro
d
u
c-

ti
on

;
in

th
e
S
M
,
p
h
ot
on

an
d
Z
b
os
on

ar
e
ex
ch
an

ge
d
(J
=
1)
.

σ
P e

−
P e

+
=

1 4
[(
1
−

P e
−
)
(1

+
P e

+
)
σ
L
R
+
(1

+
P e

−
)
(1

−
P e

+
)
σ
R
L

+
(1

−
P e

−
)
(1

−
P e

+
)
σ
L
L
+
(1

+
P e

−
)
(1

+
P e

+
)
σ
R
R
]
,
(1
)

1
3

8



w
it
h
th
e
el
ec
tr
on

b
ea
m

p
ol
ar
iz
at
io
n
P e

−
an

d
th
e
p
os
it
ro
n
b
ea
m

p
ol
ar
iz
at
io
n

P e
+
.
σ
L
R
d
en
ot
es

th
e
cr
os
s
se
ct
io
n
if
th
e
el
ec
tr
on

b
ea
m

is
10
0%

le
ft
-h
an

d
ed

p
ol
ar
iz
ed

(P
e−

=
−1

),
an

d
th
e
p
os
it
ro
n
b
ea
m

10
0%

ri
gh

t-
h
an

d
ed

p
ol
ar
iz
ed

(P
e+

=
+
1)
.
T
h
e
ot
h
er

cr
os
s
se
ct
io
n
s,

σ
R
L
,
σ
L
L
an

d
σ
R
R
,
ar
e
d
efi
n
ed

co
rr
e-

sp
on

d
in
gl
y.

S
in
ce

th
e
ex
ch
an

ge
of

th
e
sp
in
-1

p
ar
ti
cl
es
,
p
h
ot
on

an
d
Z
b
os
on

,
in

th
e
fe
rm

io
n
-p
ai
r
p
ro
d
u
ct
io
n
is

on
ly

p
os
si
b
le

fo
r
J
=

1,
th
e
cr
os
s
se
ct
io
n
s

σ
R
R
an

d
σ
L
L
ar
e
ze
ro

in
th
e
S
M

1
.
F
ig
u
re

2
sh
ow

s
th
e
p
os
si
b
le

co
m
b
in
at
io
n
s

of
el
ec
tr
on

s
an

d
p
os
it
ro
n
s
w
it
h
h
el
ic
it
ie
s
±1

.
It

is
n
ot

ex
cl
u
d
ed

th
at

fu
r-

th
er

–
ye
t
u
n
k
n
ow

n
–
p
ar
ti
cl
es

co
n
tr
ib
u
te

ei
th
er

to
p
ro
ce
ss
es

w
it
h
J
=

1
or

J
=

0.
If

th
es
e
p
ar
ti
cl
es

ar
e
n
ot

to
o
h
ea
v
y
th
ey

ca
n
b
e
st
u
d
ie
d
b
y
p
re
ci
se

m
ea
su
re
m
en
ts

of
th
e
p
ro
ce
ss

e+
e−

→
ff
.

e-
e+

h e
-

h e
+

cr
os

s 
se

ct
io

n

-1
   

 +
1

�
LR

+1
   

  -
1

�
R

L

+1
   

 +
1

�
R

R

-1
   

  -
1

�
LL

J=
1

J=
1

J=
0

J=
0

F
ig
u
re

2:
H
el
ic
it
y
co
m
b
in
at
io
n
s
in

co
ll
is
io
n
s
of

el
ec
tr
on

s
an

d
p
os
it
ro
n
s
an

d
th
e
co
rr
es
p
on

d
in
g
co
n
tr
ib
u
ti
on

s
to

th
e
cr
os
s
se
ct
io
n
.

T
h
e
cr
os
s
se
ct
io
n
(1
)
ca
n
b
e
ex
p
re
ss
ed

w
it
h

σ
i,
j

=
1 4
σ
u
[1
−

P e
+
P e

−
+
A

L
R
(−

P e
+
+
P e

−
)]
,

(2
)

w
h
er
e
A

L
R
is
th
e
le
ft
-r
ig
h
t
as
y
m
m
et
ry

ca
u
se
d
b
y
th
e
d
iff
er
en
t
co
u
p
li
n
g
st
re
n
gt
h

of
Z
b
os
on

s
to

le
ft
-
an

ri
gh

t-
h
an

d
ed

fe
rm

io
n
s,

an
d
th
e
in
d
ic
es

i,
j
d
es
cr
ib
e

th
e
si
gn

of
th
e
p
ol
ar
iz
at
io
n
:
σ
−+

,
σ
+
−
,
σ
+
+
,
σ
−−

.
T
ak

in
g
in
to

ac
co
u
n
t

b
ea
m
s
w
it
h
re
al
is
ti
c
p
ol
ar
iz
at
io
n
,
|P

|<
1,

th
e
m
ea
su
re
d
cr
os
s
se
ct
io
n
s
fo
r

th
e
d
iff
er
en
t
h
el
ic
it
y
co
m
b
in
at
io
n
s
ar
e

σ
−+

=
1 4
σ
u
[1
+
|P

e+
P
e−
|+

A
L
R
(+

|P
e+
|+

|P
e−
|)]

(3
)

σ
+
−

=
1 4
σ
u
[1
+
|P

e+
P
e−
|+

A
L
R
(−

|P
e+
|−

|P
e−
|)]

σ
+
+

=
1 4
σ
u
[1
−

|P
e+
P
e−
|+

A
L
R
(−

|P
e+
|+

|P
e−
|)]

(4
)

σ
−−

=
1 4
σ
u
[1
−

|P
e+
P
e−
|+

A
L
R
(+

|P
e+
|−

|P
e−
|)]

1
T
h
e
cr
o
ss

se
ct
io
n
fo
r
th
e
ex
ch
a
n
g
e
o
f
H
ig
g
s
b
o
so
n
s
(J

=
0)

y
ie
ld
s
o
n
ly

ti
n
y
co
n
tr
ib
u
-

ti
o
n
s
a
n
d
is

n
eg
le
ct
ed
.

1
3

9

w
h
er
e
σ
u
d
en
ot
es

th
e
cr
os
s
se
ct
io
n
w
it
h
u
n
p
ol
ar
iz
ed

b
ea
m
s.

T
h
e
cr
os
s
se
c-

ti
on

s
σ
+
+

an
d
σ
−−

(J
=

0)
ar
e
ze
ro

fo
r
P e

−
=

P e
+
=

±1
,
in

co
n
tr
as
t
to

σ
+
−

=
0
an

d
σ
−+

=
0
fo
r
P e

−
=

−P
e+

=
±1

(J
=

1)
.
It

is
ea
sy

to
se
e

th
at

in
ca
se

of
u
n
p
ol
ar
iz
ed

el
ec
tr
on

an
d
p
os
it
ro
n
b
ea
m
s
h
al
f
of

th
e
co
ll
is
io
n
s

is
sp
en
t
fo
r
h
el
ic
it
y
co
m
b
in
at
io
n
s
th
at

y
ie
ld

σ
=

0.
F
ig
u
re

2
il
lu
st
ra
te
s
th
e

co
m
b
in
at
io
n
s
an

d
re
su
lt
in
g
cr
os
s
se
ct
io
n
co
n
tr
ib
u
ti
on

s.
If

th
e
el
ec
tr
on

b
ea
m

is
10
0%

lo
n
gi
tu
d
in
al
ly

p
ol
ar
iz
ed
,
b
u
t
th
e
p
os
it
ro
n

b
ea
m

is
u
n
p
ol
ar
iz
ed
,
on

e
h
al
f
of

th
e
m
ea
su
re
m
en
ts

is
p
er
fo
rm

ed
w
it
h
th
e

or
ie
n
ta
ti
on

P e
−
=

+
1,

th
e
ot
h
er

h
al
f
w
it
h
P e

−
=

−1
.
A
ls
o
in

th
is
ca
se

in
it
ia
l

st
at
e
h
el
ic
it
y
co
m
b
in
at
io
n
s
o
cc
u
r
th
at

d
o
n
ot

co
n
tr
ib
u
te

to
th
e
cr
os
s
se
ct
io
n
.

H
en
ce
,
on

ly
h
al
f
of

th
e
p
os
si
b
le

h
el
ic
it
y
co
m
b
in
at
io
n
s
y
ie
ld
s
σ
=

0.
H
ow

ev
er
,
if
b
ot
h
b
ea
m
s
ar
e
10
0%

p
ol
ar
iz
ed

an
d
P e

−
=

−P
e+
,
al
l
p
os
si
-

b
le

co
m
b
in
at
io
n
s
of

in
it
ia
l
st
at
e
h
el
ic
it
y
am

p
li
tu
d
es

co
n
tr
ib
u
te

to
th
e
cr
os
s

se
ct
io
n
m
ea
su
re
m
en
t
an

d
th
e
lu
m
in
os
it
y
is

en
h
an

ce
d
co
m
p
ar
ed

to
th
e
ca
se

of
u
n
p
ol
ar
iz
ed

b
ea
m
s.

F
ig
u
re

3
d
em

on
st
ra
te
s
th
es
e
op

ti
on

s.

e-
e+

h e
-

h e
+

cr
os

s 
se

ct
io

n

-1
   

 +
1

�
LR

-1
   

  -
1

�
LL

+1
   

   
-1

�
R

L
+1

   
  +

1
�

R
R

-1
   

 +
1

�
LR

+1
   

 +
1

�
R

L

P
e-

P
e+

-1
   

   
0

+1
   

   
0

-1
   

 +
1

+1
   

  -
1

F
ig
u
re

3:
H
el
ic
it
y
co
m
b
in
at
io
n
s
in

co
ll
is
io
n
s
of

a
lo
n
gi
tu
d
in
al
ly

p
ol
ar
iz
ed

el
ec
-

tr
on

an
d
u
n
p
ol
ar
iz
ed

p
os
it
ro
n
b
ea
m

(u
p
p
er

p
ar
t)

an
d
in

co
ll
is
io
n
s
w
it
h
b
ot
h

b
ea
m
s
p
ol
ar
iz
ed
.
T
h
e
co
rr
es
p
on

d
in
g
h
el
ic
it
ie
s
of

th
e
in
it
ia
l
st
at
e
p
ar
ti
cl
es

as
w
el
l
as

th
e
co
n
tr
ib
u
ti
on

s
to

th
e
cr
os
s
se
ct
io
n
ar
e
sh
ow

n
.

2
.2

C
ro

ss
S
e
c
ti
o
n
s

It
is

an
im

p
or
ta
n
t
re
su
lt
,
th
at

th
e
eff

ec
ti
ve

lu
m
in
os
it
y
ca
n
b
e
su
b
st
an

ti
al
ly

en
h
an

ce
d
if
b
ot
h
b
ea
m
s
ar
e
p
ol
ar
iz
ed
.
T
h
e
u
n
p
ol
ar
iz
ed

cr
os
s
se
ct
io
n
,
σ
u
,
is

gi
ve
n
b
y
th
e
su
m

σ
u

=
1 4
(σ

+
−
+
σ
−+

+
σ
−−

+
σ
+
+
)
.

(5
)

1
4

0



U
si
n
g
u
n
p
ol
ar
iz
ed

b
ea
m
s,
σ
u
is
m
ea
su
re
d
ob

ta
in
in
g
th
e
n
u
m
b
er

N
u
of

ev
en
ts

fo
r
th
e
in
te
gr
at
ed

lu
m
in
os
it
y
L,

σ
u
=

N
u L
.

(6
)

If
th
e
el
ec
tr
on

b
ea
m

is
10
0%

p
ol
ar
iz
ed

b
u
t
th
e
p
os
it
ro
n
b
ea
m

u
n
p
ol
ar
iz
ed
,

an
d
th
e
lu
m
in
os
it
y
is

eq
u
al
ly

d
is
tr
ib
u
te
d
to

co
ll
is
io
n
s
w
it
h
P e

−
=

−1
an

d
P e

−
=

+
1,

on
e
fi
n
d
s σ
u
=

σ
+
0
+
σ
−0

2
=

N
+
0
+
N

−0
L/

2
=

N
u L
.

(7
)

If
al
so

th
e
p
os
it
ro
n
b
ea
m

is
p
ol
ar
iz
ed
,
th
e
u
n
p
ol
ar
iz
ed

cr
os
s
se
ct
io
n
is

σ
u
=

σ
−+

+
σ
+
−

2
=

N
+
−
+
N

−+
L/

2
=

N
u

(1
−

P e
+
P e

−
)
L
.

(8
)

T
h
e
lu
m
in
os
it
y
is
eff

ec
ti
ve
ly

en
h
an

ce
d
,

L e
ff
=

(1
−

P e
+
P e

−
)
L,

(9
)

re
su
lt
in
g
in

a
sm

al
le
r
st
at
is
ti
ca
l
er
ro
r
of

th
e
m
ea
su
re
m
en
t.

W
it
h
p
os
it
ro
n

b
ea
m

p
ol
ar
iz
at
io
n
of

|P
e+
|=

0.
4
(0
.6
),

th
e
eff

ec
ti
ve

lu
m
in
os
it
y
ca
n
b
e
in
-

cr
ea
se
d
b
y
ab

ou
t
30
%

(5
0%

)
h
av
in
g
an

el
ec
tr
on

b
ea
m

p
ol
ar
iz
at
io
n
of

|P
e−
|=

0.
8.

In
th
e
sa
m
e
w
ay
,
al
so

p
ro
ce
ss
es

b
ey
on

d
th
e
S
M
,
e.
g.

d
u
e
to

th
e
ex
ch
an

ge
of

sp
in
-0

p
ar
ti
cl
es
,
ca
n
b
e
en
h
an

ce
d
.
H
ow

ev
er
,
in

th
at

ca
se

al
so

ru
n
s
w
it
h

co
m
b
in
at
io
n
s
of

th
e
in
it
ia
l
st
at
e
h
el
ic
it
ie
s
ar
e
n
ec
es
sa
ry

th
at

ar
e
’i
n
effi

ci
en
t’

w
it
h
re
sp
ec
t
to

th
e
S
M

cr
os
s
se
ct
io
n
s.

B
u
t
th
e
fl
ex
ib
il
it
y
to

ch
os
e
th
e
d
es
ir
ed

in
it
ia
l
st
at
e
h
el
ic
it
ie
s
im

p
ro
ve
s
th
e
p
re
ci
si
on

of
S
M

m
ea
su
re
m
en
ts

as
w
el
l
as

th
e
se
n
si
ti
v
it
y
to

n
ew

p
h
en
om

en
a
b
ey
on

d
th
e
S
M
.

It
m
u
st

b
e
m
en
ti
on

ed
th
at

th
e
u
n
ce
rt
ai
n
ti
es

fo
r
th
e
le
ft
-h
an

d
ed

an
d
ri
gh

t-
h
an

d
ed

cr
os
s
se
ct
io
n
m
ea
su
re
m
en
ts
,
δσ

+
−
,
δσ

−+
,
in
cl
u
d
e
al
so

th
e
er
ro
r
of

th
e
p
ol
ar
iz
at
io
n
m
ea
su
re
m
en
t.

F
or

δP
e+
/P

e+
=

δP
e−
/P

e−
=

δP
/P

th
e
ad

-
d
it
io
n
al

er
ro
r
co
n
tr
ib
u
ti
on

d
u
e
to

th
e
b
ea
m

p
ol
ar
iz
at
io
n
m
ea
su
re
m
en
t
is

δσ
ij

σ
ij

=
δP P

√ 2P
2 e+
P2 e−

+
A

2 L
R

( P2 e+
+
P2 e−

) ,
(1
0)

w
h
ic
h
is

u
n
im

p
or
ta
n
t
fo
r
sm

al
l
re
la
ti
ve

p
ol
ar
iz
at
io
n
er
ro
rs

an
d
sm

al
l
A

L
R
.

H
ow

ev
er
,
fo
r
h
ig
h
lu
m
in
os
it
ie
s
la
rg
er

1
ab

−1
an

d
δP

/P
=

0.
25
%
,
th
is

co
n
-

tr
ib
u
ti
on

ca
n
ap

p
ro
ac
h
th
e
m
ag
n
it
u
d
e
of

th
e
st
at
is
ti
ca
l
er
ro
r
of

th
e
cr
os
s

se
ct
io
n
m
ea
su
re
m
en
t.

T
h
e
co
rr
es
p
on

d
in
g
co
n
tr
ib
u
ti
on

to
th
e
u
n
ce
rt
ai
n
ty

of
th
e
u
n
p
ol
ar
iz
ed

cr
os
s
se
ct
io
n
is

δσ
u

σ
u

=
P e

+
P e

−

1
−

P e
+
P e

−

√ ( δ
P e

+

P e
+

) 2 +

( δP
e−

P e
−

) 2 .
(1
1)

1
4

1

an
d
in
cr
ea
se
s
sl
ig
h
tl
y
th
e
u
n
ce
rt
ai
n
ty

of
th
e
m
ea
su
re
m
en
t.

T
h
e
k
n
ow

le
d
ge

of
th
e
co
n
tr
ib
u
ti
on

s
(1
0)

an
d
(1
1)

is
im

p
or
ta
n
t
fo
r
p
re
ci
si
on

m
ea
su
re
m
en
ts

w
it
h

h
ig
h

lu
m
in
os
it
ie
s
an

d
h
ig
h

b
ea
m

p
ol
ar
iz
at
io
n
s.

L
ar
ge

er
ro
rs

on
th
e

p
ol
ar
iz
at
io
n
m
ea
su
re
m
en
t
co
u
ld

li
m
it

th
e
p
re
ci
si
on

to
m
ea
su
re

u
n
p
ol
ar
iz
ed

q
u
an

ti
ti
es
,
or

th
e
ri
gh

t-
h
an

d
ed

an
d
le
ft
-h
an

d
ed

cr
os
s-
se
ct
io
n
s,
σ
L
R
an

d
σ
R
L
,

co
rr
es
p
on

d
in
gl
y.

2
.3

L
e
ft
-R

ig
h
t
A
sy

m
m
e
tr
y

T
h
e
le
ft
-r
ig
h
t
as
y
m
m
et
ry

A
L
R
is
an

im
p
or
ta
n
t
ob

se
rv
ab

le
to

m
ea
su
re

th
e
le
ft
-

an
d
ri
gh

t-
h
an

d
ed

co
u
p
li
n
g
of

b
os
on

s
to

fe
rm

io
n
s.

It
is
d
efi
n
ed

as

A
L
R
=

σ
L
R
−

σ
L
R

σ
L
R
+
σ
L
R

.
(1
2)

S
in
ce

in
re
al
is
ti
c
b
ea
m
s
|P

|<
1,

A
L
R
is
d
er
iv
ed

fr
om

m
ea
su
re
m
en
ts

b
y

A
L
R
=

σ
−+

−
σ
+
−

σ
−+

+
σ
+
−
=

A
m
ea

s
L
R

〈P
eff
〉

(1
3)

w
it
h
th
e
eff

ec
ti
ve

p
ol
ar
iz
at
io
n
,
P e

ff
:

P e
ff
=

−P
e−

+
P e

−

1
−

P e
−
P e

+

(1
4)

T
h
e
eff

ec
ti
ve

p
ol
ar
iz
at
io
n
is
la
rg
er

th
an

th
e
in
d
iv
id
u
al

e±
b
ea
m

p
ol
ar
iz
at
io
n
s;

80
%

p
ol
ar
iz
at
io
n
of

th
e
el
ec
tr
on

b
ea
m

ar
e
in
cr
ea
se
d
to

an
eff

ec
ti
ve

p
ol
ar
iz
a-

ti
on

of
al
m
os
t
95
%

u
si
n
g
a
60
%

p
ol
ar
iz
ed

p
os
it
ro
n
b
ea
m
.
B
ec
au

se
of

er
ro
r

p
ro
p
ag
at
io
n
th
e
u
n
ce
rt
ai
n
ty

of
th
e
eff

ec
ti
ve

p
ol
ar
iz
at
io
n
is
su
b
st
an

ti
al
ly

d
e-

cr
ea
se
d
.
A
ss
u
m
in
g
th
at

th
e
re
la
ti
ve

er
ro
r
fo
r
p
ol
ar
iz
at
io
n
m
ea
su
re
m
en
t
of

th
e
el
ec
tr
on

an
d
p
os
it
ro
n
b
ea
m

is
δP

e+
/P

e+
=

δP
e−
/P

e−
=

δP
/P

,
th
e
u
n
-

ce
rt
ai
n
ty

of
th
e
eff

ec
ti
ve

p
ol
ar
iz
at
io
n
y
ie
ld
s

δP
eff

P e
ff

=
δP P

√ ( 1
−

P2 e+

) 2 P2 e−
+
( 1

−
P2 e−

) 2 P2 e+

(P
e+

+
P e

−
)
(1

+
P e

+
P e

−
)

.
(1
5)

A
ss
u
m
in
g
80
%

(9
0%

)
el
ec
tr
on

p
ol
ar
iz
at
io
n
,
an

d
an

u
n
ce
rt
ai
n
ty

of
th
e
p
ol
ar
-

iz
at
io
n
m
ea
su
re
m
en
t
of

δP
/P

=
0.
25
%
[5
],
th
e
er
ro
r
of

th
e
eff

ec
ti
ve

p
ol
ar
iz
a-

ti
on

is
re
d
u
ce
d
b
y
a
fa
ct
or

3.
7
if
th
e
p
os
it
ro
n
b
ea
m

is
60
%

p
ol
ar
iz
ed
.
T
h
is

fa
ct

is
im

p
or
ta
n
t
fo
r
p
re
ci
se

A
L
R
m
ea
su
re
m
en
ts

w
it
h
la
rg
e
in
te
gr
at
ed

lu
m
i-

n
os
it
y.

In
th
is
ca
se

th
e
er
ro
r
co
n
tr
ib
u
ti
on

d
u
e
to

th
e
p
ol
ar
iz
at
io
n
u
n
ce
rt
ai
n
ty

co
u
ld

d
om

in
at
e
th
e
to
ta
l
er
ro
r,
δA

L
R
,
gi
ve
n
b
y

δA
L
R
=

√ 1
−

P2 eff
A

L
R

P e
ff
N

+
A

2 L
R

( δP
eff

P e
ff

) 2 .
(1
6)

1
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2
.4

u
,t
-C

h
a
n
n
e
l
P
ro

c
e
ss
e
s

In
se
ct
io
n
s
2.
1–
2.
3
so
m
e
b
as
ic

ad
va
n
ta
ge
s
ar
e
d
is
cu
ss
ed

fo
r
s-
ch
an

n
el

p
ro
-

ce
ss
es
.
W

it
h
ou

t
go
in
g
in
to

d
et
ai
l
it
sh
ou

ld
b
e
m
en
ti
on

ed
th
at

th
e
se
ar
ch

fo
r

n
ew

p
h
en
om

en
a
b
en
efi
ts

fr
om

p
ol
ar
iz
ed

p
os
it
ro
n
s
al
so

if
u
-
an

d
t-
ch
an

n
el

p
ro
ce
ss
es

ar
e
co
n
si
d
er
ed
.
In

u
-
an

d
t-
ch
an

n
el

p
ro
ce
ss
es

th
e
h
el
ic
it
y
of

th
e

p
ar
ti
cl
e’
s
fi
n
al

st
at
e
is

d
ir
ec
tl
y
co
u
p
le
d

to
th
e
h
el
ic
it
y
of

th
e
in
it
ia
l
st
at
e

fe
rm

io
n
,
it

d
o
es

n
ot

d
ep

en
d
on

th
e
h
el
ic
it
y
of

th
e
se
co
n
d
in
co
m
in
g
b
ea
m

p
ar
ti
cl
e.

T
h
is

gi
ve
s
a
d
ir
ec
t
ac
ce
ss

to
th
e
h
el
ic
it
y
of

th
e
ex
ch
an

ge
d
p
ar
ti
cl
e

an
d
al
lo
w
s
an

en
h
an

ce
m
en
t
or

su
p
p
re
ss
io
n
of

sp
ec
ifi
c
p
ro
ce
ss
es
.
A
n
ex
am

p
le

is
th
e
p
ro
d
u
ct
io
n
of

si
n
gl
e
W

b
os
on

s,
e+

e−
→

W
e
ν
,
w
h
ic
h
is
on

e
b
as
ic

p
ro
-

ce
ss

to
st
u
d
y
C
P
v
io
la
ti
on

.
F
or

m
or
e
d
et
ai
ls
an

d
ex
am

p
le
s,
in

p
ar
ti
cu
la
r
th
e

se
n
si
ti
v
it
y
to

su
p
er
sy
m
m
et
ri
c
p
h
en
om

en
a,

th
e
in
te
re
st
ed

re
ad

er
is

st
ro
n
gl
y

en
co
u
ra
ge
d
to

co
n
su
lt
re
fe
re
n
ce

[1
].

2
.5

W
+
W

−
P
a
ir

P
ro

c
e
ss
e
s

T
h
e
p
re
ci
se

m
ea
su
re
m
en
t
of

th
e
T
h
re
e-
G
au

ge
-B

os
on

-C
ou

p
li
n
g
(T

G
C
)
in

th
e

p
ro
ce
ss

e+
e−

→
Z
,γ

→
W

+
W

−
al
lo
w
s
a
te
st

of
th
e
w
ea
k
ga
u
ge

st
ru
ct
u
re

as
d
es
cr
ib
ed

b
y
th
e
S
M
,
an

d
it

is
ve
ry

se
n
si
ti
ve

to
n
ew

p
h
y
si
cs

sc
en
ar
io
s.

S
in
ce

th
e
S
M

d
efi
n
es

th
e
T
G
C
,
d
ev
ia
ti
on

s
of

p
re
ci
si
on

m
ea
su
re
m
en
ts

fr
om

th
e
S
M

p
re
d
ic
ti
on

ar
e
h
in
ts

to
n
ew

p
h
en
om

en
a.

T
o
se
le
ct

th
is

p
ro
ce
ss

w
it
h

h
ig
h
effi

ci
en
cy
,
th
e
co
n
tr
ib
u
ti
on

of
th
e
n
eu
tr
in
o
ex
ch
an

ge
in

th
e
t-
ch
an

n
el
,

e+
e−

→
ν
→

W
+
W

−
(s
ee

fi
gu

re
4)
,
is

su
p
p
re
ss
ed

u
si
n
g
a
p
ol
ar
iz
ed

el
ec
tr
on

b
ea
m
.
A
fu
rt
h
er

im
p
ro
ve
m
en
t
is
p
os
si
b
le
w
it
h
p
ol
ar
iz
ed

p
os
it
ro
n
s
in

ad
d
it
io
n

to
p
ol
ar
iz
ed

el
ec
tr
on

s. e+
W

+

ν e

e−
W

−

e+ e−

γ,
 Ζ

W
+

W
−

F
ig
u
re

4:
F
ey
n
m
an

d
ia
gr
am

s
fo
r
th
e
p
ro
ce
ss

+
e−

→
W

+
W

−
.
O
n
ly

th
e
ri
gh

t
d
ia
gr
am

is
im

p
or
ta
n
t
to

m
ea
su
re

T
G
C
.

2
.6

H
ig
g
s
F
a
c
to

ry

T
h
e
H
ig
gs

b
os
on

is
a
sc
al
ar

p
ar
ti
cl
e
w
h
ic
h
ca
n
b
e
p
ro
d
u
ce
d
in

e+
e−

an
n
ih
i-

la
ti
on

b
y
th
e
H
ig
gs
st
ra
h
lu
n
g
or

b
os
on

fu
si
on

(s
ee

fi
gu

re
5)
.
T
h
e
d
om

in
at
in
g

1
4

3

p
ro
ce
ss

is
d
et
er
m
in
ed

b
y
th
e
H
ig
gs

m
as
s
w
h
ic
h
is
n
ot

ye
t
k
n
ow

n
.
In

ca
se

of
a
li
gh

t
H
ig
gs

b
os
on

as
su
gg
es
te
d
b
y
th
e
el
ec
tr
ow

ea
k
p
re
ci
si
on

m
ea
su
re
m
en
ts

at
L
E
P

an
d

S
L
D

[2
],

th
e
H
ig
gs
st
ra
h
lu
n
g
is

d
om

in
at
in
g.

W
it
h

p
ol
ar
iz
ed

p
os
it
ro
n
s
th
e
H
ig
gs

p
ro
d
u
ct
io
n
ca
n
b
e
en
h
an

ce
d
b
y
a
fa
ct
or

(1
−

P e
+
P e

−
).

If
th
e
H
ig
gs

b
os
on

is
h
ea
v
y,

it
is

p
ro
d
u
ce
d
v
ia

W
W

fu
si
on

,
e+

e−
→

ν e
ν̄ e
H
.

T
h
is

p
ro
ce
ss

ca
n
b
e
en
h
an

ce
d
(o
r
su
p
p
re
ss
ed
)
b
y
th
e
fa
ct
or

(1
+

P e
+
)(
1
−

P e
−
)
ch
o
os
in
g
th
e
p
ro
p
er

si
gn

of
th
e
e±

p
ol
ar
iz
at
io
n
s.

F
or

(P
e−
,P

e+
)
=

(−
80
%
,+

60
%
),

th
e
W

W
fu
si
on

p
ro
ce
ss

is
en
h
an

ce
d
b
y
a
fa
ct
or

of
2.
88

in
co
m
p
ar
is
on

to
u
n
p
ol
ar
iz
ed

b
ea
m
s.

F
ig
u
re

5:
F
ey
n
m
an

d
ia
gr
am

s
fo
r
H
ig
gs

p
ro
d
u
ct
io
n
p
ro
ce
ss
es
:
H
ig
gs
st
ra
h
lu
n
g

p
ro
ce
ss

(l
ef
t)

an
d
W

W
b
os
on

fu
si
on

(r
ig
h
t)
.
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G
ig
a
Z

O
p
ti
o
n

E
le
ct
ro
w
ea
k
p
re
ci
si
on

m
ea
su
re
m
en
ts

at
th
e
Z
re
so
n
an

ce
w
er
e
p
er
fo
rm

ed
b
y

th
e
ex
p
er
im

en
ts

A
L
E
P
H
,
D
E
L
P
H
I,
L
3
an

d
O
P
A
L
at

L
E
P
an

d
S
L
D

at
S
L
C
.

T
ak

in
g
in
to

ac
co
u
n
t
th
e
re
su
lt
s
fo
r
th
e
to
p
q
u
ar
k
m
as
s
an

d
th
e
W

b
os
on

m
as
s,

th
e
S
M

h
as

b
ee
n
co
n
fi
rm

ed
at

th
e
on

e-
lo
op

le
ve
l
of

q
u
an

tu
m

co
rr
ec
ti
on

s.
T
h
e

re
su
lt
s
of

L
E
P

an
d
S
L
D

ar
e
in

go
o
d
ag
re
em

en
t,
h
ow

ev
er
,
th
e
A

L
R
m
ea
su
re
-

m
en
t
at

S
L
D

re
su
lt
s
in

va
lu
es

fo
r
th
e
w
ea
k
m
ix
in
g
an

gl
e
or

co
rr
es
p
on

d
in
gl
y

fo
r
th
e
Z

b
os
on

co
u
p
li
n
gs

to
fe
rm

io
n
s
th
at

ar
e
sl
ig
h
tl
y
d
iff
er
en
t
fr
om

th
at

d
et
er
m
in
ed

b
y
th
e
L
E
P

ex
p
er
im

en
ts
.
R
u
n
n
in
g
at

th
e
Z
re
so
n
an

ce
ag
ai
n
b
y

u
ti
li
zi
n
g
p
ol
ar
iz
ed

e±
b
ea
m
s
an

d
a
m
u
ch

h
ig
h
er

lu
m
in
os
it
y
w
ou

ld
su
b
st
an

-
ti
al
ly

im
p
ro
ve

th
e
ac
cu
ra
cy

of
el
ec
tr
ow

ea
k
m
ea
su
re
m
en
ts
.

T
h
is

op
ti
on

is
ca
ll
ed

G
ig
aZ

si
n
ce

th
e
lu
m
in
os
it
y
av
ai
la
b
le
at

th
e
IL
C
al
lo
w
s
to

p
ro
d
u
ce

an
d

re
co
rd

ab
ou

t
10

9
Z
b
os
on

s
w
it
h
in

fe
w

m
on

th
s
of

ru
n
n
in
g.

H
ig
h
-l
u
m
in
os
it
y

m
ea
su
re
m
en
ts

at
th
e
Z
re
so
n
an

ce
co
m
b
in
ed

w
it
h
u
p
d
at
ed

p
re
ci
se

re
su
lt
s
fo
r

th
e
W

b
os
on

m
as
s,
th
e
to
p
-q
u
ar
k
m
as
s,
an

d
h
op

ef
u
ll
y
th
e
H
ig
gs

b
os
on

m
as
s

al
lo
w

ex
ce
ll
en
t
co
n
si
st
en
cy

te
st
s
of

th
e
S
M

an
d
p
ro
v
id
e
a
h
ig
h
se
n
si
ti
v
it
y

to
m
o
d
el
s
b
ey
on

d
th
e
S
M
.
T
h
is

w
ou

ld
al
so

to
te
st

w
h
et
h
er

th
e
sl
ig
h
tl
y
d
if
-

fe
ri
n
g
va
lu
es

fo
r
ob

se
rv
ab

le
s
m
ea
su
re
d
at

L
E
P

an
d
S
L
D

is
a
fl
u
ct
u
at
io
n
as

as
su
m
ed

so
fa
r,
or

w
h
et
h
er

it
is
d
u
e
to

a
ce
rt
ai
n
ye
t
u
n
k
n
ow

n
p
h
en
om

en
on

.
A
t
G
ig
aZ

a
re
la
ti
ve

p
re
ci
si
on

of
le
ss

th
an

5
×

10
−5

ca
n
b
e
ac
h
ie
ve
d
fo
r
th
e

1
4
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eff
ec
ti
ve

w
ea
k
m
ix
in
g
an

gl
e
–
m
or
e
th
an

10
ti
m
es

b
et
te
r
th
an

th
e
va
lu
es

ac
h
ie
ve
d
w
it
h
L
E
P
/S

L
D

m
ea
su
re
m
en
ts
.
T
h
is

al
lo
w
s
p
re
ci
se

co
n
cl
u
si
on

s
on

n
ew

p
h
y
si
cs

m
o
d
el
s,

e.
g.

su
p
er
sy
m
m
et
ry
.
T
h
e
G
ig
aZ

op
ti
on

re
q
u
ir
es

ve
ry

p
re
ci
se

m
ea
su
re
m
en
ts

of
en
er
gy
,
lu
m
in
os
it
y
an

d
b
ea
m

p
ol
ar
iz
at
io
n
.
If

b
ot
h

b
ea
m
s
ar
e
p
ol
ar
iz
ed
,
th
e
B
lo
n
d
el

sc
h
em

e
[6
]
ca
n
b
e
ap

p
li
ed

to
d
et
er
m
in
e
th
e

b
ea
m

p
ol
ar
iz
at
io
n
an

d
A

L
R
si
m
u
lt
an

eo
u
sl
y
w
it
h
h
ig
h
es
t
p
re
ci
si
on

[7
].

2
.8

T
ra

n
sv

e
rs
e
ly

P
o
la
ri
z
e
d
B
e
a
m
s

F
in
al
ly

it
m
u
st

b
e
m
en
ti
on

ed
th
at

al
so

co
ll
is
io
n

of
tr
an

sv
er
se
ly

p
ol
ar
iz
ed

b
ea
m
s
ar
e
in
te
re
st
in
g.

T
h
ey

al
lo
w
ac
ce
ss
to

h
el
ic
it
y
co
rr
el
at
io
n
s,
C
P
v
io
la
ti
n
g

eff
ec
ts

an
d
n
ew

p
h
en
om

en
a
li
ke

ex
tr
a
d
im

en
si
on

[8
].
T
h
e
co
n
tr
ib
u
ti
on

to
th
e

d
iff
er
en
ti
al

cr
os
s
se
ct
io
n
d
u
e
to

tr
an

sv
er
se

p
ol
ar
iz
at
io
n
is

d
σ

d
Ω

∼
Pe

+ ⊥
Pe

− ⊥
si
n
θ
co
s
2φ

,
(1
7)

w
h
ic
h
is
ze
ro

if
on

e
of

th
e
co
ll
id
in
g
b
ea
m
s
is
u
n
p
ol
ar
iz
ed
.
N
ew

p
h
y
si
cs

p
h
e-

n
om

en
a
y
ie
ld

ad
d
it
io
n
al

te
rm

s
re
su
lt
in
g
in

su
b
st
an

ti
al
ly

m
o
d
ifi
ed

d
iff
er
en
ti
al

cr
os
s
se
ct
io
n
s.

F
or

ex
am

p
le
,
ex
tr
a
d
im

en
si
on

s
d
iff
er
en
ti
al

cr
os
s
se
ct
io
n
s
m
ea
-

su
re
d
fo
r
tr
an

sv
er
se
ly

as
w
el
l
as

lo
n
gi
tu
d
in
al
ly

p
ol
ar
iz
ed

b
ea
m
s
w
it
h
an

gu
la
r

d
is
tr
ib
u
ti
on

s
ty
p
ic
al

fo
r
sp
ec
ia
l
cl
as
se
s
of

m
o
d
el
s.

H
en
ce
,
p
h
y
si
cs

ru
n
s
w
it
h

tr
an

sv
er
se
ly

p
ol
ar
iz
ed

b
ea
m
s
w
il
l
h
el
p
to

d
is
ti
n
gu

is
h
b
et
w
ee
n
m
o
d
el
s
an

d
to

re
so
lv
e
am

b
ig
u
it
ie
s.

3
R
e
q
u
ir
e
m
e
n
ts

fo
r
P
h
y
si
c
s

P
ol
ar
iz
ed

p
os
it
ro
n
an

d
p
ol
ar
iz
ed

el
ec
tr
on

b
ea
m
s
off

er
th
e
b
es
t
fl
ex
ib
il
it
y
an

d
an

im
p
ro
ve
d
se
n
si
ti
v
it
y
to

fu
lfi
ll
th
e
p
h
y
si
cs

p
ro
gr
am

m
e
fo
r
fu
tu
re

h
ig
h
en
-

er
gy

le
p
to
n
co
ll
id
er
s.

U
n
fo
rt
u
n
at
el
y,
it
is
q
u
it
e
d
iffi

cu
lt
to

p
ro
d
u
ce

an
in
te
n
se

p
ol
ar
iz
ed

p
os
it
ro
n
b
ea
m

fo
r
a
h
ig
h
en
er
gy

li
n
ea
r
co
ll
id
er
.
T
h
e
IL
C

b
as
el
in
e

d
es
ig
n
p
ro
p
os
es

to
ge
n
er
at
e
th
e
p
os
it
ro
n
s
u
si
n
g
p
h
ot
on

s
cr
ea
te
d
in

an
u
n
-

d
u
la
to
r
p
as
se
d
b
y
a
h
ig
h
en
er
gy

el
ec
tr
on

b
ea
m

[9
].

S
in
ce

th
e
p
h
ot
on

y
ie
ld

in
a
h
el
ic
al

u
n
d
u
la
to
r
is
h
ig
h
er

u
p
to

a
fa
ct
or

2
th
an

in
a
p
la
n
ar

u
n
d
u
la
to
r,

th
e
IL
C

p
os
it
ro
n
so
u
rc
e
d
es
ig
n
is

b
as
ed

on
a
h
el
ic
al

u
n
d
u
la
to
r.

T
h
e
p
h
o-

to
n
s
ge
n
er
at
ed

in
a
h
el
ic
al

u
n
d
u
la
to
r
ar
e
ci
rc
u
la
rl
y
p
ol
ar
iz
ed
.
If
th
ey

h
it
th
e

p
os
it
ro
n
p
ro
d
u
ct
io
n
ta
rg
et
,
lo
n
gi
tu
d
in
al
ly

p
ol
ar
iz
ed

el
ec
tr
on

-p
os
it
ro
n
p
ai
rs

ar
e
cr
ea
te
d
.
T
h
e
sc
h
em

e
h
as

b
ee
n
te
st
ed

su
cc
es
sf
u
ll
y
in

th
e
p
ro
of
-o
f-
p
ri
n
ci
p
le

ex
p
er
im

en
t
E
-1
66

at
S
L
A
C

[1
0]
.

U
si
n
g
a
h
el
ic
al

u
n
d
u
la
to
r,
th
e
IL
C
w
il
l
p
ro
v
id
e
a
p
ol
ar
iz
ed

p
os
it
ro
n
b
ea
m
.

T
h
e
d
eg
re
e
of

p
ol
ar
iz
at
io
n
is
d
et
er
m
in
ed

b
y
th
e
p
ar
am

et
er
s
of

th
e
u
n
d
u
la
to
r

1
4

5

an
d
th
e
so
u
rc
e
d
es
ig
n
.
T
h
e
op

en
in
g
an

gl
e
of

th
e
p
h
ot
on

b
ea
m

d
ec
re
as
es

w
it
h

th
e
el
ec
tr
on

en
er
gy
,
∝

1/
γ
.
T
h
e
p
ol
ar
iz
at
io
n
of

th
e
p
h
ot
on

s
is

d
is
tr
ib
u
te
d

su
ch

th
at

a
co
ll
im

at
io
n
of

th
e
p
h
ot
on

b
ea
m

in
cr
ea
se
s
it
s
av
er
ag
e
p
ol
ar
iz
at
io
n
.

T
h
e
lo
ss

of
in
te
n
si
ty

h
as

to
b
e
co
m
p
en
sa
te
d
u
si
n
g
a
lo
n
ge
r
u
n
d
u
la
to
r.

F
or

m
or
e
d
et
ai
ls
se
e
th
e
re
fe
re
n
ce
s
[1
1,

12
].

In
or
d
er

to
ex
p
lo
it
th
e
p
os
it
ro
n
an

d
el
ec
tr
on

b
ea
m

p
ol
ar
iz
at
io
n
fo
r
p
h
y
si
cs

m
ea
su
re
m
en
ts
,
th
e
d
eg
re
e
of

p
ol
ar
iz
at
io
n
m
u
st

b
e
ke
p
t
u
p
to

th
e
in
te
ra
ct
io
n

p
oi
n
t.

T
h
er
ef
or
e
sp
in

ro
ta
ti
on

sy
st
em

s
u
p
st
re
am

th
e
d
am

p
in
g
ri
n
g
ro
ta
te

th
e
p
ar
ti
cl
e
sp
in
s
fr
om

th
e
lo
n
gi
tu
d
in
al

to
th
e
ve
rt
ic
al

d
ir
ec
ti
on

,
p
ar
al
le
l
(o
r

an
ti
-p
ar
al
le
l)

to
th
e
m
ag
n
et
ic

fi
el
d
in

th
e
d
am

p
in
g
ri
n
g.

D
ow

n
st
re
am

th
e

tu
rn
ar
ou

n
d
th
e
sp
in
s
ar
e
ro
ta
te
d
b
ac
k
to

th
e
lo
n
gi
tu
d
in
al

d
ir
ec
ti
on

so
th
at

th
e
b
ea
m
s
h
av
e
th
e
d
es
ir
ed

p
ol
ar
iz
at
io
n
at

th
e
IP
.

T
h
e
el
ec
tr
on

an
d
p
os
it
ro
n
b
ea
m

p
ol
ar
iz
at
io
n
is
m
ea
su
re
d
at

th
e
IP

u
si
n
g

C
om

p
to
n
p
ol
ar
im

et
er
s.

T
o
m
ee
t
th
e
h
ig
h
p
re
ci
si
on

re
q
u
ir
em

en
ts
,
th
e
re
la
ti
ve

u
n
ce
rt
ai
n
ty

of
th
e
p
ol
ar
iz
at
io
n
m
ea
su
re
m
en
t
m
u
st

b
e
at

th
e
le
ve
l
of

(f
ew

)
p
er
-m

il
le
.

O
n
e
im

p
or
ta
n
t
is
su
e
m
u
st

b
e
m
en
ti
on

ed
:
T
h
e
d
ir
ec
ti
on

of
th
e
h
el
ic
al

u
n
-

d
u
la
to
r
w
in
d
in
g
d
et
er
m
in
es

th
e
or
ie
n
ta
ti
on

of
th
e
p
h
ot
on

p
ol
ar
iz
at
io
n
an

d
th
er
ef
or
e
th
e
si
gn

of
th
e
p
os
it
ro
n
p
ol
ar
iz
at
io
n
.
S
w
it
ch
in
g
to

th
e
op

p
os
it
e
or
i-

en
ta
ti
on

of
p
os
it
ro
n
b
ea
m

p
ol
ar
iz
at
io
n
re
q
u
ir
es

an
ad

d
it
io
n
al

sp
in
-fl
ip

eq
u
ip
-

m
en
t.

T
h
is

p
oi
n
t
is

d
is
cu
ss
ed

in
th
e
su
b
se
ct
io
n
3.
3.

It
sh
ou

ld
b
e
re
m
ar
ke
d

th
at

in
a
p
ol
ar
iz
ed

p
os
it
ro
n
so
u
rc
e
b
as
ed

on
C
om

p
to
n
b
ac
k
-s
ca
tt
er
in
g
th
e

h
el
ic
it
y
re
ve
rs
al

ca
n
b
e
ea
si
ly

re
al
iz
ed

b
y
sw

it
ch
in
g
th
e
p
ol
ar
iz
at
io
n
of

th
e

la
se
r
li
gh

t.

3
.1

P
o
la
ri
m
e
tr
y
a
t
th

e
In

te
ra

c
ti
o
n
P
o
in
t

T
h
e
b
ea
m

p
ol
ar
iz
at
io
n
at

th
e
in
te
ra
ct
io
n
p
oi
n
t
is

m
ea
su
re
d
u
si
n
g
C
om

p
to
n

p
ol
ar
im

et
er
s.

In
or
d
er

to
d
et
er
m
in
e
th
e
lu
m
in
os
it
y
-w

ei
gh

te
d
lo
n
gi
tu
d
in
al

p
o-

la
ri
za
ti
on

at
th
e
in
te
ra
ct
io
n
p
oi
n
t
(I
P
)
at

th
e
IL
C
,
on

e
p
ol
ar
im

et
er

is
lo
ca
te
d

at
th
e
b
eg
in
n
in
g
of

th
e
B
ea
m

D
el
iv
er
y
S
y
st
em

u
p
st
re
am

th
e
IP
,
th
e
ot
h
er

in
th
e
ex
tr
ac
ti
on

li
n
e
d
ow

n
st
re
am

th
e
IP
.
T
h
e
tw

o
p
ol
ar
im

et
er
s
ar
e
h
ig
h
ly

co
m
p
le
m
en
ta
ry
.
T
h
e
u
p
st
re
am

p
ol
ar
im

et
er

h
as

a
cl
ea
n
en
v
ir
on

m
en
t
an

d
a

m
u
ch

h
ig
h
er

co
u
n
ti
n
g
ra
te
;
th
e
fa
st

p
ol
ar
iz
at
io
n
m
ea
su
re
m
en
t
is
im

p
or
ta
n
t
to

d
et
ec
t
co
rr
el
at
io
n
s.

T
h
e
d
ow

n
st
re
am

p
ol
ar
im

et
er

m
ea
su
re
s
th
e
p
ol
ar
iz
at
io
n

of
th
e
ou

tg
oi
n
g
b
ea
m
.
S
in
ce

th
e
b
ac
k
gr
ou

n
d
in

th
e
d
ow

n
st
re
am

p
ol
ar
im

et
er

is
h
ig
h
an

d
th
e
b
ea
m

is
d
is
ru
p
ti
n
g
af
te
r
th
e
IP
,
th
e
co
u
n
ti
n
g
ra
te

is
su
b
-

st
an

ti
al
ly

sm
al
le
r
th
an

in
th
e
u
p
st
re
am

p
ol
ar
im

et
er
.
B
u
t
th
e
d
ow

n
st
re
am

p
ol
ar
im

et
er

h
as

ac
ce
ss

to
d
ep

ol
ar
iz
at
io
n

eff
ec
ts
:
D
u
e
to

th
e
sm

al
l
b
u
n
ch

si
ze
s
h
ig
h

el
ec
tr
om

ag
n
et
ic

fi
el
d
s
ac
t
b
et
w
ee
n

th
e
p
ar
ti
cl
es

in
th
e
cr
os
si
n
g

b
u
n
ch
es

an
d
in
d
u
ce

th
e
ra
d
ia
ti
on

of
h
ar
d
p
h
ot
on

s.
T
h
e
re
su
lt
in
g
d
ep

ol
ar
-

1
4

6



iz
at
io
n
h
as

to
b
e
ta
ke
n
in
to

ac
co
u
n
t
to

at
ta
in

th
e
re
q
u
ir
ed

p
re
ci
si
on

of
th
e

p
ol
ar
iz
at
io
n
m
ea
su
re
m
en
t.

T
h
e
co
m
b
in
at
io
n
of

b
ot
h
p
ol
ar
im

et
er
s
al
lo
w
s
th
e

d
et
er
m
in
at
io
n
of

th
e
lu
m
in
os
it
y
-w

ei
gh

te
d
p
ol
ar
iz
at
io
n
;
cr
os
s
ch
ec
k
s
b
et
w
ee
n

b
ot
h
p
ol
ar
im

et
er
s
ar
e
p
os
si
b
le
.
M
ea
su
re
m
en
ts

w
it
h
ou

t
co
ll
is
io
n
s
ca
n
b
e
u
se
d

to
co
n
tr
ol

th
e
sp
in

tr
an

sp
or
t
th
ro
u
gh

th
e
B
ea
m

D
el
iv
er
y
S
y
st
em

.
H
ow

ev
er
,

d
u
e
to

th
e
la
rg
e
b
ea
m

d
is
ru
p
ti
on

at
C
L
IC

th
e
d
ow

n
st
re
am

p
ol
ar
im

et
er

w
il
l

n
ot

w
or
k
w
it
h
th
e
re
q
u
ir
ed

p
re
ci
si
on

.
P
re
se
n
t
st
u
d
ie
s
an

d
te
st

m
ea
su
re
m
en
ts

sh
ow

th
at

at
th
e
IL
C

a
p
re
ci
si
on

of
δP

/P
≈

0.
25
%

ca
n
b
e
ac
h
ie
ve
d
[5
]
fo
r
th
e
lo
n
gi
tu
d
in
al

p
ol
ar
iz
at
io
n
.
F
or

co
m
p
ar
is
on

:
th
e
p
re
ci
si
on

fo
r
th
e
p
ol
ar
iz
at
io
n
m
ea
su
re
m
en
t
re
ac
h
ed

w
it
h

th
e
C
om

p
to
n
p
ol
ar
im

et
er

at
th
e
S
L
D

ex
p
er
im

en
t
w
as

δP
/P

=
0.
5%

.
T
h
e

m
ea
su
re
m
en
t
of

th
e
tr
an

sv
er
se

p
ol
ar
iz
at
io
n
at

th
e
IP

is
u
n
d
er

st
u
d
y.

3
.2

P
o
si
tr
o
n
P
o
la
ri
m
e
tr
y
a
t
th

e
S
o
u
rc
e

S
in
ce

th
e
p
ro
d
u
ct
io
n
of

an
in
te
n
se

p
os
it
ro
n
b
ea
m

n
ee
d
s
so
m
e
eff

or
t
th
e
d
e-

gr
ee

of
p
ol
ar
iz
at
io
n
sh
ou

ld
al
so

b
e
m
ea
su
ra
b
le

at
th
e
p
os
it
ro
n
so
u
rc
e.

A
t

th
e
el
ec
tr
on

so
u
rc
e
a
M
ot
t
p
ol
ar
im

et
er

is
u
se
d
.
D
u
e
to

th
e
d
es
ig
n
an

d
th
e

p
ar
am

et
er
s
of

a
p
ol
ar
iz
ed

p
os
it
ro
n
so
u
rc
e
it
is
n
ot

re
co
m
m
en
d
ed

to
ap

p
ly

a
M
ot
t
p
ol
ar
im

et
er
.
In
st
ea
d
,
a
B
h
ab

h
a
p
ol
ar
im

et
er

lo
ca
te
d
at

b
ea
m

en
er
gi
es

of
fe
w

h
u
n
d
re
d
M
eV

is
a
p
ro
m
is
in
g
op

ti
on

[1
3]
.

3
.3

F
re
q
u
e
n
cy

o
f
H
e
li
ci
ty

R
e
v
e
rs
a
l

A
s
d
is
cu
ss
ed

in
se
ct
io
n

2,
a
su
b
st
an

ti
al

en
h
an

ce
m
en
t
of

th
e
eff

ec
ti
ve

lu
-

m
in
os
it
y
is

p
os
si
b
le

w
it
h
p
ol
ar
iz
ed

b
ea
m
s.

B
u
t
th
e
in
cr
ea
se

b
y
th
e
fa
ct
or

(1
−

P e
−
P e

+
)
is

on
ly

p
os
si
b
le

in
ca
se

of
an

effi
ci
en
t
p
ai
ri
n
g
of

in
it
ia
l
st
at
es

(+
−)

,
(−

+
).

T
h
is
re
q
u
ir
es

th
e
sa
m
e
h
el
ic
it
y
re
ve
rs
al

fr
eq
u
en
ci
es

fo
r
th
e
el
ec
-

tr
on

an
d
th
e
p
os
it
ro
n
b
ea
m
.
T
h
e
p
ol
ar
iz
at
io
n
of

th
e
el
ec
tr
on

b
ea
m

ca
n
b
e

fl
ip
p
ed

ea
si
ly

b
y
re
ve
rs
in
g
th
e
p
ol
ar
it
y
of

th
e
la
se
r
b
ea
m

w
h
ic
h
h
it
s
th
e
p
h
o-

to
ca
th
o
d
e.

A
fa
st

an
d
ra
n
d
om

fl
ip
p
in
g
b
et
w
ee
n
th
e
b
ea
m

p
ol
ar
iz
at
io
n
or
ie
n
-

ta
ti
on

s
re
d
u
ce
s
sy
st
em

at
ic
u
n
ce
rt
ai
n
ti
es

su
b
st
an

ti
al
ly

(s
ee

al
so

re
fe
re
n
ce

[2
])
.

T
h
e
or
ie
n
ta
ti
on

of
th
e
p
os
it
ro
n
b
ea
m

p
ol
ar
iz
at
io
n
ca
n
b
e
re
ve
rs
ed

u
si
n
g
a

sp
in

ro
ta
to
r.

H
ow

ev
er
,
it

is
im

p
os
si
b
le

to
sw

it
ch

th
e
h
ig
h
m
ag
n
et
ic

fi
el
d
in

th
e
sp
in

ro
ta
to
r
w
it
h
in

ve
ry

sh
or
t
ti
m
e,

e.
g.

fr
om

tr
ai
n
to

tr
ai
n
as

p
os
si
b
le

fo
r
th
e
el
ec
tr
on

b
ea
m
.
T
h
er
e
is

n
o
ga
in

fo
r
th
e
eff

ec
ti
ve

lu
m
in
os
it
y
if
th
e

h
el
ic
it
y
of

th
e
p
os
it
ro
n
s
is
re
ve
rs
ed

fr
om

ru
n
to

ru
n
(o
r
ev
en

le
ss

of
te
n
)
an

d
th
e
th
e
h
el
ic
it
y
of

th
e
el
ec
tr
on

s
tr
ai
n
-b
y
-t
ra
in
.
F
u
rt
h
er
,
to

co
n
tr
ol

sy
st
em

at
ic

eff
ec
ts
,
a
ve
ry

h
ig
h
lo
n
g-
te
rm

st
ab

il
it
y
is

n
ec
es
sa
ry
.
A

p
os
si
b
le

so
lu
ti
on

of
th
is

p
ro
b
le
m

w
ou

ld
b
e
to

k
ic
k
th
e
p
os
it
ro
n
b
ea
m

to
p
ar
al
le
l
sp
in

ro
ta
ti
on

li
n
es

w
it
h
op

p
os
it
e
m
ag
n
et
ic

fi
el
d
s,
si
m
il
ar

as
su
gg
es
te
d
in

re
fe
re
n
ce

[1
4]
.

1
4

7

T
h
e
p
re
ci
si
on

m
ea
su
re
m
en
ts

re
q
u
ir
e
al
m
os
t
id
en
ti
ca
l
in
te
n
si
ti
es

an
d
p
o-

la
ri
za
ti
on

s
fo
r
th
e
le
ft
-
an

d
ri
gh

t-
h
an

d
ed

or
ie
n
te
d

b
ea
m
s.

T
h
e
m
ea
su
re
d

le
ft
-r
ig
h
t
as
y
m
m
et
ry

is
re
la
te
d
to

th
e
le
ft
-r
ig
h
t
as
y
m
m
et
ry

b
y

A
L
R
=

A
m
ea

s
L
R

〈P
eff
〉.

(1
8)

If
th
e
lu
m
in
os
it
ie
s
an

d
d
eg
re
es

of
p
ol
ar
iz
at
io
n
ar
e
id
en
ti
ca
l
fo
r
σ
−+

an
d
σ
+
−
,

on
e
ge
ts

A
L
R
=

N
−+

−
N

+
−

N
−+

−
N

+
−

1

〈P
eff
〉.

(1
9)

A
ls
o
fo
r
fa
st

h
el
ic
it
y
re
ve
rs
al

sm
al
l
d
iff
er
en
ce
s
in

lu
m
in
os
it
y
an

d
p
ol
ar
iz
at
io
n

o
cc
u
r
b
et
w
ee
n
th
e
ru
n
n
in
g
m
o
d
es

(+
−)

an
d
(−

+
).

T
h
ey

h
av
e
to

b
e
ta
ke
n

in
to

ac
co
u
n
t,

A
L
R
=

A
m
ea

s
L
R

〈P
eff
〉+

1

〈P
eff
〉[ (A

m
ea

s
L
R

)2
A

P
+
〈P

eff
〉Δ

P
+
A

L
+
..
.] ,

(2
0)

w
h
er
e
A

L
an

d
A

P
ar
e
th
e
le
ft
-r
ig
h
t
as
y
m
m
et
ri
es

of
th
e
in
te
gr
at
ed

lu
m
in
os
it
y

an
d
of

th
e
b
ea
m

p
ol
ar
iz
at
io
n
;
th
e
as
y
m
m
et
ri
es

of
re
si
d
u
al

b
ac
k
gr
ou

n
d
,
th
e

ce
n
te
r-
of
-m

as
s
en
er
gy
,
d
et
ec
to
r
ac
ce
p
ta
n
ce

an
d
effi

ci
en
cy

ar
e
n
ot

sh
ow

n
in

eq
u
at
io
n
(2
0)
.
T
h
e
co
n
tr
ib
u
ti
on

Δ
P
d
ep

en
d
s
on

Δ
P e

+
P e

−
+
Δ
P e

−
P e

+
w
it
h

Δ
P e

as
d
iff
er
en
ce

b
et
w
ee
n
+

an
d
−

si
gn

of
th
e
b
ea
m

p
ol
ar
iz
at
io
n
.
A

sl
ow

er
h
el
ic
it
y
re
ve
rs
al

fo
r
th
e
p
os
it
ro
n
th
an

fo
r
th
e
el
ec
tr
on

b
ea
m

y
ie
ld
s
d
iff
er
en
t

lu
m
in
os
it
ie
s
fo
r
th
e
ru
n
n
in
g
m
o
d
es

(+
−)

an
d
(−

+
),

an
d
al
so

th
e
d
eg
re
e
of

p
ol
ar
iz
at
io
n
co
u
ld

va
ry
.
T
h
e
re
su
lt
in
g
co
rr
ec
ti
on

s
in

eq
u
at
io
n
(2
0)

co
u
ld

b
e

la
rg
e.

T
h
e
co
rr
ec
ti
on

s
to

A
L
R
,
i.
e.

A
L,

A
P
an

d
Δ

P
,
m
u
st

b
e
d
et
er
m
in
ed

an
d

sh
ou

ld
b
e
as

sm
al
l
as

p
os
si
b
le
.
In

p
ar
ti
cu
la
r,
th
e
u
n
ce
rt
ai
n
ty

of
A

L
an

d
Δ

P
sh
ou

ld
b
e
at

th
e
p
er
-m

il
le
le
ve
l
to

ac
h
ie
ve

th
e
d
es
ir
ed

h
ig
h
p
re
ci
si
on

fo
r
A

L
R
.

D
et
ai
le
d

st
u
d
ie
s
ar
e
on

go
in
g
to

ev
al
u
at
e
th
e
in
fl
u
en
ce

of
p
ar
al
le
l
sp
in

ro
ta
ti
on

li
n
es

on
th
e
fi
n
al

p
h
y
si
cs

p
er
fo
rm

an
ce

w
it
h
p
ol
ar
iz
ed

b
ea
m
s,

an
d

to
fi
n
d
al
te
rn
at
iv
e
so
lu
ti
on

s
w
it
h
fa
st

an
d
fl
ex
ib
le

h
el
ic
it
y
re
ve
rs
al

at
th
e

u
n
d
u
la
to
r-
b
as
ed

p
os
it
ro
n
so
u
rc
e.

4
S
u
m
m
a
ry

P
re
ci
si
on

m
ea
su
re
m
en
ts

of
S
M

p
h
y
si
cs

an
d
p
h
en
om

en
a
b
ey
on

d
th
e
S
M

ca
n

b
e
p
er
fo
rm

ed
at

fu
tu
re

li
n
ea
r
e+

e−
co
ll
id
er
s.

T
h
ey

w
il
l
ex
te
n
d
an

d
co
m
-

p
le
m
en
t
th
e
ac
h
ie
ve
m
en
ts

of
th
e
L
H
C
.
T
h
e
b
es
t
co
n
d
it
io
n
s
ar
e
p
ro
v
id
ed

if
h
ig
h
lu
m
in
os
it
y,

a
w
id
e
en
er
gy

ra
n
ge

an
d
p
ol
ar
iz
ed

b
ea
m
s
ar
e
av
ai
la
b
le
.
In

p
ar
ti
cu
la
r,

th
e
fl
ex
ib
le

ch
oi
ce

of
in
it
ia
l
st
at
e
h
el
ic
it
ie
s
is

d
es
ir
ed

to
re
ve
al

u
n
ex
p
ec
te
d
p
h
en
om

en
a
an

d
th
ei
r
n
at
u
re
.

1
4

8



T
h
e
p
ol
ar
iz
at
io
n
of

b
ot
h
b
ea
m
s,
el
ec
tr
on

s
an

d
p
os
it
ro
n
s,
aff

or
d
s
su
b
st
an

-
ti
al

ad
va
n
ta
ge
s:

T
h
e
o
cc
u
rr
en
ce

of
d
es
ir
ed

p
ro
ce
ss
es

ca
n
b
e
en
h
an

ce
d
.
T
h
e

eff
ec
ti
ve

lu
m
in
os
it
y
fo
r
s-
ch
an

n
el

p
ro
ce
ss
es

w
it
h
ex
ch
an

ge
of

sp
in
-1

p
ar
ti
cl
es

ca
n
b
e
in
cr
ea
se
d
b
y
th
e
fa
ct
or

(1
−

P e
−
P e

+
)
if
th
e
lu
m
in
os
it
y
is
eq
u
al
ly

d
is
-

tr
ib
u
te
d
to

ru
n
n
in
g
m
o
d
es

w
it
h
th
e
in
it
ia
l
st
at
e
h
el
ic
it
ie
s
(+

−)
an

d
(−

+
).

T
h
e
u
n
ce
rt
ai
n
ty

of
th
e
eff

ec
ti
ve

p
ol
ar
iz
at
io
n
is
re
d
u
ce
d
w
h
ic
h
is
im

p
or
ta
n
t
fo
r

p
re
ci
si
on

m
ea
su
re
m
en
ts

of
le
ft
-r
ig
h
t
as
y
m
m
et
ri
es
.
A
m
on

g
m
an

y
ar
gu

m
en
ts

to
h
av
e
p
ol
ar
iz
ed

p
os
it
ro
n
s
it
sh
ou

ld
b
e
em

p
h
as
iz
ed
:
If
si
gn

al
s
fr
om

p
h
y
si
cs

b
ey
on

d
th
e
S
M

ar
e
fo
u
n
d
,
a
m
u
ch

b
et
te
r
d
is
ti
n
ct
io
n
b
et
w
ee
n
m
o
d
el
s
is
p
os
-

si
b
le

th
an

w
it
h
on

ly
on

e
p
ol
ar
iz
ed

b
ea
m
.
F
or

th
e
G
ig
aZ

op
ti
on

th
e
el
ec
tr
on

an
d
th
e
p
os
it
ro
n
b
ea
m

m
u
st

b
e
p
ol
ar
iz
ed

to
ac
h
ie
ve

th
e
re
q
u
ir
ed

p
re
ci
si
on

fo
r
th
e
A

L
R
an

d
p
ol
ar
iz
at
io
n
m
ea
su
re
m
en
t.

In
or
d
er

to
b
en
efi
t
fr
om

th
es
e

ad
va
n
ta
ge
s,
it
m
u
st

b
e
p
os
si
b
le
to

re
ve
rs
e
th
e
h
el
ic
it
y
of

p
os
it
ro
n
s
as

fr
eq
u
en
t

as
th
e
h
el
ic
it
y
of

el
ec
tr
on

s.
H
en
ce
,
fo
r
a
p
os
it
ro
n
so
u
rc
e
b
as
ed

on
a
h
el
ic
al

u
n
d
u
la
to
r
an

ad
d
it
io
n
al

fa
ci
li
ty

is
n
ec
es
sa
ry

to
re
al
iz
e
th
e
fa
st

sp
in

fl
ip

fo
r

th
e
p
os
it
ro
n
s.

F
in
al
ly
,
it
sh
ou

ld
b
e
em

p
h
as
iz
ed

th
at

a
p
os
it
ro
n
so
u
rc
e
b
as
ed

on
a
h
el
ic
al

u
n
d
u
la
to
r
w
il
l
p
ro
v
id
e
a
p
ol
ar
iz
ed

p
os
it
ro
n
b
ea
m
;
th
e
d
eg
re
e
of

p
ol
ar
iz
at
io
n

d
ep

en
d
s
st
ro
n
gl
y
on

th
e
u
n
d
u
la
to
r
p
ar
am

et
er
s
an

d
th
e
en
er
gy

of
th
e
el
ec
tr
on

s
p
as
si
n
g
th
ro
u
gh

.
O
n
e
m
ay

as
k
w
h
at

m
in
im

u
m

d
eg
re
e
of

p
os
it
ro
n
p
ol
ar
iz
a-

ti
on

is
n
ec
es
sa
ry
.
R
ec
en
t
IL
C

st
u
d
ie
s
[1
,
15
]
sh
ow

th
at

fo
r
P e

+
>

30
%

th
e

p
h
y
si
cs

an
al
y
se
s
cl
ea
rl
y
b
en
efi
t
fr
om

p
ol
ar
iz
ed

el
ec
tr
on

an
d
p
os
it
ro
n
b
ea
m
s.

O
f
co
u
rs
e,

a
h
ig
h
d
eg
re
e
of

p
os
it
ro
n
p
ol
ar
iz
at
io
n
is

d
es
ir
ed

an
d
ca
n
b
e
re
-

al
iz
ed

b
y
p
h
ot
on

b
ea
m

co
ll
im

at
io
n
fo
r
th
e
u
n
d
u
la
to
r-
b
as
ed

so
u
rc
e
(s
ee

al
so

re
fe
re
n
ce

[1
6]
).

T
h
u
s,
an

ex
ce
ll
en
t
fe
as
ib
il
it
y
is
p
ro
v
id
ed

to
p
er
fo
rm

th
e
h
ig
h

en
er
gy

li
n
ea
r
co
ll
id
er

p
h
y
si
cs

p
ro
gr
am

m
e
at

th
e
p
re
ci
si
on

fr
on

ti
er
.

A
ck

n
o
w
le
d
g
m
e
n
ts

I
w
ou

ld
li
ke

to
th
an

k
m
y
co
ll
ab

or
at
or
s,

in
p
ar
ti
cu
la
r
G
u
d
ri
d
M
o
or
tg
at
-P
ic
k

an
d
J
en
n
y
L
is
t
fo
r
d
is
cu
ss
io
n
s
ab

ou
t
p
h
y
si
cs

w
it
h
p
ol
ar
iz
ed

p
os
it
ro
n
b
ea
m
s.

I
am

gr
at
ef
u
l
to

P
ro
f.
J
ie
G
ao

an
d
h
is
lo
ca
l
te
am

fo
r
or
ga
n
iz
in
g
th
is
su
cc
es
sf
u
l

P
O
S
IP

O
L

20
11

W
or
k
sh
op

.
I
en
jo
ye
d
th
e
in
te
re
st
in
g
se
ss
io
n
s,

th
e
fr
u
it
fu
l

d
is
cu
ss
io
n
s,
th
e
so
ci
al

p
ro
gr
am

an
d
th
e
st
ay

in
B
ei
ji
n
g.

R
e
fe
re
n
ce

s

[1
]
G
.
M
o
or
tg
at
-P
ic
k
,
et

al
.,
P
h
y
s.
R
ep
t.
4
6
0
,
13
1
(2
00
8)

[h
ep
-p
h
/0
50
70
11
].

1
4

9

[2
]
A
L
E
P
H
,
D
E
L
P
H
I,
L
3
an

d
O
P
A
L
an

d
S
L
D

an
d
L
E
P
E
le
ct
ro
w
ea
k
W
or
k
-

in
g
G
ro
u
p
an

d
S
L
D

E
le
ct
ro
w
ea
k
G
ro
u
p
an

d
S
L
D

H
ea
v
y
F
la
vo
u
r
G
ro
u
p

C
ol
la
b
or
at
io
n
s,
P
h
y
s.
R
ep
t.
4
2
7
,
25
7
(2
00
6)

[h
ep
-e
x
/0
50
90
08
].

[3
]
J
.
B
ra
u
,
(E

d
.)
et

al
.
[I
L
C

C
ol
la
b
or
at
io
n
],
ar
X
iv
:0
71
2.
19
50

[p
h
y
si
cs
.a
cc
-

p
h
];

G
.
A
ar
on

s
et

al
.
[I
L
C

C
ol
la
b
or
at
io
n
],
ar
X
iv
:0
70
9.
18
93

[h
ep
-p
h
];

T
.

B
eh
n
ke
,

(E
d
.)

et
al
.

[I
L
C

C
ol
la
b
or
at
io
n
],

ar
X
iv
:0
71
2.
23
56

[p
h
y
si
cs
.i
n
s-
d
et
].

[4
]
R
.W

.
A
ss
m
an

n
et

al
.,

C
E
R
N
-2
00
0-
00
8;

E
.
A
cc
om

an
d
o

et
al
.,

h
ep
-

p
h
/0
41
22
51
;

h
tt
p
:/
/p

ro
je
ct
-c
li
c-
cd
r.
w
eb
.c
er
n
.c
h
/p

ro
je
ct
-C

L
IC

-C
D
R
/

[5
]
S
.
B
o
og
er
t,

M
.
H
il
d
re
th
,
D
.
K
äf
er
,
J
.
L
is
t,

K
.
M
ön

ig
,
K
.
C
.
M
off

ei
t,

G
.
M
o
or
tg
at
-P
ic
k

an
d

S
.
R
ie
m
an

n
et

al
.,

J
IN

S
T

4
,
P
10
01
5

(2
00
9)

[a
rX

iv
:0
90
4.
01
22

[p
h
y
si
cs
.i
n
s-
d
et
]]
.

[6
]
A
.
B
lo
n
d
el
,
P
h
y
s.

L
et
t.

B
2
0
2
,
14
5
(1
98
8)

[E
rr
at
u
m
-i
b
id
.
2
0
8
,
53
1

(1
98
8)
].

[7
]
J
.
E
rl
er

J
et

al
.,
P
h
y
s.
L
et
t.
B

4
8
6
,
12
5
(2
00
0)
.

[8
]
T
.
G
.
R
iz
zo
,
[a
rX

iv
:1
01
1.
21
85

[h
ep
-p
h
]]
;

T
.
G
.
R
iz
zo
,
J
H
E
P
0
3
0
8
,
05
1
(2
00
3)

[h
ep
-p
h
/0
30
62
83
];

T
.
G
.
R
iz
zo
,
J
H
E
P
0
3
0
2
,
00
8
(2
00
3)

[h
ep
-p
h
/0
21
13
74
].

[9
]
V
.E
.
B
al
ak

in
an

d
A
.A

.
M
ik
h
ai
li
ch
en
ko
,
B
u
d
ke
r
In
st
it
u
te

of
N
u
cl
ea
r

P
h
y
si
cs

R
ep

or
t
N
o.

B
IN

P
79
-8
5,

19
79
;
R
.C
.
W

in
ge
rs
on

,
P
h
y
s.

R
ev
.

L
et
t.
6
,
44
6
(1
96
1)
.

[1
0]

G
.

A
le
x
an

d
er

et
al
.,

N
u
cl
.

In
st
ru
m
.

M
et
h
.

A
6
1
0
,

45
1

(2
00
9)

[a
rX

iv
:0
90
5.
30
66

[p
h
y
si
cs
.i
n
s-
d
et
]]
;
G
.
A
le
x
an

d
er

et
al
.,
P
h
y
s.
R
ev
.
L
et
t.

1
0
0
,
21
08
01

(2
00
8)
.

[1
1]

A
.
U
sh
ak
ov

et
al
.,
th
es
e
p
ro
ce
ed
in
gs
,
ar
X
iv
:1
20
2.
07
52

[p
h
y
si
cs
.a
cc
-p
h
].

[1
2]

W
.
G
ai
,
th
es
e
p
ro
ce
ed
in
gs
.

[1
3]

G
.
A
le
x
an

d
er

et
al
.,
E
U
R
O
T
eV

-R
ep

or
t-
20
08
-0
91
.

[1
4]

K
.
M
off

ei
t
et

al
.,
S
L
A
C
-T

N
-0
5-
04
5.

[1
5]

M
.
B
er
gg
re
n
,
ar
X
iv
:1
00
7.
30
19

[h
ep
-e
x
].

1
5

0



[1
6]

F
.
S
ta
u
fe
n
b
ie
l
et

al
.,

th
es
e
p
ro
ce
ed
in
gs
,
ar
X
iv
:1
20
2.
59
87

[p
h
y
si
cs
.a
cc
-

p
h
].

1
5

1

Im
p
a
c
t
o
f
p
o
la
ri
z
e
d
b
e
a
m
s
fo
r
a
st
a
g
e
d
a
p
p
ro

a
ch

a
t
th

e

L
C

G
.
M
o
o
rt
g
a
t-
P
ic
k
1
,2
,
A
.
U
sh
a
k
ov

1

1
II
.
In
st
.
f.

T
h
eo
.
P
h
y
si
cs
,
U
n
iv
er
si
ty

o
f
H
a
m
b
u
rg
,
H
a
m
b
u
rg
,
G
er
m
a
n
y

2
D
E
S
Y
,
H
a
m
b
u
rg
,
G
er
m
a
n
y

In
th
is

n
o
te

w
e
p
ro
v
id
e
th
e
a
ch

ie
va

b
le

p
o
la
ri
za
ti
o
n

d
eg
re
es

fo
r
th
e
u
n
d
u
la
to
r-
b
a
se
d

e+
so
u
rc
e
a
t
th
e

d
iff
er
en

t
en

er
g
y
st
a
g
es

o
f
th
e
In
te
rn
a
ti
o
n
a
l
L
in
ea
r
C
o
ll
id
er

(I
L
C
).

In
p
a
rt
ic
u
la
r
w
e
d
is
cu

ss
th
e
p
h
y
si
cs

p
o
te
n
ti
a
l
fo
r
th
e
d
iff
er
en

t
en

er
g
y
st
a
g
es
.

1
In

tr
o
d
u
ct
io
n

1
.1

B
e
a
m

p
o
la
ri
z
a
ti
o
n

b
a
si
c
s

B
o
th

H
ig
g
s
p
h
y
si
cs

a
s
w
el
l
a
s
p
re
ci
si
o
n
to
p
q
u
a
rk

p
h
y
si
cs

st
ro
n
g
ly

b
en

efi
ts

fr
o
m

th
e
u
se

o
f
p
o
la
ri
ze
d
b
ea
m
s.

N
ew

p
h
y
si
cs

w
il
l
m
a
n
if
es
t
it
se
lf
w
it
h
n
ew

fe
rm

io
n
ic
a
n
d
b
o
so
n
ic
p
a
rt
ic
le
s
ca
rr
y
in
g
u
n
k
n
ow

n
sp
in
s.

D
is
en
ta
n
-

g
li
n
g
a
n
d
st
u
d
y
in
g
th
e
u
n
d
er
ly
in
g
p
h
y
si
cs

b
en
efi
ts

fr
o
m

th
e
p
o
la
ri
za
ti
o
n
o
f
b
o
th

b
ea
m
s
b
ec
a
u
se

o
f
se
v
er
a
l

fa
ct
s: •
a
h
ig
h
er

eff
ec
ti
v
e
d
eg
re
e
o
f
p
o
la
ri
za
ti
o
n
ca
u
si
n
g
h
ig
h
er

cr
o
ss

se
ct
io
n
s
a
n
d
b
et
te
r
se
n
si
ti
v
it
y
to

th
e
ch
i-

ra
li
ty

o
f
th
e
co
u
p
li
n
g
s;

•
a
n
effi

ci
en
t
su
p
p
re
ss
io
n
o
f
b
a
ck
g
ro
u
n
d
p
ro
ce
ss
es
;

•
ex
p
lo
it
a
ti
o
n
o
f
co
u
p
li
n
g
s
o
n
ly

a
cc
es
si
b
le

v
ia

tr
a
n
sv
er
se
ly
-p
o
la
ri
ze
d
b
ea
m
s;

•
a
re
d
u
ce
d
u
n
ce
rt
a
in
ty

o
f
th
e
eff

ec
ti
v
e
p
o
la
ri
sa
ti
o
n
a
n
d
o
f
th
e
le
ft
-r
ig
h
t
a
sy
m
m
et
ry
.

C
o
n
ce
rn
in
g
p
h
y
si
cs

ex
a
m
p
le
s
fo
r
a
ll
th
es
e
ca
se
s,

in
cl
u
d
in
g
q
u
a
n
ti
ta
ti
v
e
a
n
d
q
u
a
li
ta
ti
v
e
g
a
in

fa
ct
o
rs
,
p
le
a
se

se
e
a
ls
o
T
a
b
le

2
.1

in
[1
].

P
h
y
si
cs

p
ro
ce
ss
es

o
cc
u
r
th
ro
u
g
h
e−

e+
a
n
n
ih
il
a
ti
o
n
(‘
s’
-c
h
a
n
n
el

d
ia
g
ra
m
s)

a
n
d
sc
a
tt
er
in
g
(‘
t,
u
’-
ch
a
n
n
el

d
ia
g
ra
m
s)
.
In

a
n
n
ih
il
a
ti
o
n
d
ia
g
ra
m
s
th
e
h
el
ic
it
ie
s
o
f
th
e
in
co
m
in
g
b
ea
m
s
a
re

co
u
p
le
d
to

ea
ch

o
th
er
,
w
h
er
ea
s

in
sc
a
tt
er
in
g
p
ro
ce
ss
es
,
th
ey

a
re

co
u
p
le
d
to

th
o
se

o
f
th
e
fi
n
a
l
p
a
rt
ic
le
s
a
n
d
th
er
ef
o
re

a
re

d
ir
ec
tl
y
se
n
si
ti
v
e
to

th
ei
r
ch
ir
a
l
p
ro
p
er
ti
es
.
In

su
ch

p
ro
ce
ss
es

o
n
ly

si
m
u
lt
a
n
eo
u
sl
y
-p
o
la
ri
ze
d
e+

a
n
d
e−

b
ea
m
s
ca
n
u
n
iq
u
el
y
te
st

th
e
co
u
p
li
n
g
s
o
f
th
e
fi
n
a
l
’n
ew

’
p
a
rt
ic
le
s.

P
ro
m
in
en
t
a
p
p
li
ca
ti
o
n
s
a
re

g
iv
en
,
fo
r
in
st
a
n
ce
,
in

S
u
p
er
sy
m
m
et
ry

m
o
d
el
s.

T
o
ex
p
lo
it
th
e
eff

ec
ts

o
f
tr
a
n
sv
er
se
ly

p
o
la
ri
ze
d
b
ea
m
s
th
e
p
o
la
ri
za
ti
o
n
o
f
b
o
th

b
ea
m
s
is
re
q
u
ir
ed

,
o
th
er
w
is
e

a
ll
eff

ec
ts

a
t
le
a
d
in
g
o
rd
er

fr
o
m

tr
a
n
sv
er
se

p
o
la
ri
za
ti
o
n
va
n
is
h
fo
r
m

e
→

0
(s
u
p
p
re
ss
io
n
b
y
m

e
/
√ s

).
T
h
is

o
p
ti
o
n
h
a
s
su
b
st
a
n
ti
a
l
a
p
p
li
ca
ti
o
n
s
in

d
et
er
m
in
in
g
C
P
–
v
io
la
ti
n
g
eff

ec
ts
,
d
is
ti
n
ct
io
n
s
o
f
m
o
d
el
s
w
it
h
la
rg
e

ex
tr
a
d
im

en
si
o
n
s
a
n
d
h
ig
h
-p
re
ci
si
o
n
te
st
s
o
f
th
e
S
ta
n
d
a
rd

M
o
d
el
.

F
o
r
d
et
a
il
s,
p
le
a
se
,
se
e
a
ls
o
S
.
R
ie
m
a
n
n
,
L
C
-R

E
P
-2
0
1
3
-0
1
7
[2
].

1
.2

S
ta
g
e
d

e
n
e
rg

y
a
p
p
ro

a
ch

a
n
d

a
ch

ie
v
a
b
le

p
o
la
ri
za

ti
o
n

d
e
g
re
e
s

a
)
‘H

ig
g
s
fr
o
n
ti
er
’:

W
it
h
th
e
d
is
co
v
er
y
o
f
th
e
H
ig
g
s
b
o
so
n
w
it
h
a
b
o
u
t
m

H
∼

1
2
5
G
eV

,
th
e
d
o
m
in
a
n
t
p
ro
d
u
ct
io
n
p
ro
ce
ss

a
t
lo
w
er

en
er
g
y
is

H
ig
g
ss
tr
a
h
lu
n
g
e+

e−
→

Z
H

a
n
d
th
e
fi
rs
t
en

er
g
y
st
a
g
e
to

m
ea
su
re

H
ig
g
s
co
u
p
li
n
g
s

is
a
t
a
b
o
u
t
m

H
+
m

Z
+
3
0
G
eV

∼
2
4
0
G
eV

.

W
it
h
a
d
ri
v
e
b
ea
m

en
er
g
y
o
f
E
(e

−
)
=

1
2
0
G
eV

a
y
ie
ld

o
f
#
e+

/
#
e−

=
1
.5
,
w
h
ic
h
is

cr
u
ci
a
l
to

m
a
tc
h

th
e
lu
m
in
o
si
ty

re
q
u
ir
em

en
ts
,
ca
n
a
ls
o
b
e
fu
lfi
ll
ed

w
it
h
th
e
h
el
ic
a
l
u
n
d
u
la
to
r-
b
a
se
d
e+

so
u
rc
e.

A
p
p
ly
in
g

a
co
ll
im

a
to
r
w
it
h
a
ra
d
iu
s
o
f
R

c
o
l
∼

3
.5

m
m

a
p
o
si
tr
o
n
p
o
la
ri
za
ti
o
n
P
(e

+
)
=

4
0
%

is
a
ch
ie
va
b
le

fo
r

2
3
1
m

a
ct
iv
e
le
n
g
th

o
f
th
e
u
n
d
u
la
to
r
w
it
h
1
1
.5
m
m

p
er
io
d
a
n
d
K

va
lu
e
o
f
0
.9
2
,
d
et
a
il
s
se
e
th
e
n
o
te

1
5

2



L
C
-R

E
P
-2
0
1
3
-0
1
9
,c
o
n
tr
ib
u
ti
o
n
b
y
A
.
U
sh
a
k
ov

et
a
l.
T
h
e
eff

ec
ti
v
e
p
o
la
ri
za
ti
o
n
P
e
ff
a
n
d
co
rr
es
p
o
n
d
in
g

u
n
ce
rt
a
in
ty

Δ
P
e
ff
/
P
e
ff
a
re

li
st
ed

in
T
a
b
.1
.

b
)
‘T
o
p
fr
o
n
ti
er
’:

T
h
e
n
ex
t
im

p
o
rt
a
n
t
en

er
g
y
st
a
g
e
is
a
t
a
b
o
u
t
th
e
to
p
q
u
a
rk

th
re
sh
o
ld
,
i.
e.

√ s
∼

3
5
0
G
eV

.
P
er
fo
rm

in
g

a
th
re
sh
o
ld

sc
a
n
is

m
a
n
d
a
to
ry

to
a
ch
ie
v
e
a
m
ea
su
re
m
en
t
o
f
th
e
to
p
m
a
ss

w
it
h
Δ
m

t
=

1
0
0
M
eV

.
In

a
d
d
it
io
n
th
e
m
ea
su
re
m
en
t
o
f
th
e
le
ft
-r
ig
h
t
a
sy
m
m
et
ry

in
e+

e−
→

tt̄
is

cr
u
ci
a
l
fo
r
th
e
m
ea
su
re
m
en
t
o
f

th
e
el
ec
tr
ow

ea
k
to
p
co
u
p
li
n
g
s.

W
it
h
a
co
rr
es
p
o
n
d
in
g
e−

d
ri
v
e
b
ea
m

en
er
g
y
o
f
1
7
5
G
eV

a
y
ie
ld

re
q
u
ir
em

en
t
o
f
#
e+

/
#
e−

=
1
.5

d
o
es

n
o
t
ca
u
se

a
n
y
p
ro
b
le
m
s
fo
r
th
e
u
n
d
u
la
to
r-
b
a
se
d
e+

so
u
rc
e.

A
p
p
ly
in
g
th
e
co
ll
im

a
to
r
a
s
b
ef
o
re

w
it
h

R
c
o
l
=

1
.2

m
m

y
ie
ld
s
a
p
o
si
tr
o
n
p
o
la
ri
za
ti
o
n
o
f
P
(e

+
)
=

5
6
%

(F
ig
.
1
).
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F
ig
u
re

1
:
P
o
si
tr
o
n
y
ie
ld

(b
la
ck

cu
rv
e)

a
n
d
p
o
la
ri
za
ti
o
n
(r
ed

cu
rv
e)

v
er
su
s
th
e
a
p
er
tu
re

ra
d
iu
s
o
f
p
h
o
to
n

co
ll
im

a
to
r
o
f
e+

so
u
rc
e
w
it
h
1
7
5
G
eV

el
ec
tr
o
n
d
ri
v
e
b
ea
m

a
n
d
2
3
1
m

h
el
ic
a
l
u
n
d
u
la
to
r
(1
1
.5

m
m

p
er
io
d
a
n
d

K
=

0
.9
2
).

c)
‘D

es
ig
n
en

er
g
y
fr
o
n
ti
er
’:

T
h
e
cu

rr
en
tl
y
fo
re
se
en

d
es
ig
n
en

er
g
y
is

√ s
=

5
0
0
G
eV

.
T
h
e
u
n
d
u
la
to
r-
b
a
se
d
p
o
si
tr
o
n
so
u
rc
e
w
it
h

1
4
3
.5
m

u
n
d
u
la
to
r
a
n
d
a
n
a
p
p
li
ed

co
ll
im

a
to
r
o
f
0
.7
m
m

a
p
er
tu
re

ra
d
iu
s
w
il
l
d
el
iv
er

P
(e

+
)
=

5
9
%
.

D
et
a
il
ed

m
a
te
ri
a
l
te
st
s
co
n
ce
rn
in
g
th
e
co
ll
im

a
to
r
a
re

st
il
l
u
n
d
er

w
o
rk
.

T
h
is

st
a
g
e
a
ll
ow

s
a
fi
rs
t
m
ea
su
re
m
en
t
o
f
th
e
to
p
Y
u
ka
w
a
co
u
p
li
n
g
g t

tH
a
n
d
e+

p
o
la
ri
za
ti
o
n
d
ec
is
iv
e

fo
r
a
p
a
rt
ia
l
co
m
p
en

sa
ti
o
n
o
f
th
e
se
v
er
e
st
a
ti
st
ic
a
l
li
m
it
a
ti
o
n
s
o
f
th
is

p
ro
ce
ss
.

d
)
‘E
n
er
g
y
u
p
g
ra
d
e’
:

A
d
is
cu
ss
ed

u
p
g
ra
d
e
en
er
g
y
u
p
to

√ s
=

1
T
eV

w
il
l,

fo
r
in
st
a
n
ce
,
p
ro
v
id
e
re
a
so
n
a
b
le

p
re
ci
si
o
n
fo
r

th
e
tr
il
in
ea
r
H
ig
g
s
co
u
p
li
n
g
s.

U
si
n
g
a
m
o
d
ifi
ed

u
n
d
u
la
to
r-
b
a
se
d
e+

so
u
rc
e
w
it
h
a
1
7
6
m

u
n
d
u
la
to
r

(p
er
io
d
o
f
4
.3

cm
,
K

=
2
.5
),

a
n
d
a
co
ll
im

a
to
r
w
it
h
R

c
o
l
=

0
.9

m
m

a
t
su
ch

a
h
ig
h
e−

d
ri
v
e
b
ea
m

en
er
g
y
o
f
E
(e

−
)
=

5
0
0
G
eV

w
o
u
ld

st
il
l
d
el
iv
er

P
(e

+
)
=

5
4
%
,
d
et
a
il
s
se
e
th
e
n
o
te

L
C
-R

E
P
-2
0
1
3
-0
1
2
,

co
n
tr
ib
u
ti
o
n
b
y
A
.
U
sh
a
k
ov

et
a
l.
D
et
a
il
ed

st
u
d
ie
s
o
n
th
e
eff

ec
ts

o
f
m
is
a
li
g
n
m
en
ts

a
re

st
il
l
u
n
d
er

w
o
rk
.

F
o
r
re
a
so
n
s
o
f
si
m
p
li
ci
ty
,
w
e
a
ss
u
m
e
fo
r
a
ll
en

er
g
y
st
a
g
es

√ s
=

3
5
0
,
5
0
0
a
n
d
1
0
0
0
G
eV

a
n
e+

b
ea
m

p
o
la
ri
za
ti
o
n
o
f
P
(e

+
)
=

5
5
%
.
T
h
e
co
rr
es
p
o
n
d
in
g
P
e
ff
=

(P
(e

−
)
−

P
(e

+
))
/
(1

−
P
(e

−
)P

(e
+
))
,
L e

ff
=

(1
−

P
(e

−
)P

(e
+
))
L

a
n
d
Δ
P
e
ff
/
P
e
ff
a
re

li
st
ed

in
T
a
b
.1
.

2
P
o
la
ri
za

ti
o
n

is
su

e
s
a
t
√ s

=
24
0
G
e
V

U
p
to

th
is
en

er
g
y
st
a
g
e
th
e
m
a
in

p
h
y
si
cs

q
u
es
ti
o
n
s
to

b
e
a
d
d
re
ss
ed

a
re

th
e
m
ea
su
re
m
en
t
o
f
H
ig
g
s
m
a
ss

a
n
d

it
s
co
u
p
li
n
g
s
to

li
g
h
t
q
u
a
rk
s,

τ
’s

a
n
d
th
e
g
a
u
g
e
b
o
so
n
s.

T
h
e
a
d
va
n
ta
g
e
o
f
p
o
la
ri
ze
d
b
ea
m
s
is

m
a
in
ly

g
iv
en

1
5

3

√ s
P
(e

−
)

P
(e

+
)

P
e
ff

L e
ff

1 x
Δ
P
e
ff
/
P
e
ff

to
ta
l
ra
n
g
e

∓8
0
%

0
%

∓8
0
%

1
1

2
5
0
G
eV

∓8
0
%

±4
0
%

∓9
1
%

1
.3

0
.4
3

≥3
5
0
G
eV

∓8
0
%

±5
5
%

∓9
4
%

1
.4

0
.3
0

to
ta
l
ra
n
g
e

∓9
0
%

0
%

∓9
0
%

1
1

2
5
0
G
eV

∓9
0
%

±4
0
%

∓9
6
%

1
.4

0
.4
3

≥3
5
0
G
eV

∓9
0
%

±5
5
%

∓9
7
%

1
.5

0
.2
9

T
a
b
le

1
:
T
h
e
eff

ec
ti
v
e
p
o
la
ri
za
ti
o
n
P
e
ff
,
lu
m
in
o
si
ty

L e
ff

a
n
d

Δ
P
e
ff
/
P
e
ff

in
d
ep

en
d
en
ce

o
f
th
e
a
ch
ie
va
b
le

e+
p
o
la
ri
za
ti
o
n
fo
r
th
e
d
iff
er
en
t
en

er
g
ie
s.

C
o
n
ce
rn
in
g
th
e
p
o
la
ri
za
ti
o
n
m
ea
su
re
m
en
t,

x
is

d
efi
n
ed

v
ia

x
=

Δ
P
(e

−
)/
P
(e

−
)
=

Δ
P
(e

+
)/
P
(e

+
).

b
y
th
e
en

h
a
n
ce
m
en
t
o
f
th
e
cr
o
ss

se
ct
io
n
co
m
p
a
re
d
to

th
e
ru
n
w
it
h
u
n
p
o
la
ri
ze
d
b
ea
m
s,

a
ss
u
m
in
g
th
a
t
th
e

p
o
la
ri
za
ti
o
n
u
n
ce
rt
a
in
ty

is
su
ffi
ci
en
tl
y
sm

a
ll
.

P
ro
v
id
in
g
o
n
ly

p
o
la
ri
ze
d
e−

w
it
h
P
(e

−
)
=

−8
0
%

(P
(e

−
)
=

−9
0
%
)
w
il
l
en
h
a
n
ce

σ
(e

+
e−

→
H
Z

b
y
a
b
o
u
t

a
fa
ct
o
r
o
f
1
.1
2
(1
.1
4
)
b
u
t
P
(e

−
)
=

+
8
0
%

(P
(e

−
)
=

+
9
0
%
)
w
il
l
d
ec
re
a
se

th
e
p
ro
ce
ss

b
y
a
b
o
u
t
a
fa
ct
o
r

o
f
0
.8
8
(0
.8
6
).

S
im

u
lt
a
n
eo
u
sl
y
p
o
la
ri
ze
d
b
ea
m
s
w
it
h
P
(e

−
)
=

−8
0
%

(P
(e

−
)
=

−9
0
%
)
a
n
d
P
(e

+
)
=

+
4
0
%
,

h
ow

ev
er
,
w
o
u
ld

en
h
a
n
ce

σ
(e

+
e−

→
H
Z
)
b
y
a
b
o
u
t
a
fa
ct
o
r
o
f
1
.5
0
(1
.5
6
)
co
rr
es
p
o
n
d
in
g
to

a
n
in
cr
ea
se

o
f
3
5
%

(3
7
%
)
co
m
p
a
re
d
to

th
e
ca
se

w
it
h
o
n
ly

p
o
la
ri
ze
d
el
ec
tr
o
n
b
ea
m
s.

W
it
h
th
e
o
p
p
o
si
te

p
o
la
ri
za
ti
o
n
co
n
fi
g
u
ra
ti
o
n

th
e
cr
o
ss

se
ct
io
n
w
o
u
ld

a
ls
o
b
e
en
h
a
n
ce
d
,
b
u
t
o
n
ly

sl
ig
h
tl
y
:
w
it
h
P
(e

−
)
=

+
8
0
%

(P
(e

−
)
=

+
9
0
%
)
a
n
d

P
(e

+
)
=

−4
0
%

th
e
en
h
a
n
ce
m
en
t
fa
ct
o
r
is
o
f
a
b
o
u
t
1
.1
4
(1
.1
6
).

T
h
e
en

h
a
n
ce
m
en
t
fa
ct
o
r
fo
r
e+

e−
→

H
Z

is
p
ra
ct
ic
a
ll
y
g
iv
en

b
y
: σ
p
o
l (
H
Z
)

σ
u
n
p
o
l (
H
Z
)
=

L
2
[1
−
P
(e

−
))
(1

+
P
(e

+
)]
+
R

2
[1
+
P
(e

−
)]
[1
−
P
(e

+
)]

L
2
+
R

2
,

w
h
er
e
th
e
co
u
p
li
n
g
s
a
re

a
p
p
ro
x
im

a
te
ly

g
iv
en

b
y
L
=

−0
.2
6
9
a
n
d
R

=
0
.2
3
1
.

T
h
e
av
a
il
a
b
il
it
y
o
f
p
o
la
ri
ze
d
b
ea
m
s
a
t
th
is

st
a
g
e
en
su
re
s
th
a
t
a
lr
ea
d
y
a
n
u
lt
im

a
te

p
re
ci
si
o
n
in

th
e
d
e-

te
rm

in
a
ti
o
n
o
f
th
e
H
ig
g
s
co
u
p
li
n
g
s
ca
n
b
e
a
ch
ie
v
ed

a
t
th
is

lo
w

en
er
g
y
st
a
g
e.

S
u
ch

a
h
ig
h
p
re
ci
si
o
n
m
ay

b
e

cr
u
ci
a
l
to

d
et
ec
t
a
n
y
h
in
ts

w
h
et
h
er

o
n
e
h
a
s
a
p
u
re

S
M
-l
ik
e
H
ig
g
s
o
r
n
o
t.

A
n
im

p
o
rt
a
n
t
p
ro
p
er
ty

o
f
th
e
H
ig
g
s
is
th
e
C
P

p
ro
p
er
ty
.
In

th
e
S
M

th
e
H
ig
g
s
sh
o
u
ld

b
e
a
p
u
re

C
P
-e
v
en

st
a
te
.
In

B
S
M

m
o
d
el
s,
h
ow

ev
er
,
th
e
o
b
se
rv
ed

b
o
so
n
st
a
te

a
p
ri
o
ri

ca
n
b
e
a
n
y
a
d
m
ix
tu
re

o
f
C
P
-e
v
en

a
n
d
C
P
-

o
d
d
st
a
te
s.

T
h
er
ef
o
re

it
is
cr
u
ci
a
l
to

d
et
er
m
in
e
n
o
t
o
n
ly

w
h
et
h
er

it
h
a
s
C
P
-e
v
en

st
a
te

co
m
p
o
n
en
ts

o
r
n
o
t
b
u
t

in
p
a
rt
ic
u
la
r
w
h
et
h
er

it
is
a
m
ix
ed

C
P
-s
ta
te
.
T
h
e
H
V
V

co
u
p
li
n
g
p
ro
je
ct
s
o
u
t
o
n
ly

th
e
C
P
-e
v
en

co
m
p
o
n
en
ts
,

th
er
ef
o
re

th
e
d
eg
re
e
o
f
C
P
a
d
m
ix
tu
re

ca
n
n
o
t
b
e
ta
ck
le
d
v
ia

a
n
a
ly
zi
n
g
th
es
e
co
u
p
li
n
g
s.

T
h
er
ef
o
re

th
e
p
re
ci
se

m
ea
su
re
m
en
t
o
f
th
e
H
ig
g
s
co
u
p
li
n
g
s
to

fe
rm

io
n
s
is

d
ec
is
iv
e.

F
o
r
in
st
a
n
ce
,
a
n
a
ly
zi
n
g
th
e
d
ec
ay

s
o
f
th
e
n
ew

b
o
so
n
in
to

3
rd

g
en

er
a
ti
o
n
fe
rm

io
n
s
ta
u
’s

p
ro
v
id
es

th
e
p
o
ss
ib
il
it
y
to

co
n
st
ru
ct

C
P
–
o
d
d
o
b
se
rv
a
b
le
s
v
ia

th
e

p
o
la
ri
za
ti
o
n
v
ec
to
r
o
f
th
e
τ
’s
[5
].

T
h
e
p
o
la
ri
za
ti
o
n
st
a
te
s
o
f
th
e
H
ig
g
s
d
ec
ay

p
ro
d
u
ct

τ
’s

a
re

su
it
a
b
le

to
d
et
er
m
in
e
u
n
iq
u
el
y
th
e
d
eg
re
e
o
f
th
e
C
P
-a
d
m
ix
tu
re

in
th
e
p
a
re
n
t
H
ig
g
s
st
a
te
.
K
ee
p
in
g
in

m
in
d
,
h
ow

ev
er
,

th
a
t
in

th
e
S
U
S
Y

p
a
ra
m
et
er

sp
a
ce

ev
en

in
C
P
-m

a
x
sc
en

a
ri
o
s
o
n
ly

a
d
m
ix
tu
re
s
o
f
C
P
–
o
d
d
H
ig
g
s
co
u
p
li
n
g
s

o
f
0
.1
%

ca
n
b
e
o
b
ta
in
ed
,
sh
ow

s
w
h
ic
h
cr
u
ci
a
l
ro
le

p
re
ci
si
o
n
a
sp
ec
ts

m
ay

p
la
y
a
n
d
a
n
y
im

p
ro
v
em

en
t
v
ia
,
fo
r

in
st
a
n
ce
,
b
ea
m

p
o
la
ri
za
ti
o
n
sh
o
u
ld

b
e
ex
p
lo
it
ed
[1
].

3
P
o
la
ri
za

ti
o
n

is
su

e
s
a
t
√ s

≥
35
0
G
e
V
,
50
0
G
e
V

a
n
d

b
e
y
o
n
d

A
t
√ s

=
3
5
0
G
eV

fu
rt
h
er

p
h
y
si
cs

ch
a
ll
en
g
es

o
p
en

u
p
a
s,

fo
r
in
st
a
n
ce
,
th
e
m
ea
su
re
m
en
t
o
f
th
e
to
p
q
u
a
rk

m
a
ss

a
n
d
th
e
m
ea
su
re
m
en
t
o
f
th
e
to
ta
l
w
id
th

o
f
th
e
H
ig
g
s.

A
ls
o
th
e
p
o
la
ri
za
ti
o
n
o
f
th
e
to
p
q
u
a
rk

g
iv
es

im
p
o
rt
a
n
t
in
fo
rm

a
ti
o
n
w
h
et
h
er

o
n
e
h
a
s
S
M
-l
ik
e
co
u
p
li
n
g
s
o
r
n
ew

p
h
y
si
cs

co
n
tr
ib
u
ti
o
n
s
in
v
o
lv
ed
.
In

o
rd
er

to
m
a
x
im

iz
e
th
e
to
p
q
u
a
rk

p
o
la
ri
za
ti
o
n
b
ea
m

p
o
la
ri
za
ti
o
n
is

v
er
y
cr
u
ci
a
l[
6]
.

B
u
t
a
ls
o
n
ew

p
h
y
si
cs

sc
en

a
ri
o
s
n
o
t
o
b
se
rv
a
b
le
a
t
th
e
L
H
C

m
ay

d
ir
ec
tl
y
b
e
a
cc
es
si
b
le

a
t
th
is
en
er
g
y
st
a
g
e

a
t
th
e
L
C
.
F
o
r
in
st
a
n
ce
,
h
ig
g
si
n
o
-l
ik
e
S
U
S
Y

sc
en

a
ri
o
s
th
a
t
le
a
d
o
ft
en

to
m
a
ss

d
eg
en

er
a
te
d
li
g
h
t
st
a
te
s
w
it
h

ra
d
ia
ti
v
e
so
ft

p
h
o
to
n
d
ec
ay

s
a
re

p
ra
ct
ic
a
ll
y
in

a
h
id
d
en

se
ct
o
r
co
n
ce
rn
in
g
th
e
p
h
y
si
cs

p
o
te
n
ti
a
l
o
f
th
e
L
H
C
.

1
5

4



T
h
e
p
o
la
ri
za
ti
o
n
o
f
b
o
th

b
ea
m
s
is

d
efi
n
it
el
y
n
ee
d
ed

to
en

h
a
n
ce

th
e
si
g
n
a
l,
to

p
ro
v
id
e
en

o
u
g
h
o
b
se
rv
a
b
le
s

a
n
d
to

u
n
ra
v
el

th
e
m
ix
in
g
ch
a
ra
ct
er

o
f
th
e
n
eu
tr
a
li
n
o
s/
ch
a
rg
in
o
s[
1,

7
].

In
g
en

er
a
l,
d
et
er
m
in
in
g
th
e
fu
n
d
a
m
en
ta
l
S
U
S
Y

p
a
ra
m
et
er
s,
o
n
e
is

—
d
u
e
to

th
e
ex
p
ec
te
d
h
ig
h
p
re
ci
si
o
n

a
t
th
e
L
C
—

ev
en

se
n
si
ti
v
e
to

eff
ec
ts

fr
o
m

v
ir
tu
a
l,
h
ea
v
y
p
a
rt
ic
le
s
v
ia

lo
o
p
eff

ec
ts

a
n
d
ca
n
p
re
d
ic
t
th
ei
r
m
a
ss
,

a
s
fo
r
in
st
a
n
ce
,
m

t̃[
8]
.

R
a
is
in
g
th
e
en
er
g
y
to

√ s
=

5
0
0
G
eV

a
ll
ow

s
to

d
et
er
m
in
e
th
e
to
p
-Y
u
ka
w
a
co
u
p
li
n
g
g t

tH
.
It

is
ex
p
ec
te
d

to
a
ch
ie
v
e
a
n
a
cc
u
ra
cy

o
f
Δ
g t

tH
/
g t

tH
∼

1
0
%
[9
],
a
lt
h
o
u
g
h
it

is
cl
o
se

to
th
e
th
re
sh
o
ld
.
B
u
t
th
a
n
k
s
to

Q
C
D
-

in
d
u
ce
d
en

h
a
n
ce
d
th
re
sh
o
ld

eff
ec
ts

su
ch

a
n
a
cc
u
ra
cy

sh
o
u
ld

b
e
a
ch
ie
va
b
le

w
it
h
1
a
b
−
1
.
T
h
e
p
o
la
ri
za
ti
o
n
o
f

b
o
th

b
ea
m
s
is
a
g
a
in

cr
u
ci
a
l
to

en
h
a
n
ce

th
e
sm

a
ll
cr
o
ss

se
ct
io
n
a
n
d
th
e
se
n
si
ti
v
it
y
o
f
th
is
st
u
d
y.

F
o
r
in
st
a
n
ce
,

if
o
n
ly

p
o
la
ri
ze
d
el
ec
tr
o
n
s
w
it
h
P
(e

−
)
=

−8
0
%

a
re

av
a
il
a
b
le
,
th
e
im

p
ro
v
em

en
t
in

Δ
g t

tH
is

ex
p
ec
te
d
to

b
e

o
n
ly

o
f
a
b
o
u
t
1
9
%

w
it
h
re
sp
ec
t
to

u
n
p
o
la
ri
ze
d
b
ea
m
s.

H
ow

ev
er
,
u
si
n
g
si
m
u
lt
a
n
eo
u
sl
y
P
(e

+
)
=

+
6
0
%

a
s

w
el
l,
th
e
im

p
ro
v
em

en
t
in

Δ
g t

tH
is

ex
p
ec
te
d
to

b
e
4
5
%

(s
ee

[1
]
a
n
d
re
fe
re
n
ce
s
th
er
ei
n
).

It
is
o
f
g
re
a
t
im

p
o
rt
a
n
ce

to
m
ea
su
re

th
is
Y
u
ka
w
a
co
u
p
li
n
g
w
it
h
h
ig
h
p
re
ci
si
o
n
in

o
rd
er

to
te
st

th
e
H
ig
g
s

m
ec
h
a
n
is
m

a
n
d
v
er
if
y
th
e
m
ea
su
re
d
to
p
m
a
ss

m
t
=

y t
tH

v
/
√ s

.
A
ls
o
a
d
m
ix
tu
re
s
o
f
n
o
n
-S
M

co
n
tr
ib
u
ti
o
n
s

a
re

ex
p
ec
te
d

to
b
ec
o
m
e
v
is
ib
le

in
th
is

co
u
p
li
n
g
.

F
o
r
in
st
a
n
ce
,
in

g
en

er
a
l
T
w
o
-H

ig
g
s-
D
o
u
b
le
t
m
o
d
el

th
e

d
ev
ia
ti
o
n
s
to

th
e
S
M

va
lu
e
ca
n
h
er
e
a
ch
ie
v
e
ty
p
ic
a
ll
y
2
0
%
.

C
o
n
ce
rn
in
g
th
e
H
ig
g
s
se
ct
o
r,

th
is

en
er
g
y
st
a
g
e
a
ls
o
p
ro
v
id
es

fi
rs
t
a
cc
es
s
to

th
e
tr
il
in
ea
r
H
ig
g
s
co
u
p
li
n
g

λ
,
th
a
t
is
im

p
o
rt
a
n
t
fo
r
th
e
es
ta
b
li
sh
m
en
t
o
f
th
e
el
ec
tr
ow

ea
k
sy
m
m
et
ry

b
re
a
k
in
g
m
ec
h
a
n
is
m

a
n
d
th
e
d
et
er
-

m
in
a
ti
o
n
o
f
th
e
H
ig
g
s
p
o
te
n
ti
a
l:

V
=

1 2
m

2 H
Φ

2 H
+
λ
v
Φ

3 H
+

1 4
κ
Φ

4 H
,

w
h
er
e
v
=

2
4
6
G
eV

.
T
h
e
cr
o
ss

se
ct
io
n
fo
r
d
o
u
b
le
H
ig
g
ss
tr
a
h
lu
n
g
is
sm

a
ll
b
u
t
h
a
s
a
m
a
x
im

u
m

o
f
a
b
o
u
t
0
.2

fb
fo
r
a
H
ig
g
s
w
it
h
m

H
∼=

1
2
5
G
eV

a
t
th
is

en
er
g
y
st
a
g
e.

T
h
e
u
n
ce
rt
a
in
ty

sc
a
le
s
w
it
h
Δ
λ
/
λ

=
1
.8
Δ
σ
/
σ
.

B
ea
m

p
o
la
ri
za
ti
o
n
o
f
b
o
th

b
ea
m
s
is

cr
u
ci
a
l
to

en
h
an

ce
th
e
ti
n
y
cr
o
ss

se
ct
io
n
a
n
d
it

is
ex
p
ec
te
d
to

g
et

a
p
re
ci
si
o
n
o
n
th
e
H
ig
g
s
se
lf
co
u
p
li
n
g
<

4
0
%

a
lr
ea
d
y
a
t
th
is

en
er
g
y
st
a
g
e[
1
0]
.

A
s
so
o
n
a
s
n
o
n
-S
M

p
h
y
si
cs

sh
ow

s
u
p
th
e
p
o
la
ri
za
ti
o
n
o
f
b
o
th

b
ea
m
s
g
et
s
m
a
n
d
a
to
ry

to
h
av
e
th
e
b
es
t

se
n
si
ti
v
it
y
to

th
e
ch
ir
a
li
ty

o
f
th
e
co
u
p
li
n
g
s
o
f
th
e
n
ew

p
a
rt
ic
le
s
a
n
d
to

d
et
er
m
in
e
th
e
u
n
d
er
ly
in
g
st
ru
ct
u
re

o
f
th
e
m
o
d
el

a
s
p
re
ci
se

a
s
p
o
ss
ib
le
.
M
a
n
y
p
h
y
si
cs

ex
a
m
p
le
s
h
av
e
b
ee
n
st
u
d
ie
d
[9
,
1,

2]
.

O
n
e
is
a
ls
o
se
n
si
ti
v
e
to

n
ew

p
h
y
si
cs

m
o
d
el
s
v
ia

in
d
ir
ec
t
se
a
rc
h
es
.
F
o
r
in
st
a
n
ce
,
eff

ec
ts

fr
o
m

h
ea
v
y
Z
’[
1
1]

b
ec
o
m
e
o
b
se
rv
a
b
le

in
e+

e−
→

W
+
W

−
.
H
av

in
g
b
o
th

b
ea
m
s
p
o
la
ri
ze
d
a
ll
ow

s
to

d
is
ti
n
g
u
is
h
th
e
va
ri
et
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b
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b
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p
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er
e
ex
is
ts

th
e
st
ro
n
g
re
la
ti
o
n
b
et
w
ee
n
th
e

el
ec
tr
ow

ea
k
p
re
ci
si
o
n
o
b
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b
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a
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b
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ra
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e

cu
rr
en
t
va
lu
e
fr
o
m

th
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p
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n
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u
n
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b
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h
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n
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d
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b
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1
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1
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.
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d
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L
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2
b
a
n
d
w
o
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te
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u
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e
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M
.
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t
G
ig
a
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,
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e
h
ig
h
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m
in
o
si
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o
p
ti
o
n
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r
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n
n
in
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t
th
e
Z
-p
o
le
,
o
ff
er
s
to

d
et
er
m
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e
th
e
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in
g
a
n
g
le

u
p
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p
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o
n
o
f
1
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b
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te

h
ig
h
p
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o
n
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o
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o
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ev
er
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n
e
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o
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ld
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te
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a
t
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e
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b
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si
o
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st
il
l
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b
y
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a
ra
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et
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c
u
n
ce
rt
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m

Z
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α
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a
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n
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m

to
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p
p
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n
o
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=
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eV
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b
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va
b
le

o
n
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a
t
th
e
L
C
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th
re
sh
o
ld
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a
n
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en
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,
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u
t
su
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p
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o
n
w
il
l
b
e
m
a
n
d
a
to
ry

to
fu
ll
y
ex
p
lo
it
th
e
G
ig
a
Z
p
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si
o
n
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5]
.
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h
er
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p
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p
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L
H
C
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,
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b
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r
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e
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e
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to
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o
b
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to
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e
G
ig
a
Z
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o
n
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n
b
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s
o
f
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p
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o
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=
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y
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te

p
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ci
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o
n
s
te
st
s
a
t
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a
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b
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a
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e
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e
w
o
rl
d
av
er
a
g
e
fo
r
si
n
2
θ e

ff
is

g
iv
en

.
T
h
is
fi
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d
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ra
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s
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im
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o
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n
t
it
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b
o
th

to
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n
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in
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s
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a
ri
fy
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e
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a
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l
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e.
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e
to

th
e
h
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se
n
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v
it
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o
f
su
ch

el
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ow

ea
k
p
re
ci
si
o
n
o
b
se
rv
a
b
le
s
to
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o
p
eff

ec
ts
,
th
ey

a
re

a
ls
o
se
n
si
ti
v
e

to
eff

ec
ts

fr
o
m

h
ea
v
y
v
ir
tu
a
l
n
ew

p
a
rt
ic
le
s
a
s,
fo
r
in
st
a
n
ce
,
h
ea
v
y
S
U
S
Y

p
a
rt
ic
le
s,
th
a
t
a
re

ev
en

b
ey
o
n
d
th
e

d
is
co
v
er
y
ra
n
g
e
o
f
th
e
L
H
C
.
T
h
e
ch
o
se
n
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a
m
p
le
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en

a
ri
o
in

F
ig
.
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sh
ow

s
th
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th
e
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ea
su
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m
en
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w
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h
G
ig
a
Z

p
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o
n
w
o
u
ld

ev
en

st
il
l
b
e
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n
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v
e
to

S
U
S
Y
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en
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o
s
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a
t
h
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e
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u
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d
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r
b
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o
n
d
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e

k
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a
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c
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n
g
e
o
f
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e
L
H
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.
T
h
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o
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u
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im

a
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p
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ci
si
o
n
s
m
ea
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re
m
en
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a
t
G
ig
a
Z
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n
g
iv
e
ev
en
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in
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to
o
u
tl
in
e
th
e
u
n
d
er
ly
in
g
n
ew

p
h
y
si
cs
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a
le
.
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S
u
m
m
a
ry

P
o
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ri
za
ti
o
n
p
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y
s
a
n

im
p
o
rt
a
n
t
ro
le

in
th
e
fu
ll

p
h
y
si
cs

p
ro
g
ra
m
m
e
o
f
th
e
L
in
ea
r
C
o
ll
id
er
.
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b
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a
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th
e
p
h
y
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o
te
n
ti
a
l
o
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e
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C
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b
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b
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en
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y
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n
g
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p
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t
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er
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st
a
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p
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d
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p
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l
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r
b
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d
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.
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d
b
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p
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b
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p
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d
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E
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a
ti
o
n
o
f
si
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2
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d
ep
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d
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o
f
m

W
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r
th
e
S
M
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e
M
S
S
M
.
T
h
e
b
lu
e
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e
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l
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ex
p
ec
te
d
a
t
G
ig
a
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1
7,

1
8]
.
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p
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d
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o
n
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r
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e
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M
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S
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u
d
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g
p
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v
e
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a
ra
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c

th
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l
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n
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a
in
ti
es
)
co
m
p
a
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e
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p
er
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l
p
re
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o
n
a
t
th
e
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C

w
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h
G
ig
a
Z
o
p
ti
o
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a
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h
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e
th
e
sq
u
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a
n
d
g
lu
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o
m
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p
a
ra
m
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×
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r
S
P
S
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a
’

va
lu
es
.
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s
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n
b
e
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g
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o
n
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e
m
a
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er
en
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s
b
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n
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o
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ev
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b
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n
d
th
e
k
in
em

a
ti
c
ra
n
g
e.

[1
6,

1
7,

1
8]
.

1
5

7

R
e
fe
re
n
ce

s
[1
]
G
.
M
o
o
rt
g
a
t-
P
ic
k
,
T
.
A
b
e,

G
.
A
le
x
a
n
d
er
,
B
.
A
n
a
n
th
a
n
a
ra
y
a
n
,
A
.
A
.
B
a
b
ic
h
,
V
.
B
h
a
ra
d
w
a
j,

D
.
B
a
rb

er
a
n
d

A
.
B
a
rt
l
et

a
l.
,
P
h
y
s.

R
ep

t.
4
6
0
(2
0
0
8
)
1
3
1
[h
ep

-p
h
/
0
5
0
7
0
1
1
].

[2
]
S
.
R
ie
m
a
n
n
,
P
h
y
si
cs

A
p
p
li
ca
ti
o
n
s
o
f
P
o
la
ri
ze
d
P
o
si
tr
o
n
s,

L
C
-R

E
P
-2
0
1
3
-0
1
7
,
th
es
e
p
ro
ce
ed

in
g
s.

[3
]
A
.
U
sh

a
k
ov

,
V
.
K
ov
a
le
n
k
o
,
G
.
M
o
o
rt
g
a
t-
P
ic
k
,
S
.
R
ie
m
a
n
n
,
F
.
S
ta
u
fe
n
b
ie
l,

S
im

u
la
ti
o
n
s
o
f
th
e
IL

C
po

si
tr
o
n

so
u
rc
e
w
it
h

1
2
0
G
eV

el
ec
tr
o
n
d
ri
ve

be
a
m
,
L
C
-R

E
P
-2
0
1
3
-0
1
9
,
th
es
e
p
ro
ce
ed

in
g
s.

[4
]
A
.
U
sh

a
k
ov

,
G
.
M
o
o
rt
g
a
t-
P
ic
k
,
S
.
R
ie
m
a
n
n
,
W

.
G
a
i,

W
.
L
iu
,
P
o
si
tr
o
n

S
o
u
rc
e

S
im

u
la
ti
o
n
s
fo
r
IL

C
1

T
eV

U
pg
ra
d
e,

L
C
-R

E
P
-2
0
1
3
-0
1
2
,
th
es
e
p
ro
ce
ed

in
g
s.

[5
]
S
.
B
er
g
e,

W
.
B
er
n
re
u
th
er
,
H
.
S
p
ie
sb

er
g
er
,
D
et
er
m
in
a
ti
o
n
o
f
th
e
C
P

pa
ri
ty

o
f
H
ig
gs

bo
so
n
s
in

th
ei
r
ta
u
d
ec
a
y
ch

a
n
n
el
s
a
t

th
e
IL

C
,
L
C
-R

E
P
-2
0
1
2
-0
6
8
,
th
es
e
p
ro
ce
ed

in
g
s.

[6
]
S
.
G
ro
o
te
,
J
.G

.
K
ö
rn

er
,
B
.
M
el
ic
,
S
.
P
re
lo
v
se
k
,
S
in
gl
e
to
p

qu
a
rk

po
la
ri
za
ti
o
n

a
t
O
(α

s
)
in

tt̄
p
ro
d
u
ct
io
n

a
t
a

po
la
ri
ze
d

li
n
ea
r
e+

e−
co
ll
id
er
,
L
C
-R

E
P
-2
0
1
2
-0
7
6
,
th
es
e
p
ro
ce
ed

in
g
s.

[7
]
C
.M

.
B
er
g
g
re
n
,
F
.
B
rü

m
m
er
,
J
.
L
is
t,

G
.
M
o
o
rt
g
a
t-
P
ic
k
,
T
.
R
o
b
en

s,
K
.
R
o
lb
ie
ck
i,

H
.
S
er
t,
H
ig
gs
in
o
s
a
t
th
e

IL
C
,
in

p
re
p
a
ra
ti
o
n
.

[8
]
A
.
B
h
a
ru

ch
a
,
J
.
K
a
li
n
ow

sk
i,
G
.
M
o
o
rt
g
a
t-
P
ic
k
,
K
.
R
o
lb
ie
ck
i,
G
.
W
ei
g
le
in
,
O
n
e-
lo
o
p
eff

ec
ts

o
n
M
S
S
M

pa
ra
m
et
er

d
et
er
m
i-

n
a
ti
o
n
vi
a
ch

a
rg
in
o
p
ro
d
u
ct
io
n

a
t
th
e
L
C
,
L
C
-R

E
P
-2
0
1
3
-0
2
0
,
th
es
e
p
ro
ce
ed

in
g
s.

[9
]
In
te
rn

a
ti
o
n
a
l
L
in
ea
r
C
o
ll
id
er
,
T
ec
h
n
ic
a
l
D
es
ig
n
R
ep

o
rt
,
P
h
y
si
cs

a
t
th
e
IL

C
,
ed

.
H
.
B
a
er

et
a
l.
.

[1
0
]
J
.
T
ia
n
,
S
tu
d
y
o
f
H
ig
gs

se
lf
-c
o
u
p
li
n
g
a
t
th
e
IL

C
ba
se
d
o
n
th
e
fu
ll
d
et
ec
to
r
si
m
u
la
ti
o
n
a
t
√
s
=

5
0
0
G
eV

a
n
d
√
s
=

1
T
eV

,
L
C
-R

E
P
-2
0
1
3
-0
0
3
,
th
es
e
p
ro
ce
ed

in
g
s.

[1
1
]
V
.
V
.
A
n
d
re
ev

,
G
.
M
o
o
rt
g
a
t-
P
ic
k
,
P
.
O
sl
a
n
d
,
A
.A

.
P
a
n
k
ov

,
N
.
P
av

er
,
D
is
cr
im

in
a
ti
n
g
Z

′
fr
o
m

a
n
o
m
a
lo
u
s
tr
il
in
ea
r
ga

u
ge

co
u
p
li
n
g
si
gn

a
tu
re
s
in

e+
e−

→
W

+
W

−
a
t
IL

C
w
it
h
po

la
ri
ze
d
be
a
m
s,

L
C
-R

E
P
-2
0
1
2
-0
0
8
,
th
es
e
p
ro
ce
ed

in
g
s.

[1
2
]
B
.
A
n
a
n
th
a
n
a
ra
y
a
n
,
S
.
K
.
G
a
rg
,
M
.
P
a
tr
a
a
n
d
S
.
D
.
R
in
d
a
n
i,
P
h
y
s.

R
ev

.
D

8
5
(2
0
1
2
)
0
3
4
0
0
6
[a
rX

iv
:1
1
0
4
.3
6
4
5
[h
ep

-p
h
]]
.

[1
3
]
B
.
A
n
a
n
th
a
n
a
ra
y
a
n
,
J
.
L
a
h
ir
i,
M
.
P
a
tr
a
a
n
d
S
.
D
.
R
in
d
a
n
i,
P
h
y
s.

R
ev

.
D

8
6
(2
0
1
2
)
1
1
4
0
1
9
[a
rX

iv
:1
2
1
0
.1
3
8
5
[h
ep

-p
h
]]
.

[1
4
]
I.
B
.
M
o
rd

ec
h
a
i,
G
.
A
le
x
a
n
d
er
,
A

T
ra
n
sv
er
se

P
o
la
ri
m
et
er

fo
r
a
L
in
ea
r
C
o
ll
id
er

o
f
2
5
0
G
eV

e±
B
ea
m

E
n
er
gy

,
L
C
-M

-2
0
1
2
-

0
0
1
,
th
es
e
p
ro
ce
ed

in
g
s.

[1
5
]
S
.
H
ei
n
em

ey
er
,
S
.
K
ra
m
l,
W

.
P
o
ro
d
a
n
d
G
.
W
ei
g
le
in
,
h
ep

-p
h
/
0
4
0
9
0
6
3
.

[1
6
]
S
.
H
ei
n
em

ey
er
,
W

.
H
o
ll
ik
,
A
.
M
.
W
eb

er
a
n
d
G
.
W
ei
g
le
in
,
J
H
E
P

0
8
0
4
(2
0
0
8
)
0
3
9
[a
rX

iv
:0
7
1
0
.2
9
7
2
[h
ep

-p
h
]]
.

[1
7
]
S
.
H
ei
n
em

ey
er

a
n
d
G
.
W
ei
g
le
in
,
a
rX

iv
:1
0
0
7
.5
2
3
2
[h
ep

-p
h
].

[1
8
]
S
.
H
ei
n
em

ey
er
,
G
.
W
ei
g
le
in
,
L
.
Z
eu

n
e,

p
ri
va

te
co
m
m
u
n
ic
a
ti
o
n
;
u
p
d
a
te

fr
o
m

[1
6
].

1
5

8



L
C
-R

E
P
-2
01
3-
00
9

M
e
a
su

re
m
e
n
t
o
f
th

e
b
e
a
m

p
o
la
ri
z
a
ti
o
n
a
t
th

e
IL

C
u
si
n
g

e
+
e
−
→

W
+
W

−
→

q
q
�ν

d
a
ta

A
.
R
o
sc
a
1

1
D
E
S
Y
,
H
am

b
u
rg
,
D

22
60
7,

G
er
m
an

y

A
b
st
ra

c
t

A
n
a
ss
es
sm

en
t
o
f
th
e
a
ch
ie
va
b
le
p
re
ci
si
o
n
o
n
th
e
m
ea
su
re
m
en
t
of

th
e
lo
n
g
it
u
d
in
a
l
p
o
la
ri
za
ti
o
n

o
f
h
ig
h

en
er
g
y

el
ec
tr
o
n

an
d

p
os
it
ro
n

b
ea
m
s
in

co
ll
is
io
n

at
th
e
In
te
rn
a
ti
o
n
a
l
L
in
ea
r
C
o
ll
id
er

o
p
er
a
te
d
a
t
1
T
eV

is
p
re
se
n
te
d
.
T
w
o
m
et
h
o
d
s
to

ex
tr
a
ct

th
e
b
ea
m

p
ol
a
ri
za
ti
o
n
u
si
n
g
th
e
e+

e−
→

W
+
W

−
→

q
q
�ν

p
ro
ce
ss

a
re

in
v
es
ti
g
a
te
d
:
a
m
o
d
ifi
ed

B
lo
n
d
el

sc
h
em

e
w
it
h
b
o
th

b
ea
m
s
p
ol
a
ri
ze
d

a
n
d
an

a
n
g
u
la
r
fi
t
m
et
h
o
d
b
a
se
d
on

th
e
W

-b
os
o
n
p
ro
d
u
ct
io
n
a
n
g
le
.

1
5

9

1
In

tr
o
d
u
ct
io
n

T
h
e
m
ea
su
re
m
en
t
of

th
e
b
ea
m

p
ol
ar
iz
at
io
n
at

th
e
IL
C

w
il
l
b
e
p
er
fo
rm

ed
b
y
C
om

p
to
n
p
ol
ar
im

et
er
s.

T
h
ey

w
il
l
m
ea
su
re

th
e
av
er
ag
e
b
ea
m

p
ol
ar
iz
at
io
n

at
th
ei
r
lo
ca
ti
on

w
it
h

h
ig
h

st
at
is
ti
cs
.

D
u
e
to

eff
ec
ts

su
ch

as
p
ol
ar
iz
at
io
n
sp
re
ad

,
sp
in

tr
an

sp
or
t
b
et
w
ee
n
th
e
p
ol
ar
im

et
er

an
d
in
te
ra
ct
io
n
p
oi
n
t,

an
d
d
is
ru
p
ti
on

s
d
u
e
to

b
ea
m
-b
ea
m

eff
ec
ts
,
th
e
re
su
lt
of

th
e
p
ol
ar
im

et
er

m
ea
su
re
m
en
t
w
il
l
d
iff
er

fr
om

th
e
lu
m
in
os
it
y
-w

ei
gh

te
d
b
ea
m

p
ol
ar
iz
at
io
n
.

U
si
n
g
a
p
h
y
si
cs

p
ro
ce
ss

th
at

is
se
n
si
ti
ve

to
th
e
b
ea
m

p
ol
ar
iz
at
io
n
,
th
e
av
er
ag
e
lu
m
in
os
it
y
-w

ei
gh

te
d
p
ol
ar
iz
at
io
n
at

th
e
in
te
ra
ct
io
n
p
oi
n
t
ca
n
b
e
d
ir
ec
tl
y

ex
tr
ac
te
d
.
T
h
e
p
ro
ce
ss

e+
e−

→
W

+
W

−
ca
n
b
e
u
se
d
to

ac
h
ie
ve

th
is
go
al
.

W
e
co
m
p
ar
e
tw

o
te
ch
n
iq
u
es

to
m
ea
su
re

th
e
p
ol
ar
iz
at
io
n
:
a
m
o
d
ifi
ed

B
lo
n
d
el
sc
h
em

e
th
at

re
li
es

on
th
e
d
ep

en
d
en
ce

of
th
e
to
ta
l
cr
os
s
se
ct
io
n
s
of

se
m
il
ep
to
n
ic

W
-p
ai
r
p
ro
d
u
ct
io
n
fo
r
d
iff
er
en
t
in
co
m
in
g

b
ea
m

p
ol
ar
iz
at
io
n
s,

an
d
an

an
gu

la
r
fi
t
m
et
h
o
d
th
at

u
se
s
th
e
d
is
tr
ib
u
ti
on

of
th
e
p
ro
d
u
ct
io
n
an

gl
e

co
s
θ W

of
th
e
W

−
w
it
h
re
sp
ec
t
to

th
e
el
ec
tr
on

b
ea
m

ax
is
.

T
h
is
st
u
d
y
in
ve
st
ig
at
es

th
e
ca
p
ab

il
it
y
of

th
e
IL
D

d
et
ec
to
r
to

m
ea
su
re

th
e
lo
n
gi
tu
d
in
al

p
ol
ar
iz
at
io
n

of
h
ig
h
en
er
gy

el
ec
tr
on

an
d
p
os
it
ro
n
b
ea
m
s
at

th
e
IL
C
op

er
at
ed

at
√ s

=
1
T
eV

.
T
h
e
si
m
u
la
ti
on

of
th
e

si
gn

al
an

d
b
ac
k
gr
ou

n
d
p
ro
ce
ss
es

is
d
es
cr
ib
ed

in
S
ec
ti
on

2.
E
ve
n
t
se
le
ct
io
n
is

d
es
cr
ib
ed

in
S
ec
ti
on

3.
T
h
e
m
et
h
o
d
s
to

ex
tr
ac
t
th
e
p
ol
ar
iz
at
io
n
ar
e
p
re
se
n
te
d
in

S
ec
ti
on

4
an

d
co
n
cl
u
si
on

s
ar
e
su
m
m
ar
iz
ed

in
S
ec
ti
on

5.
T
h
e
ac
h
ie
va
b
le

ac
cu
ra
cy

of
th
is

m
ea
su
re
m
en
t
fo
r
th
e
IL
C

at
√ s

=
50
0
G
eV

h
as

b
ee
n

re
p
or
te
d
b
y
[7
].

2
S
im

u
la
ti
o
n
o
f
th

e
si
g
n
a
l
a
n
d
b
a
ck

g
ro

u
n
d
p
ro

ce
ss
e
s

S
ig
n
al

an
d
b
ac
k
gr
ou

n
d
ev
en
ts

ar
e
ge
n
er
at
ed

u
si
n
g
th
e
W

H
IZ
A
R
D

[1
]
ev
en
t
ge
n
er
at
or
.
T
h
e
eff

ec
ts

of
in
it
ia
l
st
at
e
ra
d
ia
ti
on

an
d
b
ea
m
st
ra
h
lu
n
g
ar
e
in
cl
u
d
ed
.
T
h
e
fo
u
r-

m
om

en
ta

of
th
e
fi
n
al
-s
ta
te

q
u
ar
k
s

an
d
le
p
to
n
s
ar
e
p
as
se
d
as

in
p
u
t
to

P
Y
T
H
IA

6.
42
2
[2
]
fo
r
p
ar
to
n
sh
ow

er
in
g
an

d
h
ad

ro
n
iz
at
io
n
.
T
h
e

d
et
ec
to
r
re
sp
on

se
is
si
m
u
la
te
d
u
si
n
g
th
e
M
O
K
K
A

[3
]
fu
ll
M
on

te
C
ar
lo

d
et
ec
to
r
si
m
u
la
ti
on

.
T
h
e
d
et
ec
to
r
m
o
d
el

u
se
d
in

th
is
an

al
y
si
s
is
IL
D

o1
v
05

an
d
it
is
d
es
cr
ib
ed

in
R
ef
er
en
ce

[4
].

E
ve
n
ts

w
er
e
ge
n
er
at
ed

at
a
ce
n
tr
e-
of
-m

as
s
en
er
gy

of
1
T
eV

as
su
m
in
g
10
0%

p
ol
ar
iz
ed

b
ea
m
s.

E
ve
n
ts

co
rr
es
p
on

d
in
g
to

d
iff
er
en
t
p
ol
ar
iz
at
io
n
co
n
fi
gu

ra
ti
on

s
w
er
e
ob

ta
in
ed

b
y
p
ro
p
er
ly

m
ix
in
g
th
e

sa
m
p
le
s
in

or
d
er

to
ob

ta
in

re
al
is
ti
c
ca
se
s
of

p
ar
ti
al

p
ol
ar
iz
at
io
n
s.

T
h
e
fi
n
al

re
su
lt
s
ar
e
re
p
or
te
d
fo
r
an

in
te
gr
at
ed

lu
m
in
os
it
y
of

10
00

fb
−1
,
b
u
t
p
ro
p
ag
at
io
n
of

th
e
u
n
ce
rt
ai
n
ti
es

at
d
iff
er
en
t
lu
m
in
os
it
ie
s
ar
e

al
so

sh
ow

n
.

T
h
e
h
ad

ro
n
ic
cr
os
s-
se
ct
io
n
fo
r
γ
γ
→

h
ad

ro
n
s
ev
en
ts
,
w
it
h
m
as
s
ex
ce
ed
in
g
2
G
eV

,i
s
se
ve
ra
lh

u
n
d
re
d

n
b
[5
],
so

th
at

ab
ou

t
4.
1
ev
en
ts

of
th
is
ty
p
e
ar
e
p
ro
d
u
ce
d
p
er

b
u
n
ch

cr
os
si
n
g.

T
h
es
e
ev
en
ts

(p
il
e-
u
p
)

ar
e
ov
er
la
id

to
th
e
p
h
y
si
cs

ev
en
ts
.
S
in
ce

th
e
p
il
e-
u
p
ev
en
ts

ar
e
p
ro
d
u
ce
d
in

th
e
t-
ch
an

n
el

q-
ex
ch
an

ge
m
os
t
of

th
e
re
su
lt
in
g
fi
n
al

st
at
e
p
ar
ti
cl
es

ar
e
d
is
tr
ib
u
te
d
at

lo
w

an
gl
es
.

3
E
v
e
n
t
se
le
c
ti
o
n

W
b
os
on

s
d
ec
ay

in
to

h
ad

ro
n
s,

m
os
tl
y
th
ro
u
gh

W
−

→
ū
d
or

c̄s
,
or

le
p
to
n
s,

W
−

→

−

ν̄ �
,
w
h
er
e



d
en
ot
es

an
el
ec
tr
on

,
m
u
on

or
ta
u
le
p
to
n
.

W
-b
os
on

p
ai
r
p
ro
d
u
ct
io
n
y
ie
ld
s
th
re
e
cl
as
se
s
of

ev
en
ts
:

th
e
fu
ll
y
-
le
p
to
n
ic
,

ν

ν
,
th
e
se
m
i-
le
p
to
n
ic
,
qq

ν
,
an

d
th
e
fu
ll
y
-h
ad

ro
n
ic
,
qq
qq
,
fi
n
al

st
at
es
.
D
u
e
to

th
e
p
re
se
n
ce

of
m
or
e
th
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u
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n
g
th
e
k
t
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ri
th
m
.
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s
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h
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e
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b
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at
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n
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e.
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w
h
en
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ts
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e
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u
n
d
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e
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n
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n
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W
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ra
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d
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u
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.
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d
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e
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at
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n
st
ra
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e
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on

s.
T
h
e
fo
u
r-
m
om

en
tu
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n
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u
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t
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e
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r
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e
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b
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n
al

co
n
st
ra
in
t
of

re
q
u
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s
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b
e
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u
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h
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p
ro
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d
u
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a
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n
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ra
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t
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ν
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n
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e
2C

fi
t,

M
2
C
fi
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q
u
ir
ed
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b
e
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C
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h
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p
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e
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p
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u
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n
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e
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e
d
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g
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τ d
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c
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d
efi
n
ed
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re
f.
[7
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τ d
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d
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d
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at
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p
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b
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+
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w
h
er
e
th
e
y
ie
ld
s
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at
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p
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L
ef
t:

D
is
tr
ib
u
ti
on

of
re
co
n
st
ru
ct
ed

W
-b
os
on

m
as
s
af
te
r
ap

p
ly
in
g
th
e
k
in
em

at
ic

fi
t
u
si
n
g

th
e
eq
u
al
-m

as
s
co
n
st
ra
in
t
an

d
al
l
se
le
ct
io
n
cu
ts
.
R
ig
h
t:

D
is
tr
ib
u
ti
on

of
th
e
co
si
n
e
of

th
e
p
ol
ar

an
gl
e

of
th
e
W

−
.

p
ro
d
u
ct
io
n
,
is
d
om

in
at
ed

b
y
qq
eν

ev
en
ts

(7
0.
3%

),
fo
ll
ow

ed
b
y
qq̄

ev
en
ts

(1
3.
4%

)
an

d
6
fe
rm

io
n
ev
en
ts

(1
6.
3%

).
T
h
e
qq
τ
ν
ev
en
ts

am
ou

n
t
to

5%
.
T
h
e
qq
eν

ev
en
ts

co
n
si
d
er
ed

h
er
e
as

a
b
ac
k
gr
ou

n
d
or
ig
in
at
e

fr
om

si
n
gl
e-
W

p
ro
d
u
ct
io
n
an

d
fa
il
th
e
si
gn

al
d
efi
n
it
io
n
:

M
q
q
/
eν

=
M

W
+
W

−
±
50

G
eV

.

T
h
e
d
is
tr
ib
u
ti
on

s
of

M
2
C
an

d
co
s
θ W

,
af
te
r
ap

p
ly
in
g
al
l
th
e
cu
ts
,
ar
e
sh
ow

n
in

F
ig
u
re

5.

4
M

e
th

o
d
s
to

e
x
tr
a
c
t
th

e
b
e
a
m

p
o
la
ri
z
a
ti
o
n

T
h
e
fi
rs
t
m
et
h
o
d
co
n
si
d
er
ed

to
m
ea
su
re

th
e
b
ea
m

p
ol
ar
iz
at
io
n
is

a
m
o
d
ifi
ed

B
lo
n
d
el

sc
h
em

e.
T
h
is

te
ch
n
iq
u
e
re
q
u
ir
es

to
sp
en
d
so
m
e
lu
m
in
os
it
y
w
it
h
al
l
fo
u
r
p
os
si
b
le

co
m
b
in
at
io
n
s
of

th
e
b
ea
m

p
o-

la
ri
za
ti
on

s:
+
+
,
+
−,

−+
an

d
−−

,
w
h
er
e
th
e
si
gn

s
ar
e
fo
r
th
e
p
os
it
ro
n
,
an

d
re
sp
ec
ti
ve
ly

el
ec
tr
on

p
ol
ar
iz
at
io
n
s.

T
h
e
ab

so
lu
te

p
ol
ar
iz
at
io
n
va
lu
es

of
th
e
le
ft
-
an

d
ri
gh

t-
h
an

d
ed

d
eg
re
es

of
p
ol
ar
iz
at
io
n

ar
e
re
q
u
ir
ed

to
b
e
eq
u
al
.
T
h
e
b
ea
m

p
ol
ar
iz
at
io
n
is
ob

ta
in
ed

b
y
m
ea
su
ri
n
g
th
e
to
ta
l
cr
os
s
se
ct
io
n
fo
r

ea
ch

h
el
ic
it
y
co
m
b
in
at
io
n
[8
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∓
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−
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+
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+
−
+
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−−

+
σ
+
+
)(
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−+
∓
σ
+
−
−
σ
−−

+
σ
+
+
),

w
h
er
e
σ
+
−

is
th
e
to
ta
l
cr
os
s
se
ct
io
n
m
ea
su
re
d
fo
r
ri
gh

t-
h
an

d
ed

p
os
it
ro
n
b
ea
m

an
d
le
ft
-h
an

d
ed

el
ec
tr
on

b
ea
m

(σ
−−

an
d
σ
+
+
ar
e
d
efi
n
ed

an
al
og
ou

sl
y
)
an

d
P
e+

(P
e−
)
is
th
e
re
su
lt
in
g
p
os
it
ro
n
(e
le
ct
ro
n
)

b
ea
m

p
ol
ar
iz
at
io
n
.

T
h
e
fo
u
r
cr
os
s
se
ct
io
n
s
σ
+
+
,
σ
+
−
,
σ
−+

an
d
σ
−−

h
av
e
b
ee
n
m
ea
su
re
d
u
si
n
g
M
on

te
C
ar
lo

sa
m
p
le
s

fo
r
an

in
te
gr
at
ed

lu
m
in
os
it
y
of

10
0
fb

−1
.
T
h
e
eq
u
at
io
n
ab

ov
e
h
as

b
ee
n
ap

p
li
ed

an
d
th
e
st
at
is
ti
ca
l

u
n
ce
rt
ai
n
ty

on
th
e
m
ea
su
re
d
p
ol
ar
iz
at
io
n
s
h
as

b
ee
n
ca
lc
u
la
te
d
.
T
h
e
er
ro
r
h
as

b
ee
n
p
ro
p
ag
at
ed

to
w
ar
d
s

h
ig
h
er

lu
m
in
os
it
ie
s,
as

sh
ow

n
in

F
ig
u
re

6
(l
ef
t)
.
T
h
e
to
ta
l
lu
m
in
os
it
y
is
as
su
m
ed

to
b
e
sh
ar
ed

eq
u
al
ly

b
et
w
ee
n

th
e
fo
u
r
p
ol
ar
iz
at
io
n

se
ts
.

F
or

a
to
ta
l
in
te
gr
at
ed

lu
m
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os
it
y

of
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00

fb
−1

th
e
p
re
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si
on

ob
ta
in
ed

on
th
e
el
ec
tr
on

an
d
p
os
it
ro
n
p
ol
ar
iz
at
io
n
s
is

Δ
P
e−
/P

e−
=

0.
44
%

an
d
Δ
P
e+
/P

e+
=

1.
19
%
,
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ec
ti
ve
ly
.

T
h
e
B
lo
n
d
el
sc
h
em

e
re
q
u
ir
es

h
ig
h
in
te
gr
at
ed

lu
m
in
os
it
ie
s
in

or
d
er

to
ob

ta
in

sm
al
l
u
n
ce
rt
ai
n
ti
es

on
th
e
p
ol
ar
iz
at
io
n
.
T
h
is

m
ot
iv
at
es

th
e
u
se

of
al
te
rn
at
iv
e
te
ch
n
iq
u
es
,
fo
r
in
st
an

ce
an

an
gu

la
r
fi
t
to

th
e

co
s
θ W

-d
is
tr
ib
u
ti
on

.
T
h
is
m
et
h
o
d
u
se
s
th
e
ad

d
it
io
n
al

in
fo
rm

at
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n
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n
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ed

in
th
e
d
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tr
ib
u
ti
on
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th
e

W
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r
p
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u
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io
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S
ta
ti
st
ic
al

p
re
ci
si
on

on
th
e
p
ol
ar
iz
at
io
n
ob

ta
in
ed

w
it
h
th
e
B
lo
n
d
el

te
ch
n
iq
u
e
(l
ef
t)
.
T
h
e

in
te
gr
at
ed

lu
m
in
os
it
y
is
sh
ar
ed

eq
u
al
ly

b
et
w
ee
n
th
e
fo
u
r
p
ol
ar
iz
at
io
n
se
ts
.
R
es
u
lt
s
fo
r
th
e
an

gu
la
r
fi
t

m
et
h
o
d
ar
e
al
so

sh
ow

n
(r
ig
h
t)
.
H
er
e
th
e
in
te
gr
at
ed

lu
m
in
os
it
y
is
d
iv
id
ed

eq
u
al
ly

b
et
w
ee
n
P −

8
0
,+

2
0
an

d
P +

8
0
,−

2
0
(s
ol
id

li
n
es
)
or

it
is
d
iv
id
ed

am
on

g
P −

8
0
,−

2
0
,
P −

8
0
,+

2
0
,
P +

8
0
,−

2
0
an

d
P +

8
0
,+

2
0
in

th
e
p
ro
p
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on

s
1:
4:
4:
1
(d
ot
te
d
li
n
es
).

T
h
e
h
or
iz
on

ta
l
d
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h
ed

li
n
e
in
d
ic
at
es

th
e
op

ti
m
u
m

p
re
ci
si
on

of
0.
2%

.

T
h
e
an

gu
la
r
fi
t
m
et
h
o
d
is
b
as
ed

on
th
e
cr
ea
ti
on

of
M
on

te
C
ar
lo
te
m
p
la
te
s
of

th
e
co
s
θ W

d
is
tr
ib
u
ti
on

fo
r
se
ve
ra
l
se
ts

of
b
ea
m

p
ol
ar
iz
at
io
n
s.

T
h
e
el
ec
tr
on

(p
os
it
ro
n
)
p
ol
ar
iz
at
io
n
w
as

sc
an

n
ed

in
th
e
in
te
rv
al

[-
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%
,+

90
%
]
([
-7
0%

,+
70
%
])
.
E
ac
h
d
is
tr
ib
u
ti
on

is
d
iv
id
ed

in
to

20
b
in
s,

w
h
ic
h
co
ve
r
th
e
fu
ll
ra
n
ge

of
va
ri
ab

il
it
y
of

co
s
θ W

[-
0.
95
,+

1]
.
T
h
e
co
s
θ W

d
is
tr
ib
u
ti
on
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th
e
d
at
a
ar
e
fi
tt
ed
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th
e
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m
p
la
te
s
in

or
d
er

to
m
ea
su
re

th
e
p
ol
ar
iz
at
io
n
u
si
n
g
M
IN

U
IT

[9
].
T
h
e
fi
t
h
as

b
ee
n
p
er
fo
rm

ed
w
it
h
tw

o
fr
ee

p
ar
am

et
er
s

fo
r
P
e−

an
d
P
e+
,
w
it
h
a
li
n
ea
r
le
as
t
sq
u
ar
es

m
in
im

iz
at
io
n
:

χ
2
=

4 ∑ j=
1

2
0 ∑ i=
1

(N
D
A
T
A

i,
j

−
f i
(±

P
e+
,±

P
e−
))

2

N
D
A
T
A

i,
j

,

w
h
er
e
N

D
A
T
A

i,
j

is
th
e
co
n
te
n
t
of

th
e
i-
th

b
in

of
th
e
co
s
θ W

d
is
tr
ib
u
ti
on

fo
r
th
e
j-
th

d
at
a
sa
m
p
le

of
th
e

fo
u
r
sa
m
p
le
s
fo
r
d
iff
er
en
t
h
el
ic
it
y
se
ts
.
T
h
e
M
on

te
C
ar
lo

te
m
p
la
te

f i
fo
r
th
e
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m
e
b
in

of
co
s
θ W

an
d

th
e
p
ol
ar
iz
at
io
n
s
P
e−

an
d
P
e+

d
ep

en
d
on

th
e
sa
m
p
le

j.
F
or

ea
ch
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n
si
d
er
ed

in
te
gr
at
ed

lu
m
in
os
it
y

th
e
fi
t
is

re
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re

ge
n
er
a
te
d
a
s
h
ea
d
-o
n
co
ll
is
io
n
s
in

W
H
I
Z
A
R
D
,
th
e
cr
o
ss
in
g
a
n
g
le

of
7
m
ra
d
is

ta
ke
n
in
to

a
cc
o
u
n
t
in

th
e
si
m
u
la
ti
o
n
st
ep

b
y
b
o
o
st
in
g
al
l
p
a
rt
ic
le
s
ac
co
rd
in
g
ly
.
T
h
e
ev
en
t

re
co
n
st
ru
ct
io
n
is

p
er
fo
rm

in
si
d
e
I
L
C
S
O
F
T
[7
]
v
0
1
-1
6
fr
a
m
ew

or
k
.
T
h
e
a
n
a
ly
si
s
is

d
o
n
e
u
si
n
g
R
O
O
T
[8
]

v
5
.3
2
.0
0
a
n
d
th
e
T
M
V
A
[9
]
an

d
R
o
o
F
i
t
[1
0
]
v
3
.5
0
so
ft
w
a
re

p
a
ck
a
g
es
.

3
E
v
e
n
t
S
a
m
p
le
s

T
h
is

se
ct
io
n
in
tr
o
d
u
ce
s
th
e
d
iff
er
en
t
sa
m
p
le
s
u
se
d
in

th
e
a
n
a
ly
si
s.

T
a
b
le

1
li
st
s
th
e
cr
o
ss

se
ct
io
n
s
a
n
d

th
e
ge
n
er
a
te
d
lu
m
in
o
si
ty

fo
r
al
l
p
ro
ce
ss
es
.
S
a
m
p
le
s
ea

el
l,
a
e
el
l,
a
a
4
f
a
n
d
5f

w
er
e
ge
n
er
a
te
d
w
it
h
fa
st

1
8

9

si
m
u
la
ti
o
n
[1
1
].

A
ll
th
e
o
th
er

sa
m
p
le
s
w
er
e
fu
ll
y
si
m
u
la
te
d
.
In

A
p
p
en
d
ix

A
it

is
d
es
cr
ib
ed

th
e
a
ct
u
a
l

fi
n
a
l
st
a
te

fo
r
ev
er
y
co
n
si
d
er
ed

p
ro
ce
ss
.

P
ro
ce
ss
es

σ
[f
b
]

L
[a
b
−
1
]

F
u
ll
S
im

u
la
ti
o
n

h
m
u
m
u
(s
ig
n
a
l)

0.
0
8
9

6
4
.8

4f
sz
n
u
l

25
4.
9

0.
99
99
6

4f
zz
o
rw

w
l

19
0.
9

0.
99
99
9

4f
sz
e
l

85
34

0.
04
76
2

4f
w
w

l
18
4.
7

0.
99
99
9

2f
z
l

92
9.
6

0.
65
65
3

2f
z
h

52
70
.8

0.
02
31
7

2f
z
b
h
a
b
h
a
g

1
5
8
0
.1

0.
0
2
1
1
2

4f
w
w

h
18
12
.0

0.
02
32
0

4f
w
w

sl
22
23
.5

0.
23
17
4

4f
zz
o
rw

w
h

15
10
.7

0.
02
32
0

4f
zz

h
16
7.
4

0.
02
32
0

4f
zz

l
13
.3

0.
98
92
1

4f
zz

sl
14
2.
38

0.
02
31
1

4f
sw

l
18
38
.5

0.
02
24
2

4f
sw

sl
55
03
.9

0.
22
42
6

4f
sz
e
sl

24
64
.3

0.
02
06
1

4f
sz
n
u
sl

12
37
.5

0.
02
32
0

4f
sz
o
rs
w

l
95
0.
4

0.
02
23
3

6f
tt
b
ar

44
9

0.
75
79
0

F
as
t
S
im

u
la
ti
o
n

ea
el
l

10
50
41
.2

0.
10
00
0

ae
el
l

10
48
96
.4

0.
99
99
9

aa
4f

13
2.
9

1.
00
00
0

5f
51
.7
8

1.
00
00
1

T
ab

le
1:

S
u
m
m
a
ry

of
ev
en
t
g
en
er
a
ti
o
n
sa
m
p
le
s.

T
h
e
q
u
o
te
d
cr
o
ss

se
ct
io
n
s
a
n
d
in
te
g
ra
te
d
lu
m
in
o
si
ty

a
re

re
fe
rr
ed

to
th
e
b
ea
m

p
ol
a
ri
sa
ti
o
n
st
a
te
:
(P

e
−
,P

e
+
)=

(−
0.
8
,+

0.
2
),

at
sq
rt
(s
)=

1
T
eV

.
T
h
e
li
st

o
f
S
M

p
ro
ce
ss

w
it
h
4
fe
rm

io
n
s
in

th
e
fi
n
a
l
st
a
te

is
ex
h
a
u
st
iv
e.

3
.1

S
ig
n
a
l
S
a
m
p
le

T
h
e
si
g
n
a
l
ev
en
ts

u
se
d
in

th
is

an
a
ly
si
s
h
av
e
b
ee
n
cr
ea
te
d
b
y
ge
n
er
a
ti
n
g
ev
en
ts

w
it
h
a
fi
n
a
l
st
a
te

o
f

ν e
ν̄ e
H

u
si
n
g
W
H
I
Z
A
R
D
.
T
h
e
d
ec
ay

of
th
e
h
ig
g
s
b
os
o
n
in

P
Y
T
H
I
A
w
as

fo
rc
ed

in
to

tw
o
m
u
o
n
s.

T
h
e
w
id
th

of
a
12
5
G
eV

/c
2
S
ta
n
d
a
rd

M
o
d
el

H
ig
g
s
is

n
eg
li
g
ib
le

co
m
p
a
re
d
w
it
h
th
e
in
va
ri
a
n
t
m
a
ss

re
so
lu
ti
o
n
of

th
e
d
et
ec
to
r.

T
h
e
to
p
ol
o
g
y
o
f
th
e
ev
en
t
co
m
p
ri
se
s
tw

o
m
u
o
n
s
an

d
m
is
si
n
g
en
er
g
y.

F
ig
u
re

2
sh
ow

s
th
e

F
ey
n
m
a
n
d
ia
g
ra
m
s
to

e+
e−

→
ν e
ν̄ e
H

,
H

→
μ
+
μ
−

in
th
e
IL
C
.
In

th
is

an
a
ly
si
s
th
e
co
n
tr
ib
u
ti
o
n
fr
o
m

H
ig
g
ss
tr
a
h
lu
n
g
is

n
eg
li
g
ib
le

co
m
p
a
re
d
w
it
h
W

W
-f
u
si
o
n
.

3
.2

M
a
in

B
a
ck

g
ro

u
n
d
s

T
h
e
m
a
in

b
a
ck
g
ro
u
n
d
co
m
es

fo
r
th
o
se

p
ro
ce
ss
es

w
it
h
fi
n
a
l
st
a
te

ν
ν̄
μ
+
μ
−
,
w
h
er
e
th
e
p
a
ir

of
m
u
o
n
s

a
re

n
o
t
fr
o
m

a
H
ig
g
s
d
ec
ay
.
T
h
e
in
it
ia
l
st
a
te

co
u
ld

b
e
e+

e−
or

γ
γ
.
T
h
e
ra
ti
o
o
f
th
e
p
ro
d
u
ct
io
n
cr
o
ss

1
9

0



F
ig
u
re

2
:
F
ey
n
m
a
n
d
ia
g
ra
m
s
fo
r
si
g
n
a
l:
H
ig
g
ss
tr
a
h
lu
n
g
(l
ef
t)

an
d
W

W
-f
u
si
o
n
(r
ig
h
t)
.
T
h
e
W

W
-f
u
si
o
n

is
th
e
d
o
m
in
a
n
t
p
ro
ce
ss

at
1
T
eV

an
d
(P

e
−
,P

e
+
)=

(-
0
.8
,+

0
.2
).

In
th
is

a
n
a
ly
si
s,

th
e
co
n
tr
ib
u
ti
o
n
fr
o
m

H
ig
g
ss
tr
a
h
lu
n
g
p
ro
ce
ss

is
n
eg
li
g
ib
le

co
m
p
a
re
d
w
it
h
W

W
-f
u
si
o
n
.

Z
H

e+e−

μ
−μ
+

ν
e

ν̄
e

H

W
+

W
−

e+
ν̄
eμ

−

μ
+

ν
e

e−

se
ct
io
n
s
b
et
w
ee
n
th
es
e
b
a
ck
g
ro
u
n
d
s
a
n
d
si
g
n
a
l
ex
ce
ed

1
0
3
.
T
a
b
le

1
li
st

al
l
th
e
cr
o
ss

se
ct
io
n
s
fo
r
th
o
se

b
a
ck
g
ro
u
n
d
s.

4
E
v
e
n
t
S
e
le
ct
io
n

T
h
e
ev
en
t
se
le
ct
io
n
is

d
o
n
e
in

tw
o
st
ep
s.

F
ir
st
,
p
re
se
le
ct
io
n
of

th
e
ev
en
ts

w
it
h
tw

o
la
rg
e
en
er
g
y
m
u
o
n
s

in
th
e
fi
n
a
l
st
a
te
,
w
it
h
in
va
ri
a
n
t
m
a
ss

ar
o
u
n
d
to

th
e
H
ig
g
s
m
a
ss

p
ea
k
.

T
h
e
fi
n
a
l
se
le
ct
io
n
cu
ts

ar
e

o
b
ta
in
ed

b
y
m
ea
n
s
an

op
ti
m
iz
a
ti
o
n
p
ro
ce
ss
.

4
.1

P
re
se
le
c
ti
o
n

O
n
ly

ev
en
ts

w
it
h
tw

o
re
co
n
st
ru
ct
ed

m
u
o
n
s
w
it
h
E

>
1
5
G
eV

ar
e
u
se
d
.
T
h
e
id
en
ti
fi
ca
ti
o
n
of

th
e
m
u
o
n
s

is
b
a
se
d
on

th
e
d
ep

os
it
ed

en
er
g
y
ov
er

th
e
ca
lo
ri
m
et
er
s.

O
b
je
ct
s
n
o
t
b
ei
n
g
p
ro
d
u
ce
d
in

th
e
p
ri
m
a
ry

ve
rt
ex
.
ar
e
re
je
ct
ed

w
it
h
th
e
re
q
u
ir
em

en
t
|d 0

/Δ
d
0
|<

5.
T
h
e
m
is
si
n
g
en
er
g
y
o
f
th
e
ev
en
t
/E
is

d
efi
n
ed

as
th
e
ce
n
te
r-
o
f-
m
a
ss

en
er
g
y
le
ss

th
e
to
ta
l
ob

se
rv
ed

en
er
g
y.

A
m
in
im

u
m

va
lu
e
o
f

/E
>
3
0
0
G
eV

is
re
q
u
ir
ed

to
ac
ce
p
t
th
e
ev
en
t.

T
h
e
h
a
d
ro
n
ic
/
se
m
il
ep
to
n
ic

m
o
d
es

ar
e
re
je
ct
ed

re
q
u
ir
in
g
le
ss

th
a
n
4
ch
a
rg
ed

P
F
O
’s
w
it
h
en
er
g
y
h
ig
h
er

th
a
n
1
5
G
eV

,
a
n
d
le
ss

th
a
n

3
le
p
to
n
s
w
it
h
E

>
1
5
G
eV

.
T
ab

le
2
sh
ow

s
th
e
p
re
se
le
ct
io
n
cu
ts
.
N
o
is
o
la
ti
o
n
re
q
u
ir
em

en
t
is

m
a
d
e.

T
h
e
si
g
n
a
l
effi

ci
en
cy

a
ft
er

th
es
e
p
re
se
le
ct
io
n
re
q
u
ir
em

en
ts

is
85

%
.

1
9

1

M
u
o
n
s

ch
ar
ge
d
P
F
O

E
>

1
5
G
eV

E
c
a
lE
/(
E

c
a
lE

+
E

c
a
lH

)
<

0.
5

(E
c
a
lE

+
E

c
a
lH

)/
|� P

|<
0.
3

|d 0
/Δ

d
0
|<

5
D
im

u
o
n
sy
st
em

O
p
p
o
si
te

si
g
n
ch
a
rg
es

E
m

u
o
n
1
+
E

m
u
o
n
2
<

4
0
0
G
eV

|M
(μ

+
,μ

−
)
−
12
5|

<
3
0
G
eV

/c
2

/E
>

3
0
0
G
eV

#
ch
a
rg
ed

P
F
O
’s

w
it
h
E

>
1
5
G
eV

<
4

#
ch
a
rg
ed

le
p
to
n
s
w
it
h
E

>
1
5
G
eV

<
3

T
ab

le
2:

P
re
se
le
ct
io
n
cu
ts
:
E

c
a
lE

(E
c
a
lH

)
is

th
e
d
ep

os
it
ed

en
er
g
y
on

th
e
el
ec
tr
o
m
a
g
n
et
ic

(h
a
d
ro
n
ic
)

ca
lo
ri
m
et
er

b
y
th
e
m
u
o
n
,
P

is
th
e
m
o
m
en
tu
m

o
f
th
e
m
u
o
n
an

d
d
0
it
s
im

p
a
ct

p
a
ra
m
et
er
.
T
h
e
cu
t
o
n

th
e
m
a
x
im

u
m

en
er
g
y
o
f
th
e
d
im

u
o
n
sy
st
em

se
le
ct

o
n
e
of

th
e
p
ro
ce
ss

(W
W

-f
u
si
o
n
)
in

F
ig
.
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4
.2

O
p
ti
m
iz
a
ti
o
n

A
cu
t
b
a
se
d
se
le
ct
io
n
is
p
er
fo
rm

ed
u
si
n
g
th
e
fo
ll
ow

in
g
va
ri
a
b
le
s:

/E
T
,
/E
,
P
T
(μ

+
)+

P
T
(μ

−
),
P
T
(μ

+
,μ

−
),

co
s(
μ
+
,μ

−
).

O
p
ti
m
iz
a
ti
o
n
of

th
e
fi
n
a
l
cu
ts

is
p
er
fo
rm

ed
u
si
n
g
as

sc
o
re

fu
n
ct
io
n
th
e
si
g
n
ifi
ca
n
ce

d
efi
n
ed

b
y
:

S
√ S

+
B

(1
)

w
h
er
e
S

is
th
e
n
u
m
b
er

of
si
g
n
a
l
ev
en
ts

p
a
ss
in
g
se
le
ct
io
n
on

ev
er
y
sc
a
n
w
it
h
d
im

u
o
n
in
va
ri
a
n
t
m
a
ss

in
si
d
e
(1
2
4,
12
6)

G
eV

/c
2
;
B

is
th
e
n
u
m
b
er

of
b
a
ck
g
ro
u
n
d
ev
en
ts

in
si
d
e
si
d
eb
a
n
d
s
(n
o
rm

a
li
ze
d
to

th
e

si
g
n
a
l
w
in
d
ow

si
ze
).

T
h
e
si
d
eb
a
n
d
s
a
re

d
efi
n
ed

as
:
(1
1
5,
12
0)

an
d
(1
30
,1
3
5
).

•
V
ar
ia
b
le
s
ar
e
sc
a
n
n
ed

u
n
ti
l
w
e
ri
se

a
st
a
b
le

p
o
in
t.

–
va
r 1

→
va
r 2

→
va
r N

−
1
→

va
r 1

–
If

th
e
va
r i

b
es
t
va
lu
e
ch
a
n
g
es

w
e
sc
a
n
va
r 1

a
g
a
in
.

–
If

n
o
va
ri
a
b
le
s
ch
a
n
g
e
in

a
fu
ll
cy
cl
e
(v
ar

1
→

va
r 1
):

w
e
fo
u
n
d
a
st
a
b
le

p
o
in
t.

•
A

n
ew

va
ri
a
b
le

is
a
d
d
ed

va
r N

a
n
d
w
e
sc
a
n
it
.

•
N
ew

cy
cl
e
o
f
sc
a
n
s
to

fi
n
d
a
n
ew

st
a
b
le

p
oi
n
t:

va
r 1

→
va
r 2

→
va
r N

→
va
r 1

T
h
e
p
er
fo
rm

ed
sc
a
n
s
ar
e
in
cl
u
d
ed

in
A
p
p
en
d
ix

C
.
A
ft
er

th
e
la
st

sc
a
n
th
e
si
g
n
ifi
ca
n
ce

(E
q
.
1)

re
a
ch
es

≈
2.
3. T
ab

le
3
su
m
m
a
ri
ze
s
th
e
op

ti
m
iz
a
ti
o
n
re
su
lt
s.

A
re
q
u
ir
em

en
t
on

th
e
m
a
x
im

u
m

en
er
g
y
d
ep

os
it
ed

on
th
e
fo
rw

ar
d
ca
lo
ri
m
et
er
s
is

a
d
d
ed

to
su
p
re
ss

b
a
ck
g
ro
u
n
d
co
n
tr
ib
u
ti
o
n
s
a
s
γ
e±

→
el
lν
ν
,
γ
γ

→
ll
ν
ν
.

F
ig
u
re

3
sh
ow

s
th
e
d
im

u
o
n
in
va
ri
a
n
t
m
a
ss

d
is
tr
ib
u
ti
o
n
b
ef
o
re

an
d
a
ft
er

op
ti
m
iz
a
ti
o
n
.

T
ab

le
3:

R
es
u
lt
of

th
e
o
p
ti
m
iz
a
ti
o
n
.

/E
T
>

4
0
G
eV

/E
>

55
0
G
eV

P
T
(μ

+
)+

P
T
(μ

−
)>

13
0
G
eV

/c
co
s(
μ
+
,μ

−
)
>

−0
.4
5

B
C
al

<
7
0
G
eV

5
B
ra

n
ch

in
g
R
a
ti
o
P
re
ci
si
o
n

In
S
ec
ti
o
n
4.
2
it
is
sh
ow

n
th
a
t
a
st
a
ti
st
ic
a
l
si
g
n
ifi
ca
n
ce

ar
o
u
n
d
σ
≈

2.
3
is
re
a
ch
ed

a
ft
er

th
e
o
p
ti
m
iz
a
ti
o
n

p
ro
ce
ss
.
T
h
is
co
rr
es
p
o
n
d
w
it
h
a
st
a
ti
st
ic
a
l
p
re
ci
si
o
n

Δ
(σ

·B
r
)

σ
·B

r
=

1 σ
≈

4
3
%
;
si
m
il
a
r
va
lu
e
ca
n
b
e
ob

ta
in
ed

fr
o
m

th
e
d
a
ta

af
te
r
a
p
p
ly
in
g
th
e
fi
n
a
l
se
le
ct
io
n
:
d
efi
n
in
g
a
si
g
n
a
l
m
a
ss

w
in
d
ow

(1
2
4
,
1
26
)
G
eV

/c
2

th
e

si
g
n
a
l
(b
a
ck
g
ro
u
n
d
)
co
n
tr
ib
u
ti
o
n
in
si
d
e
th
is
w
in
d
ow

is
S
=

14
.9
5
(B

=
21
.9
6
),
th
er
eb
y
w
e
es
ti
m
a
te

th
e

p
re
ci
si
o
n
to

b
e
√ S

+
B
/S

≈
41

%
.

T
h
is
va
lu
e
is
se
n
si
ti
ve

to
fl
u
ct
u
a
ti
o
n
s
in

th
e
n
u
m
b
er

of
ev
en
ts
;
si
g
n
a
l
sa
m
p
le

w
as

ob
ta
in
ed

fr
o
m

h
ig
h

st
a
ti
st
ic
s
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=
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G
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m
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g
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=
5
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0
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−
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a
n
d
P
(−

0.
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,
+
0
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ea
m
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a
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o
n
a
t
th
e
H
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g
s
m
a
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o
f
1
2
0
G
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te
g
ra
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d
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m
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o
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5
0
0
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−
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B
ea
m

p
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a
ri
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o
n
P
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−
,
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+
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d
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o
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H
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g
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o
u
p
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n
g
a
t
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e
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C
b
a
se
d

o
n

th
e
fu
ll
d
e
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o
r
si
m
u
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ti
o
n

a
t

√ s
=

50
0
G
e
V

a
n
d
√ s

=
1
T
e
V

J
u
n
p
in
g

T
ia
n

H
ig
h
E
n
er
gy

A
cc
el
er
a
to
r
R
es
ea
rc
h
O
rg
a
n
iz
a
ti
o
n

(K
E
K
),

T
su
ku
ba
,
J
a
pa
n

(D
a
te
d
:
J
a
n
u
a
ry

3
0
,
2
0
1
3
)

In
th
is

a
n
a
ly
si
s
w
e
in
v
es
ti
g
a
te
d
th
e
fe
a
si
b
il
it
ie
s
o
f
th
e
m
ea
su
re
m
en
t
o
f
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
a
t
th
e

In
te
rn
a
ti
o
n
a
l
L
in
ea
r
C
o
ll
id
er

(I
L
C
)
d
u
ri
n
g
it
s
tw

o
p
h
a
se
s
o
f
o
p
er
a
ti
o
n
w
it
h
ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y

o
f
5
0
0
G
eV

a
n
d
1
T
eV

.
T
h
re
e
co
m
b
in
a
ti
o
n
s
o
f
th
e
d
ec
ay

m
o
d
es

o
f
d
o
u
b
le

H
ig
g
s
st
ra
h
lu
n
g
p
ro
ce
ss

e+
e−

→
Z
H
H

,
w
h
er
e
Z

→
l+

l−
,
Z

→
ν
ν̄
a
n
d
Z

→
qq̄

a
cc
o
m
p
a
n
y
in
g
w
it
h
b
o
th

H
ig
g
s
d
ec
ay

in
to

bb̄
,

w
er
e
a
n
a
ly
ze
d
to
g
et
h
er

a
t
5
0
0
G
eV

.
T
h
e
d
ec
ay

m
o
d
e
o
f
W

W
fu
si
o
n
p
ro
ce
ss

e+
e−

→
ν
ν̄
H
H

,
w
h
er
e

b
o
th

H
ig
g
s
d
ec
ay

in
to

bb̄
w
a
s
a
n
a
ly
ze
d
a
t
1
T
eV

.
B
o
th

th
e
si
g
n
a
l
a
n
d
b
a
ck
g
ro
u
n
d
ev
en

t
sa
m
p
le
s

a
re

g
en

er
a
te
d

b
y
a
fu
ll

d
et
ec
to
r
si
m
u
la
ti
o
n

b
a
se
d

o
n

th
e
In
te
rn
a
ti
o
n
a
l
L
a
rg
e
D
et
ec
to
r
(I
L
D
).

A
t

5
0
0
G
eV

,
a
ss
u
m
in
g
a
n
in
te
g
ra
te
d
lu
m
in
o
si
ty

o
f
2
a
b
−
1
a
n
d
th
e
H
ig
g
s
m
a
ss

o
f
1
2
0
G
eV

,
a
n
ex

ce
ss

o
f
th
e
e+

e−
→

Z
H
H

ev
en

ts
w
it
h

a
st
a
ti
st
ic
a
l
si
g
n
ifi
ca
n
ce

o
f
5
.0
σ

is
ex
p
ec
te
d

to
b
e
o
b
se
rv
ed

in
ca
se

o
f
th
e
p
o
la
ri
ze
d
el
ec
tr
o
n
a
n
d
p
o
si
tr
o
n
b
ea
m
s,

P
(e

−
,e

+
)
=

(−
0
.8
,+

0
.3
).

T
h
e
cr
o
ss

se
ct
io
n
o
f

e+
e−

→
Z
H
H

ca
n
b
e
m
ea
su
re
d
to

th
e
p
re
ci
si
o
n
o
f
2
7
%
,
co
rr
es
p
o
n
d
in
g
to

th
e
p
re
ci
si
o
n
o
f
4
4
%

o
n

th
e
H
ig
g
s
tr
il
in
ea
r
se
lf
-c
o
u
p
li
n
g
.
A
t
1
T
eV

,
in

ca
se

o
f
P
(e

−
,e

+
)
=

(−
0
.8
,+

0
.2
),

w
e
ca
n
ex

p
ec
t
th
e

p
re
ci
si
o
n
o
f
se
lf
-c
o
u
p
li
n
g
to

b
e
1
8
%
.
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c
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p
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→
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→
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S
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n
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f
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f
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I.
IN

T
R
O
D
U
C
T
IO

N

T
h
e
H
ig
g
s
se
ct
o
r
is

th
e
p
ie
ce

o
f
S
ta
n
d
a
rd

M
o
d
el

w
h
ic
h
is

re
sp
o
n
si
b
le

fo
r
th
e
sp
on

ta
n
eo
u
s
b
re
a
k
in
g
of

el
ec
tr
ow

ea
k

sy
m
m
et
ry

an
d
o
ff
er
s
th
e
so
u
rc
e
o
f
m
a
ss

g
en
er
a
ti
o
n
fo
r
b
o
th

th
e
g
a
u
g
e
b
o
so
n
s
a
n
d
fe
rm

io
n
s;
th
e
ex
p
ec
te
d
H
ig
g
s
b
os
o
n

is
th
e
la
st

p
a
rt
ic
le

of
th
e
S
ta
n
d
a
rd

M
o
d
el

to
b
e
fo
u
n
d
b
y
ex
p
er
im

en
t.

O
n
ce

a
H
ig
g
s-
li
ke

b
o
so
n
is
d
is
co
ve
re
d
,
w
e
n
ee
d

to
v
er
if
y
th
a
t
it

is
in
d
ee
d
th
e
H
ig
g
s
b
os
o
n
th
a
t
co
n
d
en
se
s
in

th
e
va
cu
u
m

a
n
d
g
iv
es

m
a
ss
es

to
a
ll
th
e
st
a
n
d
a
rd

m
o
d
el

p
a
rt
ic
le
s.

H
ig
g
s
se
lf
-c
o
u
p
li
n
g
is
ju
st

th
e
fo
rc
e
th
a
t
m
a
ke
s
th
e
H
ig
g
s
b
os
o
n
co
n
d
en
se

in
th
e
va
cu
u
m
,
th
er
ef
o
re

p
ro
b
e
of

th
is

co
u
p
li
n
g
is

on
e
o
f
th
e
m
o
st

d
ec
is
iv
e
te
st
s
of

th
e
H
ig
g
s
se
ct
o
r.

In
th
e
S
ta
n
d
a
rd

M
o
d
el
,
af
te
r
th
e
el
ec
tr
ow

ea
k
sy
m
m
et
ry

b
re
a
k
in
g
,
th
e
H
ig
g
s
p
ot
en
ti
a
l,
g
iv
en

as

V
(H

)
=

λ
v
2
H

2
+
λ
v
H

3
+

1 4
λ
H

4
,

(1
)

w
h
er
e
H

is
th
e
p
h
y
si
ca
l
H
ig
g
s
fi
el
d
,
v
≈

2
4
6
G
eV

is
th
e
va
cu
u
m

ex
p
ec
ta
ti
o
n
va
lu
e
o
f
th
e
n
eu
tr
a
l
co
m
p
o
n
en
t
of

H
ig
g
s

fi
el
d
a
n
d
λ
is

th
e
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
,
is

u
n
iq
u
el
y
d
et
er
m
in
ed

b
y
th
e
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
.
T
h
er
e
ar
e
th
re
e
te
rm

s
in

th
is

p
ot
en
ti
a
l,
th
e
fi
rs
t
is

th
e
H
ig
g
s
m
a
ss

te
rm

,
w
it
h
th
e
m
a
ss

M
H

=
√ 2λ

v
2
;
th
e
se
co
n
d
te
rm

is
a
tr
il
in
ea
r
H
ig
g
s

se
lf
in
te
ra
ct
io
n
,
w
it
h
th
e
tr
il
in
ea
r
se
lf
-c
o
u
p
li
n
g
λ
H

H
H

=
6
λ
v
;
th
e
th
ir
d
te
rm

is
a
q
u
a
rt
ic

H
ig
g
s
se
lf
in
te
ra
ct
io
n
,
w
it
h

th
e
q
u
a
rt
ic

H
ig
g
s
se
lf
-c
o
u
p
li
n
g
λ
H

H
H

H
=

6λ
.
C
o
n
si
d
er
in
g
th
a
t
a
ll
th
e
in
te
ra
ct
io
n
s
d
is
co
ve
re
d
u
p
to

n
ow

a
re

g
a
u
g
e

in
te
ra
ct
io
n
s,

th
e
se
co
n
d
a
n
d
th
ir
d
te
rm

s
p
re
d
ic
t
n
o
n
-g
a
u
g
e
in
te
ra
ct
io
n
s,

w
h
ic
h
w
ou

ld
b
e
a
co
m
p
le
te
ly

n
ew

ty
p
e
of

in
te
ra
ct
io
n
.
T
o
fu
ll
y
v
er
if
y
th
e
sh
a
p
e
o
f
H
ig
g
s
p
ot
en
ti
a
l,
w
e
n
ee
d
to

m
ea
su
re

th
es
e
th
re
e
te
rm

s
re
sp
ec
ti
ve
ly
.
T
h
e
m
a
ss

te
rm

is
p
os
si
b
le

to
fi
rs
t
b
e
m
ea
su
re
d
a
t
th
e
T
ev
a
tr
o
n
an

d
th
e
L
H
C

a
n
d
th
en

p
re
ci
se
ly

d
et
er
m
in
ed

at
th
e
IL
C
.
T
h
e

q
u
a
rt
ic

H
ig
g
s
se
lf
-c
o
u
p
li
n
g
tu
rn
s
o
u
t
to

b
e
ve
ry

d
iffi

cu
lt

to
b
e
m
ea
su
re
d
a
t
th
e
T
ev
a
tr
o
n
,
L
H
C

a
n
d
th
e
IL
C

d
u
e
to

th
e
ve
ry

sm
a
ll
cr
o
ss

se
ct
io
n
o
f
th
re
e
H
ig
g
s
b
os
o
n
s
p
ro
d
u
ct
io
n
(l
es
s
th
a
n
0
.0
0
1
fb
).

T
h
er
ef
o
re
,
it

b
ec
o
m
es

cr
u
ci
a
l
to

in
ve
st
ig
a
te

th
e
fe
a
si
b
il
it
ie
s
of

m
ea
su
ri
n
g
th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
.

O
n
th
e
ot
h
er

h
a
n
d
,
al
te
rn
a
ti
v
el
y
to

th
e
H
ig
g
s
S
ec
to
r
in

th
e
st
a
n
d
a
rd

m
o
d
el
,
w
h
ic
h
is
th
e
si
m
p
le
st

w
ay

sp
on

ta
n
eo
u
sl
y

b
re
a
k
in
g
th
e
el
ec
tr
ow

ea
k
sy
m
m
et
ry
,
th
er
e
ar
e
se
ve
ra
l
ex
te
n
d
ed

H
ig
g
s
th
eo
ri
es
.
T
o
re
ve
a
l
th
es
e
n
ew

p
h
y
si
cs

m
o
d
el
s,

th
e
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
is

o
n
e
o
f
th
e
m
o
st

im
p
o
rt
a
n
t
d
is
cr
im

in
a
ti
ve

q
u
a
n
ti
ti
es
.
O
n
e
of

th
e
la
te
st

a
rt
ic
le
s
[1
]
gi
ve
s
a

cl
ea
r
co
n
cl
u
si
o
n
fr
o
m

th
e
th
eo
re
ti
ca
l
ca
lc
u
la
ti
o
n
in

th
o
se

ex
te
n
d
ed

th
eo
ri
es

th
a
t
th
e
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
m
ea
su
re
m
en
t

is
q
u
it
e
u
se
fu
l
to

ex
p
lo
re

n
ew

p
h
y
si
cs
.
In

a
d
d
it
io
n
,
st
u
d
ie
s
o
f
th
e
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
in

th
e
fr
a
m
ew

o
rk

of
th
e
M
in
im

a
l

S
u
p
er
sy
m
m
et
ri
c
ex
te
n
si
o
n
of

th
e
S
ta
n
d
a
rd

M
o
d
el

(M
S
S
M
)
o
r
th
e
g
en
er
a
l
T
w
o
H
ig
g
s
D
o
u
b
le
t
M
o
d
el

(T
H
D
M
),
w
h
er
e

ty
p
ic
a
ll
y
th
er
e
ar
e
fi
ve

H
ig
g
s
b
os
o
n
s
in
st
ea
d
of

on
e,

ca
n
b
e
fo
u
n
d
in

th
es
e
re
fe
re
n
ce
s
[1
–
4
],
sh
ow

in
g
th
a
t
th
e
H
ig
g
s

se
lf
-c
o
u
p
li
n
g
ca
n
si
g
n
ifi
ca
n
tl
y
d
ev
ia
te

fr
o
m

th
e
st
a
n
d
a
rd

m
o
d
el

va
lu
e,

at
th
e
le
v
el

of
or
d
er

1
0
0
%

in
so
m
e
sc
en
a
ri
o
s.

T
h
e
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
ca
n
a
ls
o
b
e
a
co
m
m
o
n
si
g
n
a
tu
re

o
f
th
e
H
ig
g
s
se
ct
o
r
w
it
h
th
e
st
ro
n
g
fi
rs
t
or
d
er

el
ec
tr
ow

ea
k

p
h
a
se

tr
a
n
si
ti
o
n

[5
–
1
0
],

w
h
ic
h

is
re
q
u
ir
ed

fo
r
a
su
cc
es
sf
u
l
sc
en
a
ri
o
o
f
el
ec
tr
ow

ea
k
b
a
ry
o
g
en
es
is

[1
1
–
1
3
].

T
h
e
n
ew

p
h
y
si
cs

m
o
d
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a
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p
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p
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b
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b
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p
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b
le

d
ia
g
ra
m
s
m
a
k
e
th
e
m
ea
su
re
m
en
t
o
f
th
e
H
ig
g
s
se
lf
-c
o
u
p
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p
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b
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p
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c
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b
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b
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b
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=
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b
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p
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ro
ce
ss
es
.
A
n
d
at

th
e
va
lu
e

o
f
th
e
st
a
n
d
a
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p
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p
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b
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p
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=
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b
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p
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ro
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p
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a
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p
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to
r
a
n
d

D
e
te

c
to

r

B
.

E
v
e
n
t
G
e
n
e
ra

to
r

C
.

S
im

u
la
ti
o
n

a
n
d

R
e
c
o
n
st
ru

c
ti
o
n

IV
.

A
N
A
L
Y
S
E
S

O
F

e+
e−

→
Z
H
H

A
T

5
0
0
G
E
V

A
.

A
n
a
ly
si
s
o
f
th

e
m
o
d
e
Z
H
H

→
l+

l−
H
H

→
l+

l−
bb̄
bb̄

a
t
5
0
0
G
e
V

1
.

P
re
-s
el
ct
io
n

In
th
is

se
a
rc
h
m
o
d
e,

th
e
fi
n
a
l
st
a
te

o
f
a
ca
n
d
id
a
te

si
g
n
a
l
ev
en
t
co
n
ta
in
s
tw

o
is
o
la
te
d
ch
a
rg
ed

le
p
to
n
s
a
n
d
fo
u
r
b

q
u
a
rk
s
se
g
m
en
ti
n
g
in
to

fo
u
r
je
ts
.

F
or

th
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d
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e
E
C
A
L
a
n
d
H
C
A
L
.
A
n
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b
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f
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p
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f
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r
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ra
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=
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E
(e
c

a
l)
/E

(t
o

ta
l)

0
0

.1
0

.2
0

.3
0

.4
0

.5
0

.6
0

.7
0

.8
0

.9
1

Normalized

−
4

1
0

−
3

1
0

−
2

1
0

−
1

1
0

1

o
ri

g
in

a
l 
le

p
to

n
s

o
th

e
r 
c
h

a
rg

e
d

 p
fo

s

E
(t
o

ta
l)
/P

0
0

.5
1

1
.5

2
2

.5
3

3
.5

4
4

.5
5

Normalized

−
4

1
0

−
3

1
0

−
2

1
0

−
1

1
0

o
ri

g
in

a
l 
le

p
to

n
s

o
th

e
r 
c
h

a
rg

e
d

 p
fo

s

F
IG

.
5
:
T
h
e
d
is
tr
ib
u
ti
o
n
o
f

E
(e

c
a
l)

E
(t
o
ta

l)
(l
ef
t)

a
n
d

E
(t
o
ta

l)
P

(r
ig
h
t)

fo
r
P
F
O
s
in

sa
m
p
le

e+
+

e−
→

e+
e−

H
H
.
T
h
e
re
d
h
is
to
g
ra
m

is

fo
r
p
ro
m
p
t
el
ec
tr
o
n
s
a
n
d
th
e
b
lu
e
o
n
e
is

fo
r
o
th
er

ch
a
rg
ed

n
o
n
-o
ri
g
in
a
l
P
F
O
s.

A
ft
er

th
es
e
re
q
u
ir
em

en
ts
,
th
e
m
is
-i
d
en
ti
fi
ed

el
ec
tr
o
n
s
a
re

m
a
in
ly

fr
o
m
:
(i
)
ch
a
rg
ed

p
io
n
s,
w
h
ic
h
b
ec
o
m
e
n
eu
tr
a
l

p
io
n
s
th
ro
u
g
h
ch
a
rg
e
ex
ch
a
n
g
e
in
te
ra
ct
io
n
w
it
h
th
e
n
u
cl
ei

in
si
d
e
E
C
A
L
,
d
ec
ay
in
g
in
to

p
h
o
to
n
s
w
h
ic
h
d
ep

o
si
t

a
lm

o
st

a
ll
of

th
ei
r
en
er
g
ie
s
in

E
C
A
L
;
(i
i)
el
ec
tr
o
n
s
fr
o
m

w
ea
k
d
ec
ay
s
o
f
b
or

c
q
u
a
rk
s,
su
ch

a
s
b
→

cW
−
→

ce
−
ν̄ e
;

(i
ii
)
el
ec
tr
o
n
s
fr
o
m

a
H
ig
g
s
b
os
o
n
d
ec
ay
in
g
in
to

W
W

∗
fo
ll
ow

ed
b
y
a
se
m
i-
le
p
to
n
ic

W
d
ec
ay
.
T
y
p
e
(i
)
an

d
(i
i)

m
is
-i
d
en
ti
fi
ed

P
F
O
s
u
su
a
ll
y
h
av
e
sm

a
ll
er

m
o
m
en
ta

a
n
d
m
o
re

P
F
O
s
ar
o
u
n
d
th
em

d
u
e
to

p
a
rt
o
n
sh
ow

er
in
g
an

d
fr
a
g
m
en
ta
ti
o
n
th
a
n
th
e
p
ro
m
p
t
el
ec
tr
o
n
s.

It
is

h
en
ce

p
o
ss
ib
le

to
fu
rt
h
er

re
d
u
ce

th
e
m
is
-i
d
en
ti
fi
ca
ti
o
n
b
y
u
si
n
g

th
e
co
n
e
en
er
g
y.

F
or

ea
ch

P
F
O
,
d
efi
n
e
a
co
n
e
w
it
h
an

g
le

θ,
ar
o
u
n
d
th
e
m
o
m
en
tu
m

of
th
a
t
P
F
O

a
s
sh
ow

n
in

F
ig
u
re

6,
an

d
su
m

u
p
th
e
en
er
g
ie
s
o
f
th
e
ot
h
er

P
F
O
s
w
h
ic
h
ar
e
in
si
d
e
th
is

co
n
e.

T
h
is

en
er
g
y
su
m

is
ca
ll
ed

th
e

co
n
e
en
er
g
y.

If
on

ly
th
e
ch
a
rg
ed

P
F
O
s
a
re

co
n
si
d
er
ed
,
th
en

th
e
su
m

is
ca
ll
ed

th
e
ch
a
rg
ed

co
n
e
en
er
g
y.

T
h
e

eff
ec
t
o
f
b
re
m
ss
tr
a
h
lu
n
g
te
n
d
s
to

g
iv
e
th
e
p
ro
m
p
t
el
ec
tr
o
n
s
a
si
za
b
le

co
n
e
en
er
g
y.

T
h
is
m
a
ke
s
th
e
ch
a
rg
ed

co
n
e

en
er
g
y
m
o
re

d
is
cr
im

in
a
ti
ve

to
se
p
a
ra
te

th
e
p
ro
m
p
t
el
ec
tr
o
n
s
fr
o
m

th
e
ot
h
er

P
F
O
s.

F
ig
u
re

7
sh
ow

s
a
sc
a
tt
er

p
lo
t
o
f
ch
a
rg
ed

co
n
e
en
er
g
y
ve
rs
u
s
m
o
m
en
tu
m

of
th
e
P
F
O
s
fr
o
m

th
es
e
tw

o
sa
m
p
le
s,
w
h
er
e
th
e
re
d
p
o
in
ts

d
en
o
te

p
ro
m
p
t
el
ec
tr
o
n
s
a
n
d
th
e
b
lu
e
p
o
in
ts

d
en
o
te

th
e
re
m
a
in
in
g
m
is
-i
d
en
ti
fi
ed

n
o
n
-p
ro
m
p
t
ch
a
rg
ed

P
F
O
s.

B
y
u
si
n
g

F
is
h
er

cl
a
ss
ifi
ca
ti
o
n
,
w
e
d
ec
id
ed

to
im

p
o
se

θ
�p

F
IG

.
6
:
S
ch
em

a
ti
c
v
ie
w

o
f
a
co
n
e
a
ro
u
n
d
a
p
a
rt
ic
le

w
it
h
m
o
m
en

tu
m

�p
.
T
h
e
co
n
e
a
n
g
le

is
θ
.

P
−

0.
25
E

c
o
n
e
>

12
.6

G
eV

(5
)

•
F
or

m
u
o
n

id
en
ti
fi
ca
ti
o
n
,
th
e
st
ra
te
g
y
is

ve
ry

si
m
il
a
r
to

th
e
el
ec
tr
o
n

id
en
ti
fi
ca
ti
o
n
,
p
lu
s
th
a
t
w
e
re
q
u
ir
e
th
e

en
er
g
y
d
ep

os
it
ed

in
Y
o
ke

to
b
e
la
rg
er

th
a
n
1.
2
G
eV

.
S
a
m
p
le
s
fo
r
p
ro
m
p
t
m
u
o
n
s
an

d
th
e
ot
h
er

ch
a
rg
ed

P
F
O
s

a
re

fr
o
m

th
e
e+

+
e−

→
μ
+
μ
−
H
H

p
ro
ce
ss
.
T
h
e
d
is
tr
ib
u
ti
o
n
s
o
f

E
(e
c
a
l)

E
(t
o
ta

l)
a
n
d

E
(t
o
ta

l)
P

a
re

sh
ow

n
in

F
ig
u
re

8.
T
h
e

re
q
u
ir
em

en
ts

to
th
es
e
tw

o
q
u
a
n
ti
ti
es

ar
e

μ
:

{ E
(e
c
a
l)

E
(t
o
ta

l)
<

0.
5

E
(t
o
ta

l)
P

<
0.
3

(6
)

In
th
is

ca
se
,
th
e
m
is
-i
d
en
ti
fi
ed

m
u
o
n
s
ar
e
m
a
in
ly

fr
o
m
:
(i
)
ch
a
rg
e
p
io
n
s
w
h
ic
h
h
av
e
sm

a
ll
m
o
m
en
tu
m

an
d
d
o

n
o
t
re
a
ch

H
C
A
L
,
th
er
eb
y
h
av
in
g
sm

a
ll
en
er
g
y
d
ep

o
si
ts

in
E
C
A
L

a
n
d
H
C
A
L
;
(i
i)

a
n
d
(i
ii
)
a
re

si
m
il
a
r
to

th
e

el
ec
tr
o
n
ca
se
,
n
a
m
el
y
fr
o
m

w
ea
k
d
ec
ay
s
o
f
b,

c
q
u
a
rk
s
a
n
d
fr
o
m

H
ig
g
s
d
ec
ay
in
g
in
to

W
W

∗ .
A
ls
o,

th
e
ch
ar
ge
d

co
n
e
en
er
g
y
a
n
d
m
o
m
en
tu
m

ca
n
b
e
u
se
d
to

fu
rt
h
er

re
d
u
ce

th
e
m
is
-i
d
en
ti
fi
ca
ti
o
n
.
A

sc
a
tt
er

p
lo
t
of

th
e
ch
a
rg
ed

2
2

9

M
o

m
e

n
tu

m
/G

e
V

0
2

0
4

0
6

0
8

0
1

0
0

1
2

0
1

4
0

1
6

0
1

8
0

2
0
0

Econe/GeV

0

2
0

4
0

6
0

8
0

1
0

0

1
2

0

1
4

0

1
6

0

1
8

0

2
0

0

o
ri

g
in

a
l 

le
p

to
n

s

o
th

e
r 

c
h

a
rg

e
d

 p
fo

s

>
1

2
.6

 G
e

V
c

o
n

e
P

−
0

.2
5

E

F
IG

.
7
:
S
ca
tt
er

p
lo
t
o
f
ch
a
rg
ed

co
n
e
en

er
g
y
v
er
su
s
m
o
m
en

tu
m

fo
r
P
F
O
s
in

sa
m
p
le

e+
+

e−
→

e+
e−

H
H
.
R
ed

p
o
in
ts

d
en

o
te

o
ri
g
in
a
l
el
ec
tr
o
n
s
a
n
d
b
lu
e
o
n
es

d
en

o
te

o
th
er

ch
a
rg
ed

P
F
O
s.

E
(e

c
a

l)
/E

(t
o

ta
l)

0
0

.1
0

.2
0

.3
0

.4
0

.5
0

.6
0

.7
0

.8
0

.9
1

Normalized

−
2

1
0

−
1

1
0

o
ri

g
in

a
l 
le

p
to

n
s

o
th

e
r 

c
h

a
rg

e
d

 p
fo

s

E
(t

o
ta

l)
/P

0
0

.5
1

1
.5

2
2

.5
3

3
.5

4
4

.5
5

Normalized

−
4

1
0

−
3

1
0

−
2

1
0

−
1

1
0

o
ri

g
in

a
l 
le

p
to

n
s

o
th

e
r 

c
h

a
rg

e
d

 p
fo

s

F
IG

.
8
:
T
h
e
d
is
tr
ib
u
ti
o
n
o
f

E
(e

c
a
l)

E
(t
o
ta

l)
(l
ef
t)

a
n
d

E
(t
o
ta

l)
P

(r
ig
h
t)

fo
r
P
F
O
s
in

th
e
e+

+
e−

→
μ
+
μ
−
H
H

sa
m
p
le
.
T
h
e
re
d
h
is
to
g
ra
m

is
fo
r
p
ro
m
p
t
m
u
o
n
s
a
n
d
th
e
b
lu
e
o
n
e
is

fo
r
th
e
o
th
er

ch
a
rg
ed

P
F
O
s.

co
n
e
en
er
g
y
v
er
su
s
m
o
m
en
tu
m

fo
r
th
e
sa
m
p
le
s
of

p
ro
m
p
t
m
u
o
n
s
a
n
d
th
e
o
th
er

n
o
n
-p
ro
m
p
t
P
F
O
s
ar
e
sh
ow

n
in

F
ig
u
re

9.
W
e
re
q
u
ir
e

M
o

m
e

n
tu

m
/G

e
V

0
2

0
4

0
6

0
8

0
1

0
0

1
2

0
1

4
0

1
6

0
1

8
0

2
0
0

Econe/GeV

0

2
0

4
0

6
0

8
0

1
0

0

1
2

0

1
4

0

1
6

0

1
8

0

2
0

0

o
ri

g
in

a
l 

le
p

to
n

s

o
th

e
r 

c
h

a
rg

e
d

 p
fo

s

>
1

7
.1

 G
e

V
c

o
n

e
P

−
0

.1
E

F
IG

.
9
:
S
ca
tt
er

p
lo
t
o
f
ch
a
rg
ed

co
n
e
en

er
g
y
v
er
su
s
m
o
m
en
tu
m

fo
r
P
F
O
s
in

th
e
e+

+
e−

→
μ
+
μ
−
H
H

sa
m
p
le
.
R
ed

p
o
in
ts

d
en

o
te

p
ro
m
p
t
m
u
o
n
s
a
n
d
b
lu
e
o
n
es

d
en

o
te

th
e
o
th
er

ch
a
rg
ed

P
F
O
s.

P
−

0.
1
E

c
o
n
e
>

1
7
.1

G
eV

.
(7
)

T
h
e
an

g
le

o
f
th
e
co
n
e
in

F
ig
u
re

6
is

ex
p
ec
te
d
to

a
ff
ec
t
th
e
p
er
fo
rm

a
n
ce

o
f
ch
a
rg
ed

le
p
to
n
se
le
ct
io
n
.
T
o
m
in
im

iz
e

th
e
m
is
-i
d
en
ti
fi
ca
ti
o
n
,
th
e
va
lu
e
of

th
e
co
n
e
a
n
g
le

θ
is

sc
a
n
n
ed

fr
o
m

co
s
θ
=

0.
8
to

co
s
θ
=

1.
A
t
ea
ch

va
lu
e,

w
h
il
e

fi
x
in
g
th
e
effi

ci
en
cy

fo
r
th
e
p
ro
m
p
t
le
p
to
n
id
en
ti
fi
ca
ti
o
n
to

9
8
%
,
w
e
lo
ok
ed

at
th
e
effi

ci
en
cy

o
f
th
e
ot
h
er

ch
a
rg
ed

2
3

0



P
F
O
s
b
ei
n
g
id
en
ti
fi
ed
.
T
h
e
re
su
lt

is
sh
ow

n
in

F
ig
u
re

1
0
.
T
h
e
op

ti
m
iz
ed

co
n
e
a
n
g
le

co
s
θ
=

0.
9
8
g
iv
in
g
th
e
m
in
im

a
l

m
is
-i
d
en
ti
fi
ca
ti
o
n
effi

ci
en
cy

is
ad

o
p
te
d
.

c
o

n
e

θ
c

o
s

0
.8

0
.8

2
0

.8
4

0
.8

6
0

.8
8

0
.9

0
.9

2
0

.9
4

0
.9

6
0

.9
8

1

efficiency (%)

3

3
.2

3
.4

3
.63
.84

4
.2

4
.4

4
.64
.85

F
IG

.
1
0
:
O
p
ti
m
iz
a
ti
o
n
o
f
co
n
e
a
n
g
le

u
si
n
g
P
F
O
s
in

th
e
e+

+
e−

→
e+

e−
H
H

sa
m
p
le
.

F
or

ea
ch

ev
en
t,

at
le
a
st

tw
o
op

p
o
si
te
ly

ch
a
rg
ed

P
F
O
s
a
re

re
q
u
ir
ed

to
b
e
b
o
th

id
en
ti
fi
ed

a
s
el
ec
tr
o
n
or

m
u
o
n
.
If

th
er
e
ar
e
m
or
e
th
an

tw
o
P
F
O
s
id
en
ti
fi
ed
,
w
e
lo
ok

at
al
l
th
e
p
ai
rs

w
h
ic
h
h
av
e
op

p
os
it
e
ch
ar
ge
.
T
h
e
p
ai
r
of

w
h
ic
h
th
e

in
va
ri
a
n
t
m
a
ss

is
th
e
n
ea
re
st

to
th
e
m
a
ss

o
f
Z
,
M

(Z
)
=

91
.1
8
G
eV

,
is

se
le
ct
ed

a
s
th
e
tw

o
p
ro
m
p
t
ch
a
rg
ed

le
p
to
n
s,

eff
ec
ti
ve
ly

su
p
p
re
ss
in
g
ty
p
e
(i
ii
)
m
is
-i
d
en
ti
fi
ca
ti
o
n
.
A
s
a
lo
os
e
re
q
u
ir
em

en
t,

th
e
in
va
ri
a
n
t
m
a
ss

o
f
th
e
tw

o
se
le
ct
ed

ch
a
rg
ed

le
p
to
n
s
M

(l
+
l−
)
sh
o
u
ld

sa
ti
sf
y

|M
(l

+
l−
)
−
M

(Z
)|
<

4
0
G
eV

.
(8
)

T
h
e
d
is
tr
ib
u
ti
o
n

of
M

(l
+
l−
)
fo
r
th
e
si
g
n
a
l
ev
en
ts

af
te
r
th
e
ab

ov
e
se
le
ct
io
n

is
sh
ow

n
in

F
ig
u
re

1
1
,
w
h
er
e
th
e

b
re
m
ss
tr
a
h
lu
n
g
a
n
d
F
S
R

eff
ec
ts

ar
e
re
co
ve
re
d
b
y
u
si
n
g
a
lg
o
ri
th
m
s
in

Z
F
in
d
er
.

M
(Z

) 
/ 

G
e

V

5
0

6
0

7
0

8
0

9
0

1
0

0
1
1

0
1

2
0

1
3

0

Normalized

0

0
.0

2

0
.0

4

0
.0

6

0
.0

8

0
.1

0
.1

2
h

h
-

e
+

e

h
h

 (
re

c
o

v
e

re
d

)
-

e
+

e

M
(Z

) 
/ 

G
e

V

5
0

6
0

7
0

8
0

9
0

1
0

0
1
1

0
1

2
0

1
3

0

Normalized

0

0
.0

2

0
.0

4

0
.0

6

0
.0

8

0
.1

0
.1

2

0
.1

4

0
.1

6

0
.1

8
h

h
-

μ
+

μ

h
h

 (
re

c
o

v
e

re
d

)
-

μ
+

μ

F
IG

.
1
1
:
In
va
ri
a
n
t
m
a
ss

o
f
th
e
tw

o
se
le
ct
ed

ch
a
rg
ed

le
p
to
n
s.

L
ef
t
o
n
e
is
fo
r
th
e
el
ec
tr
o
n
m
o
d
e
o
f
th
e
si
g
n
a
l
e+

+
e−

→
e+

e−
H
H

p
ro
ce
ss
;
R
ig
h
t
o
n
e
is

fo
r
th
e
m
u
o
n
m
o
d
e
o
f
th
e
si
g
n
a
l
e+

+
e−

→
μ
+
μ
−
H
H

p
ro
ce
ss
.

b.
J
et

C
lu
st
er
in
g
a
n
d
J
et

P
a
ir
in
g

A
ft
er

th
e
tw

o
ch
a
rg
ed

le
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+
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m
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ra
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b
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b
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d
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b
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d
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H
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b
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y
to

an
sw

er
th
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d
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ra
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d
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e
ll
H
H
,
(d
)
m
u
o
n
-t
y
p
e
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g
τ±

de
ca

ys
:

Φ
→

τ−
τ+

→
a−
a+

+
X
,

(2
)

w
he

re
a±

=
{e

± ,
μ±

,π
± }

an
d
X

de
no

te
s

ne
ut

rin
os

an
d,

po
ss

ib
ly

,n
eu

tra
lp

io
ns

.W
e
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su

m
e

th
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th
e

ta
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de
ca

y
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od
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of
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e
Φ
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re
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e
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an
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in

g
fr
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n,
w
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e
ca

se
in

th
e

St
an
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rd

M
od
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an

d
in

m
an

y
of
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ex

te
ns

io
ns
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te

ra
ct

io
n
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a

H
ig
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bo

so
n

Φ
of
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tra
ry
C
P
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tu

re
(J
PC

=
0+

+
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PC

=
0−

+
,o

rC
P

m
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re
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o

τ
le

pt
on

si
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ed
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e
ge

ne
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a

La
gr

an
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an L
Y
=

−(
√ 2G

F
)1/

2 m
τ
(a

ττ̄
τ
+
b τ

τ̄i
γ 5

τ)
Φ
,

(3
)

w
he

re
G
F

de
no

te
st

he
Fe

rm
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on
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an
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nd
a τ

,b
τ

ar
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he
re

du
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d
τ

Yu
ka

w
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ou
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in
g
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ta
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s.
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th
e
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in

g
w

e
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to
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un
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n

(2
)t

he
m
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n

1-
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on
g

τ
de

ca
y

ch
an

ne
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τ
→
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ν l
+

ν τ
,

τ
→
a 1

+
ν τ

→
π
+

2π
0
+

ν τ
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τ
→

ρ
+

ν τ
→

π
+

π0
+

ν τ
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τ
→

π
+

ν τ
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(4
)

O
ur
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et
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d
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at
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ill
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ap
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d
in
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e
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llo
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in
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no
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e
of
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τ
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e.
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e
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ra
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e

pr
es

en
ce

of
tw

o,
re

sp
ec

tiv
el
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os
w
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e
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tru

ct
io

n
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e
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re
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fr

am
es
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W

e
do

no
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on
si

de
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er
e

τ
de

ca
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in
to

3
pr

on
gs

,f
or

in
st

an
ce

τ
→
a 1

→
3

ch
ar

ge
d

pi
on

s,
be

ca
us

e
in

th
is

ca
se

th
e

re
co

ns
tru

ct
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n
of

th
e

τ
fo
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-m

om
en

tu
m

sh
ou
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al

w
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be
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ss
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er
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fa
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lit

at
e

th
e

m
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m
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to
ft

he
ta

u
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in
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rr
el

at
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ns
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at
w

ill
be

di
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be
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A
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rr
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in

g
an
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rΦ
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uc
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H

C
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as
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n
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A
sa

n
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id
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w
e

re
m

ar
k

th
at

it
w

ill
be

he
lp

fu
l,
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tn

ot
es

se
nt

ia
lf
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fu

tu
re
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rim
en

ta
l

an
al
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if
th

e
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ffe
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nt
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τ-

de
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n
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ex
pe

rim
en

ta
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di
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in
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d.
O

ur
m

et
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d
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rm
in

e
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e
C
P
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er
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s
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a
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o
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n
w
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st
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ve
lo

pe
d

fo
rt

he
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se
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Φ
pr

od
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tio
n
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pp
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lli
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e

La
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e
H
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n
C

ol
lid

er
in
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6]

an
d

w
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th
en

ap
pl

ie
d

to
an

an
al

ys
is

th
at
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cl

ud
ed

th
e

co
m
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na

tio
n
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al

l1
-p

ro
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τ
de

ca
y
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an
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7]
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Th
em

et
ho

d
is
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se

d
on

th
ef

ac
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ha
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he
C
P
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an

tu
m

nu
m

be
ro
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ne

ut
ra
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n-
ze

ro
re

so
na
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e

Φ
ca

n
be

de
te

rm
in

ed
in

a
de

fin
ite

w
ay

th
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ug
h
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τ−

τ+
m

od
e
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m
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su
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g

th
e
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o

τ
sp

in
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rr
el

at
io

ns
S
=

s τ
−
·s τ

+
an

d
S C
P
=

k̂ τ
·(s

τ−
×

s τ
+
),

w
he

re
k̂ τ

=
k τ
/
|k τ

|i
s

th
e

no
rm

al
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ed
τ−

m
om

en
tu

m
ve

ct
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in
th

e
ze

ro
-m

om
en

tu
m

fr
am

e
(Z

M
F)
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th

e
τ−

τ+
-p

ai
r[

5,
16

].
Fo

ra
sc

al
ar

Φ
,t

he
ex

pe
ct

at
io

n
va

lu
e

of
S

is
〈S
〉=

1/
4,

w
he

re
as

fo
ra
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eu

do
sc

al
ar

,〈
S〉

=
−3

/
4.

Th
eC
P-

od
d

an
d
T

-o
dd

sp
in
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rr

el
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n
S C
P

pr
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w

he
th

er
or

no
tΦ
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a

m
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ed
C
P
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e.
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Φ
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P

m
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tu
re

,i
.e

.,
if

th
e

ne
ut

ra
lH

ig
gs

se
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or
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ol
at
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C
P

(th
at

is
,a

τb
τ
=

0
in

(3
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,t
he

n
a

no
n-

ze
ro

ex
pe

ct
at

io
n

va
lu

e
of
S C
P
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ge

ne
ra

te
d

al
re
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y

at
tre

e
le
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l[

5]
an

d
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n
be
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la

rg
e
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0.

5.
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Th
e

sp
in

of
th

e
τ

ca
n

no
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e
m

ea
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d

di
re

ct
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;h
ow

ev
er

it
in

du
ce

s,
in

th
e

sp
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tru
m

of
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-
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ta
u
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y
τ±

→
a±

,a
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rr
el

at
io

n
w

ith
th

e
di

re
ct

io
n

of
fli

gh
to

ft
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ch
ar

ge
d

pa
rti

cl
e

a±
:

1
Γ
(τ

∓
→
a∓

+
X
)

dΓ
( τ

∓ (
ŝ∓

)
→
a∓

(q
∓ )

+
X
)

dE
a∓
dΩ

a∓
/
(4

π)
=
n(
E a

∓
)
( 1±

b(
E a

∓
)

ŝ∓
·q̂

∓) .
(5

)

H
er
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ŝ∓

de
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e
no
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s
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e
τ∓
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e
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∓

in
th

e
re

sp
ec

tiv
e

τ
re

st
fr

am
e.

Th
e
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n
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in

g
po
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e
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Th
e
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el
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n
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e
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ŝ+

·ŝ−
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a

no
nt
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tio
n
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e
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en
in

g
an
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e
∠(
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re
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e
C
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d
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k̂
·(ŝ
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×

ŝ−
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e
co

rr
el

at
io

n
k̂
·(q̂
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el
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de
pe
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ve
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re
ng

th
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th
e
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Yu
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w
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od
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)
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ra
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de
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−
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.
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e
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Φ
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ra
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e
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a
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g
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n
sh
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e
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nt
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n
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6]

it
w
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n

th
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e
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n,

ne
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rth
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tru
ct
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rim
en

ta
lly
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ce
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le
ob

se
rv

ab
le

s
th

at
ha

ve
a
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gh

se
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to
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e
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P
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an

tu
m
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m

be
rs

of
th

e
Φ

.
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e
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l
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in
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o
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oy
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e
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ro
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en

tu
m
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am

e
of

th
e
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−
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ir.

Th
e

di
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n
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e
an
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ϕ
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·n̂
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)
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)
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at
es

be
tw
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± ⊥
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−
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n̂ ∓
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∓)
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e
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W
e
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e
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ϕ
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is
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tru
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e
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at
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H
ig
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e
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d
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at
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n
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− ⊥
)
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n
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ct
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m
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an

d
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e
no
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ed
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−

m
om
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m
in
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e
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+
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F,
w
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de

no
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d
by

p̂∗ −.
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ly
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n
de
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e
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e
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ut

io
n

of
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e
an
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ψ
∗ CP

=
ar

cc
os
(p̂

∗ −
·(n̂

∗+ ⊥
×

n̂∗
− ⊥
))
.

(7
)
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ef

or
ep

re
se

nt
in

g
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su
lts

w
ew
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o
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in
to

ut
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er
en
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ho
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m
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d
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ev
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an
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of
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w
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e

th
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y
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a
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ig
gs

bo
so

n
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ol

lid
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e
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→
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m
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n
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i.e
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e
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5

1
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at
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d
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τ
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→
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ct
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g
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e
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of

th
e

ob
se
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∗
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a

sp
ec
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c

Φ
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ay

m
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rm

so
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n
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d
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pl
in
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ds
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es
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ra
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fu
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n
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)
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d
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,w
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ch
de

te
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in
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en
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e
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in

an
al
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g
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w

er
of
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=
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±
an

d
th
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ef
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e
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e

sh
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of
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e
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.
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ra
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e
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τ
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ca
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w
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he
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d
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re
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ei
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a
H
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h
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e
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m
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Φ
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n
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m
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.
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d.
),

N
.W

al
ke

r,

(e
d.

)a
nd

H
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at
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S.
B

er
ge

,W
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C
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b
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d
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ra
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b
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b
e
a
ss
ig
n
ed
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d
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a
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p
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b
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p
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b
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b
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ra
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b
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v
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b
ra
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ra
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c
q
u
a
rk
s,

a
n
d
ev
en

to
m
u
o
n
s.

T
h
e
cr
o
ss

se
ct
io
n
ti
m
es

b
ra
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ra
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n
b
e
m
ea
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p
ro
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v
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h
e
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b
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p
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a
fu
n
d
a
m
en
ta
l
sp
in
-0

p
a
rt
ic
le
,
w
h
o
se

ex
is
te
n
ce

cu
rr
en
tl
y
is

b
ei
n
g
in
ve
st
ig
a
te
d
a
t
th
e
L
H
C
.
T
h
e
a
n
sw

er
to
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is
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.
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b
ra
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b
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b
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d
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b
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ra
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d
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p
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b
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ra
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p
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b
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ra
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p
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d
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b
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b
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p
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p
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p
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a
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b
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ra
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p
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d
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n
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w
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b
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b
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h
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w
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b
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→
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v
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→
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ro
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n
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r
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w
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r
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v
e
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n
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b
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n
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ra
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*
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n
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e
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n
t
m
a
ss
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e
m
u
o
n

p
a
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g
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a
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r
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v
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b
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0
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a
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S
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r
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n
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p
t.
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h
e
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t
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m
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n
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p
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n
g
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w
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p
p
er
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r
G
e
a
n
t
4
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w
h
il
e
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e
re
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n
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io
n
is

d
o
n
e
b
y
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m
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d
P
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d
o
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P
F
A
p
a
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a
g
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.
W
e
a
ss
u
m
e
a
to
ta
l
a
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u
m
u
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d
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m
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,
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o
n
d
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4
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o
f
d
a
ta
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k
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g
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e
n
o
m
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a
l
m
a
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e
p
a
ra
m
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s.
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a
b
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1
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e
p
h
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p
ro
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es
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a
t
w
er
e
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n
in
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u
n
t
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e
a
n
a
ly
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to
g
et
h
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w
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h
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r
cr
o
ss
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ct
io
n
s
a
n
d
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e
n
u
m
b
er

o
f
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m
u
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te
d
ev
en
ts
.
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h
e
d
o
m
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n
t
H
ig
g
s
b
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o
n
p
ro
d
u
ct
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n
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a
n
n
el

at
3
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eV
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e
W

W
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o
n
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a
n
n
el
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→
H
ν
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w
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h

a
cr
o
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n
of

σ
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ν
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=

4
2
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.
T
h
e
m
a
in

b
a
ck
g
ro
u
n
d
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r
al
l
ch
a
n
n
el
s
is

th
e
Z
b
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o
n
p
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d
u
ct
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n
v
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W
W
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o
n
,
w
h
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h
h
a
s
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m
il
a
r
k
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em

a
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th
e
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g
n
a
l
p
ro
ce
ss
es
.
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m
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ra
h
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n
g
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n
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e
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u
m
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w
el
l
as
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l
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n
d
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n
a
l
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a
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ra
d
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o
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e
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to
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o
u
n
t.
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e
d
ef
a
u
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n
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g
u
ra
ti
o
n
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b
u
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n
av
er
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e.

W
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0.
5
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b
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b
u
n
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,
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u
p
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e
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d
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r
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e
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te
g
ra
ti
o
n

ti
m
es

o
f
1
0
n
s,

ex
ce
p
t
fo
r
th
e
b
a
rr
el

h
a
d
ro
n
ic

ca
lo
ri
m
et
er
,
w
h
ic
h

h
a
s

a
n
in
te
g
ra
ti
o
n
ti
m
e
of

1
0
0
n
s.

T
o
ap

p
ro
x
im

a
te

th
e
C
L
IC

b
ea
m

st
ru
ct
u
re

an
d
b
a
ck
g
ro
u
n
d
co
n
d
it
io
n
s,

th
e

eq
u
iv
al
en
t
o
f
6
0
b
u
n
ch

cr
o
ss
in
g
o
f

γγ
→

h
a
d
ro
n
s
ev
en
ts

w
er
e
m
ix
ed

w
it
h
ev
er
y
si
m
u
la
te
d
ev
en
t.

In
th
e

H
→

μ
+
μ
−

a
n
a
ly
si
s,

on
ly

th
e
si
g
n
a
l
sa
m
p
le

w
as

m
ix
ed

w
it
h
ev
en
ts

fr
o
m

γγ
→

h
a
d
ro
n
s
b
a
ck
g
ro
u
n
d
.

F
or

th
e
p
ro
ce
ss
es

in
vo
lv
in
g
je
ts

in
th
e
fi
n
a
l
st
a
te
,
fr
a
g
m
en
ta
ti
o
n
p
ro
d
u
ct
s
o
f
th
e
h
a
d
ro
n
ic

sy
st
em

s
a
re

fo
rc
ed

to
tw

o
je
ts

u
si
n
g
th
e
ex
cl
u
si
v
e
k
t
a
lg
o
ri
th
m

o
f
th
e
F
a
st
J
et

p
a
ck
a
g
e
[1
1
],
w
h
er
e
th
e
p
a
ra
m
et
er

R
is
se
t

to
0
.7
.
T
h
e
L
C
F
I
ve
rt
ex
in
g
p
a
ck
a
g
e
[1
2
]
is
u
se
d
to

id
en
ti
fy

je
ts

a
cc
o
rd
in
g
to

th
ei
r
q
u
a
rk

co
n
te
n
t
a
s
b
,
c
an

d
li
g
h
t
q
u
a
rk
s
a
n
d
co
m
p
u
te
s
th
e
co
rr
es
p
o
n
d
in
g
je
t
fl
av
o
u
r
ta
g
va
lu
es
.

T
h
e
ev
en
t
cl
a
ss
ifi
ca
ti
o
n
in

H
→

bb̄
a
n
d
H

→
cc̄

a
n
a
ly
se
s
is
b
a
se
d
o
n
th
e
o
p
en

so
u
rc
e
F
a
st

A
rt
ifi
ci
a
l
N
eu
ra
l

N
et
w
o
rk

(F
A
N
N
)
p
a
ck
a
g
e
[1
3
].
F
A
N
N

w
as

m
o
d
ifi
ed

to
a
cc
o
u
n
t
fo
r
ev
en
t
w
ei
g
h
ts

d
u
ri
n
g
th
e
n
eu
ra
l
n
et
w
or
k

tr
a
in
in
g
.
T
h
e
ev
en
t
cl
a
ss
ifi
ca
ti
o
n
in

th
e
H

→
μ
+
μ
−

a
n
a
ly
si
s
is

d
o
n
e
u
si
n
g
th
e
b
o
o
st
ed

d
ec
is
io
n
tr
ee

(B
D
T
)

cl
a
ss
ifi
er

im
p
le
m
en
te
d
in

th
e
T
M
V
A

p
a
ck
a
g
e
[1
4
].

3
M

e
a
su

re
m
e
n
t
o
f
H

→
bb̄

a
n
d

H
→

cc̄

T
h
e
m
ea
su
re
m
en
t
o
f
th
e
H

→
bb̄

a
n
d
H

→
cc̄

d
ec
ay
s
re
q
u
ir
es

re
so
lu
ti
o
n
o
f
se
co
n
d
a
ry

ve
rt
ic
es

fr
o
m

th
e

p
ri
m
a
ry

ve
rt
ex

an
d
is

th
u
s
a
n
im

p
or
ta
n
t
b
en
ch
m
a
rk

o
f
th
e
v
er
te
x
tr
a
ck
in
g
d
et
ec
to
r
d
es
ig
n
.

2
5

9

b-
ta

g 
ef

fic
ie

nc
y

0.
4

0.
5

0.
6

0.
7

0.
8

0.
9

1

mis-tag eff.

-3
10

-2
10

-1
10

1
  c

 - 
w

ith
 o

ve
rla

y
  c

 - 
w

/o
 o

ve
rla

y
  l

ig
ht

 - 
w

ith
 o

ve
rla

y
  l

ig
ht

 - 
w

/o
 o

ve
rla

y

c-
ta

g 
ef

fic
ie

nc
y

0
0.

2
0.

4
0.

6
0.

8
1

mis-tag eff.

-2
10

-1
10

1
  b

 - 
w

ith
 o

ve
rla

y
  b

 - 
w

/o
 o

ve
rla

y
  l

ig
ht

 - 
w

ith
 o

ve
rla

y
  l

ig
ht

 - 
w

/o
 o

ve
rla

y

F
ig
u
re

1:
In

th
e
le
ft

p
lo
t,
th
e
m
is
-t
a
g
ra
te

in
th
e
C
L
IC

S
iD

d
et
ec
to
r
fo
r
ch
a
rm

(b
lu
e)

a
n
d
li
g
h
t
(g
re
en
)
je
ts

a
s
a
fu
n
ct
io
n
o
f
th
e
b
-t
a
g
effi

ci
en
cy

is
sh
ow

n
.
T
h
e
ri
g
h
t
p
lo
t
sh
ow

s
th
e
m
is
-t
a
g
ra
te

fo
r
b
o
tt
o
m

(r
ed
)
a
n
d

li
g
h
t
(g
re
en
)
je
ts

as
a
fu
n
ct
io
n
o
f
th
e
c-
ta
g
effi

ci
en
cy
.
T
h
e
m
ea
n
p
T

o
f
th
e
je
ts

is
7
0
G
eV

w
h
il
e
th
e
m
ea
n

en
er
g
y
is

∼
13
0
G
eV

.

3
.1

J
e
t
fl
a
v
o
u
r
ta
g
g
in
g

T
h
e
fl
av
o
u
r
id
en
ti
fi
ca
ti
o
n
p
a
ck
a
g
e
d
ev
el
o
p
ed

b
y
th
e
L
C
F
I
[1
2
]
co
ll
a
b
o
ra
ti
o
n
co
n
si
st
s
o
f
a
to
p
o
lo
g
ic
a
l
v
er
-

te
x
fi
n
d
er

Z
V
T
O
P
,
w
h
ic
h
re
co
n
st
ru
ct
s
se
co
n
d
a
ry

in
te
ra
ct
io
n
s,

an
d
a
m
u
lt
iv
ar
ia
te

cl
a
ss
ifi
er

w
h
ic
h
co
m
b
in
es

se
ve
ra
l
je
t-
re
la
te
d
va
ri
a
b
le
s
to

ta
g
b
o
tt
o
m
,
ch
a
rm

,
a
n
d
li
g
h
t
q
u
a
rk

je
ts
.
D
is
p
la
ce
d
ve
rt
ic
es

a
re

th
e
m
o
st

si
g
-

n
ifi
ca
n
t
ch
a
ra
ct
er
is
ti
c
of

b
q
u
a
rk

d
ec
ay
s.

A
co
m
b
in
a
ti
o
n
of

se
ve
ra
l
ve
rt
ex
-r
el
a
te
d
va
ri
a
b
le
s,

co
m
p
le
m
en
te
d

b
y
a
d
d
it
io
n
a
l
tr
a
ck
-r
el
a
te
d
va
ri
a
b
le
s,

fo
rm

a
n
in
p
u
t
fo
r
th
e
ta
g
g
in
g
cl
a
ss
ifi
er
.
A

d
et
a
il
ed

d
es
cr
ip
ti
o
n
o
f
th
e

va
ri
a
b
le
s
an

d
th
e
p
ro
ce
d
u
re

ar
e
g
iv
en

in
[1
2
].

T
h
e
p
ro
b
a
b
il
it
y
to

ta
g
a
je
t
w
it
h
a
fa
ls
e
fl
av
ou

r,
th
e
so

ca
ll
ed

m
is
-t
a
g
ra
te
,
is
u
se
d
to

a
ss
es
s
th
e
p
er
fo
rm

a
n
ce

o
f
th
e
fl
av
o
u
r
ta
g
g
in
g
p
a
ck
a
g
e.

F
ig
u
re

1
(l
ef
t)

sh
ow

s
th
e
m
is
-t
a
g
ra
te

fo
r
c-
je
ts

(b
lu
e
li
n
e)

a
n
d
li
g
h
t
je
ts

(g
re
en

li
n
e)

a
s
b
-j
et
s
ve
rs
u
s
th
e
b
-t
a
g
effi

ci
en
cy
,
w
h
il
e
F
ig
u
re

1
(r
ig
h
t)

sh
ow

s
th
e
m
is
-t
a
g
ra
te

fo
r
b
-j
et
s

(r
ed

li
n
e)

a
n
d
li
g
h
t
je
ts

(g
re
en

li
n
e)

a
s
c-
je
ts

ve
rs
u
s
th
e
c-
ta
g
effi

ci
en
cy
.
T
h
e
p
re
se
n
ce

o
f

γγ
b
a
ck
g
ro
u
n
d
s
is

fo
u
n
d
to

re
d
u
ce

th
e
fl
av
ou

r
ta
g
g
in
g
p
er
fo
rm

a
n
ce
,
a
lt
h
o
u
g
h
th
e
eff

ec
t
is

n
o
t
d
ra
m
a
ti
c.

T
h
e
d
eg
ra
d
a
ti
o
n
o
f

th
e
fl
av
o
u
r
ta
g
p
er
fo
rm

a
n
ce
,
sh
ow

n
in

F
ig
u
re

1
,
h
a
s
tw

o
so
u
rc
es
:
th
e
fl
av
o
u
r
ta
g
d
eg
ra
d
a
ti
o
n
it
se
lf
p
lu
s
a

d
eg
ra
d
a
ti
o
n
of

th
e
je
t
q
u
a
li
ty

d
u
e
to

a
m
o
re

d
iffi

cu
lt
je
t
fi
n
d
in
g
.
F
o
r
in
st
a
n
ce
,
a
t
th
e
b
-t
a
g
effi

ci
en
cy

o
f
7
0
%

th
e
m
is
-t
a
g
ra
te

fo
r
c-
je
ts

(l
ig
h
t
je
ts
)
d
ro
p
s
fr
o
m

4
.3
%

(0
.1
9
%
)
w
/
o
ov
er
la
y
to

6
.8
%

(0
.3
3
%
)
w
it
h
ov
er
la
y.

3
.2

R
e
su

lt
s

T
h
e
b
a
si
c
ev
en
t
se
le
ct
io
n
re
q
u
ir
es

tw
o
je
ts

in
ea
ch

ev
en
t.

A
p
a
rt

fr
o
m

th
is

se
le
ct
io
n
,
n
o
fu
rt
h
er

cu
ts

a
re

ex
p
li
ci
tl
y
im

p
os
ed

a
n
d
a
n
u
m
b
er

o
f
re
le
va
n
t
va
ri
a
b
le
s
is
gi
ve
n
to

a
n
eu
ra
l
n
et

fo
r
th
e
su
b
se
q
u
en
t
m
u
lt
iv
a
ri
a
te

a
n
a
ly
si
s.

T
h
e
in
va
ri
a
n
t
m
a
ss

of
th
e
je
t
p
a
ir

is
th
e
m
a
jo
r
d
is
cr
im

in
a
n
t
b
et
w
ee
n
d
ec
ay
s
o
f
H
ig
g
s
a
n
d
o
f
Z

b
os
o
n
s.

It
is

u
se
d
in

a
ev
en
t
cl
a
ss
ifi
ca
ti
o
n
n
eu
ra
l
n
et
w
o
rk
,
to
g
et
h
er

w
it
h
th
e
o
u
tp
u
t
o
f
th
e
b
-fl
av
o
r
ta
g
g
in
g

n
et
w
o
rk

an
d
th
e
fo
ll
ow

in
g
va
ri
a
b
le
s:

•
T
h
e
m
a
x
im

u
m

o
f
th
e
ab

so
lu
te

va
lu
es

of
je
t
p
se
u
d
o
ra
p
id
it
ie
s.

•
T
h
e
su
m

o
f
th
e
re
m
a
in
in
g
L
C
F
I
je
t
fl
av
o
u
r
ta
g
va
lu
es
,
i.
e.

c(
u
d
sb
),

c(
b
)-
ta
g
s
a
n
d
b
(u
d
s)
-t
a
g1
.

•
R

η
φ
,
th
e
d
is
ta
n
ce

o
f
je
ts

in
th
e
η
−
φ
p
la
n
e.

1
T
h
e
n
o
ti
o
n
in
d
ic
a
te
s
w
h
ic
h
fl
a
v
o
u
r
is

ta
g
g
ed

a
g
a
in
st

w
h
ic
h
se
t
o
f
o
th

er
fl
a
v
o
u
rs
.
F
o
r
in
st
a
n
ce
,
c(
b
)
is

th
e
c-
fl
a
v
o
u
r
ta
g
g
ed

a
g
a
in
st

th
e
b
-fl
a
v
o
u
r
o
n
ly
,
w
h
il
e
re
m
a
in
in
g
(u

d
s)

fl
a
v
o
u
rs

a
re

n
o
t
u
se
d
d
u
ri
n
g
th

e
n
eu

ra
l
n
et

tr
a
in
in
g
.

2
6

0



S
el

ec
tio

n 
ef

fic
ie

nc
y

0
0.

2
0.

4
0.

6
0.

8
1

Statistical error [%]

0

0.
2

0.
4

0.
6

0.
81

b
 b

→
H

S
el

ec
tio

n 
ef

fic
ie

nc
y

0
0.

2
0.

4
0.

6
0.

8
1

Statistical error [%]

02468101214

c
 c

→
H

F
ig
u
re

2:
S
ta
ti
st
ic
a
l
u
n
ce
rt
a
in
ty

o
f
th
e
m
ea
su
re
m
en
t
o
f
cr
o
ss

se
ct
io
n
ti
m
es

b
ra
n
ch
in
g
ra
ti
o
ve
rs
u
s
se
le
ct
io
n

effi
ci
en
cy

o
f
th
e
n
eu
ra
l
n
et
w
or
k
.

T
h
e
n
eu
ra
l
n
et
w
o
rk

w
a
s
tr
a
in
ed

to
id
en
ti
fy

H
→

bb̄
d
ec
ay
s
fr
o
m

d
i-
je
t

b
a
ck
g
ro
u
n
d
s
in
cl
u
d
in
g
H

→
cc̄

(l
ef
t)
.

T
h
e
n
eu
ra
l
n
et
w
or
k
w
as

tr
a
in
ed

o
n
H

→
cc̄

a
s
si
g
n
a
l
a
n
d
d
i-
je
ts

b
a
ck
g
ro
u
n
d
s
in
cl
u
d
in
g
H

→
bb̄

(r
ig
h
t)
.

•
T
h
e
su
m

o
f
je
t
en
er
g
ie
s.

•
T
h
e
to
ta
l
n
u
m
b
er

o
f
le
p
to
n
s
in

an
ev
en
t.

•
T
h
e
to
ta
l
n
u
m
b
er

o
f
p
h
o
to
n
s
in

a
n
ev
en
t.

•
A
co
p
la
n
a
ri
ty

o
f
je
ts
.

T
w
o
n
eu
ra
l
n
et
s
w
er
e
tr
a
in
ed

to
se
p
a
ra
te

ei
th
er

th
e
H

→
bb̄

o
r
th
e
H

→
cc̄

si
g
n
a
ls

fr
o
m

b
a
ck
g
ro
u
n
d

sa
m
p
le
s
ac
co
u
n
ti
n
g
fo
r
ev
en
t
w
ei
g
h
ts
.
T
h
u
s
th
e
a
m
o
u
n
t
of

th
e
in
fo
rm

a
ti
o
n
ab

ou
t
th
e
si
g
n
a
l,
co
m
p
a
re
d
to

th
e
b
a
ck
g
ro
u
n
d
,
w
as

p
ro
p
or
ti
o
n
a
l
to

it
s
n
a
tu
ra
l
co
n
tr
ib
u
ti
o
n
.
S
u
ch

a
so
lu
ti
o
n
d
el
iv
er
s
op

ti
m
a
l
re
su
lt
s.

It
is

m
o
re

a
p
p
ro
p
ri
a
te

th
a
n
,
fo
r
in
st
a
n
ce
,
ch
o
os
in
g
th
e
sa
m
e
n
u
m
b
er

of
si
g
n
a
l
an

d
b
a
ck
g
ro
u
n
d
ev
en
ts

w
it
h
n
o

w
ei
g
h
ts
,
o
r,

tr
a
in
in
g
ac
co
rd
in
g
to

a
rb
it
ra
ry

si
ze
s
o
f
th
e
ge
n
er
a
te
d
sa
m
p
le
s.

T
h
e
n
eu
ra
l
n
et
w
or
k
se
le
ct
io
n
effi

ci
en
cy

ve
rs
u
s
th
e
st
a
ti
st
ic
a
l
u
n
ce
rt
a
in
ty

o
n
th
e
m
ea
su
re
m
en
t
is
sh
ow

n
in

F
ig
u
re

2
fo
r
th
e
tw

o
n
eu
ra
l
n
et
w
o
rk
s
th
a
t
w
er
e
tr
a
in
ed

o
n
H

→
bb̄

a
n
d
H

→
cc̄

a
s
si
g
n
a
l,
re
sp
ec
ti
ve
ly
.
T
h
e

o
p
ti
m
a
l
se
le
ct
io
n
is

at
th
e
lo
ca
l
m
in
im

u
m

o
f
th
e
cu

rv
e,

at
a
se
le
ct
io
n
effi

ci
en
cy

of
5
5
%

fo
r
H

→
bb̄

w
it
h
a

sa
m
p
le

p
u
ri
ty

of
6
5
%
,
an

d
a
se
le
ct
io
n
effi

ci
en
cy

o
f
1
5
%

fo
r
H

→
cc̄

co
rr
es
p
o
n
d
in
g
to

a
sa
m
p
le

p
u
ri
ty

of
2
4
%
.

T
h
es
e
va
lu
es

re
fl
ec
t
th
e
fa
ct

th
a
t
b
-j
et
s
ca
n
b
e
d
is
ti
n
g
u
is
h
ed

fr
o
m

c-
je
ts

w
it
h
h
ig
h
p
u
ri
ty
,
w
h
il
e
in
co
m
p
le
te
ly

re
co
n
st
ru
ct
ed

b
-j
et
s
an

d
li
g
h
t
je
ts

m
a
ke

u
p
a
la
rg
e
fr
a
ct
io
n
o
f
th
e
b
a
ck
g
ro
u
n
d
to

c-
je
t
se
le
ct
io
n
.
U
si
n
g
th
e

o
u
tp
u
t
o
f
th
e
re
co
n
st
ru
ct
io
n
a
lg
o
ri
th
m
s
in

n
eu
ra
l
n
et
w
or
k
s
le
a
d
s
to

th
e
m
in
im

a
l
st
a
ti
st
ic
a
l
u
n
ce
rt
a
in
ty

o
n

th
e
m
ea
su
re
m
en
t
a
t
th
e
ev
en
tu
a
l
co
st

of
an

in
cr
ea
se
d
d
ep

en
d
en
ce

on
sy
st
em

a
ti
c
eff

ec
ts
.
W
e
a
ss
u
m
e
th
a
t

w
it
h
su
ffi
ci
en
t
ex
p
er
ie
n
ce

a
t
th
e
ru
n
n
in
g
m
a
ch
in
e,

th
e
sy
st
em

a
ti
c
va
ri
a
ti
o
n
s
a
re

w
el
l
en
o
u
g
h
u
n
d
er
st
o
o
d
so

th
a
t
th
e
sy
st
em

a
ti
c
u
n
ce
rt
a
in
ti
es

a
re

co
m
p
a
ra
b
le

to
th
e
st
a
ti
st
ic
a
l
u
n
ce
rt
a
in
ti
es

o
f
th
e
H

→
cc̄

ch
a
n
n
el

an
d

d
o
m
in
a
te

in
th
e
H

→
bb̄

ch
a
n
n
el
.

T
h
e
re
su
lt
in
g
st
a
ti
st
ic
a
l
H

→
bb̄

cr
o
ss

se
ct
io
n
u
n
ce
rt
a
in
ty

a
m
o
u
n
ts

to
0.
2
2
%

w
h
il
e
p
re
se
rv
in
g
m
ea
n
in
g
fu
l

va
lu
es

o
f
b
ot
h
th
e
sa
m
p
le

p
u
ri
ty

(6
5
.4
%
)
an

d
o
f
th
e
si
g
n
a
l
se
le
ct
io
n
effi

ci
en
cy

(5
4
.6
%
).

T
h
e
H

→
cc̄

ch
a
n
n
el

is
m
o
re

d
iffi

cu
lt
to

se
p
a
ra
te

fr
o
m

th
e
b
a
ck
g
ro
u
n
d
a
n
d
th
e
st
a
ti
st
ic
a
l
cr
o
ss

se
ct
io
n
u
n
ce
rt
a
in
ty

is
3.
2
4
%

w
it
h

a
si
g
n
a
l
se
le
ct
io
n
effi

ci
en
cy

of
1
5
.2
%
.

2
6

1

]° [ μθ
0

20
40

60
80

Muon reconstruction efficiency

0.
8

0.
850.

9

0.
95

1

no
 b

ac
kg

ro
un

d
 h

ad
ro

ns
→

γγ
w

ith

D
i-m

uo
n 

in
va

ria
nt

 m
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s 
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]
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F
ig
u
re

3:
M
u
o
n
re
co
n
st
ru
ct
io
n
effi

ci
en
cy

fo
r
th
e
si
g
n
a
l
sa
m
p
le

w
it
h
a
n
d
w
it
h
o
u
t

γγ
→

h
a
d
ro
n
s
p
il
e-
u
p
.

4
M

e
a
su

re
m
e
n
t
o
f
H

→
μ
+
μ
−

T
h
e
m
ea
su
re
m
en
t
o
f
th
e
ra
re

d
ec
ay

H
→

μ
+
μ
−

re
q
u
ir
es

h
ig
h
lu
m
in
o
si
ty

o
p
er
a
ti
o
n
a
n
d
se
ts

st
ri
n
g
en
t
li
m
it
s

o
n
th
e
m
o
m
en
tu
m

re
so
lu
ti
o
n
o
f
th
e
tr
a
ck
in
g
d
et
ec
to
rs
.

T
h
e
b
ra
n
ch
in
g
ra
ti
o
of

th
e
d
ec
ay

of
a
S
ta
n
d
a
rd

M
o
d
el

H
ig
g
s
b
os
o
n
to

a
p
a
ir
o
f
m
u
o
n
s
is
im

p
o
rt
a
n
t
a
s
th
e
lo
w
er

en
d
o
f
th
e
a
cc
es
si
b
le

d
ec
ay

s
a
n
d
d
efi
n
es

th
e

en
d
p
o
in
t
o
f
th
e
te
st

o
f
th
e
p
re
d
ic
te
d
li
n
ea
r
d
ep

en
d
en
ce

o
f
th
e
b
ra
n
ch
in
g
ra
ti
o
s
to

th
e
m
a
ss

o
f
th
e
fi
n
a
l
st
a
te

p
a
rt
ic
le
s.

T
h
e
ev
en
ts

ar
e
se
le
ct
ed

b
y
re
q
u
ir
in
g
tw

o
re
co
n
st
ru
ct
ed

m
u
o
n
s,

ea
ch

w
it
h
a
tr
a
n
sv
er
se

m
o
m
en
tu
m

o
f
a
t

le
a
st

5
G
eV

.
In

th
is

n
o
te
,
th
e
m
o
st

en
er
g
et
ic

m
u
o
n
is

re
fe
rr
ed

to
as

μ 1
a
n
d
th
e
se
co
n
d
m
o
st

en
er
g
et
ic

m
u
o
n

is
re
fe
rr
ed

to
as

μ 2
.
In

ad
d
it
io
n
,
th
e
in
va
ri
a
n
t
m
a
ss

of
th
e
tw

o
m
u
o
n
s
M

(μ
+
μ
−
)
is

re
q
u
ir
ed

to
li
e
b
et
w
ee
n

1
0
5
G
eV

an
d
1
3
5
G
eV

.
T
h
e
m
u
o
n
re
co
n
st
ru
ct
io
n
effi

ci
en
cy

is
sh
ow

n
in

F
ig
u
re

3
(l
ef
t)
.

T
h
e
b
ea
m

in
d
u
ce
d
b
a
ck
g
ro
u
n
d
fr
o
m

γγ
→

h
a
d
ro
n
s
le
a
d
s
to

a
sm

a
ll

d
et
er
io
ra
ti
o
n

o
f
th
e
m
u
o
n

re
co
n
st
ru
ct
io
n

effi
ci
en
cy
.

T
h
e
av
er
a
g
e
m
u
o
n

re
co
n
st
ru
ct
io
n
effi

ci
en
cy

fo
r
p
o
la
r
a
n
g
le
s
g
re
a
te
r
th
a
n
1
0
◦
is
9
8
.4
%

w
it
h
th
is
b
a
ck
g
ro
u
n
d
co
m
p
a
re
d
to

9
9
.6
%

w
it
h
o
u
t.

T
h
e
to
ta
l
re
co
n
st
ru
ct
io
n
effi

ci
en
cy

o
f
th
e
si
g
n
a
l
sa
m
p
le
,
re
q
u
ir
in
g
tw

o
re
co
n
st
ru
ct
ed

m
u
o
n
s
w
it
h

a
n
in
va
ri
a
n
t
m
a
ss

b
et
w
ee
n
1
0
5
G
eV

an
d
1
3
5
G
eV

is
7
2
%

in
th
e
p
re
se
n
ce

o
f
b
a
ck
g
ro
u
n
d
.

T
h
e
ev
en
t
cl
a
ss
ifi
ca
ti
o
n
is

d
o
n
e
u
si
n
g
b
o
o
st
ed

d
ec
is
io
n
tr
ee

cl
a
ss
ifi
er

im
p
le
m
en
te
d
in

T
M
V
A

[1
4
].

T
h
e

B
D
T

is
tr
a
in
ed

to
se
p
a
ra
te

th
e

μ+
μ−

νν
si
g
n
a
l
ev
en
ts

fr
o
m

th
e

μ+
μ−

e+
e−

b
a
ck
g
ro
u
n
d
.
T
h
e

μ+
μ−

,
τ+

τ−

a
n
d

τ+
τ−

νν
sa
m
p
le
s
ar
e
n
o
t
u
se
d
in

th
e
tr
a
in
in
g
of

th
e
B
D
T
,
b
u
t
a
re

eff
ec
ti
ve
ly

re
m
ov
ed

b
y
th
e
cl
a
ss
ifi
er

n
ev
er
th
el
es
s.

T
h
e
va
ri
a
b
le
s
u
se
d
fo
r
th
e
ev
en
t
se
le
ct
io
n
b
y
th
e
B
D
T

ar
e:

•
T
h
e
v
is
ib
le

en
er
g
y
ex
cl
u
d
in
g
th
e
tw

o
re
co
n
st
ru
ct
ed

m
u
o
n
s
E

v
is
.

•
T
h
e
sc
a
la
r
su
m

o
f
th
e
tr
a
n
sv
er
se

m
o
m
en
ta

o
f
th
e
tw

o
m
u
o
n
s
p
T
(μ

1
)
+

p
T
(μ

2
).

•
T
h
e
h
el
ic
it
y
an

g
le

co
s
θ∗
(μ

+
μ
−
)
=

�p
′ (

μ 1
)·�p

(μ
+
μ
−
)

|�p
′ (

μ 1
)|·

|�p
(μ

+
μ
−
)|
,
w
h
er
e
�p
′ i
s
th
e
m
o
m
en
tu
m

in
th
e
re
st

fr
a
m
e
o
f
th
e

d
i-
m
u
o
n
sy
st
em

.
S
in
ce

th
e
tw

o
m
u
o
n
s
a
re

b
a
ck
-t
o
-b
a
ck

in
th
e
re
st

fr
a
m
e
of

th
e
d
i-
m
u
o
n
sy
st
em

th
er
e

is
n
o
a
d
d
it
io
n
a
l
in
fo
rm

a
ti
o
n
to

b
e
g
a
in
ed

fr
o
m

ca
lc
u
la
ti
n
g
a
si
m
il
a
r
an

g
le

fo
r

μ 2
.

•
T
h
e
re
la
ti
v
is
ti
c
ve
lo
ci
ty

of
th
e
d
i-
m
u
o
n
sy
st
em

β(
μ
+
μ
−
),
w
h
er
e

β
=

v c
.

•
T
h
e
tr
a
n
sv
er
se

m
o
m
en
tu
m

of
th
e
d
i-
m
u
o
n
sy
st
em

p
T
(μ

+
μ
−
).

•
T
h
e
p
o
la
r
a
n
g
le

of
th
e
d
i-
m
u
o
n
sy
st
em

θ(
μ
+
μ
−
).

T
h
e
m
a
jo
r
d
is
cr
im

in
a
n
t
is
th
e
v
is
ib
le
en
er
g
y
w
h
en
ev
er

th
er
e
is
an

el
ec
tr
o
n
w
it
h
in

th
e
d
et
ec
to
r
a
cc
ep
ta
n
ce
.

O
th
er
w
is
e
th
e
b
a
ck
g
ro
u
n
d
ca
n
b
e
re
je
ct
ed

b
y
th
e
tr
a
n
sv
er
se

m
o
m
en
tu
m

of
th
e
d
i-
m
u
o
n
sy
st
em

or
th
e
su
m

2
6

2



o
f
th
e
tw

o
in
d
iv
id
u
a
l
tr
a
n
sv
er
se

m
o
m
en
ta
.

F
ig
u
re

3
(r
ig
h
t)

sh
ow

s
th
e
H
ig
g
s
p
ea
k
in

th
e
in
va
ri
a
n
t
m
a
ss

d
is
tr
ib
u
ti
o
n
af
te
r
th
e
ev
en
t
se
le
ct
io
n
.

T
h
e
d
o
m
in
a
n
t
b
a
ck
g
ro
u
n
d
fr
o
m

e+
e−

→
e+

e−
μ
+
μ
−

ev
en
ts
,
is

eff
ec
ti
ve
ly

re
d
u
ce
d
b
y
fo
rw

a
rd

el
ec
tr
o
n

ta
g
g
in
g
.
W

h
il
e
th
e
fo
rw

ar
d
ca
lo
ri
m
et
er
s
w
er
e
n
o
t
p
a
rt

of
th
e
fu
ll
d
et
ec
to
r
si
m
u
la
ti
o
n
,
a
ss
u
m
in
g
a
ta
g
g
in
g

effi
ci
en
cy

o
f
9
5
%

d
ow

n
to

a
n
a
n
g
le

of
40

m
ra
d
fo
r
el
ec
tr
o
n
s
o
f
se
ve
ra
l
h
u
n
d
re
d
G
eV

to
ov
er

on
e
T
eV

is
a

co
n
se
rv
at
iv
e
es
ti
m
a
te
,
ev
en

in
th
e
p
re
se
n
ce

o
f

γγ
→

h
a
d
ro
n
s
b
a
ck
g
ro
u
n
d
.
It

is
fo
u
n
d
th
a
t
B
h
a
b
h
a
ev
en
ts

p
re
ve
n
t
fu
rt
h
er

re
je
ct
io
n

of
th
is

b
a
ck
g
ro
u
n
d

a
t
lo
w
er

an
g
le
s.

T
h
e
re
su
lt
s
q
u
o
te
d

a
re

b
a
se
d

o
n

a
ad

-h
o
c

re
je
ct
io
n
of

9
5
%

o
f
th
e
el
ec
tr
o
n
s
in

th
e
L
u
m
in
o
si
ty

C
a
lo
ri
m
et
er
.

4
.1

In
v
a
ri
a
n
t
m
a
ss

fi
t

T
h
e
d
is
tr
ib
u
ti
o
n
of

th
e
in
va
ri
a
n
t
m
a
ss

in
th
e
H

→
μ
+
μ
−

sa
m
p
le

h
a
s
a
ta
il
to
w
a
rd
s
lo
w
er

m
a
ss
es

b
ec
a
u
se

of
fi
n
a
l
st
a
te

ra
d
ia
ti
o
n
.
T
h
e
sh
a
p
e
ca
n
b
e
d
es
cr
ib
ed

b
es
t
b
y
tw

o
h
a
lf
G
a
u
ss
ia
n
d
is
tr
ib
u
ti
o
n
s
w
it
h
a
n
ex
p
on

en
ti
a
l

ta
il
.
T
o
g
et
h
er

w
it
h
th
e
m
ea
n
va
lu
e
th
is

re
su
lt
s
in

fi
ve

fr
ee

p
a
ra
m
et
er
s
in

th
e
fi
tt
ed

fu
n
ct
io
n
,
w
h
ic
h
ca
n
b
e

w
ri
tt
en

as

f
(x
)
=

n

⎧ ⎪ ⎨ ⎪ ⎩e
−

(
x
−

m
0
)
2

2
σ
2 L

+
α
L

(
x
−

m
0
)
2

,
x
≤

m
0

e
−

(
x
−

m
0
)
2

2
σ
2 R

+
α
R

(
x
−

m
0
)
2

,
x
>

m
0

,

w
h
er
e
m

0
is
th
e
m
ea
n
of

b
o
th

G
a
u
ss
ia
n
d
is
tr
ib
u
ti
o
n
s,
σ
L
a
n
d
σ
R
a
re

th
e
w
id
th
s,
a
n
d
α
L
a
n
d
α
R
a
re

th
e
ta
il

p
a
ra
m
et
er
s
o
f
th
e
le
ft
an

d
th
e
ri
g
h
t
G
a
u
ss
ia
n
d
is
tr
ib
u
ti
o
n
,
re
sp
ec
ti
ve
ly
;
n
is
a
n
o
rm

a
li
za
ti
o
n
p
a
ra
m
et
er
.
T
h
e

b
a
ck
g
ro
u
n
d
is
w
el
l
d
es
cr
ib
ed

b
y
a
n
ex
p
on

en
ti
a
l
p
a
ra
m
et
er
iz
a
ti
o
n
,
o
b
ta
in
ed

fr
o
m

a
b
a
ck
g
ro
u
n
d
-o
n
ly

sa
m
p
le
.

T
h
e
n
u
m
b
er

of
si
g
n
a
l
ev
en
ts

is
o
b
ta
in
ed

fr
o
m

a
m
a
x
im

u
m

li
ke
li
h
o
o
d
fi
t
to

th
e
sa
m
p
le

co
n
ta
in
in
g
si
g
n
a
l

p
lu
s
b
a
ck
g
ro
u
n
d
a
ft
er

th
e
ev
en
t
se
le
ct
io
n
.

T
h
e
av
er
a
g
e
m
u
o
n
m
o
m
en
tu
m

re
so
lu
ti
o
n
o
f
th
e
fu
ll
y
si
m
u
la
te
d
sa
m
p
le

is
4
×
1
0
5
G
eV

−
1
co
rr
es
p
o
n
d
in
g
to

a
st
a
ti
st
ic
a
l
u
n
ce
rt
a
in
ty

o
f
2
3
%

w
it
h
o
u
t
th
e
fo
rw

a
rd

el
ec
tr
o
n
ta
g
g
in
g
.
If
th
e
b
a
ck
g
ro
u
n
d
fr
o
m

e+
e−

→
μ+

μ−

ca
n
b
e
re
d
u
ce
d
u
si
n
g
ta
g
g
in
g
o
f
el
ec
tr
o
n
s
d
ow

n
to

an
an

g
le

o
f
4
0
m
ra
d
w
it
h
a
n
effi

ci
en
cy

o
f
9
5
%
,
th
e
cr
o
ss

se
ct
io
n
ti
m
es

b
ra
n
ch
in
g
ra
ti
o
ca
n
b
e
m
ea
su
re
d
to

a
p
re
ci
si
o
n
o
f
1
5
%
.

5
S
u
m
m
a
ry

T
h
e
se
n
si
ti
v
it
y
to

th
e
d
ec
ay

b
ra
n
ch
in
g
ra
ti
o
s
o
f
a
n
eu
tr
a
l
1
2
0
G
eV

S
ta
n
d
a
rd

M
o
d
el

H
ig
g
s
b
os
o
n
to

b
o
tt
o
m

a
n
d
ch
a
rm

q
u
a
rk
s
a
n
d
to

m
u
o
n
s
h
a
s
b
ee
n
st
u
d
ie
d
a
t
th
e
C
L
IC

ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y
o
f
√ s

=
3
T
eV

an
d

in
te
g
ra
te
d
lu
m
in
o
si
ty

o
f
2
ab

−
1
.
T
h
e
a
n
a
ly
si
s
is

b
a
se
d
o
n
fu
ll
si
m
u
la
ti
o
n
an

d
re
a
li
st
ic

ev
en
t
re
co
n
st
ru
ct
io
n

in
th
e
C
L
IC

S
iD

d
et
ec
to
r.

W
e
h
av
e
d
em

o
n
st
ra
te
d
th
e
fe
a
si
b
il
it
y
of

su
ch

m
ea
su
re
m
en
ts

an
d
es
ti
m
a
te
d
th
ei
r

st
a
ti
st
ic
a
l
u
n
ce
rt
a
in
ty
.

F
or

th
e
m
ea
su
re
m
en
t
of

H
ig
g
s
d
ec
ay
s
to

q
u
a
rk
s,

0.
2
2
%

a
n
d
3.
2
%

st
a
ti
st
ic
a
l
u
n
ce
rt
a
in
ty

ca
n
b
e
ac
h
ie
ve
d

fo
r
th
e
d
ec
ay
s
H

→
bb̄

a
n
d
H

→
cc̄
,
re
sp
ec
ti
ve
ly
.
T
h
is

in
cl
u
d
es

th
e
eff

ec
t
o
f
b
a
ck
g
ro
u
n
d
fr
o
m

γγ
→

h
a
d
ro
n
s

o
n
th
e
fl
av
o
r
ta
g
g
in
g
.

F
or

th
e
ra
re

d
ec
ay

H
→

μ
+
μ
−
,
th
e
cr
o
ss

se
ct
io
n
ti
m
es

b
ra
n
ch
in
g
ra
ti
o
ca
n
b
e
m
ea
su
re
d
to

a
p
re
ci
si
o
n
o
f

1
5
%

if
th
e
b
a
ck
g
ro
u
n
d
fr
o
m

e+
e−

→
μ
+
μ
−

ca
n
b
e
re
d
u
ce
d
u
si
n
g
ta
g
g
in
g
o
f
el
ec
tr
o
n
s
d
ow

n
to

a
n
a
n
g
le

of
4
0
m
ra
d
w
it
h
a
n
effi

ci
en
cy

o
f
9
5
%
.
T
h
e
eff

ec
t
o
f

γγ
→

h
a
d
ro
n
s
h
a
s
b
ee
n
ta
k
en

in
to

ac
co
u
n
t
co
n
se
rv
at
iv
el
y

b
y
o
n
ly

in
cl
u
d
in
g
it
in

th
e
si
g
n
a
l
sa
m
p
le

an
d
th
u
s
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p
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re
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e
or
d
er

o
f
1
%

o
r
le
ss
.
F
or

th
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e
sy
st
em

a
ti
c

u
n
ce
rt
a
in
ty

w
as

b
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p
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b
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ty
,
th
e
u
n
-

ce
rt
a
in
ty

o
f
H

→
bb̄

a
n
a
ly
si
s
w
il
l
b
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b
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.
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.
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v
er
te
x
ch

a
rg
e
re
co

n
st
ru

c-
ti
o
n
w
it
h
a
n
IL

C
v
er
te
x
d
et
ec
to
r.
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.
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0
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ra
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.
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.
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h
er
h
a
a
g
,
E
.
v
o
n

T
o
er
n
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l
b
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th
e
d
is
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b
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p
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p
re
d
ic
ti
o
n
s
o
f
th
e
S
ta
n
d
a
rd

M
o
d
el
,
in

p
a
rt
ic
u
la
r
th
e
co
u
p
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b
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e
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b
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b
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s
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s
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b
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p
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ca
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b
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p
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d
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ra
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p
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p
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d
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b
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b
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b
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f
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b
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b
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b
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b
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ro
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b
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ta
in
ed
.

∗ f
o
r
th
e
S
F
it
te
r
co
ll
a
b
o
ra
ti
o
n

2
6

5

2
S
e
tu

p
o
f
th

e
C
a
lc
u
la
ti
o
n

A
s
th
e
u
n
d
er
ly
in
g
m
o
d
el

o
f
o
u
r
st
u
d
y
w
e
a
ss
u
m
e
th
e
S
ta
n
d
a
rd

M
o
d
el

w
it
h
a
g
en

er
a
li
se
d
H
ig
g
s
se
ct
o
r,
w
h
er
e

th
e
H
ig
g
s
co
u
p
li
n
g
s
ca
n
ta
k
e
a
rb
it
ra
ry

va
lu
es
.
T
h
es
e
a
re

p
a
ra
m
et
ri
se
d
in

th
e
fo
ll
ow

in
g
w
ay

:
C
o
u
p
li
n
g
s
to

p
a
rt
ic
le
s
i,
w
h
ic
h
a
re

p
re
se
n
t
a
t
tr
ee
-l
ev
el

in
th
e
S
M
,
a
re

m
o
d
ifi
ed

a
cc
o
rd
in
g
to

g i
iH

→
g
S
M

ii
H
(1

+
Δ

ii
H
)
.

(1
)

A
s
a
g
lo
b
a
l
si
g
n
fl
ip

o
f
a
ll
co
u
p
li
n
g
s
is
n
o
t
o
b
se
rv
a
b
le
,
w
e
a
lw
ay

s
ta
k
e
g W

W
H
to

b
e
p
o
si
ti
v
e,
i.
e.

Δ
W

W
H

>
−1

.
A
d
d
it
io
n
a
ll
y,

th
er
e
a
re

tw
o
im

p
o
rt
a
n
t
lo
o
p
-i
n
d
u
ce
d
co
u
p
li
n
g
s
p
re
se
n
t,
n
a
m
el
y
th
o
se

to
g
lu
o
n
s
a
n
d
p
h
o
to
n
s.

T
h
ey

a
re

a
lt
er
ed

in
th
e
fo
ll
ow

in
g
w
ay

: g i
iH

→
g
S
M

ii
H
(1

+
Δ

S
M

ii
H
+
Δ

ii
H
)
.

(2
)

T
h
es
e
ca
n
re
ce
iv
e
tw

o
ty
p
es

o
f
co
n
tr
ib
u
ti
o
n
s.

F
ir
st
,
th
er
e
a
re

co
n
tr
ib
u
ti
o
n
s
fr
o
m

ch
a
n
g
in
g
th
e
tr
ee
-l
ev
el

co
u
p
li
n
g
s,

Δ
S
M

ii
H
.
S
ec
o
n
d
,
th
er
e
ca
n
b
e
a
d
d
it
io
n
a
l
d
im

en
si
o
n
-fi
v
e
co
n
tr
ib
u
ti
o
n
s
Δ

ii
H
.
T
h
ey

o
ri
g
in
a
te

fr
o
m

n
ew

p
a
rt
ic
le
s
ru
n
n
in
g
in

th
e
lo
o
p
,
e.
g
.
th
e
su
p
er
sy
m
m
et
ri
c
p
a
rt
n
er
s
in

S
U
S
Y

m
o
d
el
s.

T
h
e
n
u
m
er
ic
a
l
va
lu
es

o
f
th
e
co
u
p
li
n
g
s
a
re

o
b
ta
in
ed

fr
o
m

a
m
o
d
ifi
ed

v
er
si
o
n
o
f
H
D
ec
ay

[2
3]
.
A
ls
o
th
e
m
a
ss
es

o
f
th
e
H
ig
g
s
b
o
so
n

a
n
d
th
e
to
p
a
n
d
b
o
tt
o
m

q
u
a
rk

a
re

a
d
d
ed

a
s
fr
ee

p
a
ra
m
et
er
s
a
n
d
co
rr
es
p
o
n
d
in
g
m
ea
su
re
m
en
ts

co
n
st
ra
in

th
em

to
th
ei
r
ex
p
er
im

en
ta
ll
y
m
ea
su
re
d
va
lu
e.

A
d
d
it
io
n
a
ll
y,

w
e
d
efi
n
e
Δ

H
a
s
a
si
n
g
le

fr
ee

p
a
ra
m
et
er

th
a
t

ch
a
n
g
es

a
ll
(t
re
e-
le
v
el
)
co
u
p
li
n
g
s
si
m
u
lt
a
n
eo
u
sl
y.

T
h
e
to
ta
l
w
id
th

o
f
th
e
H
ig
g
s
b
o
so
n
is

to
o
sm

a
ll
to

b
e
m
ea
su
re
d
d
ir
ec
tl
y
a
t
th
e
L
H
C
.
T
h
er
ef
o
re

w
e
h
av
e

to
m
a
k
e
o
n
e
si
n
g
le

m
o
d
el

a
ss
u
m
p
ti
o
n
a
b
o
u
t
h
ow

to
tr
ea
t
th
e
to
ta
l
w
id
th
,
w
h
ic
h
w
e
ta
k
e
a
s

Γ
to

t
=
∑ o
b
s

Γ
i(
g i

iH
)
+
g
en

er
a
ti
o
n
u
n
iv
er
sa
li
ty

.

T
h
is
m
ea
n
s
th
a
t
th
er
e
a
re

n
o
fu
rt
h
er

co
n
tr
ib
u
ti
o
n
s
fr
o
m

H
ig
g
s
d
ec
ay

s
in
to

in
v
is
ib
le
p
a
rt
ic
le
s.

T
h
e
a
ss
u
m
p
ti
o
n

a
b
o
u
t
g
en

er
a
ti
o
n
u
n
iv
er
sa
li
ty

is
im

p
o
rt
a
n
t
a
s
th
e
H
ig
g
s
h
a
s
a
si
g
n
ifi
ca
n
t
b
ra
n
ch
in
g
ra
ti
o
o
f
se
v
er
a
l
p
er
ce
n
t

in
to

u
n
o
b
se
rv
a
b
le

p
a
rt
ic
le
s
(e
.g
.
ch
a
rm

q
u
a
rk
s)

fo
r
w
h
ic
h
a
t
th
e
L
H
C

th
er
e
is

n
o
p
o
ss
ib
il
it
y
to

m
ea
su
re

th
em

,
a
n
d
n
eg
le
ct
in
g
th
em

w
o
u
ld

in
tr
o
d
u
ce

a
b
ia
s.

F
u
rt
h
er

d
et
a
il
s
o
f
th
e
se
tu
p
h
av
e
b
ee
n
d
es
cr
ib
ed

in
R
ef
s.

[1
1,

1
2]
.
W
e
w
il
l
n
o
t
co
n
si
d
er

a
n
y
co
u
p
li
n
g
s
th
a
t
ca
n
o
n
ly

b
e
m
ea
su
re
d
w
it
h
v
er
y
h
ig
h
lu
m
in
o
si
ty

o
r

n
o
t
a
t
a
ll
.
T
h
is
in
cl
u
d
es

th
e
o
n
ly

se
co
n
d
-g
en

er
a
ti
o
n
Y
u
ka
w
a
co
u
p
li
n
g
th
a
t
m
ig
h
t
b
e
m
ea
su
ra
b
le
a
t
th
e
L
H
C
,

n
a
m
el
y
th
o
se

to
m
u
o
n
s
[2
4,

2
5]
,
a
s
w
el
l
a
s
th
e
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
s
[2
6
,
2
7,

2
8,

2
9]
.

3
R
e
su

lt
s

3
.1

E
x
p
e
ct
a
ti
o
n
s
fo
r
th

e
L
H
C

a
t
1
4
T
e
V

T
h
e
m
ea
su
re
m
en
ts

th
a
t
en
te
r
o
u
r
a
n
a
ly
si
s
a
re

d
er
iv
ed

fr
o
m

a
n
A
T
L
A
S
M
o
n
te

C
a
rl
o
st
u
d
y
p
er
fo
rm

ed
fo
r
a
n

in
te
g
ra
te
d
lu
m
in
o
si
ty

o
f
3
0
fb

−
1
a
n
d
a
ss
u
m
in
g
a
ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y
o
f
1
4
T
eV

[1
1,

3
0]
.
W
e
p
er
fo
rm

a
si
m
u
la
ti
o
n
w
it
h
ty
p
ic
a
ll
y
5
0
0
0
to
y
M
o
n
te

C
a
rl
o
s,

w
h
er
e
w
e
sm

ea
r
th
e
si
g
n
a
l
a
n
d
b
a
ck
g
ro
u
n
d
ex
p
ec
ta
ti
o
n
s

a
cc
o
rd
in
g
to

th
ei
r
co
rr
es
p
o
n
d
in
g
er
ro
rs
,
a
n
d
fi
t
th
e
re
su
lt
in
g
H
ig
g
s
co
u
p
li
n
g
s.

In
F
ig
.
1
w
e
sh
ow

th
e
re
su
lt
s
o
f
o
u
r
a
n
a
ly
si
s.

T
h
e
d
iff
er
en
t
cu
rv
es

d
en
o
te

th
e
6
8
%

C
L

er
ro
rs

o
n
th
e

Δ
ii
H

p
a
ra
m
et
er

fo
r
th
e
re
sp
ec
ti
v
e
co
u
p
li
n
g
.
A
s
in
p
u
t
va
lu
e
fo
r
th
e
si
g
n
a
l
st
re
n
g
th

w
e
a
ss
u
m
e
a
S
M

H
ig
g
s

b
o
so
n
o
f
th
e
g
iv
en

m
a
ss

va
lu
e
a
n
d
n
o
te

th
a
t
fo
r
re
d
u
ce
d
co
u
p
li
n
g
s
th
e
ch
a
n
g
e
in

th
e
a
b
so
lu
te

va
lu
e
o
f
th
e

er
ro
rs

is
sm

a
ll
.
O
n
th
e
le
ft
-h
a
n
d
si
d
e
o
f
th
e
fi
g
u
re

w
e
p
re
se
n
t
re
su
lt
s
w
h
er
e
a
d
d
it
io
n
a
l
co
n
tr
ib
u
ti
o
n
s
fr
o
m

d
im

en
si
o
n
-fi
v
e
o
p
er
a
to
rs

h
av
e
b
ee
n
n
eg
le
ct
ed
.
A
ls
o
sh
ow

n
is

th
e
re
su
lt

fo
r
th
e
si
n
g
le
-p
a
ra
m
et
er

m
o
d
ifi
er

Δ
H
.
O
n
th
e
ri
g
h
t-
h
a
n
d
si
d
e
th
e
d
im

en
si
o
n
-fi
v
e
o
p
er
a
to
rs

a
re

ta
k
en

in
to

a
cc
o
u
n
t
a
s
w
el
l.

In
b
o
th

ca
se
s
th
e

co
u
p
li
n
g
o
f
th
e
H
ig
g
s
to

W
b
o
so
n
s
ca
n
b
e
m
ea
su
re
d
b
es
t,

b
et
w
ee
n
1
0
a
n
d
2
0
%

ov
er

th
e
w
h
o
le

m
a
ss

ra
n
g
e.

T
h
e
d
im

en
si
o
n
-fi
v
e
o
p
er
a
to
rs

th
er
eb
y
re
d
u
ce

th
e
se
n
si
ti
v
it
y
to

th
is

co
u
p
li
n
g
so
m
ew

h
a
t.

Y
u
ka
w
a
co
u
p
li
n
g
s

to
b
o
tt
o
m

q
u
a
rk
s
a
n
d
τ
le
p
to
n
s
ca
n
o
n
ly

b
e
d
et
er
m
in
ed

w
it
h
g
o
o
d
a
cc
u
ra
cy

fo
r
H
ig
g
s
m
a
ss
es

b
el
ow

1
4
0

to
1
5
0
G
eV

,
a
s
fo
r
la
rg
er

m
a
ss
es

th
e
co
rr
es
p
o
n
d
in
g
b
ra
n
ch
in
g
ra
ti
o
s
b
ec
o
m
e
to
o
sm

a
ll
.

T
h
e
to
p
q
u
a
rk

is
st
ro
n
g
ly

a
ff
ec
te
d
b
y
th
e
d
im

en
si
o
n
-fi
v
e
o
p
er
a
to
rs

W
it
h
o
u
t
th
es
e
o
p
er
a
to
rs

th
e
g
lu
o
n
-f
u
si
o
n
p
ro
d
u
ct
io
n

p
ro
ce
ss
es

co
n
tr
ib
u
te

to
th
e
p
re
ci
si
o
n
o
f
th
is

co
u
p
li
n
g
.
In
cl
u
d
in
g
th
em

,
th
e
to
p
-q
u
a
rk

co
u
p
li
n
g
n
ee
d
s
to

b
e

d
et
er
m
in
ed

b
y
th
e
b
a
d
ly

m
ea
su
ra
b
le

to
p
-q
u
a
rk
-a
ss
o
ci
a
te
d
p
ro
d
u
ct
io
n
m
o
d
es
,
a
n
d
g
lu
o
n
-f
u
si
o
n
p
ro
d
u
ct
io
n

th
en

p
in
s
d
ow

n
th
e
si
ze

o
f
th
e
a
d
d
it
io
n
a
l
o
p
er
a
to
rs

re
la
ti
v
e
to

th
e
to
p
q
u
a
rk

co
u
p
li
n
g
.

2
6

6
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F
ig
u
re

1
:
E
rr
o
r
o
n
th
e
H
ig
g
s-
b
o
so
n
co
u
p
li
n
g
s
a
s
a
fu
n
ct
io
n
o
f
th
e
H
ig
g
s
m
a
ss

w
it
h
o
u
t
(l
ef
t)

a
n
d
in
cl
u
d
in
g

(r
ig
h
t)

a
d
d
it
io
n
a
l
d
im

en
si
o
n
-fi
v
e
o
p
er
a
to
rs
.
T
h
e
le
ft
-h
a
n
d
p
lo
t
a
ls
o
in
cl
u
d
es

th
e
re
su
lt
fo
r
a
si
n
g
le
-p
a
ra
m
et
er

m
o
d
ifi
ca
ti
o
n
Δ

H
.
R
es
u
lt
s
a
re

fo
r
th
e
L
H
C

a
t
1
4
T
eV

ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y
a
n
d
a
n
in
te
g
ra
te
d
lu
m
in
o
si
ty

o
f

3
0
fb

−
1
,
a
ss
u
m
in
g
S
M

H
ig
g
s
co
u
p
li
n
g
s.

F
ig
u
re
s
ta
k
en

fr
o
m

R
ef
.
[3
1]
.
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F
ig
u
re

2
:
E
rr
o
r
o
n
th
e
H
ig
g
s-
b
o
so
n
co
u
p
li
n
g
s
a
s
a
fu
n
ct
io
n
o
f
th
e
H
ig
g
s
m
a
ss

in
cl
u
d
in
g
(l
ef
t)

a
n
d
w
it
h
o
u
t

(r
ig
h
t)

th
e
su
b
je
t
a
n
a
ly
se
s
in

th
e
H
ig
g
ss
tr
a
h
lu
n
g
p
ro
d
u
ct
io
n

p
ro
ce
ss
es

w
it
h

d
ec
ay

s
in
to

b
o
tt
o
m

q
u
a
rk
s.

R
es
u
lt
s
a
re

fo
r
th
e
L
H
C

a
t
7
T
eV

ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y
a
n
d
a
n
in
te
g
ra
te
d
lu
m
in
o
si
ty

o
f
2
0
fb

−
1
,
a
ss
u
m
in
g

S
M

H
ig
g
s
co
u
p
li
n
g
s,
o
b
ta
in
ed

b
y
ex
tr
a
p
o
la
ti
n
g
th
e
1
4
-T
eV

-M
o
n
te
-C

a
rl
o
st
u
d
ie
s.

3
.2

E
x
tr
a
p
o
la
ti
o
n

to
7
T
e
V

T
o
g
et

a
n
es
ti
m
a
te

o
f
w
h
a
t
to

ex
p
ec
t
fr
o
m

th
e
L
H
C

in
th
e
n
ea
r
fu
tu
re
,
w
e
h
av
e
ex
tr
a
p
o
la
te
d
th
es
e
st
u
d
ie
s

to
a
ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y
o
f
7
T
eV

.
F
o
r
th
e
b
a
ck
g
ro
u
n
d
s
th
e
in
cl
u
si
v
e
cr
o
ss

se
ct
io
n
s
o
f
th
e
in
d
iv
id
u
a
l

co
n
tr
ib
u
ti
o
n
s
w
er
e
co
m
p
u
te
d
w
it
h
S
h
er
p
a
[3
2]

a
n
d
th
e
ev
en
t
ra
te

sc
a
le
d
a
cc
o
rd
in
g
to

th
e
n
u
m
b
er
s
o
b
ta
in
ed
.

F
o
r
th
e
si
g
n
a
l
w
e
a
ss
u
m
e
th
a
t
th
e
si
g
n
a
l
effi

ci
en
ci
es
,
i.
e.

th
e
n
u
m
b
er

o
f
si
g
n
a
l
ev
en
ts

re
m
a
in
in
g
a
ft
er

th
e

se
le
ct
io
n
cu

ts
a
n
d
d
et
ec
to
r
a
cc
ep

ta
n
ce

co
rr
ec
ti
o
n
s
re
la
ti
v
e
to

th
e
o
ri
g
in
a
l
ra
te
,
st
ay

s
u
n
ch
a
n
g
ed

.
T
h
e
cr
o
ss

se
ct
io
n
s
th
em

se
lv
es

fo
r
b
o
th

ce
n
tr
e-
o
f-
m
a
ss

en
er
g
ie
s
a
re

ta
k
en

fr
o
m

R
ef
.
[3
].

A
s
th
e
ex
p
ec
te
d
p
re
ci
si
o
n
o
n

th
e
co
u
p
li
n
g
s
w
il
l
b
e
ra
th
er

lo
w
,
o
n
ly

th
e
ca
se

o
f
va
n
is
h
in
g
a
d
d
it
io
n
a
l
d
im

en
si
o
n
-fi
v
e
o
p
er
a
to
rs

is
co
n
si
d
er
ed

h
er
e. In

F
ig
.
2
w
e
sh
ow

th
e
co
rr
es
p
o
n
d
in
g
re
su
lt
s
fo
r
a
n
in
te
g
ra
te
d
lu
m
in
o
si
ty

o
f
2
0
fb

−
1
,
co
rr
es
p
o
n
d
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p
ro
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r
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n
th
e
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a
n
d
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d
e
w
e
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u
d
e
a
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a
n
n
el
s
o
f
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e

1
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eV

a
n
a
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W
e
o
b
se
rv
e
th
e
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m
e
p
ri
n
ci
p
a
l
b
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io
u
r
a
s
in

F
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.
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b
u
t
w
it
h
a
si
g
n
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n
t
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se
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th
e
ex
p
ec
te
d
er
ro
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.

N
ev
er
th
el
es
s,

w
it
h
th
is

a
m
o
u
n
t
o
f
d
a
ta

a
d
et
er
m
in
a
ti
o
n
o
f
Δ

H
w
it
h
a
p
re
ci
si
o
n
o
f

1
T
h
e
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d
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n
tr
e-
o
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m
a
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en
er
g
y
o
f
8
T
eV
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r
th
e
2
0
1
2
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n
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n

b
e
a
p
p
ro
x
im

a
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d

b
y
a
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o
n
d
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g
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g
ra
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d
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m
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o
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.
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P
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f
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H
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g
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o
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n
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u
p
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n
g
s
a
s
w
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l
a
s
si
n
g
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-p
a
ra
m
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o
d
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s
a
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n
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io
n
o
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e
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ig
g
s
m
a
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u
si
n
g
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t
L
H
C
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a
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h
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a
s
in
p
u
t.

R
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u
lt
s
a
re

p
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se
n
te
d
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r
th
e
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m
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o
si
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es

u
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d
in

th
e

a
n
a
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se
s
(l
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a
n
d
ex
tr
a
p
o
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te
d
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2
0
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−
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(r
ig
h
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.
F
ig
u
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o
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ef
.
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4
:
O
v
er
v
ie
w
o
f
L
H
C

ex
p
ec
ta
ti
o
n
s
in

d
iff
er
en
t
sc
en

a
ri
o
s
fo
r
en

er
g
y
a
n
d
in
te
g
ra
te
d
lu
m
in
o
si
ty
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r
a
S
M

H
ig
g
s
b
o
so
n
w
it
h
m
a
ss

o
f
1
2
5
G
eV

.
F
ig
u
re

fr
o
m

R
ef
.
[1
5]
.

1
4
%

is
a
lr
ea
d
y
p
o
ss
ib
le

fo
r
a
H
ig
g
s
b
o
so
n
m
a
ss

o
f
1
2
5
G
eV

.
O
n
th
e
ri
g
h
t-
h
a
n
d
si
d
e
th
e
ch
a
n
n
el
s
m
a
k
in
g

u
se

o
f
su
b
je
t
te
ch
n
iq
u
es

[3
3]

a
re

re
m
ov
ed

.
T
h
es
e
co
n
si
st

o
f
H
ig
g
s
b
o
so
n
s
p
ro
d
u
ce
d
in

a
ss
o
ci
a
ti
o
n
w
it
h
a

W
o
r
Z

b
o
so
n
,
w
h
er
e
th
e
H
ig
g
s
d
ec
ay

s
in
to

b
o
tt
o
m

q
u
a
rk
s
a
n
d

th
e
d
ec
ay

p
ro
d
u
ct
s
a
re

re
q
u
ir
ed

to
b
e

st
ro
n
g
ly

b
o
o
st
ed

in
o
rd
er

to
re
d
u
ce

b
a
ck
g
ro
u
n
d
s.

A
si
g
n
ifi
ca
n
t
d
ro
p
in

a
cc
u
ra
cy

ca
n
b
e
o
b
se
rv
ed

m
a
in
ly
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r
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o
co
u
p
li
n
g
s.

T
h
e
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u
p
li
n
g
to

Z
b
o
so
n
s
is

n
ow

p
re
d
o
m
in
a
n
tl
y
d
et
er
m
in
ed

b
y
th
e
d
ec
ay

o
f
th
e
H
ig
g
s

to
fo
u
r
le
p
to
n
s,

w
h
ic
h
su
ff
er
s
fr
o
m

lo
w

ev
en
t
n
u
m
b
er
s
fo
r
li
g
h
te
r
H
ig
g
s
m
a
ss
es
.
T
h
e
b
o
tt
o
m
-q
u
a
rk

Y
u
ka
w
a

co
u
p
li
n
g
h
a
s
to

re
ly

o
n
th
e
to
p
-q
u
a
rk
-a
ss
o
ci
a
te
d
p
ro
d
u
ct
io
n
ch
a
n
n
el

w
it
h
d
ec
ay

s
in
to

b
o
tt
o
m

q
u
a
rk
s
a
s
w
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l

a
s
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s
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n
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u
ti
o
n
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g
lu
o
n
-f
u
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o
n
p
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d
u
ct
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n
.
T
h
e
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rs
t
o
n
e
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s
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o
m

a
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e
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m
b
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a
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a
l
b
a
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g
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u
n
d
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w
h
il
e
in
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e
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n
d
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e
b
o
tt
o
m
-q
u
a
rk
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o
p
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o
n
ly

a
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a
ll
co
n
tr
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u
ti
o
n
.
T
h
e
b
a
d
ly

d
et
er
m
in
ed

b
o
tt
o
m

co
u
p
li
n
g
th
en

in
fl
u
en
ce
s
a
ll
o
th
er

co
u
p
li
n
g
s
v
ia
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e
to
ta
l
w
id
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.

3
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e
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E
x
p
e
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a
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o
n
s
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o
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C
u
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e
n
t
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e
a
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re
m
e
n
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W
it
h
d
ir
ec
t
se
a
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h
re
su
lt
s
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a
il
a
b
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o
m
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e
L
H
C
,
w
e
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n
u
p
d
a
te
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e
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su
lt
s
o
f
th
e
p
re
v
io
u
s
su
b
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ct
io
n

u
si
n
g
th
e
a
ct
u
a
l
b
a
ck
g
ro
u
n
d
ex
p
ec
ta
ti
o
n
s
a
n
d
er
ro
rs

a
s
d
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cr
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ed

in
th
e
a
n
a
ly
se
s
[6
,
7
].
T
h
er
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y
w
e
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u
m
e
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s
in
p
u
t
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a
t
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e
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a
S
M

H
ig
g
s
b
o
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n
a
t
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e
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n
si
d
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m
a
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lu
e
a
n
d
a
d
d
a
S
M

H
ig
g
s
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g
n
a
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e

b
a
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g
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u
n
d
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p
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o
n
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T
h
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e
re
su
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s
a
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te
d
in

F
ig
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3
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O
n
th
e
le
ft

w
e
sh
ow

er
ro
rs

o
n
th
e
H
ig
g
s
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u
p
li
n
g
s
u
si
n
g
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r
ea
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m
ea
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t
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e
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m
in
o
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r
w
h
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h
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e
a
n
a
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s
h
a
s
b
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n
p
er
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h
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p
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b
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u
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w
a
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p
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b
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g
s
p
ro
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o
n
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h
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b
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b
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e
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-q
u
a
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u
p
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n
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n
th
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g
h
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h
a
n
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d
e
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p
re
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ta
ti
o
n
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a
p
o
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n
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a
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n
a
ly
se
s
to

a
n
in
te
g
ra
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b
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d
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p
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d
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b
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o
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ra
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o
f
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u
p
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n
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W
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e
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e
Z
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W
H
ig
g
s
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u
p
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n
g
s
a
t
7
T
eV

o
n
ly

a
sm

a
ll
im

p
ro
v
em

en
t

ov
er

th
e
a
b
so
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te

m
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su
re
m
en
ts

is
a
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ie
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b
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,
th
e
si
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a
ti
o
n
is
d
iff
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en
t
fo
r
th
e
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o
o
th
er

ra
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o
s
in
v
o
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g
th
e

b
o
tt
o
m

Y
u
ka
w
a
co
u
p
li
n
g
.
H
er
e
co
rr
el
a
ti
o
n
s
a
re

im
p
o
rt
a
n
t
a
n
d
th
er
ef
o
re

th
e
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ti
o
is
b
et
te
r
d
et
er
m
in
ed
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A
t
a

1
4
T
eV

L
H
C
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e
si
tu
a
ti
o
n
is
d
iff
er
en
t.

U
si
n
g
ra
ti
o
s
y
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s
n
o
im

p
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v
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t
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b
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a
n
y
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w
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b
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o
d
el
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e
co
u
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n
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b
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e
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g
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b
o
so
n
a
n
d
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a
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g
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b
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n
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n
d
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n
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n
b
e
m
o
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o
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e
S
M

th
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p
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d
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o
n
.
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th
is
se
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io
n
w
e
w
il
l
d
is
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ss
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o
su
ch

m
o
d
el
s,

a
H
ig
g
s
p
o
rt
a
l
[1
9]

a
s
w
el
l
a
s
a
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ro
n
g
ly
-i
n
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ra
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in
g
li
g
h
t
H
ig
g
s
[2
0
].
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H
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g
s
P
o
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a
l

In
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e
H
ig
g
s
p
o
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a
l
m
o
d
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,
a
n
a
d
d
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n
a
l
h
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d
en

se
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o
r
is

a
d
d
ed

w
h
ic
h

is
a
si
n
g
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t
u
n
d
er

th
e
S
M

g
a
u
g
e

g
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u
p
s.

A
co
n
n
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o
n
to

th
e
S
M
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o
n
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p
o
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v
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a
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n
n
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n
g
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e
H
ig
g
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d
o
f
th
e
S
M

Φ
s
w
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h
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a
t
o
f
th
e
h
id
d
en

se
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o
r
Φ

h

L
∝

Φ
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Φ

s
Φ

† h
Φ

h
.

A
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er

el
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tr
o
-w
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k
sy
m
m
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-b
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a
k
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g
b
o
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d
s
o
b
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a
v
ev
.
T
h
e
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o
p
h
y
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ca
l
H
ig
g
s
b
o
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n
s
o
f
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e
S
M

a
n
d
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e
h
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d
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o
r
m
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a
n
d
n
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d
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b
e
ro
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te
d
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m
a
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g
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a
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s
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1

H
2

) =
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s
χ
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n
χ

−
si
n
χ
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s
χ

)( H
s

H
h

) .
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)

T
h
e
p
a
ra
m
et
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s
χ
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p
o
n
d
s
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o
u
r
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n
g
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a
ra
m
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m
o
d
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Δ
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n
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b
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o
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.
T
h
e
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o
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n
s

a
n
d
b
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n
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g
ra
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o
s
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en
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a
n
g
e
in

th
e
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g
w
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o
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th
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r
S
M
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e
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r
H

1

σ
=
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χ
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S
M

(4
)

Γ
v
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=
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s2
χ
·Γ

S
M

v
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)

Γ
in
v
=
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s2
χ
·Γ

S
M
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v
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Γ
h
id

.
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)

Γ
S
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b
y
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u
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ra
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b
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h
e
p
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l
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w
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e
h
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Γ
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a
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p
a
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m
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a
n
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u
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o
f
th
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r
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b
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n
g
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o
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d
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r
H

2
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e
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p
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t
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s
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n
χ
p
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p
o
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H
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,
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a
n
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k
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.
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p
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g
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d
it
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n
a
l
d
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m
o
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v
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le

p
a
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s2
χ
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a
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p
a
ra
m
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w
h
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h
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n
o
t
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n
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p
h
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l
ra
n
g
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n
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e
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a
n
d
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d
e
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e
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p
u
t
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o
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o
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o
n
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o
n
d
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g
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th
e
S
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a
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.
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e
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o
n
d
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th
e
Δ
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n
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o
f
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.
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T
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n
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a
l
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e
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y
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p
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d
u
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b
y
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e
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E
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e
9
5
%

C
L
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b
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2
5
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5
0
%

w
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h
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e
h
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h
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t
p
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ci
si
o
n
o
b
ta
in
a
b
le

fo
r
a

m
a
ss

o
f
1
7
0
G
eV

.
O
n
th
e
ri
g
h
t-
h
a
n
d
si
d
e
th
e
sa
m
e
p
lo
t
is
sh
ow

n
b
u
t
n
ow

w
it
h
a
n
in
p
u
t
va
lu
e
o
f
co
s2
χ
=

0
.6
.

T
h
e
ce
n
tr
a
l
va
lu
es

a
re

sh
if
te
d
d
ow

n
to

sm
a
ll
er

va
lu
es
,
b
u
t
th
e
a
b
so
lu
te

si
ze

o
f
th
e
er
ro
rs

st
ay

s
a
p
p
ro
x
im

a
te
ly

th
e
sa
m
e.

T
h
is

is
d
u
e
to

th
e
fa
ct

th
a
t
m
o
st

ch
a
n
n
el
s
h
av
e
la
rg
e
b
a
ck
g
ro
u
n
d
s,

w
h
ic
h
a
re

n
o
t
a
ff
ec
te
d
b
y
a

2
6

9

cos
2
χfit

m
H
 
[
G
e
V
]

9
5
%
 
C
L

6
8
%
 
C
L

 
0

 
0
.
5

 
1

 
1
.
5  
1
1
0

 
1
4
0

 
1
7
0

 
2
0
0

cos
2
χfit

m
H
 
[
G
e
V
]

9
5
%
 
C
L

6
8
%
 
C
L

 
0

 
0
.
5

 
1

 
1
.
5  
1
1
0

 
1
4
0

 
1
7
0

 
2
0
0

F
ig
u
re

5
:
P
re
ci
si
o
n
in

th
e
H
ig
g
s
p
o
rt
a
l
m
o
d
el

a
ss
u
m
in
g
a
th
eo
ry

in
p
u
t
o
f
co
s2

χ
=

1
(l
ef
t)
,
co
rr
es
p
o
n
d
in
g

to
th
e
S
M

va
lu
e,

a
n
d
a
n
in
p
u
t
va
lu
e
o
f
co
s2

χ
=

0
.6

(r
ig
h
t)
.
N
u
m
b
er
s
a
ss
u
m
e
L
H
C

d
a
ta

a
t
1
4
T
eV

w
it
h
a
n

in
te
g
ra
te
d
lu
m
in
o
si
ty

o
f
3
0
fb

−
1
a
n
d
n
o
in
v
is
ib
le

d
ec
ay

m
o
d
es
.

cos
2
χfit

c
o
s
2
χ t

h

9
5
%
 
C
L

6
8
%
 
C
L

 
0

 
0
.
5

 
1  
0
.
1

 
0
.
4

 
0
.
7

 
1

 
0

 
0
.
5

 
1

 
1
.
5

 
2

c
o
s
2
 

χ f
i
t

 
0

 
0
.
5

 
1

 
1
.
5

Γhid/Γtot
SM

F
ig
u
re

6
:
P
re
ci
si
o
n
in

th
e
H
ig
g
s
p
o
rt
a
l
m
o
d
el

a
ss
u
m
in
g
a
H
ig
g
s
m
a
ss

o
f
1
2
0
G
eV

a
n
d
in
cl
u
d
in
g
in
v
is
ib
le

d
ec
ay

s
w
it
h
Γ
h
id
=

si
n
2
χ
·Γ

S
M

to
t
.
W
e
sh
ow

th
e
fi
tt
ed

va
lu
e
co
s2
χ
fi
t
ov
er

th
e
in
p
u
t
va
lu
e
co
s2

χ
th

(l
ef
t)
,
a
s
w
el
l

a
s
th
e
co
rr
el
a
ti
o
n
b
et
w
ee
n
co
s2
χ
fi
t
a
n
d
Γ
h
id

fo
r
a
n
in
p
u
t
va
lu
e
o
f
co
s2

χ
th

=
0
.6

(r
ig
h
t)
.
N
u
m
b
er
s
a
ss
u
m
e

L
H
C

d
a
ta

a
t
1
4
T
eV

w
it
h
a
n
in
te
g
ra
te
d
lu
m
in
o
si
ty

o
f
3
0
fb

−
1
.
T
h
e
b
ri
g
h
tn
es
s
in

th
e
co
rr
el
a
ti
o
n
p
lo
t
o
n
th
e

ri
g
h
t-
h
a
n
d
si
d
e
d
en
o
te
s
th
e
re
su
lt
in
g
lo
g
-l
ik
el
ih
o
o
d
.

2
7

0



re
d
u
ct
io
n
in

si
g
n
a
l
cr
o
ss

se
ct
io
n
.
A
t
th
e
ch
o
se
n
lu
m
in
o
si
ty

o
f
3
0
fb

−
1
th
es
e
g
iv
e
th
e
d
o
m
in
a
n
t
eff

ec
t.

A
ls
o
,

th
e
va
lu
e
co
s2

χ
=

1
is

o
u
ts
id
e
th
e
9
5
%

C
L

b
a
n
d
ov
er

a
lm

o
st

th
e
w
h
o
le

m
a
ss

ra
n
g
e.

T
h
er
ef
o
re
,
in

th
is

sc
en

a
ri
o
th
e
S
M

co
u
ld

b
e
ex
cl
u
d
ed

a
t
th
e
9
5
%

C
L
.

F
ig
u
re

6
sh
ow

s
th
e
fi
tt
ed

ov
er

th
e
in
p
u
t
co
s2
χ
fo
r
a
H
ig
g
s
b
o
so
n
m
a
ss

o
f
1
2
0
G
eV

.
N
ow

d
ec
ay

s
in
to

th
e

in
v
is
ib
le

se
ct
o
r
a
re

a
ls
o
in
cl
u
d
ed

w
it
h
a
p
a
rt
ia
l
w
id
th

o
f
si
n
2
χ
ti
m
es

th
e
S
M

H
ig
g
s
w
id
th
.
T
h
is
co
rr
es
p
o
n
d
s

fo
r
ex
a
m
p
le

to
th
e
ca
se

w
h
er
e
th
e
h
id
d
en

se
ct
o
r
is

a
n
ex
a
ct

co
p
y
o
f
th
e
S
M

se
ct
o
r.

C
o
rr
es
p
o
n
d
in
g
ly
,
a

m
ea
su
re
m
en
t
o
f
th
e
b
ra
n
ch
in
g
ra
ti
o
in
to

in
v
is
ib
le

p
a
rt
ic
le
s
is

a
d
d
ed

[3
4,

3
5,

3
6]
.
T
h
is

w
il
l
b
e
p
o
ss
ib
le

o
n
ly

w
it
h
a
ra
th
er

lo
w

p
re
ci
si
o
n
a
t
th
e
L
H
C
.
T
h
er
ef
o
re
,
th
e
ex
p
ec
te
d
a
cc
u
ra
cy

o
n
co
s2

χ
is

m
u
ch

lo
w
er

th
a
n
in

th
e
p
re
v
io
u
s
ca
se
,
a
s
ca
n
b
e
se
en

o
n
th
e
le
ft
-h
a
n
d
si
d
e
o
f
F
ig
.
6.

A
ls
o
,
a
t
lo
w

va
lu
es

o
f
co
s2

χ
,
w
e
se
e
a

d
ev
ia
ti
o
n
o
f
th
e
fi
tt
ed

va
lu
e,

te
n
d
in
g
to

b
e
la
rg
er

th
a
n
th
e
in
p
u
t
o
n
e.

T
h
is

is
b
ec
a
u
se

o
n
ly

m
ea
su
re
m
en
ts

w
it
h
a
p
o
si
ti
v
e
si
g
n
a
l
a
re

ta
k
en

in
to

a
cc
o
u
n
t.

P
o
si
ti
v
e
fl
u
ct
u
a
ti
o
n
s
a
re

h
en
ce

a
lw
ay

s
in
cl
u
d
ed
,
w
h
il
e
n
eg
a
ti
v
e

o
n
es

m
ig
h
t
g
et

re
m
ov
ed
.
T
h
e
o
b
se
rv
a
ti
o
n
o
f
a
H
ig
g
s
si
g
n
a
l
th
er
ef
o
re

fa
v
o
u
rs

la
rg
er

va
lu
es

o
f
th
e
co
u
p
li
n
g
.

O
n
th
e
ri
g
h
t-
h
a
n
d
si
d
e
o
f
F
ig
.
6
a
co
rr
el
a
ti
o
n
p
lo
t
b
et
w
ee
n
th
e
in
v
is
ib
le

d
ec
ay

w
id
th

a
n
d
th
e
fi
tt
ed

co
s2

χ
is

d
ep
ic
te
d
fo
r
a
n
in
p
u
t
va
lu
e
o
f
co
s2

χ
=

0
.6
.
A

st
ro
n
g
co
rr
el
a
ti
o
n
b
et
w
ee
n
th
e
tw

o
va
ri
a
b
le
s
is
v
is
ib
le
,
w
h
ic
h

is
th
e
o
ri
g
in

o
f
th
e
la
rg
e
er
ro
rs

o
n
co
s2
χ
o
b
se
rv
ed

b
ef
o
re
.
T
h
is

co
rr
el
a
ti
o
n
is

d
u
e
to

th
e
to
ta
l
w
id
th

o
f
th
e

H
ig
g
s
b
o
so
n
,
w
h
er
e
th
e
in
v
is
ib
le

d
ec
ay

w
id
th

en
te
rs
.
A
s
th
e
d
en
o
m
in
a
to
r
in

th
e
b
ra
n
ch
in
g
ra
ti
o
it

en
te
rs

in
to

a
ll
m
ea
su
re
m
en
ts
.

4
.2

S
tr
o
n
g
ly
-i
n
te
ra

ct
in
g
L
ig
h
t
H
ig
g
s

In
st
ro
n
g
ly
-i
n
te
ra
ct
in
g
li
g
h
t
H
ig
g
s
m
o
d
el
s
[2
0
],
th
e
H
ig
g
s
b
o
so
n
em

er
g
es

a
s
a
p
se
u
d
o
-G

o
ld
st
o
n
e
b
o
so
n
o
f

a
n
ew

,
st
ro
n
g
ly
-i
n
te
ra
ct
in
g
se
ct
o
r.

A
s
a
p
se
u
d
o
-G

o
ld
st
o
n
e
b
o
so
n
,
th
e
H
ig
g
s
ca
n
b
e
m
u
ch

li
g
h
te
r
th
a
n
th
e

o
th
er

p
a
rt
ic
le
s
o
f
th
e
th
eo
ry

a
n
d
th
er
ef
o
re

b
e
in

th
e
m
a
ss

ra
n
g
e
st
il
l
a
ll
ow

ed
b
y
a
ll
ex
p
er
im

en
ta
l
co
n
st
ra
in
ts
,

w
h
il
e
th
e
o
th
er

o
n
es

ca
n
b
e
ch
o
se
n
h
ea
v
y
en

o
u
g
h
to

av
o
id

co
n
st
ra
in
ts

fr
o
m

d
ir
ec
t
se
a
rc
h
es
.
M
o
d
ifi
ca
ti
o
n
s
o
f

th
e
H
ig
g
s-
b
o
so
n
co
u
p
li
n
g
s
ca
n
b
e
p
a
ra
m
et
ri
se
d
b
y
ξ
=

( v f

) 2 ,
w
h
er
e
v
=

2
4
6
G
eV

is
th
e
S
M

H
ig
g
s
v
ev

a
n
d

f
th
e
G
o
ld
st
o
n
e
sc
a
le
.
T
h
e
li
m
it

f
→

∞
co
rr
es
p
o
n
d
s
to

th
e
S
M
,
w
h
il
e
f
=

v
a
re

T
ec
h
n
ic
o
lo
u
r
m
o
d
el
s.

T
h
er
e
a
re

tw
o
im

p
o
rt
a
n
t
p
h
en
o
m
en
o
lo
g
ic
a
l
im

p
le
m
en
ta
ti
o
n
s.

In
th
e
fi
rs
t
o
n
e,

ca
ll
ed

M
C
H
M
4
,
a
ll
co
u
-

p
li
n
g
s
o
f
th
e
H
ig
g
s
b
o
so
n
to

o
th
er

p
a
rt
ic
le
s
sc
a
le

w
it
h
√ 1

−
ξ.

T
h
er
ef
o
re
,
th
e
re
su
lt
s
o
f
th
e
H
ig
g
s
p
o
rt
a
l

in
th
e
p
re
v
io
u
s
su
b
se
ct
io
n
ca
n
b
e
re
u
se
d
b
y
id
en
ti
fy
in
g
co
s2
χ
=

1
−

ξ
a
n
d
se
tt
in
g
in
v
is
ib
le

d
ec
ay

m
o
d
es

to
ze
ro
.
In

th
e
se
co
n
d
o
n
e,

M
C
H
M
5
,
th
e
co
u
p
li
n
g
s
ch
a
n
g
e
d
iff
er
en
tl
y
fo
r
v
ec
to
r
b
o
so
n
s
a
n
d
fe
rm

io
n
s

g V
V
H

=
g
S
M

V
V
H
·√ 1

−
ξ

g f
f̄
H

=
g
S
M

f
f̄
H
·1

−
2
ξ

√ 1
−
ξ
.

T
h
e
la
tt
er

o
n
e
h
a
s
th
e
in
te
re
st
in
g
fe
a
tu
re

th
a
t
th
e
co
u
p
li
n
g
va
n
is
h
es

fo
r
ξ
=

0
.5

a
n
d
fl
ip
s
it
s
si
g
n
fo
r
va
lu
es

b
el
ow

th
a
t.

T
h
es
e
m
o
d
el
s
a
ls
o
sh
ow

si
g
n
ifi
ca
n
t
d
ev
ia
ti
o
n
s
in

H
ig
g
s
p
a
ir
-p
ro
d
u
ct
io
n
p
ro
ce
ss
es

[3
7]
,
w
h
ic
h
w
e

w
il
l
n
o
t
co
n
si
d
er

fu
rt
h
er

h
er
e.

In
F
ig
.
7
w
e
d
ep

ic
t
th
e
fi
tt
ed

va
lu
e
o
f
ξ
ov
er

th
e
in
p
u
t
o
n
e
fo
r
a
n
in
te
g
ra
te
d
lu
m
in
o
si
ty

o
f
3
0
(l
ef
t)

a
n
d

3
0
0
fb

−
1
(r
ig
h
t)

a
t
th
e
1
4
T
eV

L
H
C
.
T
h
e
sh
a
d
ed

re
g
io
n
a
ro
u
n
d
ξ
=

0
.5

d
en

o
te
s
th
e
re
g
io
n
w
h
er
e
th
e
cr
o
ss

se
ct
io
n
s
a
re

so
lo
w
,
th
a
t
w
it
h
th
e
g
iv
en

lu
m
in
o
si
ty

n
o
ev
id
en
ce

o
f
a
H
ig
g
s
b
o
so
n
is

y
et

ex
p
ec
te
d
.
F
o
r
th
e

lo
w
er

lu
m
in
o
si
ty

th
er
e
a
re

a
lw
ay

s
tw

o
p
o
ss
ib
le

so
lu
ti
o
n
s.

O
n
e
co
rr
es
p
o
n
d
s
to

th
e
co
rr
ec
t
so
lu
ti
o
n
,
w
h
il
e

th
e
o
th
er

o
ri
g
in
a
te
s
fr
o
m

th
e
a
m
b
ig
u
it
y
in

th
e
fe
rm

io
n
-H

ig
g
s
co
u
p
li
n
g
.
T
h
e
si
g
n
o
f
th
e
co
u
p
li
n
g
is

o
n
ly

o
b
se
rv
a
b
le

a
s
in
te
rf
er
en

ce
b
et
w
ee
n
W

-b
o
so
n
a
n
d
to
p
-q
u
a
rk

lo
o
p
in

th
e
eff

ec
ti
v
e
p
h
o
to
n
co
u
p
li
n
g
.
W

it
h
th
e

h
ig
h
er

lu
m
in
o
si
ty

th
is

d
eg
en

er
a
cy

is
li
ft
ed
,
a
s
ca
n
b
e
se
en

o
n
th
e
ri
g
h
t-
h
a
n
d
si
d
e
o
f
F
ig
.
7
.
T
h
is

is
fu
rt
h
er

d
em

o
n
st
ra
te
d
in

F
ig
.
8.

H
er
e
w
e
sh
ow

th
e
lo
g
-l
ik
el
ih
o
o
d
fo
r
3
0
fb

−
1
in

th
e
tw

o
in
d
iv
id
u
a
l
ch
a
n
n
el
s
w
h
ic
h

co
n
tr
ib
u
te

m
o
st

to
th
e
p
a
ra
m
et
er

d
et
er
m
in
a
ti
o
n
.
B
o
th

ch
a
n
n
el
s
va
n
is
h
a
t
ξ
=

0
.5

a
n
d
th
er
ef
o
re

fo
r
th
is

va
lu
e
th
e
lo
g
-l
ik
el
ih
o
o
d
is

co
n
st
a
n
t
in
d
ep

en
d
en
t
o
f
th
e
p
a
ra
m
et
er
.
T
h
e
le
ft

ch
a
n
n
el

is
g
lu
o
n
-f
u
si
o
n
H
ig
g
s

p
ro
d
u
ct
io
n
w
it
h
d
ec
ay

s
in
to

p
h
o
to
n
s.

F
o
r
ea
ch

in
p
u
t
va
lu
e
tw

o
d
iff
er
en
t
so
lu
ti
o
n
s
ca
n
b
e
fo
u
n
d
th
a
t
ca
n
n
o
t

b
e
d
is
ti
n
g
u
is
h
ed
,
a
s
th
ey

y
ie
ld

th
e
sa
m
e
ra
te
.
O
n
th
e
ri
g
h
t-
h
a
n
d
si
d
e,

w
e
sh
ow

th
e
co
m
b
in
a
ti
o
n
o
f
v
ec
to
r-

b
o
so
n
a
ss
o
ci
a
te
d
p
ro
d
u
ct
io
n
ch
a
n
n
el
s
w
it
h
d
ec
ay

in
to

b
o
tt
o
m

q
u
a
rk
s
v
ia

su
b
je
t
te
ch
n
iq
u
es
,
w
h
ic
h
a
re

a
ll

g
ov
er
n
ed

b
y
th
e
sa
m
e
co
u
p
li
n
g
fa
ct
o
rs
.
H
er
e
fo
r
ξ
�

0
.4

o
n
ly

a
si
n
g
le

so
lu
ti
o
n
ex
is
ts
,
w
h
il
e
fo
r
la
rg
er

va
lu
es

a
d
d
it
io
n
a
l
so
lu
ti
o
n
s
a
p
p
ea
r.

T
h
es
e
d
o
n
o
t
co
in
ci
d
e
w
it
h
th
e
se
co
n
d
a
ry

so
lu
ti
o
n
o
f
th
e
fi
rs
t
ch
a
n
n
el
,
h
ow

ev
er
,

2
7

1

ξfit

ξ t
h

9
5
%
 
C
L

6
8
%
 
C
L

-
0
.
6

 
0

 
0
.
6

 
1
.
2

 
0

 
0
.
3

 
0
.
6

 
0
.
9

ξfit

ξ t
h

9
5
%

6
8
%

-
0
.
6

 
0

 
0
.
6

 
1
.
2

 
0

 
0
.
3

 
0
.
6

 
0
.
9

F
ig
u
re

7
:
B
es
t-
fi
t
va
lu
es

a
n
d
6
8
%

a
n
d
9
5
%

C
L
er
ro
r
b
a
n
d
s
in

th
e
M
C
H
M
5
m
o
d
el

fo
r
th
e
L
H
C

a
t
1
4
T
eV

a
ss
u
m
in
g
a
H
ig
g
s
b
o
so
n
m
a
ss

o
f
1
2
0
G
eV

a
s
fu
n
ct
io
n
o
f
th
e
in
p
u
t
va
lu
e
ξ t

h
.

R
es
u
lt
s
a
re

sh
ow

n
fo
r
a
n

in
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b
os
on

in
th
e
S
ta
n
d
ar
d
M
o
d
el

is
an

im
p
or
ta
n
t
in
d
ic
at
or

of
th
e
p
re
se
n
ce

of
n
ew

en
er
gy

sc
al
es

in
p
ar
ti
cl
e
p
h
y
si
cs
.
It

is
w
el
l
k
n
ow

n
th
at

if
M

st
a
b
il
it
y

m
in

<
M

H
<

M
L
a
n
d
a
u

m
a
x

th
en

th
e
S
M

is
a
co
n
si
st
en
t
eff

ec
ti
ve

fi
el
d
th
eo
ry

al
l
th
e
w
ay

fr
om

th
e

F
er
m
i
sc
al
e
u
p
to

th
e
(r
ed
u
ce
d
)
P
la
n
ck

sc
al
e
M

P
=

2.
44

×
10

1
8
G
eV

.
T
h
e
u
p
p
er

li
m
it

co
m
es

fr
om

th
e
re
q
u
ir
em

en
t
th
at

th
e
L
an

d
au

p
ol
e
in

th
e
sc
al
ar

se
lf
-c
ou

p
li
n
g1

m
u
st

n
ot

ap
p
ea
r
at

en
er
gi
es

b
el
ow

M
P

[1
–3
].

T
h
e
lo
w
er

li
m
it

co
m
es

fr
om

th
e
re
q
u
ir
em

en
t
of

th
e
st
ab

il
it
y
of

th
e
S
M

va
cu
u
m

ag
ai
n
st

tu
n
n
el
in
g
to

th
e
st
at
es

w
it
h
th
e
H
ig
gs

fi
el
d
φ

ex
ce
ed
in
g
su
b
st
an

ti
al
ly

th
e
el
ec
tr
ow

ea
k
va
lu
e
25
0
G
eV

[4
–6
]
(s
ee

F
ig
.
1)
.

T
h
e
es
ti
m
at
es

of
M

L
a
n
d
a
u

m
a
x

gi
ve

a
n
u
m
b
er

ar
ou

n
d
17
5
G
eV

[1
–3
,
7]

w
h
ic
h
is

in
th
e

M
H

ra
n
ge

ex
cl
u
d
ed

(a
t
le
as
t
in

th
e
ra
n
ge

12
9
−

52
5
G
eV

)
b
y
th
e
se
ar
ch
es

fo
r
th
e
S
M

H
ig
gs

b
os
on

at
th
e
L
H
C

an
d
T
ev
at
ro
n
[8
,
9]
.
In

ot
h
er

w
or
d
s,

w
e
al
re
ad

y
k
n
ow

th
at

th
e
S
M

is
a
w
ea
k
ly

co
u
p
le
d
th
eo
ry

u
p
to

th
e
P
la
n
ck

sc
al
e.

T
h
u
s,

w
e
w
il
l
fo
cu
s
on

th
e

u
p
gr
ad

e
of

ex
is
ti
n
g
co
m
p
u
ta
ti
on

s
of

M
st
a
b
il
it
y

m
in

an
d
on

th
e
d
is
cu
ss
io
n
of

th
e
si
gn

ifi
ca
n
ce

of
th
e
re
la
ti
on

b
et
w
ee
n
th
e
H
ig
gs

b
os
on

(t
o
b
e
d
is
co
ve
re
d
ye
t)

m
as
s
M

H
an

d
M

st
a
b
il
it
y

m
in

fo
r
b
ey
on

d
th
e
S
M

(B
S
M
)
p
h
y
si
cs
.

T
h
e
co
m
p
u
ta
ti
on

of
M

st
a
b
il
it
y

m
in

h
as

b
ee
n
al
re
ad

y
d
on

e
in

a
la
rg
e
n
u
m
b
er

of
p
ap

er
s
[1
0–

15
].
It
is
d
iv
id
ed

in
to

tw
o
p
ar
ts
.
T
h
e
fi
rs
t
on

e
is
th
e
d
et
er
m
in
at
io
n
of

th
e
M
S
p
ar
am

et
er
s

fr
om

th
e
p
h
y
si
ca
l
ob

se
rv
ab

le
s
an

d
th
e
se
co
n
d
on

e
is
th
e
re
n
or
m
al
iz
at
io
n
gr
ou

p
ru
n
n
in
g

of
th
e
M
S
co
n
st
an

ts
fr
om

th
e
el
ec
tr
ow

ea
k
to

a
h
ig
h
en
er
gy

sc
al
e.

T
h
e
m
os
t
ad

va
n
ce
d

re
ce
n
t
w
or
k
s
[1
3,

14
]
u
se

th
e
so
-c
al
le
d
“o
n
e-
lo
op

-m
at
ch
in
g–
tw

o-
lo
op

-r
u
n
n
in
g”

p
ro
ce
d
u
re
.

It
ca
n
d
et
er
m
in
e
th
e
H
ig
gs

b
os
on

m
as
s
b
ou

n
d
s
w
it
h
th
e
th
eo
re
ti
ca
l
ac
cu
ra
cy

of
2
−5

G
eV

(s
ee

th
e
d
is
cu
ss
io
n
of

u
n
ce
rt
ai
n
ti
es

in
[1
4]

an
d
b
el
ow

).
M
ea
n
w
h
il
e,

th
e
m
os
t
im

p
or
ta
n
t

te
rm

s
in

th
e
3-
lo
op

ru
n
n
in
g
of

th
e
ga
u
ge

an
d
H
ig
gs

co
u
p
li
n
g
co
n
st
an

ts
w
er
e
co
m
p
u
te
d
in

[1
6,

17
]
(w

e
th
an

k
K
.
C
h
et
y
rk
in

an
d
M
.
Z
ol
le
r
fo
r
sh
ar
in
g
th
es
e
re
su
lt
s
w
it
h
u
s
p
ri
or

to
p
u
b
li
ca
ti
on

).
T
h
e
p
re
se
n
t
w
or
k
ac
co
u
n
ts

fo
r
O
(α

α
s
)
co
rr
ec
ti
on

s
in

th
e
M
S
-p
ol
e
m
at
ch
in
g

p
ro
ce
d
u
re
,
w
h
ic
h
w
er
e
n
ot

k
n
ow

n
p
re
v
io
u
sl
y.

T
h
is
al
lo
w
s
u
s
to

d
ec
re
as
e
th
e
th
eo
re
ti
ca
l

u
n
ce
rt
ai
n
ti
es

in
th
e
H
ig
gs

b
os
on

m
as
s
p
re
d
ic
ti
on

/b
ou

n
d
s,
as
so
ci
at
ed

w
it
h
th
e
S
M

p
h
y
si
cs

d
ow

n
to

1
−2

G
eV

.
T
h
is
is
a
n
ew

re
su
lt
,
b
as
ed

on
a
su
p
er
io
r
p
ar
ti
al

“t
w
o-
lo
op

-m
at
ch
in
g–

th
re
e-
lo
op

-r
u
n
n
in
g”

p
ro
ce
d
u
re
.
T
h
es
e
fi
n
d
in
gs

ar
e
d
es
cr
ib
ed

in
S
ec
ti
on

2.
2.

W
e
w
il
l
se
e

th
at

th
e
ex
p
er
im

en
ta
l
er
ro
rs

in
th
e
m
as
s
of

th
e
to
p
-q
u
ar
k
an

d
in

th
e
va
lu
e
of

th
e
st
ro
n
g

co
u
p
li
n
g
co
n
st
an

t
ar
e
to
o
la
rg
e
to

se
tt
le
u
p
th
e
q
u
es
ti
on

of
th
e
st
ab

il
it
y
of

th
e
el
ec
tr
ow

ea
k

va
cu
u
m
,
ev
en

if
th
e
L
H
C
w
il
l
co
n
fi
rm

th
e
ev
id
en
ce

fo
r
th
e
H
ig
gs

si
gn

al
p
re
se
n
te
d
b
y
th
e

A
T
L
A
S
an

d
C
M
S
co
ll
ab

or
at
io
n
s
[8
,
9]

in
th
e
re
gi
on

M
H
=

12
4
−

12
6
G
eV

.
In

S
ec
ti
on

3
w
e
w
il
l
d
is
cu
ss

th
e
si
gn

ifi
ca
n
ce

of
th
e
re
la
ti
on

sh
ip

b
et
w
ee
n
th
e
tr
u
e
H
ig
gs

1
T
o
b
e
m
o
re

p
re
ci
se
,
th
e
sc
a
la
r
se
lf
-c
o
u
p
li
n
g
is
in
fi
n
it
e
in

th
e
on

e-
lo
op

ap
p
ro
x
im

a
ti
o
n
on

ly
.
If
h
ig
h
er

o
rd
er

te
rm

s
a
re

in
cl
u
d
ed
,
it

m
ay

n
o
t
b
ec
o
m
e
in
fi
n
it
e,

b
u
t
m
ov
e
aw

ay
fr
o
m

th
e
re
g
io
n

o
f
th
e
w
ea
k

co
u
p
li
n
g
.
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b
os
on

m
as
s
M

H
an

d
M

st
a
b
il
it
y

m
in

fo
r
B
S
M

p
h
y
si
cs
.
W
e
w
il
l
ar
gu

e
th
at

if
M

H
=

M
st
a
b
il
it
y

m
in

th
en

th
e
el
ec
tr
ow

ea
k
sy
m
m
et
ry

b
re
ak

in
g
is

li
ke
ly

to
b
e
d
et
er
m
in
ed

b
y
P
la
n
ck

p
h
y
si
cs

an
d
th
at

th
is

w
ou

ld
in
d
ic
at
e
an

ab
se
n
ce

of
n
ew

en
er
gy

sc
al
es

b
et
w
ee
n
th
e
F
er
m
i
an

d
gr
av
it
at
io
n
al

sc
al
es
.
W
e
w
il
l
al
so

ad
d
re
ss

h
er
e
th
e
si
gn

ifi
ca
n
ce

of
M

st
a
b
il
it
y

m
in

fo
r
th
e
S
M

w
it
h
gr
av
it
y
in
cl
u
d
ed
.

O
f
co
u
rs
e,

th
is

ca
n
on

ly
b
e
d
on

e
u
n
d
er

ce
rt
ai
n
as
su
m
p
ti
on

s.
S
p
ec
ifi
ca
ll
y,

w
e
w
il
l
d
is
cu
ss

th
e
n
on

-m
in
im

al
co
u
p
li
n
g
of

th
e
H
ig
gs

fi
el
d
to

th
e
R
ic
ci

sc
al
ar

(r
el
ev
an

t
fo
r
H
ig
gs
-i
n
fl
at
io
n
[1
4,

18
,
19
])

an
d
th
e
as
y
m
p
to
ti
c
sa
fe
ty

sc
en
ar
io

fo
r

th
e
S
M

[2
0]
.

In
S
ec
ti
on

4
w
e
p
re
se
n
t
ou

r
co
n
cl
u
si
on

s.
W
e
w
il
l
ar
gu

e
th
at

if
on

ly
th
e
H
ig
gs

b
os
on

w
it
h
th
e
m
as
s
ar
ou

n
d
M

st
a
b
il
it
y

m
in

an
d
n
ot
h
in
g
el
se

w
il
l
b
e
fo
u
n
d
at

th
e
L
H
C
,
th
e
n
ex
t
st
ep

in
h
ig
h
en
er
gy

p
h
y
si
cs

sh
ou

ld
b
e
th
e
co
n
st
ru
ct
io
n
a
n
ew

el
ec
tr
on

-p
os
it
ro
n
(o
r
m
u
on

)
co
ll
id
er
—
th
e
H
ig
gs

an
d
t-
fa
ct
or
y.

It
w
il
l
n
ot

on
ly

b
e
ab

le
to

in
ve
st
ig
at
e
in

d
et
ai
l
th
e

H
ig
gs

an
d
to
p
p
h
y
si
cs
,
b
u
t
al
so

el
u
ci
d
at
e
th
e
p
os
si
b
le
co
n
n
ec
ti
on

of
th
e
F
er
m
i
an

d
P
la
n
ck

sc
al
es
.

A
p
p
en
d
ix

A
co
n
ta
in
s
a
fu
ll
se
t
of

fo
rm

u
la
s
re
q
u
ir
ed

fo
r
th
e
d
et
er
m
in
at
io
n
of

th
e
M
S

co
u
p
li
n
g
co
n
st
an

ts
fr
om

th
e
p
ol
e
m
as
se
s
of

th
e
S
M

p
ar
ti
cl
es
,
in
cl
u
d
in
g
th
e
co
rr
ec
ti
on

s
of

th
e
or
d
er
s
of

u
p
to

O
(α

3 s
),

O
(α

),
an

d
O
(α

α
s
).

T
h
e
co
m
p
u
te
r
co
d
e
fo
r
th
e
m
at
ch
in
g

is
m
ad

e
p
u
b
li
cl
y
av
ai
la
b
le

at
h
t
t
p
:
/
/
w
w
w
.
i
n
r
.
a
c
.
r
u
/
~
f
e
d
o
r
/
S
M
/
.

2
T
h
e
st
a
b
il
it
y
b
o
u
n
d

T
h
e
st
ab

il
it
y
b
ou

n
d
w
il
l
b
e
fo
u
n
d
in

th
e
“c
an

on
ic
al
”
S
M
,
w
it
h
ou

t
an

y
n
ew

d
eg
re
es

of
fr
ee
d
om

or
an

y
ex
tr
a
h
ig
h
er

d
im

en
si
on

al
op

er
at
or
s
ad

d
ed
,
se
e
F
ig
.
2.

2
.1

T
h
e
b
e
n
ch

m
a
rk

m
a
ss

It
w
il
l
b
e
co
n
ve
n
ie
n
t
fo
r
co
m
p
u
ta
ti
on

s
to

in
tr
o
d
u
ce

ye
t
an

ot
h
er

p
ar
am

et
er
,
“b

en
ch
m
ar
k

m
as
s”
,
w
h
ic
h
w
e
w
il
l
ca
ll
M

m
in
(w

it
h
ou

t
an

y
su
p
er
sc
ri
p
t)
.
S
u
p
p
os
e
th
at

al
l
p
ar
am

et
er
s

of
th
e
S
M
,
ex
ce
p
t
fo
r
th
e
H
ig
gs

b
os
on

m
as
s,

ar
e
ex
ac
tl
y
k
n
ow

n
.
T
h
en

M
m
in
,
to
ge
th
er

w
it
h
th
e
n
or
m
al
is
at
io
n
p
oi
n
t
μ
0
,
ar
e
fo
u
n
d
fr
om

th
e
so
lu
ti
on

of
tw

o
eq
u
at
io
n
s:

λ
(μ

0
)
=

0,
β
λ
(λ
(μ

0
))

=
0,

(1
)

w
h
er
e
β
λ
is
th
e
β
-f
u
n
ct
io
n
go
ve
rn
in
g
th
e
re
n
or
m
al
is
at
io
n
gr
ou

p
(R

G
)
ru
n
n
in
g
of

λ
.
H
er
e

w
e
d
efi
n
e
al
l
th
e
co
u
p
li
n
gs

of
th
e
S
M

in
th
e
M
S
re
n
or
m
al
is
at
io
n
sc
h
em

e
w
h
ic
h
is
u
se
d
d
e-

fa
ct
o
in

th
e
m
os
t
of

th
e
h
ig
h
er
-l
o
op

co
m
p
u
ta
ti
on

s.
C
le
ar
ly
,
if
an

y
ot
h
er

re
n
or
m
al
iz
at
io
n

sc
h
em

e
is

u
se
d
,
th
e
eq
u
at
io
n
s
λ
=

β
λ
=

0
w
il
l
gi
ve

an
ot
h
er

b
en
ch
m
ar
k
m
as
s,

si
n
ce

th
e

d
efi
n
it
io
n
of

al
l
th
e
co
u
p
li
n
gs

ar
e
sc
h
em

e
d
ep

en
d
en
t.

T
h
e
p
ro
ce
d
u
re

of
co
m
p
u
ti
n
g
M

m
in
is
ve
ry

cl
ea
n
an

d
tr
an

sp
ar
en
t.

T
ak
e
th
e
st
an

d
ar
d

M
S
d
efi
n
it
io
n
of

al
l
co
u
p
li
n
g
co
n
st
an

ts
of

th
e
S
M
,
fi
x
al
l
of

th
em

at
th
e
F
er
m
i
sc
al
e

gi
ve
n
th
e
ex
p
er
im

en
ta
ll
y
k
n
ow

n
p
ar
am

et
er
s
su
ch

as
th
e
m
as
s
of

th
e
to
p
q
u
ar
k
,
Q
C
D

co
u
p
li
n
g,

et
c.
,
an

d
co
n
si
d
er

th
e
ru
n
n
in
g
H
ig
gs

se
lf
-c
ou

p
li
n
g
λ
(μ
)
d
ep

en
d
in
g
on

th
e
st
an

-
d
ar
d
t’
H
o
of
t-
V
el
tm

an
p
ar
am

et
er

μ
.
T
h
en
,
ad

ju
st

M
m
in
in

su
ch

a
w
ay

th
at

eq
u
at
io
n
s
(1
)

ar
e
sa
ti
sfi
ed

at
so
m
e
μ
0
.
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St
ro

ng
co

up
lin

g

Ze
ro

M
Fe

rm
i

M
Pl

an
ck

Sc
al

e
Μ

M
h	
m

m
in

M
h	
m

m
ax

si
gn
�Λ
�
Λ

10
0

10
5

10
8

10
11

10
14

10
17

10
20

�
0.

02

0.
00

0.
02

0.
04

0.
06

Sc
al

e
Μ

,G
eV

Λ

H
ig

gs
m

as
sM

h	
12

4
G

eV

10
0

10
5

10
8

10
11

10
14

10
17

10
20

�
0.

02

0.
00

0.
02

0.
04

0.
06

Sc
al

e
Μ

,G
eV

Λ

H
ig

gs
m

as
sM

h	
12

7
G

eV

F
ig
u
re

1:
H
ig
gs

se
lf
-c
ou

p
li
n
g
in

th
e
S
M

as
a
fu
n
ct
io
n
of

th
e
en
er
gy

sc
al
e.

T
h
e
to
p
p
lo
t

d
ep
ic
ts

p
os
si
b
le

b
eh
av
io
rs

fo
r
th
e
w
h
ol
e
H
ig
gs

b
os
on

m
as
s
ra
n
ge
—
L
an

d
au

p
ol
e,

st
ab

le
,

or
u
n
st
ab

le
el
ec
tr
ow

ea
k
va
cu
u
m
.
T
h
e
lo
w
er

p
lo
ts

sh
ow

d
et
ai
le
d
b
eh
av
io
r
fo
r
lo
w

H
ig
gs

b
os
on

m
as
se
s,
w
it
h
d
as
h
ed

(d
ot
te
d
)
li
n
e
co
rr
es
p
on

d
in
g
to

th
e
ex
p
er
im

en
ta
l
u
n
ce
rt
ai
n
ty

in
th
e
to
p
m
as
s
M

t
(s
tr
on

g
co
u
p
li
n
g
co
n
st
an

t
α
s
),
an

d
th
e
sh
ad

ed
ye
ll
ow

(p
in
k
)
re
gi
on

s
co
rr
es
p
on

d
to

th
e
to
ta
l
ex
p
er
im

en
ta
l
er
ro
r
an

d
th
eo
re
ti
ca
l
u
n
ce
rt
ai
n
ty
,
w
it
h
th
e
la
tt
er

es
ti
m
at
ed

as
1.
2
G
eV

(2
.5
G
eV

),
se
e
se
ct
io
n
2
fo
r
d
et
ai
le
d
d
is
cu
ss
io
n
.

2
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Fe
rm

i
Pl

an
ck

Fe
rm

i
Pl

an
ck

φ
φ

V
V

F
ig
u
re

2:
S
ch
em

at
ic

d
ep
ic
ti
on

of
th
e
S
M

eff
ec
ti
ve

p
ot
en
ti
al

V
fo
r
th
e
H
ig
gs

fi
el
d
fo
r

M
H
>

M
st
a
b
il
it
y

m
in

(l
ef
t)

an
d
M

H
<

M
st
a
b
il
it
y

m
in

(r
ig
h
t)
.

F
or

th
e
st
ab

il
it
y
b
ou

n
d
on

e
sh
ou

ld
fi
n
d
th
e
eff

ec
ti
ve

p
ot
en
ti
al

V
(φ
)
an

d
so
lv
e
th
e

eq
u
at
io
n
s

V
(φ

S
M
)
=

V
(φ

1
),

V
′ (
φ
S
M
)
=

V
′ (
φ
1
)
=

0,
(2
)

w
h
er
e
φ
S
M

co
rr
es
p
on

d
s
to

th
e
S
M

H
ig
gs

va
cu
u
m
,
an

d
φ
1
co
rr
es
p
on

d
to

th
e
ex
tr
a
va
cu
u
m

st
at
es

at
la
rg
e
va
lu
es

of
th
e
sc
al
ar

fi
el
d
.
T
h
ou

gh
th
e
eff

ec
ti
ve

p
ot
en
ti
al

an
d
th
e
fi
el
d
φ

ar
e
b
ot
h
ga
u
ge

an
d
sc
h
em

e
d
ep

en
d
en
t,

th
e
so
lu
ti
on

fo
r
th
e
H
ig
gs

b
os
on

m
as
s
to

th
es
e

eq
u
at
io
n
s
is
ga
u
ge

an
d
sc
h
em

e
in
va
ri
an

t.
In

fa
ct
,
M

st
a
b
il
it
y

m
in

is
ve
ry

cl
os
e
to

M
m
in
.
N
u
m
er
ic
al
ly
,
th
e
d
iff
er
en
ce

b
et
w
ee
n
th
em

is
m
u
ch

sm
al
le
r,
th
an

th
e
cu
rr
en
t
th
eo
re
ti
ca
l
an

d
ex
p
er
im

en
ta
l
p
re
ci
si
on

s
fo
r
M

m
in
,
se
e

b
el
ow

.
T
h
e
fo
ll
ow

in
g
w
el
l
k
n
ow

n
ar
gu

m
en
t
ex
p
la
in
s
w
h
y
th
is

is
th
e
ca
se
.

T
h
e
R
G

im
p
ro
ve
d
eff

ec
ti
ve

p
ot
en
ti
al

fo
r
la
rg
e
φ
ca
n
b
e
w
ri
tt
en

as
[1
1,

12
,
21
]

V
(φ
)
∝

λ
(φ
)φ

4
[ 1

+
O
( α 4π

lo
g
(M

i/
M

j
))] ,

(3
)

w
h
er
e
α

is
h
er
e
th
e
co
m
m
on

n
am

e
fo
r
th
e
S
M

co
u
p
li
n
g
co
n
st
an

ts
,
an

d
M

i
ar
e
th
e

m
as
se
s
of

d
iff
er
en
t
p
ar
ti
cl
es

in
th
e
b
ac
k
gr
ou

n
d
of

th
e
H
ig
gs

fi
el
d
.
If

O
(α

)
co
rr
ec
ti
on

s
ar
e
n
eg
le
ct
ed
,
th
e
eq
u
at
io
n
s
(2
)
co
in
ci
d
e
w
it
h
(1
),
m
ea
n
in
g
th
at

M
m
in
�

M
st
a
b
il
it
y

m
in

.
T
h
e

n
u
m
er
ic
al
ev
al
u
at
io
n
fo
r
on

e
lo
op

eff
ec
ti
ve

p
ot
en
ti
al
gi
ve
s
Δ
m

st
a
b
il
it
y
≡

M
st
a
b
il
it
y

m
in

−M
m
in
�

0.
15

G
eV

,
w
h
ic
h
ca
n
b
e
n
eg
le
ct
ed

in
v
ie
w

of
u
n
ce
rt
ai
n
ti
es

d
is
cu
ss
ed

b
el
ow

.
N
ot
e
th
at

in
m
an

y
p
ap

er
s
th
e
st
ab

il
it
y
b
ou

n
d
is

sh
ow

n
as

a
fu
n
ct
io
n
of

th
e
cu
to
ff

sc
al
e
Λ
(t
h
e
en
er
gy

sc
al
e
u
p
to

w
h
ic
h
th
e
S
M

ca
n
b
e
co
n
si
d
er
ed

as
a
va
li
d
eff

ec
ti
ve

fi
el
d

th
eo
ry
).

It
is

re
q
u
ir
ed

th
at

V
(φ
)
>

V
(φ

S
M
)
fo
r
al
l
φ
<

Λ
.
T
h
is

ca
n
b
e
re
fo
rm

u
la
te
d

as
λ
(μ
)
>

0
fo
r
al
l
μ
<

Λ
w
it
h
p
re
tt
y
go

o
d
ac
cu
ra
cy
.
In
te
re
st
in
gl
y,

if
Λ

=
M

P
,
th
is

b
ou

n
d
is

ve
ry

cl
os
e
to

th
e
st
ab

il
it
y
b
ou

n
d
fo
ll
ow

in
g
fr
om

eq
.
(2
),

h
av
in
g
n
ot
h
in
g
to

d
o

w
it
h
th
e
P
la
n
ck

sc
al
e
(s
ee

al
so

b
el
ow

).
N
ot
e
al
so

th
at

th
e
u
n
ce
rt
ai
n
ti
es

in
ex
p
er
im

en
ta
l

d
et
er
m
in
at
io
n
s
of

M
t
an

d
α
s
to
ge
th
er

w
it
h
th
eo
re
ti
ca
l
u
n
ce
rt
ai
n
ti
es
,
d
es
cr
ib
ed

in
th
e

n
ex
t
se
ct
io
n
,
le
ad

to
si
gn

ifi
ca
n
t
ch
an

ge
s
in

th
e
sc
al
e
Λ
.
F
ig
.
1
il
lu
st
ra
te
s
th
at

fo
r
H
ig
gs

2
7

9

b
os
on

m
as
se
s
12
4
−

12
7
G
eV

th
is

sc
al
e
m
ay

va
ry

fr
om

10
8
G
eV

u
p
to

in
fi
n
it
y
w
it
h
in

cu
rr
en
tl
y
av
ai
la
b
le

p
re
ci
si
on

s.

2
.2

V
a
lu
e
o
f
M

m
in

T
h
e
st
at
e
of

ar
t
co
m
p
u
ta
ti
on

of
M

m
in
co
n
ta
in
ed

u
p
to

n
ow

th
e
so

ca
ll
ed

on
e-
lo
op

M
S
-p
ol
e

m
at
ch
in
g,

re
la
ti
n
g
th
e
ex
p
er
im

en
ta
ll
y
m
ea
su
re
d
p
h
y
si
ca
l
p
ar
am

et
er
s
to

th
e
p
ar
am

et
er
s

of
th
e
S
M

in
th
e
M
S
su
b
tr
ac
ti
on

sc
h
em

e
(t
o
b
e
m
or
e
p
re
ci
se
,
th
e
tw

o-
lo
op

α
s
co
rr
ec
ti
on

s
to

th
e
to
p
p
ol
e
m
as
s–
M
S
m
as
s
re
la
ti
on

h
as

b
ee
n
in
cl
u
d
ed

[1
3]
).

T
h
en

th
e
re
su
lt
s
of

th
e

fi
rs
t
st
ep

ar
e
p
lu
gg
ed

in
to

tw
o-
lo
op

R
G

eq
u
at
io
n
s
an

d
so
lv
ed

n
u
m
er
ic
al
ly
.

B
ef
or
e
d
is
cu
ss
in
g
th
e
u
p
gr
ad

e
of

th
e
on

e-
lo
op

-m
at
ch
in
g–
tw

o-
lo
op

-r
u
n
n
in
g
p
ro
ce
d
u
re
,

w
e
w
il
l
re
m
in
d
of

th
e
re
su
lt
s
al
re
ad

y
k
n
ow

n
an

d
th
ei
r
u
n
ce
rt
ai
n
ti
es
.
W
e
w
il
l
m
ak
e
u
se

of
ou

r
co
m
p
u
ta
ti
on

s
of

M
m
in
p
re
se
n
te
d
in

[1
4]
.2

A
so
m
ew

h
at

la
te
r
p
ap

er
[2
2]

co
n
ta
in
s

ex
ac
tl
y
th
e
sa
m
e
n
u
m
b
er
s
fo
r
M

st
a
b
il
it
y

m
in

(n
ot
e,
h
ow

ev
er
,
th
at

th
e
th
eo
re
ti
ca
l
u
n
ce
rt
ai
n
ti
es

w
er
e
n
ot

d
is
cu
ss
ed

in
[2
2]
).

S
ee

al
so

ea
rl
ie
r
co
m
p
u
ta
ti
on

s
in

[7
,
10
–1
3,

23
].

In
[1
4]

w
e
fo
u
n
d
:

M
m
in
=

[ 12
6.
3
+

M
t
−

17
1.
2
G
eV

2.
1
G
eV

×
4.
1
−

α
s
−

0.
11
76

0.
00
2

×
1.
5] G

eV
,

(4
)

an
d
es
ti
m
at
ed

th
e
th
eo
re
ti
ca
l
u
n
ce
rt
ai
n
ti
es

as
su
m
m
ar
iz
ed

in
T
ab

le
1
(s
ee

al
so

[1
5]
).

W
h
il
e
re
p
ea
ti
n
g
th
is

an
al
y
si
s
w
e
fo
u
n
d
so
m
e
n
u
m
er
ic
al

er
ro
rs

w
h
ic
h
ar
e
gi
ve
n
at

th
e

b
ot
to
m

se
ct
io
n
of

th
is

ta
b
le

(s
ee

a
d
et
ai
le
d
d
is
cu
ss
io
n
b
el
ow

).
In

to
ta
l,
th
ey

sh
if
t
th
e

va
lu
e
gi
ve
n
in

eq
.
(4
)
u
p
b
y
0.
7
G
eV

.
A
s
fo
r
u
n
ce
rt
ai
n
ti
es
,
th
ey

w
er
e
es
ti
m
at
ed

as
fo
ll
ow

s.
T
h
e
on

e-
lo
op

m
at
ch
in
g
fo
rm

u
la
s
ca
n
b
e
u
se
d
d
ir
ec
tl
y
at

μ
=

m
t,
or

at
so
m
e
ot
h
er

en
er
gy

sc
al
e,

e.
g.

at
μ
=

M
Z
,
an

d
th
en

th
e
co
u
p
li
n
g
co
n
st
an

ts
at

m
t
ca
n
b
e
d
er
iv
ed

w
it
h
th
e

u
se

of
R
G

ru
n
n
in
g.

T
h
e
d
iff
er
en
ce

in
p
ro
ce
d
u
re
s
gi
ve
s
an

es
ti
m
at
e
of

tw
o-
lo
op

eff
ec
ts

in
th
e
m
at
ch
in
g
p
ro
ce
d
u
re
.
T
h
is
is
p
re
se
n
te
d
b
y
th
e
fi
rs
t
tw

o
li
n
es

in
T
ab

le
1
(i
n
fa
ct
,
w
e

u
n
d
er
es
ti
m
at
ed

b
ef
or
e
th
e
u
n
ce
rt
ai
n
ty

fr
om

λ
m
at
ch
in
g—

p
re
v
io
u
sl
y
w
e
h
ad

h
er
e
1.
2
G
eV

an
d
n
ow

1.
7
G
eV

).
T
h
e
n
ex
t
tw

o
li
n
es

ar
e
as
so
ci
at
ed

w
it
h
3
an

d
4-
lo
op

co
rr
ec
ti
on

s
to

th
e
to
p
Y
u
ka
w
a
y t
.
T
h
e
3-
lo
op

co
rr
ec
ti
on

s
w
er
e
co
m
p
u
te
d
in

[2
4–
26
]
an

d
th
e
fo
u
r-
lo
op

α
s
co
n
tr
ib
u
ti
on

to
th
e
to
p
m
as
s
w
as

gu
es
se
d
to

b
e
of

th
e
or
d
er

δy
t(
m

t)
/y

t(
m

t)
�

0.
00
1

in
[2
7]
.

T
h
e
n
on

-p
er
tu
rb
at
iv
e
Q
C
D

eff
ec
ts

in
th
e
to
p
p
ol
e
m
as
s–
M
S
m
as
s
m
at
ch
in
g

ar
e
ex
p
ec
te
d
to

b
e
at

th
e
sa
m
e
le
ve
l
[2
8–
30
].

F
or

3-
lo
op

ru
n
n
in
g
w
e
p
u
t
th
e
ty
p
ic
al

co
effi

ci
en
ts

in
fr
on

t
of

th
e
la
rg
es
t
co
u
p
li
n
gs

α
s
an

d
y t
.
If

th
es
e
u
n
ce
rt
ai
n
ti
es

ar
e
n
ot

co
rr
el
at
ed

an
d
ca
n
b
e
su
m
m
ed

u
p
in

sq
u
ar
es
,
th
e
th
eo
re
ti
ca
l
u
n
ce
rt
ai
n
ty

is
2.
5
G
eV

.
If

th
ey

ar
e
su
m
m
ed

u
p
li
n
ea
rl
y,

th
en

th
e
th
eo
re
ti
ca
l
er
ro
r
ca
n
b
e
as

la
rg
e
as

∼
5
G
eV

.
N
ow

,
th
is

co
m
p
u
ta
ti
on

ca
n
b
e
co
n
si
d
er
ab

ly
im

p
ro
ve
d
.
F
ir
st
,
in

[1
6]

th
e
3-
lo
op

co
r-

re
ct
io
n
s
to

th
e
ru
n
n
in
g
of

al
l
ga
u
ge

co
u
p
li
n
gs

h
as

b
ee
n
ca
lc
u
la
te
d
.
S
ec
on

d
,
in

[1
7]

th
e

le
ad

in
g
co
n
tr
ib
u
ti
on

s
(c
on

ta
in
in
g
th
e
to
p
Y
u
ka
w
a
an

d
α
s
)
to

th
e
ru
n
n
in
g
of

th
e
to
p

q
u
ar
k
Y
u
ka
w
a
an

d
th
e
H
ig
gs

b
os
on

se
lf
co
u
p
li
n
g
h
av
e
b
ee
n
d
et
er
m
in
ed
.
T
h
is

re
m
ov
es

th
e
u
n
ce
rt
ai
n
ty

re
la
te
d
to

3-
lo
op

R
G

ru
n
n
in
g.

In
ad

d
it
io
n
,
in

th
e
p
re
se
n
t
p
ap

er
,
w
e

2
T
h
e
m
a
in

in
te
re
st

in
th
is
p
a
p
er

w
a
s
th
e
lo
w
er

b
o
u
n
d
o
n
th
e
H
ig
g
s
b
o
so
n
m
a
ss

in
th
e
H
ig
g
s-
in
fl
a
ti
o
n
,

se
e
b
el
ow

.
H
ow

ev
er
,
M

m
in

h
a
s
b
ee
n
es
ti
m
a
te
d
a
s
w
el
l
a
s
a
b
y
-p
ro
d
u
ct

o
f
th
e
co
m
p
u
ta
ti
o
n
.

2
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S
ou

rc
e
of

u
n
ce
rt
ai
n
ty

N
at
u
re

of
es
ti
m
at
e

Δ
th

eo
rM

m
in
,
G
eV

2-
lo
op

m
at
ch
in
g
λ

S
en
si
ti
v
it
y
to

μ
1.
7

2-
lo
op

m
at
ch
in
g
y t

S
en
si
ti
v
it
y
to

μ
0.
6

3-
lo
op

α
s
to

y t
k
n
ow

n
1.
4

4-
lo
op

α
s
to

y t
ed
u
ca
te
d
gu

es
s
[2
7]

0.
4

co
n
fi
n
em

en
t,
y t

ed
u
ca
te
d
gu

es
s
∼

Λ
Q
C
D

0.
5

3-
lo
op

ru
n
n
in
g
M

W
→

M
P

ed
u
ca
te
d
gu

es
s

0.
8

to
ta
l
u
n
ce
rt
ai
n
ty

su
m

of
sq
u
ar
es

2.
5

to
ta
l
u
n
ce
rt
ai
n
ty

li
n
ea
r
su
m

5.
4

C
or
re
ct
io
n
s
to

[1
4]

Δ
M

m
in
,
G
eV

T
y
p
os

in
th
e
co
d
e
u
se
d
in

[1
4]

er
ro
r

+
0.
2

E
x
tr
a
δQ

E
D

t
in

(A
.5
)
of

[1
3]

er
ro
r

+
0.
4

“E
x
ac
t”

fo
rm

u
la

in
st
ea
d
of

ap
p
ro
x
im

at
io
n
(2
.2
0)

in
[3
1]

cl
ar
ifi
ca
ti
on

+
0.
1

T
ot
al

co
rr
ec
ti
on

to
(7
.1
)
of

[1
4]

+
0.
7

T
ot
al

sh
if
t
to

b
e
ap

p
li
ed

to
(7
.1
)
of

[1
4]

fo
r
co
m
p
ar
is
on

+
0.
7

T
ab

le
1:

T
h
eo
re
ti
ca
l
u
n
ce
rt
ai
n
ti
es

an
d
m
is
ta
ke
s
in

th
e
M

m
in
ev
al
u
at
io
n
in

[1
4]
.

d
et
er
m
in
e
th
e
tw

o-
lo
op

co
rr
ec
ti
on

s
of

th
e
or
d
er

of
O
(α

α
s
)
to

th
e
m
at
ch
in
g
of

th
e
p
ol
e

m
as
se
s
an

d
th
e
to
p
q
u
ar
k
Y
u
ka
w
a
an

d
H
ig
gs

b
os
on

se
lf
co
u
p
li
n
g
co
n
st
an

ts
.
A
ls
o,

th
e

k
n
ow

n
[2
4–
26
]
th
re
e
lo
op

Q
C
D

co
rr
ec
ti
on

to
th
e
to
p
q
u
ar
k
m
as
s
re
la
ti
on

of
th
e
or
d
er

O
(α

3 s
)
ca
n
b
e
in
cl
u
d
ed

(p
re
v
io
u
sl
y
it
h
ad

b
ee
n
u
se
d
fo
r
es
ti
m
at
es

of
u
n
ce
rt
ai
n
ti
es
).

A
ll

th
is
co
n
si
d
er
ab

ly
d
ec
re
as
es

th
e
th
eo
re
ti
ca
l
u
n
ce
rt
ai
n
ti
es

in
M

m
in
.

T
h
e
in
d
iv
id
u
al

co
n
tr
ib
u
ti
on

s
of

th
e
va
ri
ou

s
n
ew

co
rr
ec
ti
on

s
on

to
p
of

th
e
p
re
v
io
u
s

re
su
lt
ar
e
su
m
m
ar
iz
ed

in
th
e
T
ab

le
2.

It
is
cl
ea
rl
y
se
en

th
at

th
er
e
ar
e
tw

o
n
ew

si
gn

ifi
ca
n
t

co
n
tr
ib
u
ti
on

s—
on

e
is
th
e
th
re
e-
lo
op

p
u
re

Q
C
D

co
rr
ec
ti
on

to
th
e
to
p
q
u
ar
k
m
as
s
[2
4–
26
],

an
d
an

ot
h
er

is
th
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p
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p
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b
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=

[ 12
8.
95

+
M

t
−

17
2.
9
G
eV

1.
1
G
eV

×
2.
2
−

α
s
−

0.
11
84

0.
00
07

×
0.
56

] G
eV

.
(5
)

T
h
e
n
ew

re
su
lt
(5
)
is
le
ss

th
an

0.
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at
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b
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p
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at
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p
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∝
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ra
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b
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p
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th
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b
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at
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=
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at
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d
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ro
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p
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b
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at
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at
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at
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at
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h
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α
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b
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d
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at
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at
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t
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n
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b
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at
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b
os
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at
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b
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b
os
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at
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at
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b
os
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p
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w
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p
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b
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b
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at
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ro
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p
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p
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b
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e
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p
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M
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u
p
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p
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b
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d
iff
er
en
t

ex
p
er
im

en
ta
l
a
p
p
ro
a
ch
es
.

In
so
m
e
m
et
h
o
d
s
q
u
it
e
a
d
iff
er
en
t
ce
n
tr
a
l
va
lu
es

a
re

o
b
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b
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u
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.
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at
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b
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at
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b
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at
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at
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at
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at
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p
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b
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p
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b
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p
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at
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it
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p
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n
se
e
th
at

th
er
e
is

a
re
m
ar
ka
b
le

co
in
ci
d
en
ce

b
et
w
ee
n
μ
0
an

d
th
e

(r
ed
u
ce
d
)
P
la
n
ck

sc
al
e
M

P
=

2.
44

×
10

1
8
G
eV

.
T
h
e
p
h
y
si
cs

in
p
u
t
in

th
e
co
m
p
u
ta
ti
on

of
μ
0
in
cl
u
d
es

th
e
p
ar
am

et
er
s
of

th
e
S
M

on
ly
,
w
h
il
e
th
e
re
su
lt

gi
ve
s
th
e
gr
av
it
y
sc
al
e.

A
p
os
si
b
le

ex
p
la
n
at
io
n
m
ay

b
e
re
la
te
d
to

th
e
as
y
m
p
to
ti
c
sa
fe
ty

of
th
e
S
M
,
se
e
[2
0]

an
d

b
el
ow

.4
It
re
m
ai
n
s
to

b
e
se
en

if
th
is
is
ju
st

th
e
ra
n
d
om

p
la
y
of

th
e
n
u
m
b
er
s
or

a
p
ro
fo
u
n
d

in
d
ic
at
io
n
th
at

th
e
el
ec
tr
ow

ea
k
sy
m
m
et
ry

b
re
ak

in
g
is
re
la
te
d
to

P
la
n
ck

p
h
y
si
cs
.
If
re
al
,

th
is
co
in
ci
d
en
ce

in
d
ic
at
es

th
at

th
er
e
sh
ou

ld
b
e
n
o
n
ew

en
er
gy

sc
al
es

b
et
w
ee
n
th
e
P
la
n
ck

an
d
F
er
m
i
sc
al
es
,
as

th
ey

w
ou

ld
re
m
ov
e
th
is
co
in
ci
d
en
ce

u
n
le
ss

so
m
e
co
n
sp
ir
ac
y
is
ta
k
in
g

p
la
ce
.

W
e
w
il
l
d
is
cu
ss

b
el
ow

tw
o
p
os
si
b
le

m
in
im

al
em

b
ed
d
in
gs

of
th
e
S
M

to
th
e
th
eo
ry

of
gr
av
it
y
an

d
d
is
cu
ss

th
e
si
gn

ifi
ca
n
ce

of
M

m
in
in

th
em

.

3
.1

A
sy

m
p
to

ti
c
sa
fe
ty

T
h
e
as
y
m
p
to
ti
c
sa
fe
ty

of
th
e
S
M

[2
0]
,
as
so
ci
at
ed

w
it
h
th
e
as
y
m
p
to
ti
c
sa
fe
ty

of
gr
av
it
y

[4
1]
,
is

st
ro
n
gl
y
re
la
te
d
to

th
e
va
lu
e
of

th
e
H
ig
gs

b
os
on

m
as
s.

T
h
ou

gh
G
en
er
al

R
el
-

at
iv
it
y
is

n
on

-r
en
or
m
al
iz
ab

le
b
y
p
er
tu
rb
at
iv
e
m
et
h
o
d
s,

it
m
ay

ex
is
t
as

a
fi
el
d
th
eo
ry

n
on

-p
er
tu
rb
at
iv
el
y,
ex
h
ib
it
in
g
a
n
on

-t
ri
v
ia
l
u
lt
ra
v
io
le
t
fi
x
ed

p
oi
n
t
(f
or

a
re
v
ie
w
se
e
[4
2]
).

If
tr
u
e,

al
l
ot
h
er

co
u
p
li
n
g
of

th
e
S
M

(i
n
cl
u
d
in
g
th
e
H
ig
gs

se
lf
-i
n
te
ra
ct
io
n
)
sh
ou

ld
ex
h
ib
it

an
as
y
m
p
to
ti
ca
ll
y
sa
fe

b
eh
av
io
rs

w
it
h
th
e
gr
av
it
y
co
n
tr
ib
u
ti
on

to
th
e
re
n
or
m
al
is
at
io
n

gr
ou

p
ru
n
n
in
g
in
cl
u
d
ed
.

T
h
e
p
re
d
ic
ti
on

of
th
e
H
ig
gs

b
os
on

m
as
s
fr
om

th
e
re
q
u
ir
em

en
t
of

as
y
m
p
to
ti
c
sa
fe
ty

of
th
e
S
M

is
fo
u
n
d
as

fo
ll
ow

s
[2
0]
.
C
on

si
d
er

th
e
S
M

ru
n
n
in
g
of

th
e
co
u
p
li
n
g
co
n
st
an

ts
an

d
ad

d
to

th
e
β
-f
u
n
ct
io
n
s
ex
tr
a
te
rm

s
co
m
in
g
fr
om

gr
av
it
y,

d
er
iv
in
g
th
ei
r
st
ru
ct
u
re

fr
om

4
Y
et

an
o
th
er

o
n
e
is

th
e
“
m
u
lt
ip
le

p
o
in
t
p
ri
n
ci
p
le
”
o
f
[3
9
,
4
0
],
re
q
u
ir
in
g
th
e
d
eg
en
er
a
cy

b
et
w
ee
n
th
e

S
M

va
cu
u
m

a
n
d
an

ex
tr
a
o
n
e
ap

p
ea
ri
n
g
a
t
th
e
P
la
n
ck

sc
a
le
.

2
8

5

17
0

17
1

17
2

17
3

17
4

17
5

17
6

0.
2

0.
5

1.
0

2.
0

5.
0

10
.0

Po
le

to
p

m
as

sM
t,

G
eV

ScaleΜ0�MP

F
ig
u
re

5:
T
h
e
sc
al
e
μ
0
(s
ol
u
ti
on

of
(1
))

d
ep

en
d
in
g
on

th
e
to
p
m
as
s
M

t.
T
h
e
d
as
h
ed

li
n
es

co
rr
es
p
on

d
to

1σ
u
n
ce
rt
ai
n
ty

in
th
e
α
s
.
T
h
e
ye
ll
ow

sh
ad

ed
re
gi
on

co
rr
es
p
on

d
s
to

ad
d
in
g
th
e
α
s
ex
p
er
im

en
ta
l
er
ro
r
an

d
th
e
th
eo
re
ti
ca
l
u
n
ce
rt
ai
n
ty

in
th
e
m
at
ch
in
g
of

th
e

to
p
Y
u
ka
w
a
y t

an
d
to
p
p
ol
e
m
as
s.

d
im

en
si
on

al
an

al
y
si
s:

β
g
ra
v

h
=

a
h

8π

μ
2

M
2 P
(μ
)h

,
(6
)

w
h
er
e
a
1
,
a
2
,
a
3
,
a
y
,
an

d
a
λ
ar
e
so
m
e
co
n
st
an

ts
(a
n
om

al
ou

s
d
im

en
si
on

s)
co
rr
es
p
on

d
in
g

to
th
e
ga
u
ge

co
u
p
li
n
gs

of
th
e
S
M

g
,
g
′ ,
g s
,
th
e
to
p
Y
u
ka
w
a
co
u
p
li
n
g
y t
,
an

d
th
e
H
ig
gs

se
lf
-c
ou

p
li
n
g
λ
.
In

ad
d
it
io
n
,

M
2 P
(μ
)
�

M
2 P
+
2ξ

0
μ
2

(7
)

is
th
e
ru
n
n
in
g
P
la
n
ck

m
as
s
w
it
h
ξ 0

≈
0.
02
4
fo
ll
ow

in
g
fr
om

n
u
m
er
ic
al

so
lu
ti
on

s
of

fu
n
c-

ti
on

al
R
G

eq
u
at
io
n
s
[4
3–
45
].

N
ow

,
re
q
u
ir
e
th
at

th
e
so
lu
ti
on

fo
r
al
l
co
u
p
li
n
g
co
n
st
an

ts
is
fi
n
it
e
fo
r
al
l
μ
an

d
th
at

λ
is
al
w
ay
s
p
os
it
iv
e.

T
h
e
S
M

ca
n
on

ly
b
e
as
y
m
p
to
ti
ca
ll
y
sa
fe

if
a
1
,
a
2
,
a
3
,
a
y
ar
e
al
l
n
eg
at
iv
e,

le
ad

in
g
to

as
y
m
p
to
ti
ca
ll
y
sa
fe

b
eh
av
io
r
of

th
e
ga
u
ge

an
d
Y
u
ka
w
a
co
u
p
li
n
gs
.
F
or

a
λ
<

0
w
e
ar
e
ge
tt
in
g
th
e
in
te
rv
al

of
ad

m
is
si
b
le

H
ig
gs

b
os
on

m
as
se
s,

M
sa
fe
ty

m
in

<
M

H
<

M
sa
fe
ty

m
a
x
.

H
ow

ev
er
,
if
a
λ
>

0,
as

fo
ll
ow

s
fr
om

co
m
p
u
ta
ti
on

s
of

[4
4,

45
],
on

ly
on

e
va
lu
e
of

th
e
H
ig
gs

b
os
on

m
as
s
M

H
=

M
sa
fe
ty

m
in

le
ad

s
to

as
y
m
p
to
ti
-

ca
ll
y
sa
fe

b
eh
av
io
r
of

λ
.
A
s
is
ex
p
la
in
ed

in
[2
0]
,
th
is
b
eh
av
io
r
is
on

ly
p
os
si
b
le

p
ro
v
id
ed

λ
(M

P
)
≈

0
an

d
β
λ
(λ
(M

P
))

≈
0.

A
n
d
,
d
u
e
to

m
ir
ac
u
lo
u
s
co
in
ci
d
en
ce

of
μ
0
an

d
M

P
,

th
e
d
iff
er
en
ce

Δ
m

sa
fe
ty
≡

M
sa
fe
ty

m
in

−
M

m
in
is

ex
tr
em

el
y
sm

al
l,
of

th
e
or
d
er

0.
1
G
eV

.
T
h
e

ev
ol
u
ti
on

of
th
e
H
ig
gs

se
lf
-c
ou

p
li
n
g
fo
r
th
e
ca
se

of
a
h
<

0
is
sh
ow

n
in

F
ig
.
6,

an
d
fo
r
th
e

ca
se

a
h
>

0
in

F
ig
.
7.

In
fa
ct
,
in

th
e
d
is
cu
ss
io
n
of

th
e
as
y
m
p
to
ti
c
sa
fe
ty

of
th
e
S
M

on
e
ca
n
co
n
si
d
er

a
m
or
e

ge
n
er
al

si
tu
at
io
n
,
re
p
la
ci
n
g
th
e
P
la
n
ck

m
as
s
in

eq
.
(7
)
b
y
so
m
e
cu
to
ff
sc
al
e
Λ

=
κ
M

P
.
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6:
S
ch
em

at
ic

d
ep
ic
ti
on

of
th
e
b
eh
av
io
r
of

th
e
sc
al
ar

se
lf
-c
ou

p
li
n
g
if
a
h
<

0
fo
r

M
sa
fe
ty

m
in

<
M

H
<

M
sa
fe
ty

m
a
x

(l
ef
t)

an
d
M

H
<

M
sa
fe
ty

m
in

(r
ig
h
t)
.
In

b
ot
h
ca
se
s
gr
av
it
y
le
ad

s
to

as
y
m
p
to
ti
ca
ll
y
fr
ee

b
eh
av
io
r
of

th
e
sc
al
ar

se
lf
-c
ou

p
li
n
g.

N
eg
at
iv
e
λ
le
ad

to
in
st
ab

il
it
y

an
d
th
u
s
ex
cl
u
d
ed
.

In
d
ee
d
,
if
th
e
H
ig
gs

fi
el
d
h
as

n
on

-m
in
im

al
co
u
p
li
n
g
w
it
h
gr
av
it
y
(s
ee

b
el
ow

),
th
e
b
eh
av
io
r

of
th
e
S
M

co
u
p
li
n
g
m
ay

st
ar
t
to

ch
an

ge
at

en
er
gi
es

sm
al
le
r
th
an

M
P
b
y
a
fa
ct
or

1/
ξ,

le
ad

in
g
to

an
ex
p
ec
ta
ti
on

fo
r
th
e
ra
n
ge

of
κ
as

1/
ξ
�

κ
�

1.
S
ti
ll
,
th
e
d
iff
er
en
ce

b
et
w
ee
n

M
m
in
an

d
M

sa
fe
ty

m
in

re
m
ai
n
s
sm

al
l
ev
en

fo
r
κ
∼

10
−4
,
w
h
er
e
M

sa
fe
ty

m
in

�
12
8.
4
G
eV

,
m
ak

in
g

th
e
p
re
d
ic
ti
on

M
H

�
M

m
in

su
ffi
ci
en
tl
y
st
ab

le
ag
ai
n
st

sp
ec
ifi
c
d
et
ai
ls

of
P
la
n
ck

p
h
y
si
cs

w
it
h
in

th
e
as
y
m
p
to
ti
c
sa
fe
ty

sc
en
ar
io
.

3
.2

M
m
in
a
n
d

co
sm

o
lo
g
y

It
is
im

p
or
ta
n
t
to

n
ot
e
th
at

if
th
e
m
as
s
of

th
e
H
ig
gs

b
os
on

is
sm

al
le
r
th
an

th
e
st
ab

il
it
y

b
ou

n
d
M

m
in
,
th
is
d
o
es

n
ot

in
va
li
d
at
e
th
e
S
M
.
In
d
ee
d
,
if
th
e
li
fe
-t
im

e
of

th
e
m
et
as
ta
b
le

S
M

va
cu
u
m

ex
ce
ed
s
th
e
ag
e
of

th
e
U
n
iv
er
se

(t
h
is

is
th
e
ca
se

w
h
en

M
H

>
M

m
et
a
,
w
it
h

M
m
et
a
�

11
1
G
eV

[1
3]
)
th
en

fi
n
d
in
g
a
H
ig
gs

b
os
on

in
th
e
m
as
s
in
te
rv
al

M
m
et
a
<

M
H
<

M
m
in
w
ou

ld
si
m
p
ly

m
ea
n
th
at

w
e
li
ve

in
th
e
m
et
as
ta
b
le

st
at
e
w
it
h
a
ve
ry

lo
n
g
li
fe
ti
m
e.

O
f
co
u
rs
e,
if
th
e
H
ig
gs

b
os
on

w
er
e
d
is
co
ve
re
d
w
it
h
a
m
as
s
b
el
ow

M
m
et
a
,
th
is
w
ou

ld
p
ro
ve

th
at

th
er
e
m
u
st

be
n
ew

p
h
y
si
cs

b
et
w
ee
n
th
e
F
er
m
i
an

d
P
la
n
ck

sc
al
es
,
st
ab

il
iz
in
g
th
e

S
M

va
cu
u
m

st
at
e.

H
ow

ev
er
,
th
e
la
te
st

L
E
P
re
su
lt
s,
co
n
fi
rm

ed
re
ce
n
tl
y
b
y
L
H
C
,
te
ll
u
s

th
at

in
fa
ct

M
H
>

M
m
et
a
,
an

d
,
th
er
ef
or
e,

th
at

th
e
p
re
se
n
ce

of
a
n
ew

en
er
gy

sc
al
e
is
n
ot

re
q
u
ir
ed
,
if
on

ly
th
e
m
et
as
ta
b
il
it
y
ar
gu

m
en
t
is
u
se
d
.

T
h
e
b
ou

n
d
M

H
>

M
m
et
a
ca
n
b
e
st
re
n
gt
h
en
ed

if
th
er
m
al

co
sm

ol
og
ic
al

ev
ol
u
ti
on

is
co
n
si
d
er
ed

[1
3]
.

A
ft
er

in
fl
at
io
n

th
e
u
n
iv
er
se

sh
ou

ld
fi
n
d

it
se
lf

in
th
e
v
ic
in
it
y
of

th
e

S
M

va
cu
u
m

an
d

st
ay

th
er
e
ti
ll

p
re
se
n
t.

A
s
th
e
p
ro
b
ab

il
it
y
of

th
e
va
cu
u
m

d
ec
ay

is
te
m
p
er
at
u
re

d
ep

en
d
en
t,

th
e
im

p
ro
ve
d

H
ig
gs

b
os
on

m
as
s
b
ou

n
d

is
co
n
tr
ol
le
d

b
y
th
e

re
h
ea
ti
n
g
te
m
p
er
at
u
re

af
te
r
in
fl
at
io
n
(o
r
m
ax

im
al

te
m
p
er
at
u
re

of
th
e
B
ig

B
an

g)
.
T
h
e

la
tt
er

is
m
o
d
el
d
ep

en
d
en
t,
le
ad

in
g
to

th
e
im

p
os
si
b
il
it
y
to

ge
t
a
ro
b
u
st

b
ou

n
d
m
u
ch

b
et
te
r

th
an

M
m
et
a
.
F
or

ex
am

p
le
,
in

R
2
in
fl
at
io
n
[4
6,

47
]
th
e
re
h
ea
ti
n
g
te
m
p
er
at
u
re

is
ra
th
er

lo
w
,
T

∼
10

9
G
eV

[4
7]
,
le
ad

in
g
to

th
e
lo
w
er

b
ou

n
d
11
6
G
eV

[4
8]

on
th
e
H
ig
gs

b
os
on

m
as
s,
w
h
ic
h
ex
ce
ed
s
M

m
et
a
on

ly
b
y
4
G
eV

.
H
ow

ev
er
,
if
n
o
n
ew

d
eg
re
es

of
fr
ee
d
om

b
es
id
es

th
os
e
al
re
ad

y
p
re
se
n
t
in

th
e
S
M

ar
e

in
tr
o
d
u
ce
d

an
d

th
e
H
ig
gs

b
os
on

p
la
y
s
th
e
ro
le

of
in
fl
at
on

,
th
e
b
ou

n
d

M
H

�
M

m
in

2
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7:
S
ch
em

at
ic

d
ep
ic
ti
on

of
th
e
b
eh
av
io
r
of

th
e
sc
al
ar

se
lf
-c
ou

p
li
n
g
if

a
h
>

0
fo
r
M

H
>

M
sa
fe
ty

m
in

,
le
ad

in
g
to

L
an

d
au

-p
ol
e
b
eh
av
io
r
(l
ef
t)
,
M

H
>

M
sa
fe
ty

m
in

,
le
ad

in
g
to

in
st
ab

il
it
y
(r
ig
h
t)

an
d
M

H
=

M
sa
fe
ty

m
in

,
as
y
m
p
to
ti
ca
ll
y
sa
fe

b
eh
av
io
r
(m

id
d
le
).

O
n
ly

th
is

ch
oi
ce

is
ad

m
is
si
b
le
.

2
8
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8:
S
ch
em

at
ic
d
ep
ic
ti
on

of
th
e
eff

ec
ti
ve

p
ot
en
ti
al

V
fo
r
th
e
H
ig
gs

fi
el
d
in

th
e
H
ig
gs
-

in
fl
at
io
n
ar
y
th
eo
ry

in
th
e
E
in
st
ei
n
fr
am

e
fo
r
M

H
>

m
in
fl
a
ti
o
n

m
in

(l
ef
t)

an
d
M

H
<

m
in
fl
a
ti
o
n

m
in

(r
ig
h
t)
.

re
ap

p
ea
rs
,
as

is
d
is
cu
ss
ed

b
el
ow

.

3
.3

H
ig
g
s
in
fl
a
ti
o
n

T
h
e
in
cl
u
si
on

of
a
n
on

-m
in
im

al
in
te
ra
ct
io
n

of
th
e
H
ig
gs

fi
el
d

w
it
h

gr
av
it
y,

gi
ve
n

b
y

th
e
L
ag
ra
n
gi
an

ξ|φ
|2 R

,
w
h
er
e
R

is
th
e
R
ic
ci

sc
al
ar
,
ch
an

ge
s
d
ra
st
ic
al
ly

th
e
b
eh
av
io
r

of
th
e
H
ig
gs

p
ot
en
ti
al

in
th
e
re
gi
on

of
la
rg
e
H
ig
gs

fi
el
d
s
φ
>

M
in
fl
a
ti
o
n
�

M
P
/√ ξ

[1
8]
.

B
as
ic
al
ly
,
th
e
p
ot
en
ti
al

b
ec
om

es
fl
at

at
φ
>

M
in
fl
a
ti
o
n
,
ke
ep
in
g
th
e
va
lu
e
it

ac
q
u
ir
ed

at
φ
�

M
P
/√ ξ.

T
h
is
fe
at
u
re

le
ad

s
to

a
p
os
si
b
il
it
y
of

H
ig
gs
-i
n
fl
at
io
n
:
if
th
e
p
ar
am

et
er

ξ
is

su
ffi
ci
en
tl
y
la
rg
e,

70
0
<

ξ
<

10
5
,
[1
4]

th
e
H
ig
gs

b
os
on

of
th
e
S
M

ca
n
m
ak
e
th
e
U
n
iv
er
se

fl
at
,
h
om

og
en
eo
u
s
an

d
is
ot
ro
p
ic
,
an

d
ca
n
p
ro
d
u
ce

th
e
n
ec
es
sa
ry

sp
ec
tr
u
m

of
p
ri
m
or
d
ia
l

fl
u
ct
u
at
io
n
s.

T
h
e
p
os
si
b
il
it
y
of

th
e
H
ig
gs

in
fl
at
io
n
is

al
so

st
ro
n
gl
y
re
la
te
d
to

th
e
va
lu
e

of
th
e
H
ig
gs

b
os
on

m
as
s:

th
e
su
cc
es
sf
u
l
in
fl
at
io
n
ca
n
on

ly
o
cc
u
r
if
M

in
fl
a
ti
o
n

m
in

<
M

H
<

M
in
fl
a
ti
o
n

m
a
x

.
T
h
e
u
p
p
er

li
m
it
M

in
fl
a
ti
o
n

m
a
x

co
m
es

fr
om

th
e
re
q
u
ir
em

en
t
of

th
e
va
li
d
it
y
of

th
e
S
M

u
p
to

th
e
in
fl
at
io
n
sc
al
e
M

in
fl
a
ti
o
n
.
N
ea
r
M

in
fl
a
ti
o
n

m
in

th
e
b
eh
av
io
r
of

th
e
eff

ec
ti
ve

p
ot
en
ti
al

in
th
e
E
in
st
ei
n
fr
am

e
ch
an

ge
s
as

sh
ow

n
in

F
ig
.
8:

if
M

H
<

M
in
fl
a
ti
o
n

m
in

th
e
“b

u
m
p
”
in

th
e

H
ig
gs

p
ot
en
ti
al

p
re
ve
n
ts

th
e
sy
st
em

to
go

to
th
e
S
M

va
cu
u
m

st
at
e.

A
s
in

th
e
p
re
v
io
u
s

ca
se
,
th
es
e
b
ou

n
d
s
ca
n
b
e
fo
rm

u
la
te
d
w
it
h
th
e
u
se

of
th
e
H
ig
gs

se
lf
-c
ou

p
li
n
g
λ
.
B
as
ic
al
ly
,

it
m
u
st

b
e
p
er
tu
rb
at
iv
e
an

d
p
os
it
iv
e
fo
r
al
l
en
er
gy

sc
al
es

b
el
ow

M
in
fl
a
ti
o
n
.
T
h
ou

gh
an

y
H
ig
gs

b
os
on

m
as
s
in

th
e
in
te
rv
al

M
in
fl
a
ti
o
n

m
in

<
M

H
<

M
in
fl
a
ti
o
n

m
a
x

ca
n
le
ad

to
su
cc
es
sf
u
l

in
fl
at
io
n
,
th
e
va
lu
e
M

in
fl
a
ti
o
n

m
in

is
so
m
ew

h
at

sp
ec
ia
l.

F
or

th
e
lo
w
er

p
ar
t
of

th
e
ad

m
it
te
d

in
te
rv
al

th
e
va
lu
e
of

th
e
n
on

-m
in
im

al
co
u
p
li
n
g
ξ
re
ac
h
es

it
s
m
in
im

al
va
lu
e
ξ
�

70
0,

ex
te
n
d
in
g
th
e
re
gi
on

of
ap

p
li
ca
b
il
it
y
of

p
er
tu
rb
at
io
n
th
eo
ry

[1
4,

49
,
50
].

T
h
e
co
m
p
u
ta
ti
on

of
th
e
lo
w
er

b
ou

n
d

on
th
e
H
ig
gs

b
os
on

m
as
s
fr
om

in
fl
at
io
n

is
m
or
e
co
m
p
li
ca
te
d
.
It

is
d
es
cr
ib
ed

in
d
et
ai
l
in

[1
4,

19
].

B
as
ic
al
ly
,
on

e
h
as

to
co
m
p
u
te

th
e
H
ig
gs

p
ot
en
ti
al

in
th
e
ch
ir
al

el
ec
tr
ow

ea
k
th
eo
ry

as
so
ci
at
ed

w
it
h
la
rg
e
va
lu
es

of
th
e

H
ig
gs

fi
el
d
an

d
fi
n
d
w
h
en

th
e
sl
ow

-r
ol
l
in
fl
at
io
n
in

th
is
p
ot
en
ti
al

ca
n
gi
ve

th
e
la
rg
e-
sc
al
e

2
8

9

p
er
tu
rb
at
io
n
s
ob

se
rv
ed

b
y
th
e
C
O
B
E

sa
te
ll
it
e.

T
h
e
ou

tc
om

e
of

th
es
e
co
m
p
u
ta
ti
on

s,
h
ow

ev
er
,
ca
n
b
e
fo
rm

u
la
te
d
in

q
u
it
e
si
m
p
le

te
rm

s:
fo
r
in
fl
at
io
n
ar
y
b
ou

n
d
fi
n
d
M

in
fl
a
ti
o
n

m
in

fr
om

th
e
co
n
d
it
io
n
λ
(μ
)
>

0
fo
r
al
l
μ
<

M
in
fl
a
ti
o
n
[1
4]
.
A

p
ri
or
i,
th
e
in
fl
at
io
n
ar
y
b
ou

n
d

co
u
ld

h
av
e
b
ee
n
ve
ry

d
iff
er
en
t
fr
om

M
m
in

an
d
th
u
s
fr
om

M
st
a
b
il
it
y

m
in

.
In
d
ee
d
,
b
ot
h
M

m
in

an
d
M

st
a
b
il
it
y

m
in

k
n
ow

n
ot
hi
n
g
ab

ou
t
th
e
P
la
n
ck

sc
al
e
an

d
ar
e
d
efi
n
ed

en
ti
re
ly

w
it
h
in

th
e

S
M
,
w
h
er
ea
s
th
e
in
fl
at
io
n
ar
y
b
ou

n
d
d
o
es

u
se

M
P
.
H
ow

ev
er
,
th
e
re
m
ar
ka
b
le

n
u
m
er
ic
al

co
in
ci
d
en
ce
,
b
et
w
ee
n
μ
0
an

d
M

P
,
m
ak
es

M
m
in
an

d
M

in
fl
a
ti
o
n

m
in

p
ra
ct
ic
al
ly

th
e
sa
m
e.

T
h
e

co
u
p
li
n
g
co
n
st
an

t
λ
ev
ol
ve
s
ve
ry

sl
ow

ly
n
ea
r
th
e
P
la
n
ck

sc
al
e,
so

th
at

th
e
re
gi
on

s
fo
r
th
e

H
ig
gs

b
os
on

m
as
s
fo
ll
ow

in
g
fr
om

th
e
co
n
d
it
io
n
s
λ
(μ
)
>

0
fo
r
μ
<

M
P
an

d
μ
<

M
in
fl
a
ti
o
n

ar
e
al
m
os
t
id
en
ti
ca
l.

T
h
is

le
ad

s
to

th
e
re
su
lt

th
at

Δ
m

in
fl
a
ti
o
n
≡

M
in
fl
a
ti
o
n

m
in

−
M

m
in

�
−0

.1
−

0.
2
G
eV

.
T
h
is
n
u
m
b
er

is
d
er
iv
ed

w
it
h
in

th
e
S
M

w
it
h
ou

t
ad

d
it
io
n
of

an
y
h
ig
h
er

d
im

en
si
on

al
op

er
at
or
s.

A
s
is
ex
p
la
in
ed

in
[4
9]
,
ad

d
in
g
to

th
e
S
M

h
ig
h
er
-d
im

en
si
on

al
op

er
at
or
s
w
it
h
a
H
ig
gs
-

fi
el
d
d
ep

en
d
en
t
cu
to
ff
m
o
d
ifi
es

th
e
lo
w
er

b
ou

n
d
on

th
e
H
ig
gs

b
os
on

m
as
s
in

H
ig
gs

in
fl
a-

ti
on

.
If
th
es
e
op

er
at
or
s
ar
e
co
m
in
g
w
it
h
“n

at
u
ra
l”

p
ow

er
co
u
n
ti
n
g
co
effi

ci
en
ts

(f
or

ex
ac
t

d
efi
n
it
io
n
se
e
[4
9]
)
th
e
se
n
si
ti
v
it
y
of

th
e
H
ig
gs

b
os
on

m
as
s
b
ou

n
d
to

u
n
k
n
ow

n
d
et
ai
ls

of
u
lt
ra
v
io
le
t
p
h
y
si
cs

is
ra
th
er

sm
al
l
Δ
M

in
fl
a
ti
o
n

m
in

�
0.
6
G
eV

[4
9]
.
A
t
th
e
sa
m
e
ti
m
e,

it
is

ce
rt
ai
n
ly

n
ot

ex
cl
u
d
ed

th
at

th
e
ch
an

ge
of

M
in
fl
a
ti
o
n

m
in

ca
n
b
e
la
rg
er
.

4
C
o
n
cl
u
si
o
n
s

If
th
e
S
M

H
ig
gs

b
os
on

w
il
l
b
e
d
is
co
ve
re
d
at

L
H
C
in

th
e
re
m
ai
n
in
g
m
as
s
in
te
rv
al

11
5.
5
<

M
H
<

12
7
G
eV

n
ot

ex
cl
u
d
ed

at
95
%

[8
,
9]
,
th
er
e
is
n
o
n
ec
es
si
ty

fo
r
a
n
ew

en
er
gy

sc
al
e

b
et
w
ee
n
th
e
F
er
m
i
an

d
P
la
n
ck

sc
al
es
.

T
h
e
E
W

th
eo
ry

re
m
ai
n
s
in

a
w
ea
k
ly

co
u
p
le
d

re
gi
on

al
l
th
e
w
ay

u
p
to

M
P
,
w
h
er
ea
s
th
e
S
M

va
cu
u
m

st
at
e
li
ve
s
lo
n
ge
r
th
an

th
e
ag
e
of

th
e
U
n
iv
er
se
.
If

th
e
S
M

H
ig
gs

b
os
on

m
as
s
w
il
l
b
e
fo
u
n
d
to

co
in
ci
de

w
it
h
M

m
in

gi
ve
n

b
y
(5
),

th
is

w
ou

ld
p
u
t
a
st
ro
n
g
ar
gu

m
en
t
in

fa
vo
r
of

th
e
ab
se
n
ce

of
su
ch

a
sc
al
e
an

d
in
d
ic
at
e
th
at

th
e
el
ec
tr
ow

ea
k
sy
m
m
et
ry

b
re
ak

in
g
m
ay

b
e
as
so
ci
at
ed

w
it
h
th
e
p
h
y
si
cs

at
th
e
P
la
n
ck

sc
al
e.

T
h
e
ex
p
er
im

en
ta
l
p
re
ci
si
on

in
th
e
H
ig
gs

b
os
on

m
as
s
m
ea
su
re
m
en
ts

at
th
e
L
H
C

ca
n

ev
en
tu
al
ly

re
ac
h
20
0
M
eV

an
d
th
u
s
b
e
m
u
ch

sm
al
le
r
th
an

th
e
p
re
se
n
t
th
eo
re
ti
ca
l
(∼

1
−

2
G
eV

)
an

d
ex
p
er
im

en
ta
l
(∼

5
G
eV

,
2σ

)
u
n
ce
rt
ai
n
ti
es

in
d
et
er
m
in
at
io
n
of

M
m
in
.

T
h
e
la
rg
es
t
u
n
ce
rt
ai
n
ty

co
m
es

fr
om

th
e
m
ea
su
re
m
en
t
of

th
e
m
as
s
of

th
e
to
p
q
u
ar
k
.
It

d
o
es

n
ot

lo
ok

li
ke
ly

th
at

th
e
L
H
C

w
il
l
su
b
st
an

ti
al
ly

re
d
u
ce

th
e
er
ro
r
in

th
e
to
p
q
u
ar
k

m
as
s
d
et
er
m
in
at
io
n
.
T
h
er
ef
or
e,

to
cl
ar
if
y
th
e
re
la
ti
on

b
et
w
ee
n
th
e
F
er
m
i
an

d
P
la
n
ck

sc
al
es

a
co
n
st
ru
ct
io
n

of
an

el
ec
tr
on

-p
os
it
ro
n

or
m
u
on

co
ll
id
er

w
it
h

a
ce
n
te
r-
of
-m

as
s

en
er
gy

of
∼

20
0
+
20
0
G
eV

(H
ig
gs

an
d
t-
q
u
ar
k
fa
ct
or
y
)
w
ou

ld
b
e
n
ee
d
ed
.
T
h
is
w
ou

ld
b
e

d
ec
is
iv
e
fo
r
se
tt
in
g
u
p
th
e
q
u
es
ti
on

ab
ou

t
th
e
n
ec
es
si
ty

fo
r
a
n
ew

en
er
gy

sc
al
e
b
es
id
es

th
e

tw
o
on

es
al
re
ad

y
k
n
ow

n
—
th
e
F
er
m
i
an

d
th
e
P
la
n
ck

sc
al
es
.
In

ad
d
it
io
n
,
th
is

w
il
l
al
lo
w

to
st
u
d
y
in

d
et
ai
l
th
e
p
ro
p
er
ti
es

of
th
e
tw

o
h
ea
v
ie
st

p
ar
ti
cl
es

of
th
e
S
ta
n
d
ar
d
M
o
d
el
,

p
ot
en
ti
al
ly

m
os
t
se
n
si
ti
ve

to
an

y
ty
p
es

on
n
ew

p
h
y
si
cs
.

S
u
re
ly
,
ev
en

if
th
e
S
M

is
a
va
li
d
eff

ec
ti
ve

fi
el
d
th
eo
ry

al
l
th
e
w
ay

u
p
th
e
th
e
P
la
n
ck

sc
al
e,
it
ca
n
n
ot

b
e
co
m
p
le
te

as
it
co
n
tr
ad

ic
ts

to
a
n
u
m
b
er

of
ob

se
rv
at
io
n
s.

W
e
w
ou

ld
li
ke

2
9

0



to
u
se

th
is
op

p
or
tu
n
it
y
to

u
n
d
er
li
n
e
on

ce
m
or
e
th
at

th
e
co
n
fi
rm

ed
ob

se
rv
at
io
n
al

si
gn

al
s

in
fa
vo
r
of

p
h
y
si
cs

b
ey
on

d
th
e
S
ta
n
d
ar
d
M
o
d
el

w
h
ic
h
w
er
e
n
ot

d
is
cu
ss
ed

in
th
is

p
ap

er
(n
eu
tr
in
o
m
as
se
s
an

d
os
ci
ll
at
io
n
s,
d
ar
k
m
at
te
r
an

d
b
ar
yo
n
as
y
m
m
et
ry

of
th
e
U
n
iv
er
se
)

ca
n
b
e
as
so
ci
at
ed

w
it
h
n
ew

p
h
y
si
cs

be
lo
w

th
e
el
ec
tr
ow

ea
k
sc
al
e,

fo
r
re
v
ie
w
s
se
e
[5
1,

52
]

an
d
re
fe
re
n
ce
s
th
er
ei
n
.5

T
h
e
m
in
im

al
m
o
d
el
—
ν
M
S
M
,
co
n
ta
in
s,

in
ad

d
it
io
n
to

th
e
S
M

p
ar
ti
cl
es
,
th
re
e
re
la
ti
ve
ly

li
gh

t
si
n
gl
et

M
a
jo
ra
n
a
fe
rm

io
n
s.

T
h
es
e
fe
rm

io
n
s
co
u
ld

b
e

re
sp
on

si
b
le

fo
r
n
eu
tr
in
o
m
as
se
s,

d
ar
k
m
at
te
r
an

d
b
ar
yo
n
as
y
m
m
et
ry

of
th
e
U
n
iv
er
se
.

T
h
e
ν
M
S
M

p
re
d
ic
ts

th
at

th
e
L
H
C

w
il
l
co
n
ti
n
u
e
to

co
n
fi
rm

th
e
S
ta
n
d
ar
d
M
o
d
el

an
d
se
e

n
o
d
ev
ia
ti
on

s
fr
om

it
.
A
t
th
e
sa
m
e
ti
m
e,

n
ew

ex
p
er
im

en
ts

at
th
e
h
ig
h
-i
n
te
n
si
ty

fr
on

ti
er
,

d
is
cu
ss
ed

in
[5
5]
,
m
ay

b
e
n
ee
d
ed

to
u
n
co
ve
r
th
e
n
ew

p
h
y
si
cs

b
el
ow

th
e
F
er
m
i
sc
al
e.

In
ad

d
it
io
n
,
n
ew

ob
se
rv
at
io
n
s
in

as
tr
op

h
y
si
cs
,
d
is
cu
ss
ed

in
[5
2]
,
m
ay

sh
ed

li
gh

t
to

th
e

n
at
u
re

of
D
ar
k
M
at
te
r.

A
s
th
e
ru
n
n
in
g
of

co
u
p
li
n
gs

in
th
e
ν
M
S
M

co
in
ci
d
es

w
it
h
th
at

in
th
e
S
M
,
al
l
re
su
lt
s
of

th
e
p
re
se
n
t
p
ap

er
ar
e
eq
u
al
ly

ap
p
li
ca
b
le

to
th
e
ν
M
S
M
.

A
ck

n
o
w
le
d
g
e
m
e
n
ts

T
h
e
w
or
k
of

M
.S
.
h
as

b
ee
n
su
p
p
or
te
d
b
y
th
e
S
w
is
s
N
at
io
n
al

S
ci
en
ce

F
ou

n
d
at
io
n
.
T
h
e

w
or
k
of

M
.Y
u
.K

.
an

d
B
.A

.K
.
w
as

su
p
p
or
te
d
in

p
ar
t
b
y
th
e
G
er
m
an

F
ed
er
al

M
in
is
tr
y
fo
r

E
d
u
ca
ti
on

an
d
R
es
ea
rc
h
B
M
B
F
th
ro
u
gh

G
ra
n
ts

N
o.

05
H
T
6G

U
A
,
05

H
T
4G

U
A
/4

b
y
th
e

G
er
m
an

R
es
ea
rc
h
F
ou

n
d
at
io
n
D
F
G

th
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=
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=
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36
7
(1
99
3)
.

[7
3]

B
.
A
.
K
n
ie
h
l,
P
h
y
s.
R
ev
.
D
5
0
,
33
14

(1
99
4)
,
[a
rX

iv
:h
ep
-p
h
/9
40
52
99

[h
ep
-p
h
]]
.

[7
4]

A
.
D
jo
u
ad

i
an

d
P
.
G
am

b
in
o,

P
h
y
s.
R
ev
.
D
4
9
,
34
99

(1
99
4)
,
[a
rX

iv
:h
ep
-p
h
/9
30
92
98

[h
ep
-p
h
]]
.

[7
5]

F
.
J
eg
er
le
h
n
er
,
M
.
Y
.
K
al
m
y
ko
v
an

d
O
.
V
er
et
in
,
N
u
cl
.I
n
st
ru
m
.M

et
h
.
A
5
0
2
,
61
8

(2
00
3)
.

[7
6]

F
.
J
eg
er
le
h
n
er

an
d

M
.
Y
.
K
al
m
y
ko
v
,

N
u
cl
.I
n
st
ru
m
.M

et
h
.
A
5
3
4
,
29
9

(2
00
4)
,

[a
rX

iv
:h
ep
-p
h
/0
40
42
13

[h
ep
-p
h
]]
.

[7
7]

H
.
A
ra
so
n
et

al
.,

P
h
y
s.
R
ev
.
D
4
6
,
39
45

(1
99
2)
.

3
0
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[7
8]

J
.
F
le
is
ch
er

an
d
F
.
J
eg
er
le
h
n
er
,
P
h
y
s.
R
ev
.
D
2
3
,
20
01

(1
98
1)
.

[7
9]

M
.
Y
.
K
al
m
y
ko
v
,
h
t
t
p
:
/
/
t
h
e
o
r
.
j
i
n
r
.
r
u
/
~
k
a
l
m
y
k
o
v
/
p
o
l
e
/
p
o
l
e
.
h
t
m
l
.

[8
0]

G
.
’t
H
o
of
t
an

d
M
.
V
el
tm

an
,
N
u
cl
.P
h
y
s.
B
4
4
,
18
9
(1
97
2)
.

[8
1]

A
.
I.

D
av
y
d
y
ch
ev

an
d
M
.
Y
.
K
al
m
y
ko
v
,
N
u
cl
.P
h
y
s.

B
6
9
9
,
3
(2
00
4)
,
[a
rX

iv
:h
ep
-

th
/0
30
31
62

[h
ep
-t
h
]]
.

[8
2]

B
.
A
.
K
n
ie
h
l,

J
.
H
.
P
ic
lu
m

an
d
M
.
S
te
in
h
au

se
r,

N
u
cl
.P
h
y
s.

B
6
9
5
,
19
9
(2
00
4)
,

[a
rX

iv
:h
ep
-p
h
/0
40
62
54

[h
ep
-p
h
]]
.

[8
3]

M
.
F
is
ch
le
r
an

d
J
.
O
li
en
si
s,

P
h
y
s.
L
et
t.
B
1
1
9
,
38
5
(1
98
2)
.

[8
4]

M
.
F
is
ch
le
r
an

d
J
.
O
li
en
si
s,

P
h
y
s.
R
ev
.
D
2
8
,
20
27

(1
98
3)
.

[8
5]

C
.
F
or
d
,
D
.
R
.
T
.
J
on

es
,
P
.
W

.
S
te
p
h
en
so
n
an

d
M
.
B
.
E
in
h
or
n
,
N
u
cl
.
P
h
y
s.
B
3
9
5
,

17
(1
99
3)
,
[a
rX

iv
:h
ep
-l
at
/9
21
00
33
].

[8
6]

I.
J
ac
k
,
J
.
P
h
y
s.
A
1
6
,
10
83

(1
98
3)
.

[8
7]

I.
J
ac
k
an

d
H
.
O
sb
or
n
,
J
.
P
h
y
s.
A
1
6
,
11
01

(1
98
3)
.

[8
8]

I.
J
ac
k
,
P
h
y
s.
L
et
t.
B
1
4
7
,
40
5
(1
98
4)
.

[8
9]

I.
J
ac
k
an

d
H
.
O
sb
or
n
,
N
u
cl
.
P
h
y
s.
B
2
4
9
,
47
2
(1
98
5)
.

[9
0]

M
.
E
.
M
ac
h
ac
ek

an
d
M
.
T
.
V
au

gh
n
,
N
u
cl
.P
h
y
s.
B
2
2
2
,
83

(1
98
3)
.

[9
1]

M
.
E
.
M
ac
h
ac
ek

an
d
M
.
T
.
V
au

gh
n
,
N
u
cl
ea
r
P
h
y
si
cs

B
2
3
6
,
22
1
(1
98
4)
.

[9
2]

M
.
E
.
M
ac
h
ac
ek

an
d
M
.
T
.
V
au

gh
n
,
N
u
cl
ea
r
P
h
y
si
cs

B
2
4
9
,
70

(1
98
5)
.
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C
ha

pt
er

5

B
SM

H
ig

gs
Se

ct
or

3
0

9

T
h
e
H
ig
g
s
P
o
rt
a
l
fr
o
m

L
H
C

to
IL

C

C
h
ri
st
o
p
h
E
n
g
le
rt

In
st
it
u
te

fo
r
P
a
rt
ic
le

P
h
y
si
cs

P
h
en
o
m
en
o
lo
g
y,

D
ep
a
rt
m
en
t
o
f
P
h
y
si
cs
,
D
u
rh
a
m

U
n
iv
er
si
ty
,
U
n
it
ed

K
in
g
d
o
m

D
O
I:

w
il
l
b
e
a
ss
ig
n
ed

In
te
rp
re
ta
ti
o
n
s
o
f
se
a
rc
h
es

fo
r
th
e
H
ig
g
s
b
o
so
n
a
re

g
ov

er
n
ed

b
y
m
o
d
el
-d
ep

en
d
en

t
co
m
b
in
a
ti
o
n
s
o
f
H
ig
g
s

p
ro
d
u
ct
io
n
cr
o
ss

se
ct
io
n
s
a
n
d
H
ig
g
s
b
ra
n
ch

in
g
ra
ti
o
s.

M
ix
in
g
o
f
th
e
H
ig
g
s
d
o
u
b
le
t
w
it
h
a
h
id
d
en

se
ct
o
r

ca
p
tu
re
s
m
o
d
ifi
ca
ti
o
n
s
fr
o
m

th
e
S
ta
n
d
a
rd

M
o
d
el

H
ig
g
s
p
h
en

o
m
en

o
lo
g
y
in

th
e
st
a
n
d
a
rd

se
a
rc
h
ch

a
n
n
el
s

in
a
re
p
re
se
n
ta
ti
v
e
w
ay
,
in

p
a
rt
ic
u
la
r
b
ec
a
u
se

in
v
is
ib
le

H
ig
g
s
d
ec
ay

m
o
d
es

o
p
en

u
p
.
A
s
a
co
n
se
q
u
en

ce
,

L
H
C

ex
cl
u
si
o
n

b
o
u
n
d
s,

w
h
ic
h
d
is
fa
v
o
r
a
h
ea
v
y
S
ta
n
d
a
rd

M
o
d
el

H
ig
g
s
ca
n
b
e
co
n
si
st
en

tl
y
u
n
d
er
st
o
o
d

in
te
rm

s
o
f
a
st
a
n
d
a
rd
-h
id
d
en

m
ix
ed

H
ig
g
s
sy
st
em

.
S
h
ed

d
in
g
li
g
h
t
o
n

th
e
p
o
ss
ib
le

ex
is
te
n
ce

o
f
su
ch

a
n
a
d
m
ix
tu
re

w
it
h
a
h
id
d
en

se
ct
o
r
a
n
d
q
u
a
n
ti
fy
in
g
th
e
re
se
m
b
la
n
ce

o
f
a
n
ev
en

tu
a
ll
y
d
is
co
v
er
ed

sc
a
la
r

re
so
n
a
n
ce

w
it
h
th
e
S
ta
n
d
a
rd

M
o
d
el

H
ig
g
s
cr
u
ci
a
ll
y
d
ep

en
d
s
o
n
m
ea
su
re
m
en

t
o
f
in
v
is
ib
le

d
ec
ay

s.
T
h
is

ta
sk

w
il
l
a
lr
ea
d
y
b
e
ta
ck
le
d

a
t
L
H
C
,
b
u
t
ev
en

tu
a
ll
y
re
q
u
ir
es

th
e
cl
ea
n

en
v
ir
o
n
m
en

t
o
f
a
fu
tu
re

li
n
ea
r

co
ll
id
er

to
b
e
u
lt
im

a
te
ly

co
m
p
le
te
d
.

1
In

tr
o
d
u
c
ti
o
n

R
ec
en
t
m
ea
su
re
m
en
ts

a
t
th
e
C
E
R
N

L
a
rg
e
H
a
d
ro
n
C
o
ll
id
er

[1
–4
]
co
n
st
ra
in

a
S
M
-l
ik
e
H
ig
g
s
to

b
e
li
g
h
te
r
th
a
n

m
H

�
1
3
0
G
eV

a
t
9
5
%

co
n
fi
d
en
ce

le
v
el
.
M
o
re
ov
er
,
b
o
th

A
T
L
A
S
a
n
d
C
M
S
h
av
e
o
b
se
rv
ed

a
n
ex
ce
ss

fo
r

H
ig
g
s
m
a
ss
es

a
ro
u
n
d
1
2
5
G
eV

,
co
n
si
st
en
t
w
it
h
ea
ch

o
th
er
.
T
h
es
e
ta
n
ta
li
zi
n
g
h
in
ts

fo
r
a
li
g
h
t
H
ig
g
s
b
o
so
n

in
th
e
m
u
lt
il
ep
to
n
H

→
4
�
a
n
d
,
m
o
re

im
p
o
rt
a
n
tl
y,

in
th
e
H

→
γ
γ
ch
a
n
n
el
s
a
re

in
ex
ce
ll
en
t
a
g
re
em

en
t
w
it
h

th
eo
re
ti
ca
l
ex
p
ec
ta
ti
o
n
s,

w
h
ic
h
h
av
e
b
ee
n
co
in
ed

b
y
el
ec
tr
ow

ea
k
p
re
ci
si
o
n
m
ea
su
re
m
en
ts

p
er
fo
rm

ed
d
u
ri
n
g

th
e
L
E
P

er
a
[5
].

T
h
e
a
cc
u
m
u
la
te
d
st
at
is
ti
cs

o
f
a
p
p
ro
x
im

at
el
y
5
fb

−
1
p
er

ex
p
er
im

en
t,

h
ow

ev
er
,
is

y
et

to
o
sm

a
ll
to

d
ra
w

a
co
n
cl
u
si
v
e
p
ic
tu
re

a
b
o
u
t
m
ec
h
a
n
is
m

o
f
el
ec
tr
ow

ea
k
sy
m
m
et
ry

b
re
a
k
in
g
.
S
in
ce

th
e
a
ss
u
m
p
ti
o
n
o
f
S
M
-l
ik
e

p
ro
d
u
ct
io
n
a
n
d
d
ec
ay

ex
p
li
ci
tl
y
en
te
r
th
e
h
y
p
o
th
es
is
te
st
s
th
a
t
le
a
d
to

th
e
fo
rm

u
la
ti
o
n
o
f
th
e
L
H
C

ex
cl
u
si
o
n

li
m
it
s,

th
e
q
u
a
n
ti
ta
ti
v
e
re
se
m
b
la
n
ce

o
f
th
e
o
b
se
rv
ed

p
h
en
o
m
en
o
lo
g
y
w
it
h
th
e
S
M

is
,
in

fa
ct
,
n
o
t
en
ti
re
ly

tr
a
n
sp
a
re
n
t.

In
st
ea
d
o
f
m
er
e
n
u
m
er
ic
a
l
a
g
re
em

en
t
o
f
d
a
ta

w
it
h
th
e
S
M

H
ig
g
s
h
y
p
o
th
es
is
,
w
e
ca
n
u
n
d
er
st
a
n
d

th
e
ex
cl
u
si
o
n
li
m
it
s
a
s
a
m
ea
su
re

o
f
h
ow

m
u
ch

a
m
o
re

g
en
er
a
l
th
eo
ry

is
b
o
u
n
d
to

co
in
ci
d
e
w
it
h
th
e
S
M

in
th
e
li
g
h
t
o
f
cu
rr
en
t
ex
p
er
im

en
ta
l
o
b
se
rv
a
ti
o
n
s.

T
h
is

ex
er
ci
se

n
a
tu
ra
ll
y
y
ie
ld
s
m
o
d
el
-d
ep

en
d
en
t
st
a
te
m
en
ts
,

b
u
t
th
er
e
is

o
n
ly

a
li
m
it
ed

n
u
m
b
er

o
f
p
h
en
o
m
en
o
lo
g
ic
a
l
p
a
tt
er
n
s
o
f
h
ow

th
e
H
ig
g
s
ca
n
ev
a
d
e
d
et
ec
ti
o
n
[6
].

T
h
e
ex
te
n
si
o
n
o
f
th
e
H
ig
g
s
se
ct
o
r
b
y
in
cl
u
d
in
g
in
v
is
ib
le

d
ec
ay

m
o
d
es

a
n
d
co
n
st
ra
in

th
em

b
y
m
ea
su
re
m
en
ts

is
cr
u
ci
a
l
fo
r
th
e
re
-i
n
te
rp
re
ta
ti
o
n
o
f
th
e
ex
cl
u
si
o
n
b
o
u
n
d
s
is
th
is
co
n
te
x
t.

A
su
b
st
a
n
ti
a
l
n
o
n
-z
er
o
b
ra
n
ch
in
g

ra
ti
o
w
o
u
ld

si
g
n
a
li
ze

a
n
o
n
-s
ta
n
d
a
rd

H
ig
g
s
se
ct
o
r
w
h
il
e
b
ei
n
g
in

p
er
fe
ct

a
g
re
em

en
t
w
it
h
a
n
o
n
-o
b
se
rv
a
ti
o
n

o
f
th
e
H
ig
g
s
a
t
th
e
m
o
m
en
t.

C
o
n
st
ra
in
in
g
in
v
is
ib
le

b
ra
n
ch
in
g
ra
ti
o
s
is

a
d
iffi

cu
lt

a
n
d
ch
a
ll
en

g
in
g
ta
sk

a
t
h
a
d
ro
n
co
ll
id
er
s
w
it
h
th
ei
r

b
u
sy

fi
n
a
l
st
a
te
s
[7
].

A
st
a
ti
st
ic
a
ll
y
si
g
n
ifi
ca
n
t
d
et
er
m
in
a
ti
o
n
o
f
a
n
in
v
is
ib
le

H
ig
g
s
b
ra
n
ch
in
g
ra
ti
o
re
q
u
ir
es

la
rg
e
st
a
ti
st
ic
s
(i
f
p
o
ss
ib
le

a
ft
er

a
ll
)
a
s
ex
p
er
im

en
ta
l
sy
st
em

a
ti
cs

se
t
th
e
sc
a
le

o
f
u
n
ce
rt
a
in
ty
.
S
y
st
em

a
ti
cs

va
st
ly

im
p
ro
v
es

w
h
en

st
u
d
y
in
g
th
e
H
ig
g
s
se
ct
o
r
a
t
a
fu
tu
re

li
n
ea
r
co
ll
id
er
.
T
h
er
e,
e
+
e−

→
H
Z
a
ss
o
ci
a
te
d
p
ro
-

d
u
ct
io
n
p
ro
v
id
es

a
n
ex
tr
em

el
y
cl
ea
n
la
b
o
ra
to
ry

p
ro
ce
ss

to
st
u
d
y
in
v
is
ib
le
d
ec
ay

s
in

a
m
o
d
el
-i
n
d
ep

en
d
en
t
w
ay

in
re
co
il
a
n
a
ly
se
s
[8
].

A
t
th
e
L
H
C
,
o
n
ly

ra
ti
o
s
o
f
b
ra
n
ch
in
g
fr
a
ct
io
n
s
a
re

a
cc
es
si
b
le

in
a
m
o
d
el
-i
n
d
ep

en
d
en
t

fa
sh
io
n
,
b
u
t
a
b
so
lu
te

b
ra
n
ch
in
g
ra
ti
o
p
re
d
ic
ti
o
n
s
ca
n
b
e
fo
rm

u
la
te
d
in

sp
ec
ifi
ed

m
o
d
el
s
[9
].
H
en

ce
,
p
er
fo
rm

-
in
g
su
ch

a
n
a
n
a
ly
si
s
a
t
a
fu
tu
re

li
n
ea
r
co
ll
id
er

is
g
o
in
g
to

b
e
o
f
u
tm

o
st

im
p
o
rt
a
n
ce

to
st
u
d
y
th
e
H
ig
g
s
b
o
so
n

in
fu
ll
d
et
ai
l
af
te
r
it
s
d
is
co
v
er
y
a
t
th
e
L
H
C
.

3
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F
ig
u
re

1
:
L
ef
t:

m
a
ss
es

o
f
th
e
li
g
h
t
S
M
-l
ik
e
H
ig
g
s
b
o
so
n
H

1
(b
lu
e)

a
n
d
th
e
h
ea
v
y
H
ig
g
s
b
o
so
n
H

2
(r
ed
).

W
e

ch
o
o
se

th
e
va
cu

u
m

ex
p
ec
ta
ti
o
n
va
lu
es

v h
=

v s
=

2
4
6
G
eV

a
n
d
λ
s
=

λ
h
/
4
=

1
/
8
fo
r
il
lu
st
ra
ti
o
n
p
u
rp
o
se
s.

T
h
e
sh
a
d
ed

re
g
io
n
d
is
p
la
y
s
th
e
L
E
P
b
o
u
n
d
[5
].
R
ig
h
t:

ca
sc
a
d
e
d
ec
ay

w
id
th

Γ
H
H

2
a
s
a
fu
n
ct
io
n
o
f
si
n
2
χ

fo
r

th
e
sa
m
e
p
a
ra
m
et
er
s.

A
g
a
in
,
th
e
re
g
io
n
in

w
h
ic
h
H

1
is

ex
cl
u
d
ed

b
y
L
E
P

is
sh
a
d
ed

.
T
h
e
fi
g
u
re
s
a
re

ta
k
en

fr
o
m

R
ef
.
[1
0
].

2
T

h
e

H
ig

g
s

p
o
rt

a
l

W
e
in
tr
o
d
u
ce

in
v
is
ib
le

d
ec
ay

ch
a
n
n
el
s
in

a
n
effi

ci
en
t
a
n
d
th
eo
re
ti
ca
ll
y
co
n
si
st
en
t
w
ay

v
ia

a
p
a
rt
ic
u
la
r
ty
p
e

o
f
h
id
d
en

va
ll
ey

[1
1
]
in
te
ra
ct
io
n
in

th
e
H
ig
g
s
se
ct
o
r.

T
h
e
S
M

H
ig
g
s
d
o
u
b
le
t
φ
s
is
co
u
p
le
d
to

a
h
id
d
en

se
ct
o
r

sc
a
la
r
fi
el
d
φ
h
v
ia

th
e
g
a
u
g
e-
in
va
ri
a
n
t
a
n
d
re
n
o
rm

a
li
za
b
le
o
p
er
a
to
r
|φ

s
|2 |
φ
h
|2

so
th
a
t
th
e
p
o
te
n
ti
a
l
re
a
d
s
[1
2
]

V
=

μ
2 s
|φ s

|2
+
λ
s
|φ s

|4
+

μ
2 h
|φ h

|2
+
λ
h
|φ h

|4
+

η χ
|φ s

|2 |
φ
h
|2
.

(1
)

T
h
e
m
a
ss

p
a
ra
m
et
er
s
μ
j
ca
n
b
e
su
b
st
it
u
te
d
b
y
v j

a
ft
er

ex
p
a
n
d
in
g
th
e
tw

o
H
ig
g
s
fi
el
d
s
a
b
o
u
t
th
ei
r
va
cu
u
m

ex
p
ec
ta
ti
o
n
va
lu
es

v
2 j
=

(−
μ
2 j
−η

χ
v
2 i
/
2
)/
λ
j
(i

=
j
=

s,
h
).

T
h
e
el
ec
tr
ow

ea
k
g
a
u
g
e
b
o
so
n
m
a
ss
es

a
re

g
en

er
a
te
d

ex
cl
u
si
v
el
y
b
y
th
e
v
is
ib
le

fi
el
d
s’

va
cu
u
m

ex
p
ec
ta
ti
o
n
.
T
h
e
so
-c
a
ll
ed

H
ig
g
s
p
o
rt
a
l
in
te
ra
ct
io
n
o
p
er
a
to
r
∼

η
ro
ta
te
s
s,
h
st
a
te
s
in
to

th
e
m
a
ss

ei
g
en

st
a
te
s

H
1
=

co
s
χ
H

s
+
si
n
χ
H

h

H
2
=

−
si
n
χ
H

s
+
co
s
χ
H

h
,

(2
)

w
h
er
e
si
n
χ

is
th
e
ch
a
ra
ct
er
is
ti
c
m
ix
in
g
a
n
g
le
,
w
h
ic
h
a
ff
ec
ts

th
e
p
ro
d
u
ct
io
n
cr
o
ss

se
ct
io
n
s
σ
1
,2

a
n
d
v
is
ib
le

a
n
d
in
v
is
ib
le

d
ec
ay

w
id
th
s
Γ
v
is
,i
n
v

1
,2

o
f
th
e
tw

o
H
ig
g
s
b
o
so
n
s
in

a
n
u
n
iv
er
sa
l
fa
sh
io
n
[9
]

σ
1
,2
=

co
s2

χ
{s
in

2
χ
}σ

S
M

1
,2

(3
a
)

a
n
d

Γ
v
is

1
=
co
s2

χ
Γ
S
M

1
a
n
d

Γ
v
is

2
=
si
n
2
χ
Γ
S
M

2

Γ
in
v

1
=
si
n
2
χ
Γ
h
id

1
a
n
d

Γ
in
v

2
=
co
s2

χ
Γ
h
id

2
.

(3
b
)

T
h
e
in
d
ex

“
S
M
”
re
fe
rs

to
th
e
va
lu
es

in
th
e
S
M
,
a
n
d
th
e
in
fo
rm

a
ti
o
n
o
n
th
e
h
id
d
en

se
ct
o
r
is

en
co
d
ed

in
th
e
“
h
id
”
q
u
a
n
ti
ti
es
.
If

k
in
em

a
ti
ca
ll
y
a
ll
ow

ed
,
i.
e.

fo
r
m

H
2
�

2
m

H
1
w
e
ca
n
h
av
e
a
d
d
it
io
n
a
l
ca
sc
a
d
e
d
ec
ay

s
(i
n
th
e
fo
ll
ow

in
g
w
e
ta
k
e
H

1
to

b
e
th
e
li
g
h
te
r,

m
o
st
ly

S
M
-l
ik
e
st
a
te

b
y
d
efi
n
it
io
n
),

w
h
ic
h
,
d
ep

en
d
in
g
o
n

th
e
co
m
b
in
a
ti
o
n
s
o
f
th
e
fu
n
d
a
m
en
ta
l
p
a
ra
m
et
er
s,

ca
n
p
la
y
a
si
g
n
ifi
ca
n
t
ro
le

[1
0
].

W
e
ex
em

p
la
ri
ly

sh
ow

a
H
ig
g
s
sp
ec
tr
u
m

a
s
a
fu
n
ct
io
n
o
f
si
n
2
χ
in

F
ig
.
1
.
T
h
e
re
la
ti
o
n
s
b
et
w
ee
n
th
e
su
p
p
re
ss
io
n
fa
ct
o
rs

si
n
2
χ
,
th
e

m
a
ss
es

m
H

1
,m

H
2
a
n
d
th
e
fu
n
d
a
m
en
ta
l
la
g
ra
n
g
ia
n
p
a
ra
m
et
er
s
o
f
E
q
.
(1
)
ca
n
b
e
o
b
ta
in
ed

b
y
st
ra
ig
h
tf
o
rw

a
rd

ca
lc
u
la
ti
o
n
a
n
d
w
e
re
fe
r
th
e
re
a
d
er

to
R
ef
s.

[9
,1
0
]
fo
r
fu
rt
h
er

d
et
a
il
s.

3
1

1

T
h
e
m
o
d
el

o
f
E
q
.
(1
)
is

su
b
je
ct

to
co
n
st
ra
in
ts

b
y
el
ec
tr
ow

ea
k
p
re
ci
si
o
n
o
b
se
rv
a
b
le
s
a
n
d
p
a
rt
ia
l
w
av
e

u
n
it
a
ri
ty
.
A

g
u
id
in
g
p
ri
n
ci
p
le

to
w
a
rd

th
e
va
li
d
it
y
o
f
a
m
o
d
el

is
th
e
co
m
p
a
ri
so
n
o
f
th
e
m
o
d
el
’s

p
re
d
ic
ti
o
n

o
f
th
e
P
es
k
in
-T
a
k
eu
ch
i
p
a
ra
m
et
er
s
[1
3
]
w
it
h
m
ea
su
re
m
en
ts

p
er
fo
rm

ed
a
t
L
E
P

[5
].

T
h
es
e
g
iv
e
ri
se

to
th
e

st
ro
n
g
es
t
co
n
st
ra
in
ts

o
n

th
e
H
ig
g
s
p
o
rt
a
l
m
o
d
el

∗ .
T
h
is

is
ea
sy

to
u
n
d
er
st
a
n
d
:
fo
r
la
rg
er

m
ix
in
g
a
n
g
le
s

si
n
2
χ
→

1
w
e
eff

ec
ti
v
el
y
d
ea
l
w
it
h
a
h
ea
v
y
H
ig
g
s
m
o
d
el

w
h
ic
h
is

ti
g
h
tl
y
co
n
st
ra
in
t†

b
y
th
e
m
ea
su
re
m
en
ts

o
f
[5
].
A
t
th
e
sa
m
e
ti
m
e,

th
e
is
o
m
et
ry

E
q
.
(2
)
re
st
o
re
s
u
n
it
a
ri
ty

in
th
e
h
ig
h
en

er
g
y
li
m
it
.

3
H

ig
g
s

p
o
rt

a
l
le

ss
o
n
s

fr
o
m

th
e

L
H

C

A
lt
o
g
et
h
er

th
e
m
o
d
el

p
re
d
ic
ts

th
e
fo
u
r
d
iff
er
en
t
p
h
en

o
m
en
o
lo
g
ic
a
l
sc
en

a
ri
o
s
o
f
T
a
b
.
1
fo
r
st
a
n
d
a
rd

H
ig
g
s

re
so
n
a
n
ce

se
a
rc
h
es

a
t
ty
p
ic
a
l
L
H
C

H
ig
g
s
d
is
co
v
er
y
lu
m
in
o
si
ti
es

(√
s
=

1
4
T
eV

),
cf
.
F
ig
.
2
,
w
h
er
e
w
e
a
ss
u
m
e

Γ
h
id
=

Γ
S
M

fo
r
si
m
p
li
ci
ty
.
A
p
a
rt

fr
o
m

a
sm

a
ll
w
in
d
ow

in
si
n
2
χ
,
th
e
H
ig
g
s
p
o
rt
a
l
ca
n
b
e
ex
p
lo
re
d
in

it
s
m
o
st

sy
m
m
et
ri
c
v
er
si
o
n
a
lr
ea
d
y
a
t
ty
p
ic
a
l
S
M

H
ig
g
s
d
is
co
v
er
y
lu
m
in
o
si
ti
es

[1
5
].

20
0
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5
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0
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5

1 0.
1

0.
01

ex
cl
u
d
ed

b
y
L
E
P

ex
cl
u
d
ed

b
y
E
W

P
,
u
n
it
ar
it
y

li
gh

t
S
M
-l
ik
e
H
ig
gs

H
1

L
=

30
fb

−1
,

σ
H

1
≥

3,
σ
H

2
≤

1

(a
)

m
as
s
[G

eV
]

sin
2
χ

20
0

17
5

15
0

12
5

1 0.
8

0.
6

0.
4

0.
2 0

ex
cl
u
d
ed

b
y
L
E
P

ex
cl
u
d
ed

b
y
E
W

P
,
u
n
it
ar
it
y

h
ea
v
y
d
ar
k
H
ig
gs

H
2

L
=

30
fb

−1
,

σ
H

2
≥

3,
σ
H

1
≤

1 (b
)

m
as
s
[G

eV
]

sin
2
χ

σ
H

1
,H

2
≥

3,
L
=

30
fb

−1 (c
)

m
as
s
[G

eV
]

sin
2
χ

18
0

17
0

16
0

15
0

14
0

13
0

0.
6

0.
55 0.
5

0.
45 0.
4

0.
35

σ
H

1
,H

2
≥

3,
L
=

30
fb

−1

(d
)

m
as
s
[G

eV
]

sin
2
χ

22
5

20
0

17
5

15
0

0.
6

0.
55 0.
5

0.
45 0.
4

0.
35

F
ig
u
re

2
:

S
ca
n
ov
er

th
e
H
ig
g
s
p
o
rt
a
l
m
o
d
el

E
q
.
(1
)
fo
r
p
a
ra
m
et
er

ra
n
g
es

v
h
∈

(0
G
eV

,2
4
6
G
eV

],
v s

=
2
4
6
G
eV

,λ
h
∈
(0
,4
π
],
λ
s
∈
(0
,4
π
],
a
n
d
η χ

∈
[−

4
π
,4
π
].
T
h
e
h
id
d
en

H
ig
g
s
d
ec
ay

w
id
th

is
id
en
ti
fi
ed

w
it
h
th
e

S
M

d
ec
ay

w
id
th

fo
r
d
em

o
n
st
ra
ti
o
n
p
u
rp
o
se
s,
i.
e.

Γ
h
id
≡

Γ
S
M
.
L
E
P
co
n
st
ra
in
ts

a
n
d
b
o
u
n
d
s
fr
o
m

S
,T

,U
[5
]

a
n
d
u
n
it
a
ri
ty

a
re

in
cl
u
d
ed
.
P
a
n
el
(a
)
d
is
p
la
y
s
th
e
se
n
si
ti
v
it
y
fo
r
H

1
o
n
ly
,
p
a
n
el
(b
)
fo
r
H

2
o
n
ly
,
a
n
d
p
a
n
el
s
(c
)

an
d
(d
)
sh
ow

w
h
er
e
th
e
L
H
C

is
se
n
si
ti
v
e
to

b
o
th

H
1
a
n
d
H

2
a
t
th
e
sa
m
e
ti
m
e
fo
r
3
0
fb

−
1
a
t
√ s

=
1
4
T
eV

.
T
h
e
fi
g
u
re
s
a
re

ta
k
en

fr
o
m

R
ef
.
[1
0
].

∗ F
o
r

a
d
is

cu
ss

io
n

o
f
p
er

tu
rb

a
ti

v
it
y

a
n
d

st
a
b
il
it
y

o
f
th

e
p
o
te

n
ti

a
l
E

q
.
(1

)
se

e
R

ef
.
[1

4
].

† N
o
te

th
a
t

in
a

re
a
li
st

ic
sc

en
a
ri

o
w

e
ca

n
ex

p
ec

t
k
in

et
ic

m
ix

in
g

w
it

h
a

h
ea

v
y

U
(1

)
b
o
so

n
[1

4
],

w
h
ic

h
a
g
a
in

lo
o
se

n
s

th
e

el
ec

tr
ow

ea
k

p
re

ci
si

o
n

co
n
st

ra
in

ts
.

3
1

2



L
H
C

se
n
si
ti
v
it
y
af
te
r
3
0
fb

−
1
to

si
n
2
χ
�

0
.2

o
n
ly

H
1

(σ
H

1
≥

3
,
σ
H

2
≤

1
)

0
.3

�
si
n
2
χ
�

0
.4

n
ei
th
er

H
1
n
o
r
H

2
(σ

H
1
,H

2
<

3
)

0
.4

�
si
n
2
χ
�

0
.6

b
o
th

H
1
a
n
d
H

2
(σ

H
1
,H

2
≥

3
)

si
n
2
χ
�

0
.6

o
n
ly

H
2

(σ
H

1
≤

1
,
σ
H

2
≥

3
)

T
a
b
le

1
:

R
es
u
lt
o
f
H
ig
g
s
se
a
rc
h
es

a
t
th
e
L
H
C

(√
s
=

1
4
T
eV

)
w
it
h
a
lu
m
in
o
si
ty

o
f
3
0
fb

−
1
,
σ
re
fe
rs

to
th
e

se
n
si
ti
v
it
y
in

te
rm

s
o
f
si
g
n
a
l/
√ b

a
ck
g
ro
u
n
d
.

R
el
a
x
in
g
th
e
a
ss
u
m
p
ti
o
n
Γ
h
id

=
Γ
S
M

ch
a
n
g
es

th
e
p
ic
tu
re
.
In

fa
ct
,
th
er
e
is

g
o
o
d
re
a
so
n
to

a
ls
o
co
n
si
d
er

th
e
si
tu
a
ti
o
n

Γ
h
id

	
Γ
S
M
,
si
n
ce

th
e
h
id
d
en

d
ec
ay

w
id
th

p
a
ra
m
et
ri
ze
s
o
u
r
la
ck

o
f
k
n
ow

le
d
g
e
a
b
o
u
t
th
e

d
y
n
a
m
ic
s
in

th
e
h
id
d
en

se
ct
o
r,
w
h
ic
h
ca
n
b
e
st
ro
n
g
.
T
o
st
u
d
y
th
e
im

p
li
ca
ti
o
n
s
fo
r
g
en
er
a
l
Γ
h
id
/
Γ
S
M

ch
o
ic
es

w
e
ex
a
m
in
e
th
e
th
e
9
5
%

co
n
fi
d
en
ce

le
v
el

b
o
u
n
d
s
w
h
ic
h

a
re

fo
rm

u
la
te
d
b
y
th
e
L
H
C

co
ll
a
b
o
ra
ti
o
n
s
w
it
h

re
sp
ec
t
to

th
e
S
M

cr
o
ss

se
ct
io
n
.
In

th
e
p
o
rt
a
l
m
o
d
el

o
f
E
q
.
(1
),
(2
)
th
es
e
ca
n
b
e
ex
p
re
ss
ed

a
s
[1
6
]

σ
[p
p
→

H
1
→

F
]

σ
[p
p
→

H
1
→

F
]S

M
=

co
s2

χ

1
+
ta
n
2
χ
[Γ

h
id

1
/
Γ
S
M

to
t,
1
]
≤

R
,

(4
)

w
h
er
e
R

d
en
o
te
s
th
e
o
b
se
rv
ed

ex
cl
u
si
o
n
li
m
it
.
A
n
id
en
ti
ca
l
q
u
a
n
ti
ty

ca
n
b
e
d
er
iv
ed

fr
o
m

fu
tu
re

co
n
st
ra
in
ts

o
n
in
v
is
ib
le

d
ec
ay

s
[6
,7
,1
6
]:

σ
[p
p
→

H
1
→

in
v
]

σ
[p
p
→

H
1
]S

M
=

si
n
2
χ
[Γ

h
id

1
/
Γ
S
M

to
t,
1
]

1
+
ta
n
2
χ
[Γ

h
id

1
/
Γ
S
M

to
t,
1
]
≤

J
.

(5
)

In
F
ig
.
3
w
e
ex
em

p
la
ri
ly

ex
a
m
in
e
th
e
im

p
li
ca
ti
o
n
s
o
f
th
e
cu
rr
en
t
H
ig
g
s
ex
cl
u
si
o
n
b
o
u
n
d
s
fo
r
m

H
=

1
5
5

G
eV

in
th
e
Γ
h
id

1
/
Γ
S
M

1
-c
o
s2

χ
p
la
n
e.

F
o
r
th
is

p
a
rt
ic
u
la
r
H
ig
g
s
m
a
ss

th
e
ex
p
er
im

en
ts

o
b
se
rv
e
R

=
0
.4

[2
–4
].

F
ro
m

F
ig
.
3
w
e
le
a
rn

th
a
t
th
er
e
is

a
va
ri
et
y
p
o
rt
a
l
p
a
ra
m
et
er

ch
o
ic
es

w
h
ic
h
ca
n
a
cc
o
m
m
o
d
a
te

th
e
cu
rr
en
t

p
h
en
o
m
en
o
lo
g
ic
a
l
fi
n
d
in
g
s.
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T
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M
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1
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G
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)
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M
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1
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G
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R
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0
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0
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0
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L
=

5
0

fb
−

1
,
√ s

=
1
4

T
eV

J
=

0
.4

co
s2

χ

Γhid
1/ΓSM

tot,1

(b
)

F
ig
u
re

3
:
L
ef
t:

b
o
u
n
d
s
o
n
th
e
m
ix
in
g
a
n
d
h
id
d
en

d
ec
ay

w
id
th

o
f
H

1
fo
r
th
e
p
o
in
t
M

H
1
=

1
5
5
G
eV

;R
=

0
.4

in
th
e
st
a
n
d
a
rd
-h
id
d
en

H
ig
g
s
sc
en

a
ri
o
,
b
a
se
d
o
n
cu

rr
en
t
ex
p
er
im

en
ta
l
re
su
lt
s
[2
–4
].

T
h
e
re
g
io
n
s
d
a
p
p
le
d
b
y

sm
a
ll
sq
u
a
re
s
a
re

co
m
p
a
ti
b
le

w
it
h
u
n
it
a
ri
ty

a
n
d
p
re
ci
si
o
n
m
ea
su
re
m
en
ts
.
T
h
e
d
o
t
in
d
ic
a
te
s
th
e
Γ
h
id

1
→

0
li
m
it

o
f
th
e
ex
cl
u
si
o
n
cu

rv
e
a
t
R.

T
h
e
d
o
tt
ed

li
n
e
in
d
ic
a
te
s
th
e
p
ro
je
ct
ed

se
a
rc
h
li
m
it

fo
r
L

=
5
0
fb

−
1
.

R
ig
h
t:

b
o
u
n
d
s
d
u
e
to

h
id
d
en

H
ig
g
s
se
a
rc
h
es

a
t
th
e
L
H
C

fo
r
es
ta
b
li
sh
ed

H
ig
g
s
m
a
ss
es

a
n
d
cr
o
ss

se
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io
n
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T
h
e
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g
u
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s
a
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k
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o
m

R
ef
.
[1
6
].

3
1

3

1
0.
8

0.
6

0.
4

0.
2

0

0.
1

0.
09

0.
08

0.
07

0.
06

L
=

6
0
0
fb

−
1

L
=

3
0
0
fb

−
1

(a
)

si
n
2
χ

〈σBR
inv〉[pb]

0.
5

0.
4

0.
3

0.
2

0.
1

0

0.
08

0.
07

0.
06

0.
05

0.
04

0.
03

L
=

6
0
0
fb

−
1

L
=

3
0
0
fb

−
1

(b
)

si
n
2
χ

〈σBR
inv〉[pb]

F
ig
u
re

4
:
R
ec
o
n
st
ru
ct
io
n
o
f
th
e
m
ix
in
g
a
n
g
le
fr
o
m

a
m
ea
su
re
m
en
t
o
f
th
e
su
p
er
p
o
si
ti
o
n
o
f
th
e
in
v
is
ib
le
d
ec
ay

s.
T
h
e
sh
a
d
ed

a
re
a
is

th
eo
re
ti
ca
ll
y
n
o
t
a
ll
ow

ed
d
u
e
to

p
o
si
ti
v
it
y
o
f
th
e
cr
o
ss

se
ct
io
n
ra
ti
o
R

i,
u
n
ce
rt
a
in
ti
es

o
f

th
es
e
p
a
ra
m
et
er
s
a
re

n
o
t
co
n
si
d
er
ed
.
(a
)
is
a
d
eg
en
er
a
te

m
a
ss

sp
ec
tr
u
m

M
H

1
=

1
4
0
G
eV

,
M

H
2
=

1
6
0
G
eV

,
(b
)
is
a
m
a
ss

sp
ec
tr
u
m

M
H

1
=

1
1
5
G
eV

,
M

H
2
=

3
0
0
G
eV

,
w
h
er
e
th
e
m
ix
in
g
ca
n
in

p
ri
n
ci
p
le
b
e
re
co
n
st
ru
ct
ed

d
u
e
to

E
q
.
(6
)
a
n
d
co
m
m
en
ts

b
el
ow

.
U
n
ce
rt
a
in
ti
es

fo
ll
ow

fr
o
m

st
a
ti
st
ic
s
o
n
ly
.
T
h
e
fi
g
u
re
s
a
re

ta
k
en

fr
o
m

R
ef
.
[1
0
].

A
n
a
d
d
it
io
n
a
l
co
n
st
ra
in
t
ca
n
b
e
im

p
o
se
d
in

th
e
sa
m
e
p
la
n
e
b
y
co
n
st
ra
in
in
g
in
v
is
ib
le

d
ec
ay

s
a
t
th
e
L
H
C

‡ .
T
y
p
ic
a
ll
y
th
is
in
v
o
lv
es

la
rg
e
st
a
ti
st
ic
s
w
h
en

th
e
[1
6
]
v
is
ib
le
cr
o
ss

se
ct
io
n
o
f
th
e
H

1
st
a
te

is
a
lr
ea
d
y
m
ea
su
re
d
,

i.
e.

th
e
in
eq
u
a
li
ty

o
f
E
q
.
(4
)
b
ec
o
m
es

a
n
eq
u
a
li
ty

w
it
h
in

th
e
u
n
ce
rt
a
in
ty

g
iv
en

b
y
st
a
ti
st
ic
s
a
n
d
sy
st
em

a
ti
cs
.

If
J

is
y
et

to
b
e
u
n
d
er
st
o
o
d
a
s
a
9
5
%

co
n
fi
d
en
ce

le
v
el

ex
cl
u
si
o
n
[7
],
w
e
d
o
n
o
t
h
av
e
th
e
en
o
u
g
h
in
fo
rm

a
ti
o
n

to
re
co
n
st
ru
ct

th
e
a
ll
p
a
ra
m
et
er
s
o
f
E
q
.
(3
).

In
fa
ct
,
w
h
en

co
m
p
a
ri
n
g
to

th
e
S
M

H
ig
g
s
p
o
te
n
ti
a
l,
th
e
m
u
lt
it
u
d
e
o
f
o
b
se
rv
a
b
le
s
w
h
ic
h
a
re

p
o
te
n
ti
a
ll
y

a
cc
es
si
b
le

in
a
d
d
it
io
n
to

th
e
S
M
,
i.
e.

th
e
H
ig
g
s
re
so
n
a
n
ce

m
a
ss
es

a
n
d
th
e
ca
sc
a
d
e
d
ec
ay

w
id
th

if
p
re
se
n
t,

a
ll
ow

fo
r
a
fu
ll

re
co
n
st
ru
ct
io
n
st
ra
te
g
y
o
f
th
e
H
ig
g
s
p
o
rt
a
l
p
o
te
n
ti
a
l
E
q
.
(1
).

A
n
a
b
so
lu
te
ly

cr
u
ci
a
l
in
p
u
t

fo
r
th
is

a
n
a
ly
si
s
is

th
e
m
ea
su
re
m
en

t
o
f
J.

T
h
e
m
ea
su
re
m
en
t
o
f
R

fo
r
b
o
th

H
ig
g
s
st
a
te
s
w
il
l
ev
en
tu
a
ll
y
b
e

p
o
ss
ib
le

a
t
th
e
L
H
C

fo
r
th
e
b
u
lk

o
f
th
e
p
a
ra
m
et
er

sp
a
ce
.
T
h
e
m
ea
su
re
m
en
t
o
f
J

a
t
th
e
L
H
C
,
h
ow

ev
er
,
is

li
m
it
ed

b
y
sy
st
em

a
ti
cs

[7
]
a
n
d
th
e
fa
ct

th
a
t
w
e
m
ea
su
re

a
su
p
er
p
o
si
ti
o
n
o
f
in
v
is
ib
le

ra
te
s
o
f
th
e
tw

o
H
ig
g
s

st
a
te
s
(o
n
to
p
o
f
a
ch
a
ll
en
g
in
g
b
a
ck
g
ro
u
n
d
)
a
t
h
a
d
ro
n
co
ll
id
er
s

〈σ
B
R

in
v
〉∼

f
(Λ

)
−
[c
o
s2

χ
+
{σ

S
M

2
/
σ
S
M

1
}s

in
2
χ
],

(6
)

w
h
er
e
f
(Λ

)
d
ep

en
d
s
o
n
th
e
tr
il
in
ea
r
co
u
p
li
n
g
(i
f
ac
ce
ss
ib
le
)
in

th
e
in
v
is
ib
le

ca
sc
a
d
e
d
ec
ay

H
2
→

H
1
H

1
→

in
v
is
ib
le
.
E
v
en

if
a
m
ea
su
re
m
en
t
tu
rn
s
o
u
t
to

p
o
ss
ib
le
,
w
e
re
ly

o
n
th
e
se
p
a
ra
ti
o
n
o
f
th
e
tw

o
H
ig
g
s
st
a
te
s
to

li
ft

th
e
d
eg
en
er
a
cy

in
th
e
in
v
is
ib
le

d
ec
ay

ch
a
n
n
el

(c
f.

F
ig
.
4
).

M
o
re

co
n
cr
et
el
y,

in
o
rd
er

to
p
ro
je
ct

o
u
t
th
e

co
s2

χ
co
m
p
o
n
en
t
in

E
q
.
(6
)
w
e
n
ee
d
σ
S
M

2
/
σ
S
M

1
�

1
,
i.
e.

m
H

2
	

m
H

1
,
u
n
le
ss

w
e
h
av
e
a
si
g
n
ifi
ca
n
t
tr
il
in
ea
r

co
u
p
li
n
g
in

th
e
re
so
lv
ed

ca
sc
a
d
e
d
ec
ay
,
w
h
ic
h
ca
n
b
e
u
se
d
to

co
n
st
ra
in

th
e
m
ix
in
g
p
a
ra
m
et
er
s.

In
to
ta
l
th
e
L
H
C

ca
n
n
o
t
co
v
er

th
e
en
ti
re

p
a
ra
m
et
er

sp
a
ce

o
f
th
e
H
ig
g
s
p
o
rt
a
l
m
o
d
el

E
q
.
(1
).

4
H

ig
g
s

P
o
rt

a
l
sp

e
ct

ro
sc

o
p
y

a
t

a
li
n
e
a
r

c
o
ll
id

e
r

T
h
e
sy
st
em

a
ti
cs
-p
la
g
u
ed

d
et
er
m
in
a
ti
o
n
o
f
in
v
is
ib
le
b
ra
n
ch
in
g
ra
ti
o
o
f
th
e
in
d
iv
id
u
a
l
re
so
n
a
n
ce
s
ca
n
b
e
cu
re
d

a
t
a
li
n
ea
r
co
ll
id
er
.
T
h
e
cl
ea
n
L
C
en
v
ir
o
n
m
en
t
a
ll
ow

s
a
p
re
ci
se

d
et
er
m
in
a
ti
o
n
o
f
th
e
H
ig
g
s
in
v
is
ib
le
b
ra
n
ch
in
g

ra
ti
o
ov
er

a
b
ro
a
d
ra
n
g
e
o
f
H
ig
g
s
m
a
ss
es

(s
ee

e.
g.

R
ef
.
[8
])
.
W
e
ex
em

p
la
ri
ly

sh
ow

th
e
im

p
ro
v
em

en
t
d
u
e
th
e

m
ea
su
re
m
en
t
o
f
J 1

fo
r
th
e
m

H
1
=

1
5
5
G
eV

sc
en

a
ri
o
d
is
cu

ss
ed

in
F
ig
.
3
b
o
f
th
e
p
re
v
io
u
s
se
ct
io
n
in

F
ig
.
5
a
.

‡ S
u
ch

a
n

a
n
a
ly

si
s
h
a
s
n
o
t
b
ee

n
p
er

fo
rm

ed
b
y

th
e

ex
p
er

im
en

ts
,
b
u
t
ex

it
in

g
a
n
a
ly

se
s
w

er
e

a
d
o
p
te

d
in

R
ef

.
[6

,1
7
],

d
em

o
n
st

ra
ti

n
g

p
o
te

n
ti
a
ll
y

su
ffi

ci
en

t
se

n
si

ti
v
it
y

to
J

∼
1

fo
r

th
e

co
m

b
in

ed
2
0
1
1

d
a
ta

se
t.

3
1

4
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,
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=
3
5
0

G
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=
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o
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χ
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1

M
H

1
=

1
5
5

G
eV

L
=

5
0
0

fb
−

1
,
√ s

=
3
5
0

G
eV

R
=

0
.8

±
0
.0

5

J
=

0
.0

5
±

Δ
J

(R
,c

o
s2

χ
) co

s2
χ

Γhid
1/ΓSM

tot,1

(b
)

F
ig
u
re

5
:

L
ef
t:

th
e
sc
en

a
ri
o
o
f
F
ig

3
b
a
t
a
li
n
ea
r
co
ll
id
er

(√
s
=

5
0
0
G
eV

,
L

=
5
0
0
fb

−
1
).

R
ig
h
t:

a
H
ig
g
s

p
o
rt
a
l
sc
en

a
ri
o
w
it
h
sm

a
ll
J.

T
h
e
u
n
ce
rt
a
in
ti
es

a
re

a
d
o
p
te
d
fr
o
m

R
ef
s.

[8
,1
8
],
th
e
fi
g
u
re

a
re

ta
k
en

fr
o
m

R
ef
.
[1
6
].

F
ro
m

F
ig
.
5
b
it

a
ls
o
b
ec
o
m
es

cl
ea
r
th
a
t
th
e
li
n
ea
r
co
ll
id
er

g
iv
es

a
g
o
o
d
re
co
n
st
ru
ct
io
n
o
f
th
e
H
ig
g
s
p
o
rt
a
l

fo
r
p
er
ce
n
t
le
v
el

va
lu
es

o
f
J.

D
u
e
to

th
e
m
ea
su
re
m
en
t
o
f
b
o
th

J 1
a
n
d
R 1

w
e
ca
n
re
co
n
st
ru
ct

th
e
in
te
rs
ec
ti
o
n
o
f
b
o
th

cu
rv
es
,
y
ie
ld
in
g

th
e
m
ix
in
g
a
n
g
le

co
s2

χ
=

J 1
+
R 1

.
(7
)

A
n
in
d
ep

en
d
en
t
m
ea
su
re
m
en
t
o
f
si
n
2
χ
=

J 2
+
R 2

ov
er
co
n
st
ra
in
ts

th
e
sy
st
em

,
g
iv
in
g
ri
se

to
th
e
su
m

ru
le

J 1
+
R 1

+
J 2

+
R 2

=
1
,

(8
)

w
h
ic
h
ca
n
b
e
u
se
d
to

te
st

th
e
co
n
si
st
en
cy

o
f
th
e
p
o
rt
a
l
m
o
d
el

E
q
.
(1
)
w
it
h
ex
p
er
im

en
ta
l
o
b
se
rv
a
ti
o
n
s.

W
e

st
re
ss

th
a
t
th
is

is
n
o
t
p
o
ss
ib
le

a
t
th
e
L
H
C

d
u
e
to

E
q
.
(6
).

C
o
m
in
g
b
a
ck

to
th
e
st
ra
te
g
y
o
f
a
p
p
ro
a
ch
in
g
th
e
S
M

w
it
h
m
ea
su
re
m
en
ts

th
a
t
co
n
st
ra
in

Γ
in
v

1
/
Γ
S
M

1
,
it

is
w
o
rt
h
w
h
il
e
a
d
d
re
ss
in
g
th
e
im

p
li
ca
ti
o
n
s
o
f
th
e
m
ea
su
re
d
ex
ce
ss

a
ro
u
n
d
1
2
5
G
eV

fo
r
th
e
p
o
rt
a
l
m
o
d
el
.
If
th
is

0.
2

0.
5

0.
7

0.
8

0.
9

0.
99

1 0.
1

L
=

3
0
0

fb
−

1

√
s

=
1
4

T
e
V

L
=

5
0
0

fb
−

1
,
L
C

√
s

=
3
5
0

G
e
V

L
=

5
0

fb
−

1

√
s

=
7

T
e
V

L
=

5
fb

−
1

√
s

=
7

T
e
V

M
H

1
=

1
2
5

G
eV

,
9
5
%

C
L

co
s2

χ

Γinv
1/ΓSM

tot,1

F
ig
u
re

6
:

9
5
%

C
L

co
n
to
u
rs

fo
r
a
m
ea
su
re
m
en
t
o
f
Γ
h
id

1
/
Γ
S
M

1
a
t
th
e
L
H
C

a
n
d
a
3
5
0
G
eV

IL
C
.
T
h
e
L
H
C

u
n
ce
rt
a
in
ti
es

a
re

co
m
p
u
te
d
w
it
h
S
f
i
t
t
e
r
[1
9
]
a
n
d
th
e
L
C

u
n
ce
rt
a
in
ti
es

a
re

a
g
a
in

a
d
o
p
te
d
fr
o
m

R
ef
s.

[1
8
];

th
e
fi
g
u
re

is
ta
k
en

fr
o
m

R
ef
.
[1
6
].

3
1

5

tu
rn
s
o
u
t
to

b
e
th
e
H
ig
g
s
th
en

a
m
ea
su
re
m
en
t
o
f
Γ
in
v

1
/
Γ
S
M

1
g
iv
e
u
s
a
m
ea
su
re

o
f
th
e
co
m
p
a
ti
b
il
it
y
o
f
th
e

ex
p
er
im

en
ta
l
o
b
se
rv
a
ti
o
n
s
w
it
h
th
e
S
M
.

T
re
a
ti
n
g
Γ
h
id

1
a
s
a
fr
ee

p
a
ra
m
et
er
,
w
e
sh
ow

9
5
%

co
n
fi
d
en
ce

le
v
el

co
n
to
u
rs

in
th
e
Γ
in
v

1
/
Γ
S
M

1
-c
o
s2

χ
p
la
n
e

in
F
ig
.
6
.

T
h
e
b
lu
e
a
n
d

re
d
li
n
es

co
rr
es
p
o
n
d
to

m
ea
su
re
m
en
ts

a
t
th
e
L
H
C
,
w
h
il
e
th
e
sh
a
d
ed

a
re

g
iv
es

th
e
p
ro
sp
ec
ts

a
t
a
li
n
ea
r
co
ll
id
er
.
O
b
v
io
u
sl
y
th
e
cu
rr
en
t
fi
n
d
in
g
s
a
t
th
e
L
H
C

a
re

n
o
t
g
o
o
d
en
o
u
g
h
fr
o
m

a
st
a
ti
st
ic
a
l
p
o
in
t
o
f
v
ie
w

to
te
ll
u
s
w
et
h
er

o
r
n
o
t
w
e
o
b
se
rv
e
th
e
S
M

H
ig
g
s.

T
h
es
e
b
o
u
n
d
s
im

p
ro
v
e
w
h
en

h
ig
h
er

ce
n
te
r
o
f
m
a
ss

en
er
g
y
a
n
d
m
o
re

in
te
g
ra
te
d
lu
m
in
o
si
ty

b
ec
o
m
es

av
a
il
a
b
le
,
b
u
t
sy
st
em

a
ti
c
u
n
ce
rt
a
in
ti
es

sa
tu
ra
te

th
e
L
H
C

se
n
si
ti
v
it
y
a
t
a
ro
u
n
d
3
0
0
fb

−
1
.

A
fu
tu
re

li
n
ea
r
co
ll
id
er

h
a
s
th
e
p
o
te
n
ti
a
l
to

ta
k
e
th
is
L
H
C

le
g
a
cy

to
th
e
n
ex
t
le
v
el
:
In

F
ig
.
6
th
er
e
is
o
n
ly

a
sm

a
ll
re
g
io
n
u
n
te
st
ed

fo
r
th
e
L
C

cu
rv
e.

F
o
r
th
e
ch
o
se
n
se
t-
u
p
o
f
3
5
0
G
eV

,5
0
0
fb

−
1
th
e
st
a
ti
st
ic
a
l
a
n
d

sy
st
em

a
ti
c
u
n
ce
rt
a
in
ti
es

a
re

co
m
p
a
ra
b
le

[8
],
h
en

ce
fu
rt
h
er

im
p
ro
v
em

en
ts

ca
n
b
e
ex
p
ec
te
d
b
y
a
n
ev
en

la
rg
er

d
a
ta

sa
m
p
le
.

A
ck

n
o
w

le
d
g
m

e
n
ts

R
e
fe

re
n
c
e
s

[1
]
A
tl
a
s
co
ll
a
b
o
ra
ti
o
n
,
A
T
L
A
S
-C

O
N
F
-2
0
1
2
-0
1
9
.
C
M
S
co
ll
a
b
o
ra
ti
o
n
,
C
M
S
-P
A
S
-H

IG
-1
2
-0
0
8
.

[2
]
A
T
L
A
S
C
o
ll
a
b
o
ra
ti
o
n
,
G
.
A
a
d
et

a
l.
,
E
u
r.
P
h
y
s.
J
.
C

7
1
,
1
7
2
8
(2
0
1
1
).

[3
]
C
M
S
C
o
ll
a
b
o
ra
ti
o
n
,
P
h
y
s.
L
et
t.

B
6
9
9
(2
0
1
1
)
2
5
.

[4
]
A
T
L
A
S
a
n
d
C
M
S
co
ll
a
b
o
ra
ti
o
n
s,
A
T
L
A
S
-C

O
N
F
-2
0
1
1
-1
5
7
,
C
M
S
P
A
S
H
IG

-1
1
-0
2
3
.

[5
]
J
.
A
lc
a
ra
z
et

a
l.

[A
L
E
P
H

C
o
ll
a
b
o
ra
ti
o
n

a
n
d

D
E
L
P
H
I
C
o
ll
a
b
o
ra
ti
o
n

a
n
d

L
3

C
o
ll
a
b
o
ra
ti
o
n

a
n
d

],
a
rX

iv
:h
ep
-e
x
/
0
6
1
2
0
3
4
,
[s
ee

a
ls
o
h
t
t
p
:
/
/
l
e
p
e
w
w
g
.
w
e
b
.
c
e
r
n
.
c
h
/
L
E
P
E
W
W
G
/
p
l
o
t
s
/
s
u
m
m
e
r
2
0
0
6
/
].
J
.
E
r-

le
r
a
n
d
P
.
L
a
n
g
a
ck
er

in
K
.
N
a
ka
m
u
ra

et
a
l.
[P
a
rt
ic
le

D
a
ta

G
ro
u
p
],
J
.
P
h
y
s.
G

3
7
(2
0
1
0
)
0
7
5
0
2
1
.

[6
]
C
.
E
n
g
le
rt
,
J
.
J
a
ec
k
el
,
E
.
R
e
a
n
d
M
.
S
p
a
n
n
ow

sk
y,

P
h
y
s.
R
ev
.
D

8
5
,
0
3
5
0
0
8
(2
0
1
2
).

[7
]
A
.
D
e
R
o
ec
k
,
J
.
E
ll
is
,
C
.
G
ro
je
a
n
,
S
.
H
ei
n
em

ey
er
,
K
.
J
a
k
o
b
s,

G
.
W
ei
g
le
in
,
G
.
A
zu

el
o
s
a
n
d
S
.
D
aw

so
n

et
a
l.
,
E
u
r.
P
h
y
s.
J
.
C

6
6
(2
0
1
0
)
5
2
5
.

[8
]
M
.
S
ch
u
m
a
ch
er
,
L
C
-P

H
S
M
-2
0
0
3
-0
9
6
.

[9
]
S
.
B
o
ck
,
R
.
L
a
fa
y
e,

T
.
P
le
h
n
,
M
.
R
a
u
ch
,
D
.
Z
er
w
a
s
a
n
d
P
.
M
.
Z
er
w
a
s,
P
h
y
s.
L
et
t.

B
6
9
4
(2
0
1
0
)
4
4
.

[1
0
]
C
.
E
n
g
le
rt
,
T
.
P
le
h
n
,
D
.
Z
er
w
a
s
a
n
d
P
.
M
.
Z
er
w
a
s,
P
h
y
s.
L
et
t.
B

7
0
3
,
2
9
8
(2
0
1
1
).

[1
1
]
M
.
J
.
S
tr
a
ss
le
r
a
n
d
K
.
M
.
Z
u
re
k
,
P
h
y
s.
L
et
t.
B
6
5
1
,
3
7
4
(2
0
0
7
).
M
.
J
.
S
tr
a
ss
le
r
a
n
d
K
.
M
.
Z
u
re
k
,
P
h
y
s.

L
et
t.

B
6
6
1
,
2
6
3
(2
0
0
8
).

[1
2
]
fo
r
ea
rl
y
w
o
rk

se
e
e.
g.

T
.
B
in
o
th

a
n
d
J
.
J
.
va
n
d
er

B
ij
,
Z
.
P
h
y
s.

C
7
5
,
1
7
(1
9
9
7
).

R
.
S
ch
a
b
in
g
er

a
n
d

J
.
D
.
W
el
ls
,
P
h
y
s.
R
ev
.
D

7
2
,
0
9
3
0
0
7
(2
0
0
5
).
B
.
P
a
tt

a
n
d
F
.
W

il
cz
ek
,
a
rX

iv
:h
ep

-p
h
/
0
6
0
5
1
8
8
.

[1
3
]
M
.
E
.
P
es
k
in

a
n
d
T
.
T
a
k
eu

ch
i,
P
h
y
s.
R
ev
.
L
et
t.
6
5
(1
9
9
0
)
9
6
4
.

[1
4]

M
.
B
ow

en
,
Y
.
C
u
i
a
n
d
J
.
D
.
W
el
ls
,
J
H
E
P

0
7
0
3
,
0
3
6
(2
0
0
7
)
[h
ep

-p
h
/
0
7
0
1
0
3
5
].

[1
5
]
A
tl
a
s
co
ll
a
b
o
ra
ti
o
n
C
E
R
N
-L
H
C
C
-9
9
-1
4
,
C
E
R
N
-L
H
C
C
-9
9
-1
5
.

[1
6
]
C
.
E
n
g
le
rt
,
T
.
P
le
h
n
,
M
.
R
a
u
ch
,
D
.
Z
er
w
a
s
a
n
d
P
.
M
.
Z
er
w
a
s,
P
h
y
s.
L
et
t.

B
7
0
7
,
5
1
2
(2
0
1
2
).

[1
7
]
O
.
J
.
P
.
E
b
o
li
a
n
d
D
.
Z
ep

p
en

fe
ld
,
P
h
y
s.
L
et
t.
B

4
9
5
(2
0
0
0
)
1
4
7

[1
8
]
J
.
A
.
A
g
u
il
a
r-
S
a
av
ed
ra

et
a
l.
[E
C
F
A
/
D
E
S
Y
L
C
P
h
y
si
cs

W
o
rk
in
g
G
ro
u
p
C
o
ll
a
b
o
ra
ti
o
n
],
h
ep
-p
h
/
0
1
0
6
3
1
5
.

[1
9
]
R
.
L
a
fa
y
e,

T
.
P
le
h
n
,
M
.
R
a
u
ch
,
D
.
Z
er
w
a
s
a
n
d

M
.
D
ü
h
rs
se
n
,
J
H
E
P

0
9
0
8
,
0
0
9
(2
0
0
9
).

M
.
R
a
u
ch
,

a
rX

iv
:1
1
1
0
.1
1
9
6
[h
ep

-p
h
].
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H
ig
g
s
b
o
so

n
p
ro

d
u
c
ti
o
n
a
t
L
in
e
a
r
C
o
ll
id
e
rs

fr
o
m

a
g
e
n
e
ri
c

2
H
D
M

:
th

e
ro

le
o
f
tr
ip
le

H
ig
g
s
se
lf
-i
n
te
ra

c
ti
o
n
s

D
av

id
L
ó
p
ez
-V
a
l1
,
J
o
a
n
S
o
là

2

1
In
st
it
u
t
fü
r
T
h
eo
re
ti
sc
h
e
P
h
y
si
k
,
U
n
iv
er
si
tä
t
H
ei
d
el
b
er
g

P
h
il
o
so
p
h
en
w
eg

1
6
,
6
7
1
1
9
H
ei
d
el
b
er
g
,
G
er
m
a
n
y.

2
H
ig
h
E
n
er
g
y
P
h
y
si
cs

G
ro
u
p
,
D
ep
t.

E
C
M
,
a
n
d
In
st
it
u
t
d
e
C
iè
n
ci
es

d
el

C
o
sm

o
s

U
n
iv
er
si
ta
t
d
e
B
a
rc
el
o
n
a

A
v
.
D
ia
g
o
n
a
l
6
4
7
,
E
-0
8
0
2
8
B
a
rc
el
o
n
a
,
C
a
ta
lo
n
ia
,
S
p
a
in
.

D
O
I:

w
il
l
b
e
a
ss
ig
n
ed

W
e
re
v
ie
w

se
le
ct
ed

re
su
lt
s
fo
r
H
ig
g
s
b
o
so
n
p
ro
d
u
ct
io
n
a
t
L
in
ea
r
C
o
ll
id
er
s
in

th
e
fr
a
m
ew

o
rk

o
f
th
e
g
en

er
a
l

T
w
o
-H

ig
g
s
D
o
u
b
le
t-
M
o
d
el

(2
H
D
M
).

W
e
co
n
ce
n
tr
a
te

o
n

th
e
a
n
a
ly
si
s
o
f
i)

th
e
p
a
ir
w
is
e
p
ro
d
u
ct
io
n

o
f

n
eu

tr
a
l
H
ig
g
s
b
o
so
n
p
a
ir
s
(h

0
A

0
,H

0
A

0
);

a
n
d
ii
)
th
e
n
eu

tr
a
l
H
ig
g
s
b
o
so
n
-s
tr
a
h
lu
n
g
m
o
d
es

(h
0
Z
0
,
H

0
Z
0
).

W
e
id
en

ti
fy

si
za
b
le

p
ro
d
u
ct
io
n
ra
te
s,

in
th
e
ra
n
g
e
o
f
σ
∼

O(
1
0
−

1
0
0
)
fb

fo
r
√ s

=
0
.5

T
eV

,
a
lo
n
g
si
d
e

w
it
h
la
rg
e
q
u
a
n
tu
m

eff
ec
ts

(δ
r
∼

±5
0
%
),

w
h
ic
h
w
e
ca
n
fu
n
d
a
m
en

ta
ll
y
tr
a
ck

d
ow

n
to

th
e
en

h
a
n
ce
m
en

t
p
ow

er
o
f
th
e
tr
ip
le
-H

ig
g
s
se
lf
-i
n
te
ra
ct
io
n
s.

T
h
is

co
n
st
it
u
te
s
a
te
ll
ta
le

si
g
n
a
tu
re

o
f
th
e
2
H
D
M
,
w
it
h
n
o

co
u
n
te
rp
a
rt

in
e.
g
.
th
e
M
in
im

a
l
S
u
p
er
sy
m
m
et
ri
c
S
ta
n
d
a
rd

M
o
d
el

(M
S
S
M
).

W
e
co
m
p
a
re

th
es
e
re
su
lt
s

w
it
h

se
v
er
a
l
co
m
p
le
m
en

ta
ry

d
o
u
b
le

a
n
d

tr
ip
le

O(
α
3 e
w
,α

4 e
w
)
H
ig
g
s-
b
o
so
n

p
ro
d
u
ct
io
n

m
ec
h
a
n
is
m
s
a
n
d

sp
o
tl
ig
h
t
a
ch

a
ra
ct
er
is
ti
c
p
h
en

o
m
en

o
lo
g
ic
a
l
p
ro
fi
le

w
h
ic
h
co
u
ld

ev
en

tu
a
ll
y
b
e
h
ig
h
ly

d
is
ti
n
ct
iv
e
o
f
a
n
o
n
-

su
p
er
sy
m
m
et
ri
c
tw

o
-H

ig
g
s
d
o
u
b
le
t
st
ru
ct
u
re
.

1
In

tr
o
d
u
ct
io
n

D
ec
ip
h
er
in
g
th
e
fu
n
d
a
m
en
ta
l
n
a
tu
re

o
f
E
le
ct
ro
w
ea
k
S
y
m
m
et
ry

B
re
a
k
in
g
(E

W
S
B
)
li
es

a
t
th
e
v
er
y
fr
o
n
tl
in
e
o
f

th
e
cu

rr
en
t
th
eo
re
ti
ca
l
a
n
d
ex
p
er
im

en
ta
l
re
se
a
rc
h
in

P
a
rt
ic
le

P
h
y
si
cs
.
E
v
en

in
sp
it
e
o
f
th
e
ta
n
ta
li
zi
n
g
H
ig
g
s

b
o
so
n
ca
n
d
id
a
te
s
re
ce
n
tl
y
id
en
ti
fi
ed

b
y
th
e
A
T
L
A
S
a
n
d
C
M
S
ex
p
er
im

en
ts

[1
],
a
lo
n
g
w
ay

m
ig
h
t
y
et

st
a
n
d

a
h
ea
d
o
f
u
s
u
n
ti
l
w
e
a
re

a
b
le

to
co
n
v
in
ci
n
g
ly

cl
o
se

in
o
n
su
ch

a
lo
n
g
st
a
n
d
in
g
co
n
u
n
d
ru
m
.
In

p
a
rt
ic
u
la
r,
w
er
e

th
es
e
si
g
n
a
tu
re
s
fi
n
a
ll
y
co
n
fi
rm

ed
,
a
fi
rs
t
q
u
es
ti
o
n
to

b
e
a
n
sw

er
ed

w
o
u
ld

b
e
w
h
et
h
er

th
ey

ca
n
b
e
d
es
cr
ib
ed

w
it
h
in

th
e
m
in
im

a
l
fr
a
m
ew

o
rk

o
f
th
e
S
ta
n
d
a
rd

M
o
d
el

(S
M
)
o
r,

o
n
th
e
co
n
tr
a
ry
,
if
th
ey

sh
o
u
ld

ra
th
er

b
e

a
tt
ri
b
u
te
d
to

a
n
ex
te
n
d
ed

E
W

S
B

se
ct
o
r
[2
].

O
n
e
ca
n
o
n
ic
a
l
ex
a
m
p
le

o
f
th
e
la
tt
er

is
th
e
g
en

er
a
l
T
w
o
-H

ig
g
s-

D
o
u
b
le
t
M
o
d
el

(2
H
D
M
)
[3
].

T
h
e
m
o
d
el

is
b
u
il
t
u
p
o
n
a
se
co
n
d
sc
a
la
r
S
U
L
(2
)
d
o
u
b
le
t
w
it
h
Y

=
+
1
w
ea
k

h
y
p
er
ch
a
rg
e.

T
h
is
re
su
lt
s
in
to

a
la
rg
er

H
ig
g
s
b
o
so
n
sp
ec
tr
u
m

o
f
fi
v
e
p
h
y
si
ca
l
H
ig
g
s
fi
el
d
s:

n
eu
tr
a
l
C
P
-e
v
en

(h
0
,H

0
),

n
eu
tr
a
l
C
P
-o
d
d
(A

0
)
a
n
d
ch
a
rg
ed

H
±
.
S
u
ch

a
si
m
p
le
,
b
u
t
y
et

n
o
n
-m

in
im

a
l
ex
te
n
si
o
n
o
f
th
e
S
M

H
ig
g
s
se
ct
o
r
h
a
s
g
a
th
er
ed

g
ro
w
in
g
a
tt
en
ti
o
n
ov
er

th
e
p
a
st

y
ea
rs

[4
]
a
n
d
b
ec
o
m
e
a
ch
er
is
ed

se
tu
p
fo
r
m
o
d
el

b
u
il
d
er
s
a
n
d
p
h
en
o
m
en
o
lo
g
is
ts

a
li
k
e.

B
es
id
es

th
e
m
a
n
y
n
ov
el
,
a
n
d
u
su
a
ll
y
h
ig
h
ly

d
is
ti
n
ct
iv
e
fe
a
tu
re
s
p
u
t

fo
rw

a
rd

b
y
th
e
m
o
d
el

in
m
u
lt
if
a
ri
o
u
s
d
o
m
a
in
s
–
fr
o
m

co
ll
id
er

to
fl
av
o
r
p
h
y
si
cs

o
r
a
st
ro
p
h
y
si
cs

–
,
th
e
2
H
D
M

p
ro
v
id
es

a
su
it
a
b
le

lo
w
-e
n
er
g
y
d
es
cr
ip
ti
o
n
to

m
a
n
y
U
V

co
m
p
le
ti
o
n
s
o
f
th
e
th
e
E
W

S
B

d
y
n
a
m
ic
s.

T
h
e
m
o
d
el

is
fu
ll
y
sp
ec
ifi
ed

o
n
ce

w
e
fi
x
i)

th
e
m
a
ss
es

o
f
th
e
p
h
y
si
ca
l
H
ig
g
s
b
o
so
n
s;

ii
)
th
e
ra
ti
o
ta
n
β
≡

〈H
0 2
〉/
〈H

0 1
〉o

f
th
e
tw

o
V
a
cu
u
m

E
x
p
ec
ta
ti
o
n
V
a
lu
es

(V
E
V
s)

g
iv
in
g
m
a
ss
es

to
th
e
u
p
-
a
n
d
d
ow

n
-l
ik
e
q
u
a
rk
s;

ii
i)

th
e
m
ix
in
g
a
n
g
le

α
b
et
w
ee
n
th
e
tw

o
C
P
-e
v
en

st
a
te
s;

a
n
d
iv
)
o
n
e
re
m
a
in
in
g
H
ig
g
s
b
o
so
n
se
lf
-c
o
u
p
li
n
g
in

th
e
H
ig
g
s
p
o
te
n
ti
a
l,

h
er
ea
ft
er

d
u
b
b
ed

λ
5
.

W
e
n
o
te

in
p
a
ss
in
g
th
a
t
th
e
H
ig
g
s
se
ct
o
r
o
f
th
e
M
S
S
M

[5
]

co
rr
es
p
o
n
d
s
to

a
p
a
rt
ic
u
la
r
re
a
li
za
ti
o
n
o
f
th
e
g
en

er
a
l
(u
n
co
n
st
ra
in
ed
)
2
H
D
M
,
fo
r
w
h
ic
h
th
e
in
va
ri
a
n
ce

u
n
d
er

S
U
S
Y

tr
a
n
sf
o
rm

a
ti
o
n
s
en
fo
rc
es

a
n
u
m
b
er

o
f
a
d
d
it
io
n
a
l
re
st
ri
ct
io
n
s
–
m
o
st

si
g
n
ifi
ca
n
tl
y,

th
e
H
ig
g
s
b
o
so
n

se
lf
-i
n
te
ra
ct
io
n
s
b
ec
o
m
e
ti
ed

to
th
e
g
a
u
g
e
co
u
p
li
n
g
s.

T
h
is

si
tu
a
ti
o
n
is

re
m
a
rk
a
b
ly

d
iff
er
en
t
in

th
e
g
en

er
a
l

2
H
D
M
,
w
h
er
e
th
e
si
ze

o
f
th
es
e
se
lf
-i
n
te
ra
ct
io
n
s
is

fu
n
d
a
m
en
ta
ll
y
u
n
re
st
ri
ct
ed

a
n
d
it

o
n
ly

b
ec
o
m
es

li
m
it
ed
,

3
1
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h
0

A
0

Z
0

h
0
/
H

0

h
0
/
H

0

A
0

e−

e+

h
0

A
0

Z
0

A
0

A
0

h
0
/
H

0

e−

e+

h
0

A
0

Z
0

A
0

h
0
/
H

0

A
0

e−

e+

h
0

A
0

Z
0

h
0

A
0

A
0

e−

e+

h
0

Z
0

Z
0

h
0
/
H

0

h
0
/
H

0

A
0

e−

e+

h
0

Z
0

Z
0

A
0

A
0

h
0
/
H

0

e−

e+

h
0

Z
0

Z
0

h
0
/
H

0

A
0

A
0

e−

e+

h
0

Z
0

Z
0

H
0

h
0

h
0

F
ig
u
re

1
:
S
a
m
p
le

o
f
o
n
e-
lo
o
p
H
ig
g
s-
m
ed

ia
te
d
F
ey
n
m
a
n
d
ia
g
ra
m
s
w
h
ic
h
a
cc
o
u
n
t
fo
r
th
e
b
u
lk

o
f
th
e
q
u
a
n
tu
m

eff
ec
ts

to
th
e
n
eu
tr
a
l
H
ig
g
s
p
a
ir
e+

e−
→

h
0
A
0
(u
p
p
er

ro
w
)
a
n
d
th
e
H
ig
g
s-
st
ra
h
lu
n
g
m
ec
h
a
n
is
m
s
e+

e−
→

h
0
Z
0

(l
ow

er
ro
w
).

in
p
ra
ct
ic
e,

b
y
th
e
in
te
rp
la
y
o
f
th
eo
re
ti
ca
l
co
n
si
st
en
cy

co
n
d
it
io
n
s
(u
n
it
a
ri
ty

[6
],
va
cu
u
m

st
a
b
il
it
y
[7
])

a
n
d

ex
p
er
im

en
ta
l
b
o
u
n
d
s
(v
iz
.
th
e
ex
cl
u
d
ed

H
ig
g
s
b
o
so
n
m
a
ss

ra
n
g
es

fr
o
m

th
e
fr
o
m

d
ir
ec
t
co
ll
id
er

se
a
rc
h
es
,

a
n
d
a
ls
o
th
e
co
n
st
ra
in
ts

d
er
iv
ed

fr
o
m

el
ec
tr
ow

ea
k
[8
]
a
n
d
fl
av
o
r
p
h
y
si
cs

o
b
se
rv
a
b
le
s
[9
])
.
A

d
et
a
il
ed

a
cc
o
u
n
t

o
f
th
es
e
re
st
ri
ct
io
n
s
a
n
d
o
f
th
e
m
o
d
el

se
tu
p
ca
n
b
e
fo
u
n
d
in

R
ef
.
[1
0
].

F
o
r
co
m
p
re
h
en
si
v
e
a
n
a
ly
se
s
o
f
th
e

2
H
D
M

p
a
ra
m
et
er

sp
a
ce

co
n
st
ra
in
ts
,
se
e
e.
g
.
R
ef
s.

[1
1
].

F
o
ll
ow

in
g
th
e
ev
en
tu
a
l
d
is
co
v
er
y
o
f
th
e
H
ig
g
s
b
o
so
n
(s
)
a
t
th
e
L
H
C
,
it
w
il
l
b
e
cr
u
ci
a
l
to

a
d
d
re
ss

th
e
p
re
ci
se

ex
p
er
im

en
ta
l
d
et
er
m
in
a
ti
o
n
o
f
th
e
co
rr
es
p
o
n
d
in
g
q
u
a
n
tu
m

n
u
m
b
er
s,
m
a
ss

sp
ec
tr
u
m

a
n
d
co
u
p
li
n
g
s
to

o
th
er

p
a
rt
ic
le
s.

A
li
n
ea
r
co
ll
id
er

(l
in
a
c)

ca
n
p
la
y
a
ce
n
tr
a
l
ro
le

in
th
is

en
te
rp
ri
se

[1
2
].

D
ed
ic
a
te
d
st
u
d
ie
s
h
av
e

ex
h
a
u
st
iv
el
y
sc
ru
ti
n
iz
ed

th
e
p
h
en
o
m
en
o
lo
g
ic
a
l
im

p
ri
n
ts

o
f
th
e
b
a
si
c
2
H
D
M

H
ig
g
s
b
o
so
n
p
ro
d
u
ct
io
n
m
o
d
es
,

su
ch

a
s
e.
g
.
i)
tr
ip
le
H
ig
g
s,
e+

e−
→

3
h
[1
3
];
ii
)
in
cl
u
si
v
e
H
ig
g
s-
p
a
ir
th
ro
u
g
h
E
W

g
a
u
g
e
b
o
so
n
fu
si
o
n
,
e+

e−
→

V
∗ V

∗
→

2
h
+

X
[1
4
];
ii
i)

ex
cl
u
si
v
e
H
ig
g
s-
p
a
ir

e+
e−

→
2
h
[1
0
,1
5
];
a
n
d
iv
)
H
ig
g
s
st
ra
h
lu
n
g
,
o
r
a
ss
o
ci
a
te
d

p
ro
d
u
ct
io
n
w
it
h
a
w
ea
k
g
a
u
g
e
b
o
so
n
e+

e−
→

h
V

[1
6
],
w
it
h
[h

≡
h
0
,A

0
,H

0
,H

±
]
a
n
d
[V

≡
Z
0
,W

±
]1
.
A
s

a
co
m
m
o
n
h
ig
h
li
g
h
t,

a
ll
th
es
e
st
u
d
ie
s
re
p
o
rt

o
n
si
za
b
le

p
ro
d
u
ct
io
n
ra
te
s
a
n
d
la
rg
e
q
u
a
n
tu
m

eff
ec
ts
,
a
ri
si
n
g

fr
o
m

th
e
p
o
te
n
ti
a
ll
y
en

h
a
n
ce
d
H
ig
g
s
se
lf
-i
n
te
ra
ct
io
n
s.

In
te
re
st
in
g
ly

en
o
u
g
h
,
H
ig
g
s
b
o
so
n
se
a
rc
h
es

a
t
e+

e−

co
ll
id
er
s
m
ay

a
ls
o
b
en

efi
t
fr
o
m

a
lt
er
n
a
ti
v
e
ru
n
n
in
g
m
o
d
es
,
p
a
rt
ic
u
la
rl
y
fr
o
m

γ
γ
sc
a
tt
er
in
g
.
P
ro
ce
ss
es

su
ch

a
s
γ
γ
-i
n
d
u
ce
d
p
ro
d
u
ct
io
n
o
f
si
n
g
le

(γ
γ
→

h
)
a
n
d
d
o
u
b
le

(γ
γ
→

2
h
)
H
ig
g
s
b
o
so
n
s
h
av
e
b
ee
n
st
u
d
ie
d
fr
o
m

th
is

v
ie
w
p
o
in
t.

T
h
es
e
en
ti
re
ly

o
p
er
a
te

a
t
th
e
q
u
a
n
tu
m

le
v
el
,
v
ia

a
n
eff

ec
ti
v
e
(l
o
o
p
-i
n
d
u
ce
d
)
H
ig
g
s/
p
h
o
to
n

in
te
ra
ct
io
n
g γ

γ
h
th
a
t
w
e
m
ay

re
g
a
rd

a
s
a
d
ir
ec
t
p
ro
b
e
o
f
n
o
n
-s
ta
n
d
a
rd

(c
h
a
rg
ed
)
d
eg
re
es

o
f
fr
ee
d
o
m

co
u
p
le
d

to
th
e
H
ig
g
s
se
ct
o
r.

T
h
e
a
fo
re
m
en
ti
o
n
ed

si
n
g
le

H
ig
g
s
ch
a
n
n
el
s
h
av
e
b
ee
n

co
n
si
d
er
ed

in
th
e
fr
a
m
ew

o
rk

o
f
th
e
S
M

[1
8
],

th
e
2
H
D
M

[1
9
]
a
n
d
th
e
M
S
S
M

[2
0
,2
1
]
a
n
d
a
re

k
n
ow

n
to

ex
h
ib
it

ex
ce
ll
en
t
ex
p
er
im

en
ta
l

p
ro
sp
ec
ts
,
n
o
t
o
n
ly

d
u
e
to

th
e
cl
ea
n
en
v
ir
o
n
m
en
t
in
h
er
en
t
to

a
li
n
a
c
m
a
ch
in
e,

b
u
t
a
ls
o
ow

in
g
to

th
e
h
ig
h

a
tt
a
in
a
b
le

γ
γ
lu
m
in
o
si
ty
,
a
n
d
th
e
p
o
ss
ib
il
it
y
to

tu
n
e
th
e
γ
-b
ea
m

p
o
la
ri
za
ti
o
n
a
s
a
st
ra
te
g
y
to

en
la
rg
e
th
e

si
g
n
a
l-
v
er
su
s-
b
a
ck
g
ro
u
n
d
ra
ti
o
s2
.

2
N
u
m
e
ri
ca

l
a
n
a
ly
si
s

In
th
is

co
n
tr
ib
u
ti
o
n
w
e
re
v
ie
w

tw
o
p
a
rt
ic
u
la
r
2
H
D
M

H
ig
g
s
b
o
so
n
p
ro
d
u
ct
io
n
m
o
d
es

a
t
a
li
n
ea
r
co
ll
id
er
,
to

w
it
:
i)
th
e
p
a
ir
w
is
e
p
ro
d
u
ct
io
n
o
f
n
eu
tr
a
l
H
ig
g
s
b
o
so
n
s
e+

e−
→

h
0
A
0
/
H

0
A
0
;
a
n
d
ii
)
th
e
a
ss
o
ci
a
te
d
p
ro
d
u
ct
io
n

o
f
a
n
eu

tr
a
l
H
ig
g
s
a
n
d
a
Z
0
b
o
so
n
s,

e+
e−

→
h
0
Z
0
/
H

0
Z
0
–
th
e
so
-c
a
ll
ed

H
ig
g
s-
st
ra
h
lu
n
g
m
ec
h
a
n
is
m
,
w
h
ic
h

w
e
ca
n
re
g
a
rd

a
s
th
e
2
H
D
M

a
n
a
lo
g
(s
)
to

th
e
B
jo
rk
en

p
ro
ce
ss

in
th
e
S
M

[2
3
].

T
h
e
m
o
ti
va
ti
o
n
h
er
ew

it
h
is

th
re
ef
o
ld
:
i)

a
fi
rs
t
fo
cu

s
p
o
in
t
is

to
se
ek

fo
r
th
e
m
o
st

fa
v
o
ra
b
le

re
g
io
n
s
a
cr
o
ss

th
e
2
H
D
M

p
a
ra
m
et
er

sp
a
ce
,

fo
r
w
h
ic
h
th
e
H
ig
g
s
b
o
so
n
p
ro
d
u
ct
io
n
ra
te
s
b
ec
o
m
e
o
p
ti
m
a
l,
a
n
d
to

co
rr
el
a
te

th
em

to
a
lt
er
n
a
ti
v
e
m
u
lt
i-
H
ig
g
s

1
F
o
r
re
la
te
d
w
o
rk

in
th
e
co
n
te
x
t
o
f
M
S
S
M

H
ig
g
s
b
o
so
n
p
ro
d
u
ct
io
n
se
e
e.
g
.
[1
7
].

2
A
n
a
lo
g
u
e
st
u
d
ie
s
fo
r
th
e
γ
γ
→

h
h
m
o
d
e
a
re

av
a
il
a
b
le

e.
g
.
in

R
ef
.
[2
2
].
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ct
io
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+
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→
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n
fb
),

a
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n
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d
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w
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e
re
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v
e
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o
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d
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v
e
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σ
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n
%
),

a
s
a
fu
n
ct
io
n
o
f
√ s

(l
ef
t,

ce
n
te
r)

a
n
d
λ
5

(r
ig
h
t)
.
W
e
fi
x
ta
n
β
=

1
.2

(c
o
m
p
a
ti
b
le

w
it
h
th
e
lo
w
er

ta
n
β
b
o
u
n
d
fr
o
m

B
0 d
−

B̄
0 d
d
a
ta

[9
])

a
n
d
ex
a
m
in
e

th
e
re
p
re
se
n
ta
ti
v
e
ch
o
ic
es

α
=

β
(m

a
x
im

u
m

g h
0
A

0
Z

0
tr
ee
-l
ev
el

co
u
p
li
n
g
)
a
n
d
α

=
π
/
2
(f
er
m
io
p
h
o
b
ic

li
m
it

fo
r
h
0
in

ty
p
e-
I
2
H
D
M
).

T
h
e
in
fl
u
en
ce

o
f
th
e
H
ig
g
s
se
lf
-i
n
te
ra
ct
io
n
s
is

a
ss
es
se
d
b
y
d
ia
li
n
g
th
e
va
lu
e
o
f
th
e

p
a
ra
m
et
er

λ
5
.
T
h
e
sh
a
d
ed

a
re
a
s
o
n
th
e
le
ft

(r
es
p
.
ri
g
h
t)

a
re

ex
cl
u
d
ed

b
y
u
n
it
a
ri
ty

(r
es
p
.
va
cu
u
m

st
a
b
il
it
y
).

p
ro
d
u
ct
io
n
m
o
d
es
;
ii
)
se
co
n
d
,
w
e
a
im

a
t
q
u
a
n
ti
fy
in
g
th
e
im

p
o
rt
a
n
ce

o
f
th
e
ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s
a
ss
o
ci
a
te
d

to
th
es
e
p
ro
ce
ss
es
;
ii
i)
a
n
d
th
ir
d
,
w
e
sh
a
ll
ex
a
m
in
e
th
e
im

p
a
ct

o
f
th
e
H
ig
g
s
b
o
so
n
se
lf
in
te
ra
ct
io
n
s
a
n
d
th
ei
r

p
o
te
n
ti
a
ll
y
en
h
a
n
ce
d
st
re
n
g
h
t.

T
h
e
le
a
d
in
g
o
rd
er

p
ro
d
u
ct
io
n
ra
te
s
m
er
el
y
d
ep

en
d
o
n
th
e
H
ig
g
s
co
u
p
li
n
g
s
to

th
e
Z
b
o
so
n
.
In

o
th
er

w
o
rd
s,
th
ey

a
re

en
ti
re
ly

su
b
d
u
ed

b
y
th
e
g
a
u
g
e
sy
m
m
et
ry

–
a
n
d
h
en
ce

th
ey

fe
a
tu
re

n
o

d
is
cl
o
si
n
g
sc
en
a
ri
o
s
b
et
w
ee
n
th
e
g
en
er
a
l
2
H
D
M

a
n
d
e.
g
.
th
e
M
S
S
M
.
T
h
e
re
su
lt
in
g
p
h
en
o
m
en
o
lo
g
ic
a
l
p
o
rt
ra
y,

h
ow

ev
er
,
m
ay

cl
ea
rl
y
d
ep
a
rt

o
n
ce

th
e
q
u
a
n
tu
m

eff
ec
ts

to
su
ch

co
u
p
li
n
g
s
a
re

co
n
si
d
er
ed

.
V
er
te
x
co
rr
ec
ti
o
n
s,

in
p
a
rt
ic
u
la
r,
tu
rn

o
u
t
to

b
e
se
n
si
ti
v
e
to

th
e
tr
ip
le

H
ig
g
s
se
lf
-i
n
te
ra
ct
io
n
s
th
ro
u
g
h
th
e
in
te
rc
h
a
n
g
e
o
f
v
ir
tu
a
l

H
ig
g
s
b
o
so
n
s
w
h
ic
h
a
re

th
en

li
n
k
ed

to
th
e
ex
te
rn
a
l
H
ig
g
s
b
o
so
n
le
g
s.

A
sa
m
p
le

o
f
su
ch

H
ig
g
s-
m
ed

ia
te
d

o
n
e-
lo
o
p
d
ia
g
ra
m
s
is

d
is
p
la
y
ed

in
F
ig
.
1
.

T
h
es
e
eff

ec
ts

w
e
ca
n
ro
u
g
h
ly

d
es
cr
ib
e
b
y
a
lo
o
p
-i
n
d
u
ce
d
fo
rm

fa
ct
o
r,
w
h
ic
h
sp
el
ls
o
u
t
h
ow

th
e
st
re
n
g
th

o
f
th
e
b
a
re

H
ig
g
s-
to
-g
a
u
g
e
b
o
so
n
co
u
p
li
n
g
s
is

m
o
d
ifi
ed
:

g h
A

0
Z

0
→

g h
A

0
Z

0

[ 1
+

|λ H
H
H
|2

1
6
π
2
s

f
(M

2 h
/
s,
M

2 A
0
/
s)

] .
(1
)

H
er
e
λ
H
H
H

st
a
n
d
s
fo
r
g
en
er
ic

tr
ip
le

H
ig
g
s
se
lf
-i
n
te
ra
ct
io
n
,
a
n
d
1
/
1
6
π
2
fo
r
th
e
st
a
n
d
a
rd

lo
o
p
in
te
g
ra
l
su
p
-

p
re
ss
io
n
fa
ct
o
r.

B
y
f
(M

2 h
/
s,
M

2 A
0
/
s)

w
e
d
en

o
te

a
g
en

er
ic
ra
ti
o
n
a
l
fu
n
ct
io
n
in
v
o
lv
in
g
th
e
ra
ti
o
s
o
f
th
e
d
iff
er
en
t

m
a
ss

sc
a
le
s
ta
k
in
g
p
a
rt

in
th
e
p
ro
ce
ss
.
T
h
e
a
b
ov
e
ex
p
re
ss
io
n
(1
)
in
d
ic
a
te
s
h
ow

th
e
H
ig
g
s-
to
-g
a
u
g
e
b
o
so
n
co
u
-

p
li
n
g
s,

w
h
ic
h
a
re

en
ti
re
ly

a
n
ch
o
re
d
b
y
th
e
g
a
u
g
e
sy
m
m
et
ry

a
t
th
e
le
a
d
in
g
-o
rd
er
,
m
ay

b
e
st
ro
n
g
ly

p
ro
m
o
te
d

a
t
o
n
e-
lo
o
p
th
ro
u
g
h
th
e
in
d
ir
ec
t
eff

ec
t
o
f
th
e
H
ig
g
s
b
o
so
n
se
lf
-c
o
u
p
li
n
g
s
–
u
n
li
k
e
th
ei
r
M
S
S
M

co
u
n
te
rp
a
rt
s.

2
.1

C
a
lc
u
la
ti
o
n
a
l
se
tu

p

T
h
ro
u
g
h
o
u
t
o
u
r
st
u
d
y
w
e
m
a
k
e
u
se

o
f
th
e
st
a
n
d
a
rd

a
lg
eb

ra
ic

a
n
d
n
u
m
er
ic
a
l
p
a
ck
a
g
es

F
e
y
n
A
r
t
s
,
F
o
r
m
-

C
a
l
c
a
n
d
L
o
o
p
T
o
o
l
s
[2
4
].
U
p
d
a
te
d
ex
p
er
im

en
ta
l
co
n
st
ra
in
ts

(f
ro
m

E
W

p
re
ci
si
o
n
d
a
ta
,
lo
w
-e
n
er
g
y
fl
av
o
r-

3
1
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n
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n
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ra
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=
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=
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b
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b
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c
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b
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p
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p
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b
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b
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0 d
d
a
ta

[9
].

p
h
y
si
cs

a
n
d
th
e
H
ig
g
s
m
a
ss

re
g
io
n
s
ru
le
d
o
u
t
b
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w
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it
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b
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d
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b
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b
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d
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H
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]
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]
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b
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.
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p
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d
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b
le

U
V

co
u
n
-

te
rt
er
m
s,

in
p
a
rt
ic
u
la
r
fo
r
th
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b
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h
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re
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=
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b
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w
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h
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d
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H
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ra
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it
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b
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re
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ra
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b
o
so

n
p
a
ir

p
ro

d
u
ct
io
n

a
t
O(

α
3 ew
):

e
+
e
−
→

h
0
A

0
/H
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d
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b
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d
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p
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p
e-
I

o
r
II

re
a
li
za
ti
o
n
s
o
f
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ra
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ra
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ra
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n
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ra
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d
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ra
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n
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ra
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p
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b
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c
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σ
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0
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]

σ
(√
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T
eV
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]

σ
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s
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T
eV
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0
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0
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+
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1
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3
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T
a
b
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2
:
C
o
m
p
a
re
d
cr
o
ss

se
ct
io
n
(i
n
fb
)
fo
r
d
iff
er
en
t
a
ss
o
ci
a
te
d
,
p
a
ir
w
is
e
a
n
d
tr
ip
le

H
ig
g
s
b
o
so
n
p
ro
d
u
ct
io
n

m
ec
h
a
n
is
m
s
a
t
O(

α
3 e
w
,α

4 e
w
),
fo
r
ta
n
β
=

1
,
α
=

β
a
n
d
λ
5
=

−1
0
.
T
h
e
H
ig
g
s
b
o
so
n
m
a
ss

sp
ec
tr
u
m

w
e
fi
x
a
s

in
S
et

B
o
f
T
a
b
.
1
.
T
h
e
re
la
ti
v
e
si
ze

o
f
th
e
o
n
e-
lo
o
p
co
rr
ec
ti
o
n
s
[δ

r
]
fo
r
th
e
H
ig
g
s
p
a
ir

a
n
d
H
ig
g
s
st
ra
h
lu
n
g

m
ec
h
a
n
is
m
s
is

q
u
o
te
d
in

b
ra
ck
et
s.

in
th
e
ra
n
g
e
o
f
σ
(h

0
Z

0
)
∼

O(
1
0
−

1
0
0
)
fb
,
w
it
h

v
er
y
si
g
n
ifi
ca
n
t
(a
n
d

sy
st
em

a
ti
ca
ll
y
n
eg
a
ti
v
e)

ra
d
ia
ti
v
e

co
rr
ec
ti
o
n
s
(u
p
to

o
rd
er

δ r
∼

−5
0
%
),

re
a
ch
in
g
th
ei
r
m
a
x
im

u
m

a
g
a
in

in
th
e
p
a
ra
m
et
er

sp
a
ce

re
g
io
n
s
w
it
h

ta
n
β

∼
O(

1
)
a
n
d
|λ 5

|∼
O(

1
0
).

S
u
ch

a
ch
a
ra
ct
er
is
ti
c
p
a
tt
er
n
o
f
n
eg
a
ti
v
e
q
u
a
n
tu
m

eff
ec
ts

w
e
ca
n
re
la
te

to
th
e
d
o
m
in
a
n
ce

o
f
th
e
fi
n
it
e
w
av
e
fu
n
ct
io
n
co
rr
ec
ti
o
n
s
to

th
e
ex
te
rn
a
l
H
ig
g
s
b
o
so
n
fi
el
d
s
–
th
is

b
ei
n
g
th
e

o
n
ly

co
n
tr
ib
u
ti
o
n
w
h
ic
h
re
ta
in
s
a
q
u
a
d
ra
ti
c
d
ep

en
d
en
ce

o
n
λ
H
H
H

a
t
o
n
e
lo
o
p
,
a
s
w
e
ca
n
a
ls
o
re
a
d
o
ff
th
e

ri
g
h
tm

o
st

p
a
n
el

o
f
F
ig
.
4
.
T
h
e
re
la
ti
v
e
si
ze

o
f
th
e
q
u
a
n
tu
m

eff
ec
ts

[δ
r
]
a
n
d
it
s
in
te
rp
la
y
w
it
h
th
e
re
le
va
n
t

co
n
st
ra
in
ts

is
ex
a
m
in
ed

in
th
e
ri
g
h
t
p
a
n
el

o
f
F
ig
.
3
a
s
w
e
m
ov
e
a
cr
o
ss

th
e
ta
n
β
−

λ
5
p
la
n
e.

S
et

A
o
f
H
ig
g
s

b
o
so
n
m
a
ss
es
,
a
fi
x
ed

va
lu
e
o
f
α
=

β
−
π
/
2
a
n
d
a
li
n
a
c
ce
n
te
r-
o
f-
m
a
ss

en
er
g
y
to

√ s
=

0
.5
T
eV

a
re

em
p
lo
y
ed

th
ro
u
g
h
o
u
t.

W
o
rt
h
n
o
ti
ci
n
g
is

th
a
t
th
e
δ r

is
o
cu

rv
es

a
re

n
o
t
re
sp
o
n
si
v
e
to

a
ch
a
n
g
e
o
f
ta
n
β
.
T
h
is

fo
ll
ow

s
d
ir
ec
tl
y
fr
o
m

th
e
a
n
a
ly
ti
ca
l
st
ru
ct
u
re

o
f
a
ll
th
e
re
le
va
n
t
co
u
p
li
n
g
s
fo
r
th
e
p
a
rt
ic
u
la
r
se
tu
p
α
=

β
−
π
/
2
[1
6
]

–
w
h
ic
h
co
rr
es
p
o
n
d
s
to

th
e
d
ec
o
u
p
li
n
g
(o
r
S
M
-l
ik
e)

li
m
it
o
f
th
e
2
H
D
M
.

3
D
is
cu

ss
io
n

a
n
d

c
lo
si
n
g
re
m
a
rk

s

H
ig
g
s
b
o
so
n
se
lf
-i
n
te
ra
ct
io
n
s
co
n
st
it
u
te

a
p
a
ra
d
ig
m
a
ti
c
st
ru
ct
u
re

o
f
ex
te
n
d
ed

H
ig
g
s
se
ct
o
rs
o
f
n
o
n
-s
u
p
er
sy
m
m
et
ri
c

n
a
tu
re
.
T
h
e
g
en

er
a
l
(u
n
co
n
st
ra
in
ed
)
T
w
o
-H

ig
g
s-
D
o
u
b
le
t
M
o
d
el

is
a
ca
n
o
n
ic
a
l
ex
a
m
p
le

o
f
th
e
la
tt
er
.
H
er
e,

th
e
tr
ip
le

a
n
d
q
u
a
rt
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H
ig
g
s
b
o
so
n
se
lf
-i
n
te
ra
ct
io
n
s
a
re

n
o
t
su
b
d
u
ed

b
y
th
e
g
a
u
g
e
sy
m
m
et
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.
T
h
is

en
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il
s
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o
m
a
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r
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n
se
q
u
en
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s,

w
h
ic
h
a
re

in
st
a
rk

co
n
tr
a
st

to
a
n
a
lo
g
u
e
m
o
d
el
s,

su
ch

a
s
e.
g
.
th
e
M
S
S
M
:
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th
e

H
ig
g
s
b
o
so
n
sp
ec
tr
u
m
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fu
ll
y
u
n
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n
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ra
in
ed
;
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sa
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o
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m
it
a
ti
o
n
s
o
n
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e
m
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li
tt
in
g
s
b
et
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n
th
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p
h
y
si
ca
l
H
ig
g
s
b
o
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n
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el
d
s
m
u
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b
e
a
ss
u
m
ed

a
p
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o
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;
ii
)
b
y
th
e
v
er
y
sa
m
e
to
k
en

,
th
e
H
ig
g
s
b
o
so
n
se
lf
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te
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ti
o
n
s
a
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a
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o
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n
d
a
m
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ll
y
u
n
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st
ri
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,
a
n
d
h
en
ce

m
ay

a
cc
o
m
o
d
a
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si
za
b
le

en
h
a
n
ce
m
en
ts
.
B
o
th

fe
a
tu
re
s

a
re

ta
m
ed

in
p
a
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b
y
st
ri
n
g
en
t
th
eo
re
ti
ca
l
a
n
d
p
h
en
o
m
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o
lo
g
ic
a
l
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n
st
ra
in
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(u
n
it
a
ri
ty
,
va
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u
m

st
a
b
il
it
y,

el
ec
tr
ow

ea
k
p
re
ci
si
o
n
a
n
d
fl
av
o
r
p
h
y
si
cs
)
b
u
t
n
ev
er
th
el
es
s
o
p
en

u
p
a
p
le
th
o
ra

o
f
ri
ch
,
a
n
d
h
ig
h
ly

d
is
ti
n
c-

ti
v
e,

p
h
en
o
m
en
o
lo
g
ic
a
l
p
o
ss
ib
il
it
ie
s.

S
o
m
u
ch

so
,
th
e
a
n
a
ly
si
s
o
f
co
ll
id
er

o
b
se
rv
a
b
le
s
w
h
ic
h
a
re

se
n
si
ti
v
e
to

th
e
H
ig
g
s
se
lf
-i
n
te
ra
ct
io
n
s,
ei
th
er

d
ir
ec
tl
y
o
r
th
ro
u
g
h
q
u
a
n
tu
m

co
rr
ec
ti
o
n
s,
m
ay

b
ri
n
g
fo
rw

a
rd

in
st
ru
m
en
ta
l

h
a
n
d
le
s
to

d
is
cl
o
se

n
o
n
-S
U
S
Y

v
s
S
U
S
Y

m
u
lt
i-
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o
u
b
le
t
H
ig
g
s
st
ru
ct
u
re
s.

In
th
is
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n
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u
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o
n
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e
h
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e
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n
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v
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o
p
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rt
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u
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r
ex
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m
p
le
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o
f
H
ig
g
s
b
o
so
n

p
ro
d
u
ct
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n
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m
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e
2
H
D
M
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n
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th
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e
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e
p
a
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w
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e
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d
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n
o
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n
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l
H
ig
g
s
b
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(h
0
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/
H

0
A
0
)
a
n
d
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e
H
ig
g
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ra
h
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n
g
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a
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n
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s
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H

0
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W
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ra
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b
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u
r
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n
d
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s
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n
b
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o
u
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s
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•
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H
ig
g
s
b
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n
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c
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ra
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b
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n
d
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f
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n
g
e
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o
f
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en
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w
o
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ra
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ev
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g
ra
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d
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a
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a
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m
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c
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h
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h
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−
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b
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d
w
it
h
in

th
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d
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2
H
D
M
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ra
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c
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.g
.
fo
r
σ
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r
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r
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n
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o
fo
r
σ
(2
h
)
a
t
la
rg
er

√ s
).

3
2

2



•
A

g
e
n
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c
p
h
e
n
o
m
e
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o
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g
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a
l
p
a
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e
se
n
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a
t
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e
a
b
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o
b
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rv
a
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o
n
s
b
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ly

d
ep

en
d
o
n

th
e
v
er
y
ch
o
ic
e
o
f
H
ig
g
s
m
a
ss
es

n
o
r
th
e
ty
p
e
o
f
Y
u
ka
w
a
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u
p
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n
g
s
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fe
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io
n
s,
a
n
d
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ey

h
o
ld

fo
r
b
ro
a
d

re
g
io
n
s
a
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o
ss

th
e
ta
n
β
−
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n
α
p
la
n
e.

In
te
re
st
in
g
ly

en
o
u
g
h
,
en
h
a
n
ce
m
en
ts

o
f
th
e
H
ig
g
s
b
o
so
n
p
ro
d
u
ct
io
n
ra
te
s
h
av
e
a
ls
o
b
ee
n
p
u
t
fo
rw

a
rd

in
th
e

li
te
ra
tu
re

fo
r
a
lt
er
n
a
ti
v
e
m
u
lt
i-
H
ig
g
s
p
ro
d
u
ct
io
n
p
ro
ce
ss
es
,
su
ch

a
s
th
e
e+
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→

h
h
h
[1
3
]
a
n
d
e+

e−
→

V
V

∗
→

h
h
+
X
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4
]
ch
a
n
n
el
s.

In
th
is

v
ei
n
,
le
t
u
s
co
n
si
d
er

th
e
fo
ll
ow

in
g
ch
o
ic
e
o
f
p
a
ra
m
et
er
s:

ta
n
β
=

1
,
α
=

β
a
n
d

λ
5
=

−1
0
,
a
lo
n
g
w
it
h
S
et

B
o
f
H
ig
g
s
b
o
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n
m
a
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o
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T
a
b
.
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.
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h
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r
co
n
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g
u
ra
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o
n
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s
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e

u
n
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a
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o
u
n
d
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a
n
d
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u
s
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a
x
im
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e
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p
a
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o
f
th
e
H
ig
g
s
b
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n
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n
te
ra
ct
io
n
s.
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e
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ow
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m
b
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e

th
e
ev
a
lu
a
ti
o
n
o
f
th
e
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ta
l
p
ro
d
u
ct
io
n
ra
te
s
fo
r
a
ll
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e
d
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er
en
t
p
ro
d
u
ct
io
n
ch
a
n
n
el
s,
w
e
co
m
e
u
p
w
it
h
th
e
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o
ss
-c
o
rr
el
a
te
d
se
t
o
f
p
re
d
ic
ti
o
n
s
d
is
p
la
y
ed

in
T
a
b
.
2
.
T
h
es
e
re
su
lt
s
re
fl
ec
t
th
e
g
re
a
t
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m
p
le
m
en
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ry

o
f
th
e

d
iff
er
en
t
m
u
lt
i-
H
ig
g
s
st
a
te
s
a
t
d
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en
t
ce
n
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o
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m
a
ss

en
er
g
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s.
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ew
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e,

th
e
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rr
el
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o
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o
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e
n
eg
a
ti
v
e

q
u
a
n
tu
m

eff
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o
n
th
e
H
ig
g
s-
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ra
h
lu
n
g
ch
a
n
n
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s
w
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h
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e
p
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n
ce

o
f
si
g
n
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n
t
p
o
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ti
v
e
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o
r
√ s

�
5
0
0

G
eV

)
a
n
d
n
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a
ti
v
e
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o
r
√ s

>
6
0
0
G
eV

)
q
u
a
n
tu
m

eff
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ts

o
n
th
e
d
o
u
b
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H
ig
g
s
p
ro
d
u
ct
io
n
m
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ev
en
tu
a
ll
y

co
n
st
it
u
te

a
n
a
d
d
it
io
n
a
l
h
in
t
a
t
a
g
en
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ic

(u
n
co
n
st
ra
in
ed

)
2
H
D
M

d
y
n
a
m
ic
s.

N
o
ti
ce

o
n
ce

m
o
re

th
a
t,

in
a
ll

th
es
e
ca
se
s,

th
e
re
p
o
rt
ed

p
a
tt
er
n
o
f
si
g
n
a
tu
re
s
cr
u
ci
a
ll
y
re
li
es

o
n
th
e
st
re
n
g
h
t
o
f
th
e
3
H

se
lf
-c
o
u
p
li
n
g
s.

N
o

a
n
a
lo
g
u
e
p
ic
tu
re

co
u
ld

th
en

b
e
a
tt
ri
b
u
te
d
e.
g
.
to

th
e
M
S
S
M
.

O
n

b
a
la
n
ce
,
th
er
e
is

li
tt
le

d
o
u
b
t
th
a
t
a
li
n
ea
r
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ll
id
er

q
u
a
li
fi
es

a
s
a
m
o
st

ch
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is
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to
o
l
to
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rr
y
to
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m
p
le
ti
o
n
th
e
H
ig
g
s
b
o
so
n
re
se
a
rc
h
p
ro
g
ra
m
.
O
w
in
g
to

it
s
su
p
er
b
ly
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ea
n
en
v
ir
o
n
m
en
t,

a
li
n
a
c
fa
ci
li
ty

sh
o
u
ld

en
a
b
le

a
cc
u
ra
te

m
ea
su
re
m
en
ts

o
f
th
e
H
ig
g
s
b
o
so
n
m
a
ss
es
,
g
a
u
g
e
a
n
d
Y
u
ka
w
a
co
u
p
li
n
g
s,
a
s
w
el
l
a
s
o
f

th
e
H
ig
g
s
b
o
so
n
se
lf
-i
n
te
ra
ct
io
n
s
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em

se
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.
T
h
is
m
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n
s,

it
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u
ld

p
ro
v
id
e
u
s
w
it
h
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e
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t
p
o
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le

g
ri
p

o
n
th
e
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n
d
a
m
en
ta
l
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ct
u
re

o
f
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e
E
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S
B
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o
r.
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e
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il
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H
ig
g
s
b
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n
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n
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ra
ct
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a
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a
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n
a
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a
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et
t.

B
8
4
(1
9
7
9
)
4
4
0
.

[2
4
]
T
.
H
a
h
n
,
C
o
m
p
u
t.

P
h
y
s.

C
o
m
m
u
n
.
1
4
0
,
4
1
8
(2
0
0
1
);

T
.
H
a
h
n
,
C
.
S
ch

a
p
p
a
ch

er
,C

o
m
.
P
h
y
s.

C
o
m
m
.
G
1
4
3

(2
0
0
2
)
5
4
;
T
.

H
a
h
n
a
n
d
M
.
P
ér
ez
-V

ic
to
ri
a
,
C
o
m
.
P
h
y
s.

C
o
m
m
.
G
1
1
8
(1
9
9
9
)
1
5
3
.

[2
5
]
D
.
E
ri
k
ss
o
n
,
J
.
R
a
th
sm

a
n
,
O
.
S
t̊a
l,
C
o
m
.
P
h
y
s.

C
o
m
m
.
G
1
8
1
(2
0
1
0
)
1
8
9
,
h
tt
p
:/
/
w
w
w
.i
sv
.u
u
.s
e/

th
ep

/
M
C
/
2
H
D
M
C
/
.

[2
6
]
P
.
B
ec
h
tl
e,

O
.
B
re
in
,
S
.
H
ei
n
em

ey
er
,
G
.
W
ei
g
le
in
,
K
.
E
.
W

il
li
a
m
s,

C
o
m
.
P
h
y
s.

C
o
m
m
.
G
1
8
1
(2
0
1
0
)
1
3
8
;
a
rX

iv
:1
1
0
2
.1
8
9
8
,

h
tt
p
:/
/
w
w
w
.i
p
p
p
.d
u
r.
a
c.
u
k/

H
ig
gs
B
o
u
n
d
s.

[2
7
]
M
.
B
o
h
m
,
H
.
S
p
ie
sb

er
g
er

a
n
d
W

.
H
o
ll
ik
,
F
o
rt
sc
h
.
P
h
y
s.

G
3
4
(1
9
8
6
)
8
7
;
A
.
D
en

n
er
,
F
o
rt
sc
h
.
P
h
y
s.

G
4
1
(1
9
9
3
)
3
0
7
.

3
2

4



M
S
S
M

H
ig
g
s
B
o
so

n
s
fr
o
m

S
to

p
a
n
d

C
h
a
rg

in
o
D
e
c
a
y
s

S
.
H
ei
n
em

ey
er

1
,
F
.
v
.d
.
P
a
h
le
n
1
,
H
.
R
ze
h
a
k
2
a
n
d
C
.
S
ch
a
p
p
a
ch
er

3

1
-
In
st
it
u
to

d
e
F́
ıs
ic
a
d
e
C
a
n
ta
b
ri
a
(C

S
IC

)
3
9
0
0
5
S
a
n
ta
n
d
er
,
S
p
a
in

2
-
P
H
-T

H
,
C
E
R
N
,
C
H
–
1
2
1
1
G
en

èv
e
2
3
,
S
w
it
ze
rl
a
n
d

3
-
In
st
it
u
t
fü
r
T
h
eo
re
ti
sc
h
e
P
h
y
si
k
,
K
a
rl
sr
u
h
e
In
st
it
u
te

o
f
T
ec
h
n
o
lo
g
y,

D
–
7
6
1
2
8
K
a
rl
sr
u
h
e,

G
er
m
a
n
y

T
h
e
H
ig
g
s
b
o
so
n
s
o
f
th
e
M
S
S
M

ca
n

b
e
p
ro
d
u
ce
d

fr
o
m

th
e
d
ec
ay

o
f
S
U
S
Y

p
a
rt
ic
le
s.

W
e
re
v
ie
w

th
e

ev
a
lu
la
ti
o
n
o
f
tw

o
d
ec
ay

m
o
d
es

in
th
e
M
S
S
M

w
it
h
co
m
p
le
x
p
a
ra
m
et
er
s
(c
M
S
S
M
).

T
h
e
fi
rs
t
ty
p
e
is

th
e

d
ec
ay

o
f
th
e
h
ea
v
y
sc
a
la
r
to
p
q
u
a
rk

to
a
li
g
h
te
r
sc
a
la
r
q
u
a
rk

a
n
d
a
H
ig
g
s
b
o
so
n
.
T
h
e
se
co
n
d
ty
p
e
is

th
e

d
ec
ay

o
f
th
e
h
ea
v
y
ch

a
rg
in
o
to

a
li
g
h
te
r
ch

a
rg
in
o
/
n
eu

tr
a
li
n
o
a
n
d
a
H
ig
g
s
b
o
so
n
.
T
h
e
ev
a
lu
a
ti
o
n
is

b
a
se
d

o
n
a
fu
ll
o
n
e-
lo
o
p
ca
lc
u
la
ti
o
n
in
cl
u
d
in
g
h
a
rd

Q
E
D

a
n
d
Q
C
D

ra
d
ia
ti
o
n
.
W
e
fi
n
d
si
za
b
le

co
n
tr
ib
u
ti
o
n
s
to

m
a
n
y
p
a
rt
ia
l
d
ec
ay

w
id
th
s
a
n
d
b
ra
n
ch

in
g
ra
ti
o
s.

T
h
ey

a
re

ro
u
g
h
ly

o
f
O(

1
0
%
)
o
f
th
e
tr
ee
-l
ev
el

re
su
lt
s,

b
u
t
ca
n

g
o
u
p

to
3
0
%

o
r
h
ig
h
er
.

T
h
es
e
co
n
tr
ib
u
ti
o
n
s
a
re

im
p
o
rt
a
n
t
fo
r
th
e
co
rr
ec
t
in
te
rp
re
ta
ti
o
n

o
f

sc
a
la
r
to
p
q
u
a
rk

d
ec
ay

s
a
t
a
fu
tu
re

li
n
ea
r
e+

e−
co
ll
id
er
.

1
In

tr
o
d
u
ct
io
n

O
n
e
o
f
th
e
m
o
st

im
p
o
rt
a
n
t
ta
sk
s
o
f
cu

rr
en
t
h
ig
h
-e
n
er
g
y
p
h
y
si
cs

is
th
e
se
a
rc
h
fo
r
p
h
y
si
cs

eff
ec
ts

b
ey
o
n
d
th
e

S
ta
n
d
a
rd

M
o
d
el
(S
M
),
w
h
er
e
th
e
M
in
im

a
l
S
u
p
er
sy
m
m
et
ri
c
S
ta
n
d
a
rd

M
o
d
el
(M

S
S
M
)
[1
]
is
o
n
e
o
f
th
e
le
a
d
in
g

ca
n
d
id
a
te
s.

S
u
p
er
sy
m
m
et
ry

(S
U
S
Y
)
p
re
d
ic
ts

tw
o
sc
a
la
r
p
a
rt
n
er
s
fo
r
a
ll
S
M

fe
rm

io
n
s
a
s
w
el
l
a
s
fe
rm

io
n
ic

p
a
rt
n
er
s
to

a
ll
S
M

b
o
so
n
s.

A
n
o
th
er

im
p
o
rt
a
n
t
ta
sk

th
e
in
v
es
ti
g
a
ti
o
n
a
n
d
id
en
ti
fi
ca
ti
o
n
o
f
th
e
m
ec
h
a
n
is
m

o
f

el
ec
tr
ow

ea
k
sy
m
m
et
ry

b
re
a
k
in
g
.
T
h
e
m
o
st

fr
eq
u
en
tl
y
in
v
es
ti
g
a
te
d
m
o
d
el
s
a
re

th
e
H
ig
g
s
m
ec
h
a
n
is
m

w
it
h
in

th
e
S
M

a
n
d
w
it
h
in

th
e
M
S
S
M
.
C
o
n
tr
a
ry

to
th
e
ca
se

o
f
th
e
S
M
,
in

th
e
M
S
S
M

tw
o
H
ig
g
s
d
o
u
b
le
ts

a
re

re
q
u
ir
ed
.

T
h
is

re
su
lt
s
in

fi
v
e
p
h
y
si
ca
l
H
ig
g
s
b
o
so
n
s
in
st
ea
d
o
f
th
e
si
n
g
le

H
ig
g
s
b
o
so
n
in

th
e
S
M
;
th
re
e
n
eu
tr
a
l
H
ig
g
s

b
o
so
n
s,

h
n

(n
=

1
,2
,3
),

a
n
d

tw
o
ch
a
rg
ed

H
ig
g
s
b
o
so
n
s,

H
±
.

In
th
e
M
S
S
M

w
it
h

co
m
p
le
x
p
a
ra
m
et
er
s

(c
M
S
S
M
)
th
e
th
re
e
n
eu

tr
a
l
H
ig
g
s
b
o
so
n
s
m
ix

[2
–4
],
g
iv
in
g
ri
se

to
th
e
st
a
te
s
h
1
,h

2
,h

3
.

A
n
in
te
re
st
in
g
p
ro
d
u
ct
io
n
ch
a
n
n
el

o
f
H
ig
g
s
b
o
so
n
s
is

th
e
d
ec
ay

o
f
th
e
h
ea
v
y
sc
a
la
r
to
p
q
u
a
rk

to
th
e

li
g
h
te
r
sc
a
la
r
to
p
(s
ca
la
r
b
o
tt
o
m
)
q
u
a
rk

a
n
d
a
n
eu

tr
a
l
(c
h
a
rg
ed

)
H
ig
g
s
b
o
so
n
.
A
n
o
th
er

S
U
S
Y

p
a
rt
ic
le

th
a
t

ca
n
p
ro
d
u
ce

a
H
ig
g
s
b
o
so
n
is

a
ch
a
rg
in
o
,
w
h
ic
h
ca
n
d
ec
ay

to
a
li
g
h
te
r
ch
a
rg
in
o
(a

li
g
h
te
r
n
eu
tr
a
li
n
o
)
a
n
d
a

n
eu
tr
a
l
(c
h
a
rg
ed

)
H
ig
g
s
b
o
so
n
.

T
h
e
o
ri
g
in
a
l
h
ea
v
ie
r
S
U
S
Y

p
a
rt
ic
le
s
ca
n
b
e
p
ro
d
u
ce
d
a
t
th
e
L
H
C
,
o
r
if
k
in
em

a
ti
ca
ll
y
a
ll
ow

ed
a
t
a
n
e+

e−

co
ll
id
er
.

A
t
th
e
IL
C

(o
r
a
n
y
o
th
er

fu
tu
re

e+
e−

co
ll
id
er

su
ch

a
s
C
L
IC

)
a
p
re
ci
si
o
n
d
et
er
m
in
a
ti
o
n
o
f
th
e

p
ro
p
er
ti
es

o
f
th
e
o
b
se
rv
ed

p
a
rt
ic
le
s
is
ex
p
ec
te
d
[5
,6
].
T
h
u
s,
if
k
in
em

a
ti
ca
ll
y
a
cc
es
si
b
le
,
H
ig
g
s
p
ro
d
u
ct
io
n
v
ia

sc
a
la
r
to
p
q
u
a
rk

o
r
ch
a
rg
in
o
d
ec
ay

s
co
u
ld

o
ff
er

im
p
o
rt
a
n
t
in
fo
rm

a
ti
o
n
a
b
o
u
t
th
e
H
ig
g
s
se
ct
o
r
o
f
th
e
M
S
S
M
.

In
o
rd
er

to
y
ie
ld

a
su
ffi
ci
en
t
a
cc
u
ra
cy
,
o
n
e-
lo
o
p
co
rr
ec
ti
o
n
s
to

th
e
va
ri
o
u
s
S
U
S
Y

d
ec
ay

m
o
d
es

h
av
e
to

b
e
co
n
si
d
er
ed

.
F
o
r
th
e
p
re
ci
se

ev
a
lu
a
ti
o
n
o
f
th
e
b
ra
n
ch
in
g
ra
ti
o
a
t
le
a
st

a
ll
tw

o
-b
o
d
y
d
ec
ay

m
o
d
es

h
av
e
to

b
e
co
n
si
d
er
ed

a
n
d
ev
a
lu
a
te
d
a
t
th
e
o
n
e-
lo
o
p
le
v
el
.
W
e
re
v
ie
w

th
e
re
su
lt
s
fo
r
th
e
ev
a
lu
a
ti
o
n
o
f
th
es
e
d
ec
ay

w
id
th
s
(a
n
d
b
ra
n
ch
in
g
ra
ti
o
s)

o
b
ta
in
ed

in
th
e
M
S
S
M

w
it
h
co
m
p
le
x
p
a
ra
m
et
er
s
(c
M
S
S
M
)
[7
,8
].

W
e
w
il
l

re
v
ie
w

th
e
n
u
m
er
ic
a
l
re
su
lt
s
fo
r

Γ
(t̃

2
→

t̃ 1
h
n
)

(n
=

1
,2
,3
)
,

(1
)

Γ
(t̃

2
→

b̃ 1
H

+
)
,

(2
)

Γ
(χ̃

− 2
→

χ̃
0 j
H

−
)

(j
=

1
,2
,3
)
,

(3
)

Γ
(χ̃

− 1
→

χ̃
0 1
H

−
)
,

(4
)

3
2

5

w
h
er
e
χ̃
0 k
d
en
o
te
s
th
e
n
eu
tr
a
li
n
o
s,

χ̃
± j

th
e
ch
a
rg
in
o
s.

T
h
e
to
ta
l
d
ec
ay

w
id
th

is
d
efi
n
ed

a
s
th
e
su
m

o
f
th
e

p
a
rt
ia
l
d
ec
ay

tw
o
-b
o
d
y
d
ec
ay

w
id
th
s,

w
h
ic
h
h
av
e
a
ll
b
e
ev
a
lu
a
te
d
a
t
th
e
o
n
e-
lo
o
p
le
v
el
.

W
e
a
ls
o
co
n
ce
n
tr
a
te

o
n
th
e
d
ec
ay

s
o
f
t̃ 2
,χ̃

− 2
,1

a
n
d
d
o
n
o
t
in
v
es
ti
g
a
te

t̃† 2
,χ̃

+ 2
,1

d
ec
ay

s.
In

th
e
p
re
se
n
ce

o
f

co
m
p
le
x
p
h
a
se
s
th
is

w
o
u
ld

le
a
d
to

so
m
ew

h
a
t
d
iff
er
en
t
re
su
lt
s.

D
et
a
il
ed

re
fe
re
n
ce
s
to

ex
is
ti
n
g
ca
lc
u
la
ti
o
n
s

o
f
th
es
e
d
ec
ay

w
id
th
s,

b
ra
n
ch
in
g
ra
ti
o
s,

a
s
w
el
l
a
b
o
u
t
th
e
ex
tr
a
ct
io
n
o
f
co
m
p
le
x
p
h
a
se
s
ca
n
b
e
fo
u
n
d
in

R
ef
s.

[7
,8
].
O
u
r
re
su
lt
s
w
il
l
b
e
im

p
le
m
en
te
d
in
to

th
e
F
o
rt
ra
n
co
d
e
F
e
y
n
H
i
g
g
s
[9
–1
2
].

2
T
h
e
co

m
p
le
x
M

S
S
M

a
n
d

it
s
re
n
o
rm

a
li
za

ti
o
n

A
ll
th
e
re
le
va
n
t
tw

o
-b
o
d
y
d
ec
ay

ch
a
n
n
el
s
a
re

ev
a
lu
la
te
d
a
t
th
e
o
n
e-
lo
o
p
le
v
el
,
in
cl
u
d
in
g
h
a
rd

Q
E
D

a
n
d
Q
C
D

ra
d
ia
ti
o
n
.
T
h
is

re
q
u
ir
es

th
e
si
m
u
lt
a
n
eo
u
s
re
n
o
rm

a
li
za
ti
o
n
o
f
se
v
er
a
l
se
ct
o
rs

o
f
th
e
cM

S
S
M
,
in
cl
u
d
in
g
th
e

co
lo
re
d
se
ct
o
r
w
it
h
to
p
a
n
d
b
o
tt
o
m

q
u
a
rk
s
a
n
d
th
ei
r
sc
a
la
r
p
a
rt
n
er
s
a
s
w
el
l
a
s
th
e
g
lu
o
n
a
n
d
th
e
g
lu
in
o
,

th
e
H
ig
g
s
a
n
d
g
a
u
g
e
b
o
so
n
se
ct
o
r
w
it
h
a
ll
th
e
H
ig
g
s
b
o
so
n
s
a
s
w
el
l
a
s
th
e
Z

a
n
d
th
e
W

b
o
so
n
a
n
d
th
e

ch
a
rg
in
o
/
n
eu

tr
a
li
n
o
se
ct
o
r.

D
et
a
il
s
a
b
o
u
t
o
u
r
n
o
ta
ti
o
n

a
n
d

es
p
ec
ia
ll
y
a
b
o
u
t
th
e
re
n
o
rm

a
li
za
ti
o
n
o
f
th
e

cM
S
S
M

ca
n
b
e
fo
u
n
d
in

R
ef
s.

[7
,8
,1
3
–1
6
].

A
n

im
p
o
rt
a
n
t
ro
le

p
la
y

co
n
tr
ib
u
ti
o
n
s
o
f
se
lf
-e
n
er
g
y
ty
p
e
o
f
ex
te
rn
a
l
(o
n
-s
h
el
l)

p
a
rt
ic
le
s.

W
h
il
e
th
e

re
a
l
p
a
rt

o
f
su
ch

a
lo
o
p
d
o
es

n
o
t
co
n
tr
ib
u
te

to
th
e
d
ec
ay

w
id
th

d
u
e
to

th
e
o
n
-s
h
el
l
re
n
o
rm

a
li
za
ti
o
n
,
th
e

im
a
g
in
a
ry

p
a
rt
,
in

p
ro
d
u
ct

w
it
h
a
n
im

a
g
in
a
ry

p
a
rt

o
f
a
co
m
p
le
x
co
u
p
li
n
g
(s
u
ch

a
s
A

t
o
r
M

1
)
ca
n
g
iv
e
a
re
a
l

co
n
tr
ib
u
ti
o
n
to

th
e
d
ec
ay

w
id
th
.
T
h
es
e
co
n
tr
ib
u
ti
o
n
s
h
av
e
b
ee
n
ta
k
en

in
to

a
cc
o
u
n
t
in

th
e
a
n
a
ly
ti
ca
l
a
n
d

n
u
m
er
ic
a
l
ev
a
lu
a
ti
o
n
.
T
h
e
im

p
a
ct

o
f
th
o
se

co
n
tr
ib
u
ti
o
n
s
w
il
l
b
e
d
is
cu
ss
ed

in
S
ec
ts
.
3,

4
.

T
h
e
F
ey
n
m
a
n
d
ia
g
ra
m
s
a
n
d
co
rr
es
p
o
n
d
in
g
a
m
p
li
tu
d
es

co
n
tr
ib
u
ti
n
g
to

th
e
va
ri
o
u
s
d
ec
ay

s
h
av
e
b
ee
n
o
b
-

ta
in
ed

w
it
h
F
e
y
n
A
r
t
s
[1
7
].
T
h
e
m
o
d
el

fi
le
,
in
cl
u
d
in
g
th
e
M
S
S
M

co
u
n
te
rt
er
m
s,
is
la
rg
el
y
b
a
se
d
o
n
R
ef
.
[1
8
],

h
ow

ev
er

a
d
ju
st
ed

to
m
a
tc
h
ex
a
ct
ly

th
e
re
n
o
rm

a
li
za
ti
o
n
p
re
sc
ri
p
ti
o
n
d
es
cr
ib
ed

in
R
ef
.
[7
,8
,1
3
,1
5
].
T
h
e
fu
r-

th
er

ev
a
lu
a
ti
o
n
h
a
s
b
ee
n
p
er
fo
rm

ed
w
it
h
F
o
r
m
C
a
l
c
[1
9
].
A
s
re
g
u
la
ri
za
ti
o
n
sc
h
em

e
fo
r
th
e
U
V
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1
0
5
3
4
9
].

T
h
e
p
ro
g
ra
m
,
th
e
u
se
r’
s
g
u
id
e
a
n
d
th
e
M
S
S
M

m
o
d
el

fi
le
s
a
re

av
a
il
a
b
le

v
ia

w
w
w
.
f
e
y
n
a
r
t
s
.
d
e
.

[1
8
]
T
.
F
ri
tz
sc
h
e,

P
h
D

th
es
is
,
C
u
v
il
li
er

V
er
la
g
,
G
ö
tt
in
g
en

2
0
0
5
,
IS
B
N

3
–
8
6
5
3
7
–
5
7
7
–
4
.

[1
9
]
T
.
H
a
h
n
a
n
d
M
.
P
ér
ez
-V

ic
to
ri
a
,
C
o
m
p
u
t.

P
h
y
s.

C
o
m
m
u
n
.
1
1
8
(1
9
9
9
)
1
5
3
[a
rX

iv
:h
ep

-p
h
/
9
8
0
7
5
6
5
].

[2
0
]
F
.
d
el

A
g
u
il
a
,
A
.
C
u
la
tt
i,
R
.
M
u
n
o
z
T
a
p
ia

a
n
d
M
.
P
er
ez
-V

ic
to
ri
a
,
N
u
cl
.
P
h
y
s.

B
5
3
7
(1
9
9
9
)
5
6
1
[a
rX

iv
:h
ep

-p
h
/
9
8
0
6
4
5
1
].

[2
1
]
W

.
S
ie
g
el
,
P
h
y
s.

L
et
t.

B
8
4
(1
9
7
9
)
1
9
3
;

D
.
C
a
p
p
er
,
D
.
J
o
n
es
,
a
n
d
P
.
va

n
N
ie
u
w
en

h
u
iz
en

,
N
u
cl
.
P
h
y
s.

B
1
6
7
(1
9
8
0
)
4
7
9
.

[2
2
]
D
.
S
tö
ck
in
g
er
,
J
H
E
P

0
5
0
3
(2
0
0
5
)
0
7
6
[a
rX

iv
:h
ep

-p
h
/
0
5
0
3
1
2
9
].

[2
3
]
W

.
H
o
ll
ik

a
n
d
D
.
S
tö
ck
in
g
er
,
P
h
y
s.

L
et
t.

B
6
3
4
(2
0
0
6
)
6
3
[a
rX

iv
:h
ep

-p
h
/
0
5
0
9
2
9
8
].

3
3

0



M
h
in

th
e
M

S
S
M

-s
e
e
sa
w

sc
e
n
a
ri
o
w
it
h
IL

C
p
re
c
is
io
n

S
.
H
E
IN

E
M
E
Y
E
R

1
,M

.J
.
H
E
R
R
E
R
O

2
,
S
.
P
E
Ñ
A
R
A
N
D
A

3
,4
,
A
.M

.
R
O
D
R
ÍG

U
E
Z
-S
Á
N
C
H
E
Z
2

1
-
In
st
it
u
to

d
e
F́
ıs
ic
a
d
e
C
a
n
ta
b
ri
a
(C

S
IC

-U
C
),

S
a
n
ta
n
d
er
,
S
p
a
in

2
-
D
ep
a
rt
a
m
en
to

d
e
F́
ıs
ic
a
T
eó
ri
ca

a
n
d
In
st
it
u
to

d
e
F́
ıs
ic
a
T
eó
ri
ca
,
U
A
M
/
C
S
IC

U
n
iv
er
si
d
a
d
A
u
tó
n
o
m
a
d
e
M
a
d
ri
d
,
C
a
n
to
b
la
n
co
,
M
a
d
ri
d
,
S
p
a
in

3
-
D
ep
a
rt
a
m
en
to

d
e
F́
ıs
ic
a
T
eó
ri
ca
,
U
n
iv
er
si
d
a
d
d
e
Z
a
ra
g
o
za
,
Z
a
ra
g
o
za
,
S
p
a
in

4
-
D
ep
a
rt
a
m
en
t
d
e
F́
ıs
ic
a
F
o
n
a
m
en
ta
l,
U
n
iv
er
si
ta
t
d
e
B
a
rc
el
o
n
a
,
S
p
a
in

W
e
re
v
ie
w

th
e
co
m
p
u
ta
ti
o
n
o
f
th
e
o
n
e-
lo
o
p
ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s
fr
o
m

th
e
n
eu

tr
in
o
/
sn
eu

tr
in
o
se
ct
o
r
to

th
e
li
g
h
te
st

H
ig
g
s
b
o
so
n
m
a
ss
,
M

h
,
w
it
h
in

th
e
co
n
te
x
t
o
f
th
e
so
-c
a
ll
ed

M
S
S
M
-s
ee
sa
w

sc
en

a
ri
o
.
T
h
is
m
o
d
el

in
tr
o
d
u
ce
s
ri
g
h
t
h
a
n
d
ed

n
eu

tr
in
o
s
a
n
d
th
ei
r
su
p
er
sy
m
m
et
ri
c
p
a
rt
n
er
s,
th
e
sn
eu

tr
in
o
s,
in
cl
u
d
in
g
M
a
jo
ra
n
a

m
a
ss

te
rm

s.
W
e
fi
n
d
n
eg
a
ti
v
e
a
n
d
si
ze
a
b
le

co
rr
ec
ti
o
n
s
to

M
h
,
u
p
to

−5
G
eV

fo
r
a
la
rg
e
M
a
jo
ra
n
a
sc
a
le
,

1
0
1
3
−

1
0
1
5
G
eV

,
a
n
d
fo
r
th
e
li
g
h
te
st

n
eu

tr
in
o
m
a
ss

in
a
ra
n
g
e
0
.1

−
1
eV

.
T
h
e
co
rr
ec
ti
o
n
s
to

M
h
a
re

su
b
st
a
n
ti
a
ll
y
la
rg
er

th
a
n
th
e
a
n
ti
ci
p
a
te
d
IL

C
p
re
ci
si
o
n
fo
r
la
rg
e
re
g
io
n
s
o
f
th
e
M
S
S
M
-s
ee
sa
w

p
a
ra
m
et
er

sp
a
ce
.

1
In

tr
o
d
u
ct
io
n

T
h
e
cu

rr
en
t
ex
p
er
im

en
ta
l
d
a
ta

o
n
n
eu
tr
in
o
m
a
ss

d
iff
er
en

ce
s
a
n
d

n
eu
tr
in
o
m
ix
in
g
a
n
g
le
s
cl
ea
rl
y
in
d
ic
a
te

n
ew

p
h
y
si
cs

b
ey
o
n
d
th
e
so

fa
r
su
cc
es
sf
u
l
S
ta
n
d
a
rd

M
o
d
el

(S
M
)
o
f
P
a
rt
ic
le

P
h
y
si
cs
.
In

p
a
rt
ic
u
la
r,

n
eu
tr
in
o

o
sc
il
la
ti
o
n
s
im

p
ly

th
a
t
a
t
le
a
st

tw
o
g
en

er
a
ti
o
n
s
o
f
n
eu
tr
in
o
s
m
u
st

b
e
m
a
ss
iv
e.

T
h
er
ef
o
re
,
o
n
e
n
ee
d
s
to

ex
te
n
d

th
e
S
M

to
in
co
rp
o
ra
te

n
eu
tr
in
o
m
a
ss

te
rm

s.

W
e
h
av
e
ex
p
lo
re
d
[4
]
th
e
si
m
p
le
st

v
er
si
o
n
o
f
a
S
u
p
er
sy
m
m
et
ri
c
ex
te
n
si
o
n
o
f
th
e
S
M
,
th
e
w
el
l
k
n
ow

n
M
in
im

a
l
S
u
p
er
sy
m
m
et
ri
c
S
ta
n
d
a
rd

M
o
d
el
(M

S
S
M
),
ex
te
n
d
ed

b
y
ri
g
h
t-
h
a
n
d
ed

M
a
jo
ra
n
a
n
eu

tr
in
o
s
a
n
d
w
h
er
e

th
e
se
es
aw

m
ec
h
a
n
is
m

o
f
ty
p
e
I
[2
]
is
im

p
le
m
en
te
d
to

g
en

er
a
te

th
e
sm

a
ll
n
eu
tr
in
o
m
a
ss
es
.
F
o
r
si
m
p
li
ci
ty
,
a
s

a
fi
rs
t
st
ep

,
w
e
fo
cu

s
h
er
e
in

th
e
o
n
e
g
en

er
a
ti
o
n
ca
se
.

O
n
th
e
o
th
er

h
a
n
d
,
it
is
w
el
l
k
n
ow

n
th
a
t
h
ea
v
y
M
a
jo
ra
n
a
n
eu
tr
in
o
s,
w
it
h
a
M
a
jo
ra
n
a
m
a
ss

sc
a
le

m
M

∼
1
0
1
3
−

1
0
1
5
G
eV

,
in
d
u
ce

la
rg
e
L
F
V

ra
te
s
[3
],
d
u
e
to

th
ei
r
p
o
te
n
ti
a
ll
y
la
rg
e
Y
u
ka
w
a
co
u
p
li
n
g
s
to

th
e
H
ig
g
s

se
ct
o
r.

F
o
r
th
e
sa
m
e
re
a
so
n
,
ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s
to

H
ig
g
s
b
o
so
n

m
a
ss
es

d
u
e
to

su
ch

h
ea
v
y
M
a
jo
ra
n
a

n
eu
tr
in
o
s
co
u
ld

a
ls
o
b
e
re
le
va
n
t.

C
o
n
se
q
u
en
tl
y,

o
u
r
st
u
d
y
h
a
s
b
ee
n
fo
cu

se
d
o
n
th
e
ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s
to

th
e
li
g
h
te
st

M
S
S
M

CP
-e
v
en

h
b
o
so
n
m
a
ss
,
M

h
,
d
u
e
to

th
e
o
n
e-
lo
o
p
co
n
tr
ib
u
ti
o
n
s
fr
o
m

th
e
n
eu
tr
in
o
/
sn
eu
tr
in
o

se
ct
o
r
w
it
h
in

th
e
M
S
S
M
-s
ee
sa
w

fr
a
m
ew

o
rk
.

In
th
e
fo
ll
ow

in
g
w
e
b
ri
efl
y
re
v
ie
w

th
e
m
a
in

re
le
va
n
t
a
sp
ec
ts

o
f
th
e
ca
lc
u
la
ti
o
n
o
f
th
e
m
a
ss

co
rr
ec
ti
o
n
s

a
n
d
th
e
n
u
m
er
ic
a
l
re
su
lt
s.

F
u
rt
h
er

d
et
a
il
s
ca
n
b
e
fo
u
n
d
in

[4
],
w
h
er
e
a
ls
o
a
n
ex
te
n
si
v
e
li
st

w
it
h
re
fe
re
n
ce
s

to
p
re
v
io
u
s
w
o
rk
s
ca
n
b
e
fo
u
n
d
.

2
T
h
e
M

S
S
M

-s
e
e
sa
w

m
o
d
e
l

T
h
e
M
S
S
M
-s
ee
sa
w

m
o
d
el

w
it
h
o
n
e
n
eu
tr
in
o
/
sn
eu
tr
in
o
g
en

er
a
ti
o
n
is

d
es
cr
ib
ed

in
te
rm

s
o
f
th
e
w
el
l
k
n
ow

n
M
S
S
M

su
p
er
p
o
te
n
ti
a
l
p
lu
s
th
e
n
ew

re
le
va
n
t
te
rm

s
g
iv
en

a
s:

W
=

ε i
j

[ Y
ν
Ĥ

i 2
L̂
j
N̂

−
Y
lĤ

i 1
L̂
j
R̂
] +

1 2
N̂

m
M

N̂
,

(1
)

3
3

1

w
h
er
e
N̂

=
(ν̃

∗ R
,(
ν R

)c
)
is
th
e
a
d
d
it
io
n
a
l
su
p
er
fi
el
d
th
a
t
co
n
ta
in
s
th
e
ri
g
h
t-
h
a
n
d
ed

n
eu
tr
in
o
ν R

a
n
d
it
s
sc
a
la
r

p
a
rt
n
er

ν̃ R
.

T
h
er
e
a
re

a
ls
o
n
ew

re
le
va
n
t
te
rm

s
in

th
e
so
ft

S
U
S
Y

b
re
a
k
in
g
p
o
te
n
ti
a
l:

V
ν̃ so
ft
=

m
2 L̃
ν̃
∗ L
ν̃ L

+
m

2 R̃
ν̃
∗ R
ν̃ R

+
(Y

ν
A

ν
H

2 2
ν̃ L

ν̃
∗ R
+
m

M
B

ν
ν̃ R

ν̃ R
+
h
.c
.)
.

(2
)

A
ft
er

el
ec
tr
o
-w

ea
k
(E

W
)
sy
m
m
et
ry

b
re
a
k
in
g
,
th
e
ch
a
rg
ed

le
p
to
n

a
n
d

D
ir
a
c
n
eu
tr
in
o
m
a
ss
es

ca
n

b
e

w
ri
tt
en

a
s

m
l
=

Y
l
v 1

,
m

D
=

Y
ν
v 2

,
(3
)

w
h
er
e
v i

a
re

th
e
va
cu
u
m

ex
p
ec
ta
ti
o
n
va
lu
es

(V
E
V
s)

o
f
th
e
n
eu
tr
a
l
H
ig
g
s
sc
a
la
rs
,
w
it
h
v 1

(2
)
=

v
co
s(
si
n
)β

a
n
d
v
�

1
7
4
G
eV

.
T
h
e
2
×
2
n
eu
tr
in
o
m
a
ss

m
a
tr
ix

is
g
iv
en

in
te
rm

s
o
f
m

D
a
n
d
m

M
b
y
:

M
ν
=

( 0
m

D

m
D

m
M

) .
(4
)

D
ia
g
o
n
a
li
za
ti
o
n
o
f
M

ν
le
a
d
s
to

tw
o
m
a
ss

ei
g
en

st
a
te
s,
w
h
ic
h
a
re

M
a
jo
ra
n
a
fe
rm

io
n
s
w
it
h
th
e
re
sp
ec
ti
v
e
m
a
ss

ei
g
en
va
lu
es

g
iv
en

b
y
:

m
ν
,
N

=
1 2

( m
M

∓
√ m

2 M
+
4
m

2 D

) .
(5
)

In
th
e
se
es
aw

li
m
it
,
i.
e.

w
h
en

ξ
≡

m
D

m
M

�
1
,
o
n
e
fi
n
d
s,

m
ν
=

−m
D
ξ
+
O(

m
D
ξ3
)
�

−
m

2 D

m
M

,
m

N
=

m
M

+
O(

m
D
ξ)

�
m

M
.

(6
)

R
eg
a
rd
in
g
th
e
sn
eu
tr
in
o
se
ct
o
r,
th
e
sn
eu
tr
in
o
m
a
ss

m
a
tr
ic
es

fo
r
th
e
CP

-e
v
en
,
M̃

+
,
a
n
d
th
e
CP

-o
d
d
,
M̃

−
,

su
b
se
ct
o
rs

a
re

g
iv
en

re
sp
ec
ti
v
el
y
b
y

M̃
2 ±
=

( m
2 L̃
+
m

2 D
+

1 2
M

2 Z
co
s
2
β

m
D
(A

ν
−
μ
co
t
β
±
m

M
)

m
D
(A

ν
−
μ
co
t
β
±
m

M
)

m
2 R̃
+
m

2 D
+
m

2 M
±
2
B

ν
m

M

) .
(7
)

T
h
e
d
ia
g
o
n
a
li
za
ti
o
n
o
f
th
es
e
tw

o
m
a
tr
ic
es
,
M̃

2 ±
,
le
a
d
s
to

fo
u
r
sn
eu
tr
in
o
m
a
ss

ei
g
en

st
a
te
s.

In
th
e
se
es
aw

li
m
it
,

w
h
er
e
m

M
is
m
u
ch

b
ig
g
er

th
a
n
a
ll
th
e
o
th
er

sc
a
le
s
th
e
co
rr
es
p
o
n
d
in
g
sn
eu

tr
in
o
m
a
ss
es

a
re

g
iv
en

b
y
:

m
2 ν̃
+
,ν̃

−
=

m
2 L̃
+

1 2
M

2 Z
co
s
2
β
∓
2
m

D
(A

ν
−
μ
co
t
β
−
B

ν
)ξ

,

m
2 Ñ

+
,Ñ

−
=

m
2 M

±
2
B

ν
m

M
+
m

2 R̃
+
2
m

2 D
.

(8
)

F
in
a
ll
y,

in
th
e
in
te
ra
ct
io
n
L
a
g
ra
n
g
ia
n
th
a
t
is

re
le
va
n
t
fo
r
th
e
p
re
se
n
t
w
o
rk
,
th
er
e
a
re

te
rm

s
a
lr
ea
d
y
p
re
se
n
t

in
th
e
M
S
S
M
:
th
e
p
u
re

g
a
u
g
e
in
te
ra
ct
io
n
s
b
et
w
ee
n
th
e
le
ft
-h
a
n
d
ed

n
eu
tr
in
o
s
a
n
d
th
e
Z

b
o
so
n
,
th
o
se

b
et
w
ee
n

th
e
’l
ef
t-
h
a
n
d
ed
’
sn
eu
tr
in
o
s
a
n
d
th
e
H
ig
g
s
b
o
so
n
s,

a
n
d
th
o
se

b
et
w
ee
n
th
e
’l
ef
t-
h
a
n
d
ed
’
sn
eu
tr
in
o
s
a
n
d
th
e

Z
b
o
so
n
s.

In
a
d
d
it
io
n
,
in

th
is
M
S
S
M
-s
ee
sa
w

sc
en
a
ri
o
,
th
er
e
a
re

in
te
ra
ct
io
n
s
d
ri
v
en

b
y
th
e
n
eu
tr
in
o
Y
u
ka
w
a

co
u
p
li
n
g
s
(o
r
eq
u
iv
a
le
n
tl
y
m

D
si
n
ce

Y
ν
=

(g
m

D
)/
(√ 2

M
W

si
n
β
))
,
a
s
fo
r
in
st
a
n
ce

g h
ν
L
ν
R
=

−
ig
m

D
c
o
s
α

2
M

W
si
n
β
,
a
n
d

n
ew

in
te
ra
ct
io
n
s
d
u
e
to

th
e
M
a
jo
ra
n
a
n
a
tu
re

d
ri
v
en

b
y
m

M
,
w
h
ic
h
a
re

n
o
t
p
re
se
n
t
in

th
e
ca
se

o
f
D
ir
a
c

fe
rm

io
n
s,

a
s
fo
r
in
st
a
n
ce

g h
ν̃
L
ν̃
R

=
−

ig
m

D
m

M
c
o
s
α

2
M

W
si
n
β

.
B
es
id
es
,
th
e
H
ig
g
s
b
o
so
n
se
ct
o
r
in

th
e
M
S
S
M
-s
ee
sa
w

m
o
d
el

is
a
s
in

th
e
M
S
S
M
.

3
C
a
lc
u
la
ti
o
n

In
th
e
F
ey
n
m
a
n
d
ia
g
ra
m
m
a
ti
c
(F

D
)
a
p
p
ro
a
ch

th
e
h
ig
h
er
-o
rd
er

co
rr
ec
te
d
CP

-e
v
en

H
ig
g
s
b
o
so
n
m
a
ss
es

in
th
e
M
S
S
M
,
d
en
o
te
d
h
er
e
a
s
M

h
a
n
d
M

H
,
a
re

d
er
iv
ed

b
y
fi
n
d
in
g
th
e
p
o
le
s
o
f
th
e
(h
,H

)-
p
ro
p
a
g
a
to
r
m
a
tr
ix
,

w
h
ic
h
is
eq
u
iv
a
le
n
t
to

so
lv
in
g
th
e
fo
ll
ow

in
g
eq
u
a
ti
o
n
[1
]:

[ p
2
−
m

2 h
+
Σ̂

h
h
(p

2
)][ p

2
−
m

2 H
+
Σ̂

H
H
(p

2
)] −

[ Σ̂
h
H
(p

2
)] 2 =

0
,

(9
)

3
3

2



w
h
er
e
m

h
,H

a
re

th
e
tr
ee

le
v
el

m
a
ss
es
.

T
h
e
o
n
e
lo
o
p

re
n
o
rm

a
li
ze
d
se
lf
-e
n
er
g
ie
s,

Σ̂
φ
φ
(p

2
),

in
(9
)
ca
n

b
e

ex
p
re
ss
ed

in
te
rm

s
o
f
th
e
b
a
re

se
lf
-e
n
er
g
ie
s,
Σ

φ
φ
(p

2
),
th
e
fi
el
d
re
n
o
rm

a
li
za
ti
o
n
co
n
st
a
n
ts

δZ
φ
φ
a
n
d
th
e
m
a
ss

co
u
n
te
r
te
rm

s
δm

2 φ
,
w
h
er
e
φ
st
a
n
d
s
fo
r
h
,H

.
F
o
r
ex
a
m
p
le
,
th
e
li
g
h
te
st

H
ig
g
s
b
o
so
n
re
n
o
rm

a
li
ze
d
se
lf
en

er
g
y

re
a
d
s:

Σ̂
h
h
(p

2
)
=

Σ
h
h
(p

2
)
+
δZ

h
h
(p

2
−
m

2 h
)
−
δm

2 h
.

(1
0
)

R
eg
a
rd
in
g
th
e
re
n
o
rm

a
li
za
ti
o
n
p
re
sc
ri
p
ti
o
n
,
w
e
h
av
e
u
se
d
a
n
o
n
-s
h
el
lr
en

o
rm

a
li
za
ti
o
n
sc
h
em

e
fo
r
M

Z
,M

W

a
n
d
M

A
m
a
ss

co
u
n
te
rt
er
m
s
a
n
d
T
h
,T

H
ta
d
p
o
le

co
u
n
te
rt
er
m
s.

O
n
th
e
o
th
er

h
a
n
d
,
w
e
h
av
e
u
se
d
a
m
o
d
ifi
ed

D
R

sc
h
em

e
( m

D
R
) fo

r
th
e
re
n
o
rm

a
li
za
ti
o
n
o
f
th
e
w
av
e
fu
n
ct
io
n
a
n
d
ta
n
β
.
T
h
e
m
D
R

sc
h
em

e
is
v
er
y
si
m
il
a
r

to
th
e
w
el
l
k
n
ow

n
D
R
sc
h
em

e
b
u
t
in
st
ea
d
o
f
su
b
tr
a
ct
in
g
th
e
u
su
a
l
te
rm

p
ro
p
o
rt
io
n
a
l
to

Δ
=

2 ε
−
γ
E
+
lo
g(
4
π
)

o
n
e
su
b
tr
a
ct
s
th
e
te
rm

p
ro
p
o
rt
io
n
a
l
to

Δ
m

=
Δ

−
lo
g
(m

2 M
/
μ
2 D
R
),

h
en
ce
,
av
o
id
in
g
la
rg
e
lo
g
a
ri
th
m
s
o
f
th
e

la
rg
e
sc
a
le

m
M
.
A
s
st
u
d
ie
d
in

o
th
er

w
o
rk
s
[5
],
th
is
sc
h
em

e
m
in
im

iz
es

h
ig
h
er

o
rd
er

co
rr
ec
ti
o
n
s
w
h
en

tw
o
v
er
y

d
iff
er
en
t
sc
a
le
s
a
re

in
v
o
lv
ed

in
a
ca
lc
u
la
ti
o
n
o
f
ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s.

T
h
e
fu
ll

o
n
e-
lo
o
p

ν
/
ν̃

co
rr
ec
ti
o
n
s
to

th
e
se
lf
-e
n
er
g
ie
s,

Σ̂
ν
/
ν̃

h
h
,
Σ̂

ν
/
ν̃

H
H

a
n
d

Σ̂
ν
/
ν̃

h
H
,
en
te
ri
n
g
(9
)
h
av
e
b
ee
n

ev
a
lu
a
te
d
w
it
h
F
ey
n
A
rt
s
a
n
d
F
o
rm

C
a
lc

[6
].

T
h
e
n
ew

F
ey
n
m
a
n
ru
le
s
fo
r
th
e
ν
/
ν̃
se
ct
o
r
a
re

in
se
rt
ed

in
to

a
n
ew

m
o
d
el

fi
le
.
S
in
ce

w
e
a
re

in
te
re
st
ed

in
ex
p
lo
ri
n
g
th
e
re
le
va
n
ce

o
f
th
e
n
ew

ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s
to

M
h

fr
o
m

th
e
n
eu

tr
in
o
/
sn
eu

tr
in
o
se
ct
o
r,

w
e
w
il
l
p
re
se
n
t
h
er
e
o
u
r
re
su
lt
s
in

te
rm

s
o
f
th
e
m
a
ss

d
iff
er
en

ce
w
it
h

re
sp
ec
t
to

th
e
M
S
S
M

p
re
d
ic
ti
o
n
.
C
o
n
se
q
u
en
tl
y,

w
e
d
efi
n
e,

Δ
m

m
D
R

h
:=

M
ν
/
ν̃

h
−
M

h
,

(1
1
)

w
h
er
e
M

ν
/
ν̃

h
d
en
o
te
s
th
e
p
o
le

fo
r
th
e
li
g
h
t
H
ig
g
s
m
a
ss

in
cl
u
d
in
g
th
e
ν
/
ν̃
co
rr
ec
ti
o
n
s
(i
.e
.
in

th
e
M
S
S
M
-

se
es
aw

m
o
d
el
),

a
n
d
M

h
th
e
co
rr
es
p
o
n
d
in
g
p
o
le

in
th
e
M
S
S
M
,
i.
e
w
it
h
o
u
t
th
e
ν
/
ν̃
co
rr
ec
ti
o
n
s.

T
h
u
s,

fo
r

a
g
iv
en

se
t
o
f
in
p
u
t
p
a
ra
m
et
er
s
w
e
fi
rs
t
ca
lc
u
la
te

M
h
in

th
e
M
S
S
M

w
it
h
th
e
h
el
p
o
f
F
e
y
n
H
i
g
g
s
[7
],
su
ch

th
a
t
a
ll
re
le
va
n
t
k
n
ow

n
h
ig
h
er
-o
rd
er

co
rr
ec
ti
o
n
s
a
re

in
cl
u
d
ed
.
T
h
en

w
e
a
d
d
th
e
n
ew

co
n
tr
ib
u
ti
o
n
s
fr
o
m

th
e

n
eu
tr
in
o
/
sn
eu
tr
in
o
se
ct
o
r
a
n
d
ev
en
tu
a
ll
y
co
m
p
u
te

Δ
m

m
D
R

h
.

4
R
e
su

lt
s

W
e
h
av
e
o
b
ta
in
ed

th
e
fu
ll
a
n
a
ly
ti
ca
l
re
su
lt
s
fo
r
th
e
re
n
o
rm

a
li
ze
d
H
ig
g
s
b
o
so
n
se
lf
-e
n
er
g
ie
s
a
n
d
th
ei
r
ex
p
re
s-

si
o
n
s
in

th
e
se
es
aw

li
m
it
.
In

o
rd
er

to
u
n
d
er
st
a
n
d
in

si
m
p
le
te
rm

s
th
e
a
n
a
ly
ti
ca
l
b
eh

av
io
r
o
f
o
u
r
fu
ll
n
u
m
er
ic
a
l

re
su
lt
s
w
e
h
av
e
ex
p
a
n
d
ed

th
e
re
n
o
rm

a
li
ze
d
se
lf
-e
n
er
g
ie
s
in

p
ow

er
s
o
f
th
e
se
es
aw

p
a
ra
m
et
er

ξ
=

m
D
/
m

M
:

Σ̂
(p

2
)
=

( Σ̂
(p

2
)) m

0 D

+
( Σ̂

(p
2
)) m

2 D

+
( Σ̂

(p
2
)) m

4 D

+
..
.
.

(1
2
)

T
h
e
ze
ro
th

o
rd
er

o
f
th
is

ex
p
a
n
si
o
n
is

p
re
ci
se
ly

th
e
p
u
re

g
a
u
g
e
co
n
tr
ib
u
ti
o
n
a
n
d
it

d
o
es

n
o
t
d
ep

en
d
o
n
m

D

o
r
m

M
.
T
h
er
ef
o
re
,
it

co
rr
es
p
o
n
d
s
to

th
e
re
su
lt

in
th
e
M
S
S
M
.
T
h
e
re
st

o
f
th
e
te
rm

s
o
f
th
e
ex
p
a
n
si
o
n
a
re

th
e
Y
u
ka
w
a
co
n
tr
ib
u
ti
o
n
.

T
h
e
le
a
d
in
g
te
rm

o
f
th
is

Y
u
ka
w
a
co
n
tr
ib
u
ti
o
n
is

th
e
O(

m
2 D
)
te
rm

,
b
ec
a
u
se

it
is

th
e
o
n
ly

o
n
e
n
o
t
su
p
p
re
ss
ed

b
y
th
e
M
a
jo
ra
n
a
sc
a
le
.

In
fa
ct

it
g
o
es

a
s
Y

2 ν
M

2 E
W
,
w
h
er
e
M

2 E
W

d
en
o
te
s

g
en

er
ic
a
ll
y
th
e
el
ec
tr
ow

ea
k
sc
a
le
s
in
v
o
lv
ed

,
co
n
cr
et
el
y,

p
2
,
M

2 Z
a
n
d
M

2 A
.
In

p
a
rt
ic
u
la
r,

th
e
O(

p
2
m

2 D
)
te
rm

s
o
f
th
e
re
n
o
rm

a
li
ze
d
se
lf
-e
n
er
g
y,

w
h
ic
h
tu
rn

o
u
t
to

b
e
th
e
m
o
st

re
le
va
n
t
le
a
d
in
g
co
n
tr
ib
u
ti
o
n
s,
se
p
a
ra
te
d
in
to

th
e
n
eu
tr
in
o
a
n
d
sn
eu
tr
in
o
co
n
tr
ib
u
ti
o
n
s,
re
a
d
:

Σ̂
m
D
R

h
h

∣ ∣ ∣ m
2 D
p
2
∼

h
h
+

ν L ν R

h
h

ν̃ L ν̃ R

∣ ∣ ∣ ∣ ∣ ∣ ∣ m
2 D
p
2

∼
g
2
p
2
m

2 D
c2 α

6
4
π
2
M

2 W
s2 β

+
g
2
p
2
m

2 D
c2 α

6
4
π
2
M

2 W
s2 β

.
(1
3
)

N
o
ti
ce

th
a
t
th
e
a
b
ov
e
n
eu
tr
in
o
co
n
tr
ib
u
ti
o
n
s
co
m
e
fr
o
m

th
e
Y
u
ka
w
a
in
te
ra
ct
io
n
g h

ν
L
ν
R
,
w
h
ic
h
is

ex
tr
em

el
y

su
p
p
re
ss
ed

in
th
e
D
ir
a
c
ca
se

b
u
t
ca
n
b
e
la
rg
e
in

th
e
M
a
jo
ra
n
a
ca
se
.
T
h
e
sn
eu
tr
in
o
co
n
tr
ib
u
ti
o
n
s
co
m
e
fr
o
m

th
e
n
ew

co
u
p
li
n
g
s
g h

ν̃
L
ν̃
R
,
w
h
ic
h
a
re

n
o
t
p
re
se
n
t
in

th
e
D
ir
a
c
ca
se
.
It

is
a
ls
o
in
te
re
st
in
g
to

re
m
a
rk

th
a
t
th
es
e

te
rm

s,
b
ei
n
g
∼

p
2
,
d
ep

en
d
o
n
th
e
ex
te
rn
a
l
m
o
m
en
tu
m
.
T
h
er
ef
o
re
,
a
t
la
rg
e
m

M
,
to

k
ee
p
ju
st

th
e
Y
u
ka
w
a

p
a
rt

is
a
g
o
o
d
a
p
p
ro
x
im

a
ti
o
n
,
b
u
t
to

n
eg
le
ct

th
e
m
o
m
en
tu
m

d
ep

en
d
en
ce

o
r
to

se
t
th
e
ex
te
rn
a
l
m
o
m
en
tu
m

to
ze
ro

a
re

ce
rt
a
in
ly

n
o
t.

In
co
n
se
q
u
en

ce
,
th
e
eff

ec
ti
v
e
p
o
te
n
ti
a
l
m
et
h
o
d
w
il
l
n
o
t
p
ro
v
id
e
a
re
a
li
st
ic

re
su
lt

3
3

3

fo
r
th
e
ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s
to

th
e
H
ig
g
s
m
a
ss
.
S
im

il
a
rl
y,

o
b
ta
in
in
g
th
e
le
a
d
in
g
lo
g
a
ri
th
m
ic

te
rm

s
in

a
R
G
E

co
m
p
u
ta
ti
o
n
,
w
o
u
ld

a
ls
o
m
is
s
th
es
e
fi
n
it
e
te
rm

s.

T
h
e
b
eh
av

io
u
r
o
f
th
e
re
n
o
rm

a
li
ze
d
se
lf
-e
n
er
g
y
w
it
h
a
ll
o
th
er
s
p
a
ra
m
et
er
s
en
te
ri
n
g
in

th
e
co
m
p
u
ta
ti
o
n

h
av
e
b
ee
n
d
is
cu
ss
ed

in
[4
].

A
cc
o
rd
in
g
to

o
u
r
d
et
a
il
ed

a
n
a
ly
si
s
in

th
is

p
a
p
er
,
th
e
m
o
st

re
le
va
n
t
p
a
ra
m
et
er
s

fo
r
o
u
r
p
u
rp
o
se
s
a
re
:
m

M
(o
r,
eq
u
iv
a
le
n
tl
y,

th
e
h
ea
v
ie
st

p
h
y
si
ca
l
M
a
jo
ra
n
a
n
eu
tr
in
o
m
a
ss

m
N
),
m

ν
a
n
d
th
e

so
ft

S
U
S
Y

b
re
a
k
in
g
p
a
ra
m
et
er
s
m

R̃
a
n
d
B

ν
.
In

th
e
li
te
ra
tu
re

it
is
o
ft
en

a
ss
u
m
ed

th
a
t
m

M
h
a
s
a
v
er
y
la
rg
e

va
lu
e,

m
M

∼
O(

1
0
1
4
−
1
5
)
G
eV

,
in

o
rd
er

to
g
et

|m
ν
|∼

0
.1

-
1
eV

w
it
h
la
rg
e
Y
u
ka
w
a
co
u
p
li
n
g
s
Y
ν
∼

O(
1
).

T
h
is

is
a
n
in
te
re
st
in
g
p
o
ss
ib
il
it
y
si
n
ce

it
ca
n
le
a
d
to

im
p
o
rt
a
n
t
p
h
en
o
m
en
o
lo
g
ic
a
l
im

p
li
ca
ti
o
n
s
d
u
e
to

th
e

la
rg
e
si
ze

o
f
th
e
ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s
d
ri
v
en

b
y
th
es
e
la
rg
e
Y
ν
.
W
e
h
av
e
ex
p
lo
re
d
,
h
ow

ev
er
,
n
o
t
o
n
ly

th
es
e

ex
tr
em

e
va
lu
es

b
u
t
th
e
fu
ll
ra
n
g
e
fo
r
m

M
:
∼

1
0
2
−
1
0
1
5
G
eV

.
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F
ig
u
re

1
:
O
n
e-
lo
o
p
co
rr
ec
ti
o
n
s
to

M
h
fr
o
m

th
e
n
eu

tr
in
o
/
sn
eu
tr
in
o
se
ct
o
r
a
s
a
fu
n
ct
io
n
o
f
m

M
fo
r:

m
R̃
<

1
0
1
3
G
eV

(l
ef
t
p
a
n
el
)
a
n
d
1
0
1
3
G
eV

<
m

R̃
<

1
0
1
4
G
eV

(r
ig
h
t
p
a
n
el
).

F
ig
.
1
sh
ow

s
th
e
p
re
d
ic
ti
o
n
s
fo
r
Δ
m

m
D
R

h
a
s
a
fu
n
ct
io
n
o
f
m

M
,
fo
r
se
v
er
a
l
in
p
u
t
m

R̃
va
lu
es
.
T
h
e
H
ig
g
s

m
a
ss

co
rr
ec
ti
o
n
s
a
re

p
o
si
ti
v
e
a
n
d
b
el
ow

0
.1

G
eV

if
m

M
< ∼

5
×

1
0
1
3
G
eV

a
n
d
m

R̃
<

1
0
1
2
G
eV

(l
ef
t
p
a
n
el
).

F
o
r
la
rg
er

M
a
jo
ra
n
a
m
a
ss

va
lu
es
,
th
e
co
rr
ec
ti
o
n
s
g
et

n
eg
a
ti
v
e
a
n
d
g
ro
w

u
p
to

a
fe
w

G
eV

;
Δ
m

m
D
R

h
=

−2
.1
5

G
eV

fo
r
m

M
=

1
0
1
5
G
eV

.
T
h
e
re
su
lt
s
in

th
e
ri
g
h
t
p
lo
t
sh
ow

th
a
t
fo
r
la
rg
er

va
lu
es

o
f
th
e
so
ft

m
a
ss
,

m
R̃
> ∼

1
0
1
3
G
eV

,
th
e
H
ig
g
s
m
a
ss

co
rr
ec
ti
o
n
s
a
re

n
eg
a
ti
v
e
a
n
d
ca
n
b
e
si
ze
a
b
le
,
a
fe
w

te
n
s
o
f
G
eV

,
re
a
ch
in
g

th
ei
r
m
a
x
im

u
m

va
lu
es

a
t
m

R̃
�

m
M
.

T
h
e
re
su
lt
s
o
f
th
e
H
ig
g
s
m
a
ss

co
rr
ec
ti
o
n
s
in

te
rm

s
o
f
th
e
tw

o
re
le
va
n
t
p
h
y
si
ca
l
M
a
jo
ra
n
a
n
eu

tr
in
o
m
a
ss
es
,

li
g
h
t
|m

ν
|a

n
d
h
ea
v
y
m

N
,
a
re

su
m
m
a
ri
ze
d
in

th
e
le
ft

p
lo
t
o
f
F
ig
.
2
.
F
o
r
va
lu
es

o
f
m

N
<

3
×
1
0
1
3
G
eV

a
n
d

|m
ν
|<

0
.1
−
0
.3

eV
th
e
co
rr
ec
ti
o
n
s
to

M
h
a
re

p
o
si
ti
v
e
a
n
d
sm

a
ll
er

th
a
n
0
.1

G
eV

.
In

th
is

re
g
io
n
,
th
e
g
a
u
g
e

co
n
tr
ib
u
ti
o
n
d
o
m
in
a
te
s.

In
fa
ct
,
th
e
w
id
er

b
la
ck

co
n
to
u
r
li
n
e
w
it
h
fi
x
ed

Δ
m

m
D
R

h
=

0
.0
9
co
in
ci
d
es

w
it
h
th
e

p
re
d
ic
ti
o
n
fo
r
th
e
ca
se

w
h
er
e
ju
st

th
e
g
a
u
g
e
p
a
rt

in
th
e
se
lf
-e
n
er
g
ie
s
h
av
e
b
ee
n
in
cl
u
d
ed

.
T
h
is
m
ea
n
s
th
a
t
’t
h
e

d
is
ta
n
ce
’
o
f
a
n
y
o
th
er

co
n
to
u
r-
li
n
e
re
sp
ec
t
to

th
is

o
n
e
re
p
re
se
n
ts

th
e
d
iff
er
en

ce
in

th
e
ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s

re
sp
ec
t
to

th
e
M
S
S
M

p
re
d
ic
ti
o
n
.
F
o
r
la
rg
er

va
lu
es

o
f
m

N
a
n
d
/
o
r
|m

ν
|t
h
e
Y
u
ka
w
a
p
a
rt

d
o
m
in
a
te
s,

a
n
d
th
e

ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s
b
ec
o
m
e
n
eg
a
ti
v
e
a
n
d
la
rg
er

in
a
b
so
lu
te

va
lu
e,

u
p
to

a
b
o
u
t
−5

G
eV

in
th
e
ri
g
h
t
u
p
p
er

co
rn
er

o
f
th
is
fi
g
u
re
.
T
h
es
e
co
rr
ec
ti
o
n
s
g
ro
w

in
m
o
d
u
lu
s
p
ro
p
o
rt
io
n
a
ll
y
to

m
M

a
n
d
m

ν
,
d
u
e
to

th
e
fa
ct

th
a
t

th
e
se
es
aw

m
ec
h
a
n
is
m

im
p
o
se

a
re
la
ti
o
n
b
et
w
ee
n
th
e
th
re
e
m
a
ss
es

in
v
o
lv
ed

,
m

2 D
=

|m
ν
|m

N
.

F
in
a
ll
y,

w
e
p
re
se
n
t
in

th
e
ri
g
h
t
p
lo
t
o
f
F
ig
.
2
th
e
co
n
to
u
r-
li
n
es

fo
r
fi
x
ed

Δ
m

m
D
R

h
in

th
e
le
ss

co
n
se
rv
a
ti
v
e

ca
se

w
h
er
e
m

R̃
is

cl
o
se

to
m

M
.
T
h
es
e
a
re

d
is
p
la
y
ed

a
s
a
fu
n
ct
io
n
o
f
|m

ν
|a

n
d
th
e
ra
ti
o
m

R̃
/
m

M
.
m

M
is

fi
x
ed

to
1
0
1
4
G
eV

.
F
o
r
th
e
in
te
rv
a
l
st
u
d
ie
d
h
er
e,

w
e
se
e
a
g
a
in

th
a
t
th
e
ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s
ca
n
b
e
n
eg
a
ti
v
e

a
n
d
a
s
la
rg
e
a
s
te
n
s
o
f
G
eV

in
th
e
u
p
p
er

ri
g
h
t
co
rn
er

o
f
th
e
p
lo
t.

F
o
r
in
st
a
n
ce
,
Δ
m

m
D
R

h
=

−3
0
G
eV

fo
r

|m
ν
|=

0
.6

eV
a
n
d
m

R̃
/
m

M
=

0
.7
.

T
o
su
m
m
a
ri
ze
:
fo
r
so
m
e
re
g
io
n
s
o
f
th
e
M
S
S
M
-s
ee
sa
w

p
a
ra
m
et
er

sp
a
ce
,
th
e
co
rr
ec
ti
o
n
s
to

M
h
a
re

o
f

th
e
o
rd
er

o
f
se
v
er
a
l
G
eV

.
F
o
r
a
ll
so
ft

S
U
S
Y
-b
re
a
k
in
g
p
a
ra
m
et
er
s
a
t
th
e
T
eV

sc
a
le

w
e
fi
n
d
co
rr
ec
ti
o
n
o
f
u
p

to
−5

G
eV

to
M

h
.
T
h
es
e
co
rr
ec
ti
o
n
s
a
re

su
b
st
a
n
ti
a
ll
y
la
rg
er

th
a
n
th
e
a
n
ti
ci
p
a
te
d
IL
C

p
re
ci
si
o
n
o
f
a
b
o
u
t

3
3

4
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.0

�m
Ν
�
�e

V
�

log�mN�GeV��
�

m
hm

D
R
�G

eV
�

�
50

�
40

�
30

�
20

�
10

�
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�
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1.
0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

�m
Ν
�
�e

V
�
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�
m
hm

D
R
�G

eV
�

F
ig
u
re

2
:
C
o
n
to
u
r-
li
n
es

fo
r
th
e
H
ig
g
s
m
a
ss

co
rr
ec
ti
o
n
s
fr
o
m

th
e
ν
/
ν̃
se
ct
o
r
a
s
a
fu
n
ct
io
n
o
f:

|m
ν
|a

n
d
m

N

(l
ef
t
p
a
n
el
)
a
n
d
th
e
ra
ti
o
m

R̃
/
m

M
a
n
d
|m

ν
|(

ri
g
h
t
p
a
n
el
).

T
h
e
o
th
er

p
a
ra
m
et
er
s
a
re
:
A

ν
=

B
ν
=

m
L̃
=

m
R̃
=

1
0
3
G
eV

,t
a
n
β
=

5
,M

A
=

2
0
0
G
eV

,μ
=

2
0
0
G
eV

.

5
0
M
eV

(a
n
d
a
ls
o
la
rg
er

th
a
n
th
e
a
n
ti
ci
p
a
te
d
L
H
C

p
re
ci
si
o
n
o
f
∼

2
0
0
M
eV

).
C
o
n
se
q
u
en
tl
y,

th
ey

sh
o
u
ld

b
e

in
cl
u
d
ed

in
a
n
y
p
h
en
o
m
en
o
lo
g
ic
a
l
a
n
a
ly
si
s
o
f
th
e
H
ig
g
s
se
ct
o
r
in

th
e
M
S
S
M
-s
ee
sa
w
.

R
e
fe
re
n
ce

s

[1
]
M
.
F
ra
n
k
,
T
.
H
a
h
n
,
S
.
H
ei
n
em

ey
er
,
W

.
H
o
ll
ik
,
H
.
R
ze
h
a
k
a
n
d
G
.
W
ei
g
le
in
,
J
H
E
P

0
7
0
2
(2
0
0
7
)
0
4
7

[a
rX

iv
:0
6
1
1
3
2
6
[h
ep

-p
h
]]
.

[2
]
P
.
M
in
k
ow

sk
i,
P
h
ys
.
L
et
t.
B

6
7
(1
9
7
7
)
4
2
1
;

[3
]
F
.
B
o
rz
u
m
a
ti
a
n
d
A
.
M
a
si
er
o
,
P
h
ys
.
R
ev
.
L
et
t.
5
7
(1
9
8
6
)
9
6
1
;

M
.
R
a
id
a
l
et

a
l.
,
E
u
r.
P
h
y
s.
J
.
C

5
7
,
1
3
(2
0
0
8
)
[a
rX

iv
:0
8
0
1
.1
8
2
6
[h
ep

-p
h
]]
.

[4
]
S
.
H
ei
n
em

ey
er
,
M
.
J
.
H
er
re
ro
,
S
.
P
en

a
ra
n
d
a
a
n
d
A
.
M
.
R
o
d
ri
g
u
ez
-S
a
n
ch
ez
,
J
H
E
P

1
1
0
5
(2
0
1
1
)
0
6
3

[a
rX

iv
:1
0
0
7
.5
5
1
2
[h
ep

-p
h
]]
.

[5
]
J
.
C
o
ll
in
s,

F
.
W

il
cz
ek

a
n
d
A
.
Z
ee
,
P
h
ys
.
R
ev
.
D

1
8
(1
9
7
8
)
2
4
2
.

[6
]
J
.
K
ü
b
lb
ec
k
,
M
.
B
ö
h
m

a
n
d
A
.
D
en
n
er
,
C
o
m
p
u
t.
P
h
ys
.
C
o
m
m
u
n
.
6
0
(1
9
9
0
)
1
6
5
;

T
.
H
a
h
n
,
C
o
m
p
u
t.

P
h
ys
.
C
o
m
m
u
n
.
1
4
0
(2
0
0
1
)
4
1
8
[a
rX

iv
:h
ep

-p
h
/
0
0
1
2
2
6
0
];

T
.
H
a
h
n
a
n
d
C
.
S
ch
a
p
p
a
ch
er
,
C
o
m
p
u
t.

P
h
ys
.
C
o
m
m
u
n
.
1
4
3
(2
0
0
2
)
5
4
[a
rX

iv
:h
ep

-p
h
/
0
1
0
5
3
4
9
];

T
.
H
a
h
n
a
n
d
M
.
P
ér
ez
-V

ic
to
ri
a
,
C
o
m
p
u
t.
P
h
ys
.
C
o
m
m
u
n
.
1
1
8
(1
9
9
9
)
1
5
3
[a
rX

iv
:h
ep

-p
h
/
9
8
0
7
5
6
5
].

[7
]
S
.
H
ei
n
em

ey
er
,
W

.
H
o
ll
ik

a
n
d

G
.
W
ei
g
le
in
,
C
o
m
p
u
t.

P
h
ys
.
C
o
m
m
u
n
.
1
2
4

(2
0
0
0
)
7
6

[a
rX

iv
:h
ep

-
p
h
/
9
8
1
2
3
2
0
];

T
.
H
a
h
n
,
S
.
H
ei
n
em

ey
er
,
W

.
H
o
ll
ik
,
H
.
R
ze
h
a
k
a
n
d
G
.
W
ei
g
le
in
,
C
o
m
p
u
t.
P
h
ys
.
C
o
m
m
u
n
.
1
8
0
(2
0
0
9
)

1
4
2
6
;

se
e:

w
w
w
.
f
e
y
n
h
i
g
g
s
.
d
e
.

3
3

5

T
h
e
H
ig
g
s
se
c
to

r
o
f
th

e
N
M

F
V

M
S
S
M

a
t
th

e
IL

C

M
.
A
ra
n
a
-C

a
ta
n
ia

1
,
S
.
H
ei
n
em

ey
er

2
,
M
.J
.
H
er
re
ro

1
a
n
d
S
.
P
eñ
a
ra
n
d
a
3
,4

∗†

1
-
D
ep
a
rt
a
m
en
to

d
e
F́
ıs
ic
a
T
eó
ri
ca

a
n
d
In
st
it
u
to

d
e
F́
ıs
ic
a
T
eó
ri
ca
,
IF

T
-U

A
M
/
C
S
IC

U
n
iv
er
si
d
a
d
A
u
tó
n
o
m
a
d
e
M
a
d
ri
d
,
C
a
n
to
b
la
n
co
,
M
a
d
ri
d
-
S
p
a
in

2
-
In
st
it
u
to

d
e
F́
ıs
ic
a
d
e
C
a
n
ta
b
ri
a
(C

S
IC

-U
C
),

S
a
n
ta
n
d
er

-
S
p
a
in

3
-
D
ep
a
rt
a
m
en
to

d
e
F́
ıs
ic
a
T
eó
ri
ca
,
U
n
iv
er
si
d
a
d
d
e
Z
a
ra
g
o
za
,
S
p
a
in

4
-
D
ep
a
rt
a
m
en
t
d
e
F́
ıs
ic
a
F
o
n
a
m
en
ta
l,
U
n
iv
er
si
ta
t
d
e
B
a
rc
el
o
n
a
,
S
p
a
in

W
e
ca
lc
u
la
te

th
e
o
n
e-
lo
o
p
co
rr
ec
ti
o
n
s
to

th
e
H
ig
g
s
b
o
so
n
m
a
ss
es

w
it
h
in

th
e
co
n
te
x
t
o
f
th
e
M
S
S
M

w
it
h

N
o
n
-M

in
im

a
l
F
la
v
o
r
V
io
la
ti
o
n
in

th
e
sq
u
a
rk

se
ct
o
r.

W
e
ta
k
e
in
to

a
cc
o
u
n
t
a
ll
th
e
re
le
va

n
t
re
st
ri
ct
io
n
s

fr
o
m

B
R
(B

→
X

s
γ
),

B
R
(B

s
→

μ
+
μ
−
)
a
n
d
Δ
M

B
s
.
W
e
fi
n
d
si
za
b
le

co
rr
ec
ti
o
n
s
to

th
e
li
g
h
te
st

H
ig
g
s

b
o
so
n

m
a
ss

th
a
t
a
re

co
n
si
d
er
a
b
ly

la
rg
er

th
a
n
th
e
ex

p
ec
te
d
IL

C
p
re
ci
si
o
n

fo
r
a
cc
ep

ta
b
le

va
lu
es

o
f
th
e

m
ix
in
g
p
a
ra
m
et
er
s
δX

Y
ij

.
W
e
fi
n
d
δL

R
c
t

a
n
d
δR

L
c
t

sp
ec
ia
ll
y
re
le
va

n
t,

m
a
in
ly

a
t
lo
w

ta
n
β
.

1
In

tr
o
d
u
ct
io
n

W
e
re
v
ie
w

th
e
o
n
e-
lo
o
p

co
rr
ec
ti
o
n
s
to

th
e
H
ig
g
s
b
o
so
n

m
a
ss
es

in
th
e
M
S
S
M

w
it
h

N
o
n
-M

in
im

a
l
F
la
v
o
r

V
io
la
ti
o
n
(N

M
F
V
)
[1
].

T
h
e
fl
av
o
r
v
io
la
ti
o
n
is

g
en

er
a
te
d
fr
o
m

th
e
h
y
p
o
th
es
is

o
f
g
en

er
a
l
fl
av
o
r
m
ix
in
g
in

th
e
sq
u
a
rk

m
a
ss

m
a
tr
ic
es
,
p
a
ra
m
et
er
iz
ed

b
y
a
co
m
p
le
te

se
t
o
f
δX

Y
ij

(X
,Y

=
L
,R

;
i,
j
=

t,
c,
u
o
r
b,
s,
d
).

T
h
e
co
rr
ec
ti
o
n
s
to

th
e
H
ig
g
s
m
a
ss
es

a
re

ca
lc
u
la
te
d
in

te
rm

s
o
f
th
es
e
δX

Y
ij

ta
k
in
g
in
to

a
cc
o
u
n
t
a
ll
re
le
va
n
t

re
st
ri
ct
io
n
s
fr
o
m

B
-p
h
y
si
cs

d
a
ta
.
In

p
a
rt
ic
u
la
r
th
e
p
re
se
n
t
co
n
st
ra
in
ts

fr
o
m

B
R
(B

→
X

s
γ
),
B
R
(B

s
→

μ
+
μ
−
)

a
n
d
Δ
M

B
s
a
re

d
em

a
n
d
ed

to
b
e
fu
lfi
ll
ed

a
n
d
o
u
r
p
re
d
ic
ti
o
n
s
a
re

a
ls
o
co
m
p
a
re
d
w
it
h
in

N
M
F
V

sc
en
a
ri
o
s
w
it
h

th
e
S
M

p
re
d
ic
ti
o
n
s.

F
o
r
co
m
p
le
te
n
es
s,
w
e
in
cl
u
d
e
b
el
ow

th
e
p
re
se
n
t
ex
p
er
im

en
ta
l
d
a
ta

[2
],
a
n
d
th
e
p
re
d
ic
ti
o
n
s

w
it
h
in

th
e
S
M

[3
]:

B
R
(B

→
X

s
γ
) e

x
p
=

(3
.5
5
±
0
.2
6
)
×
1
0
−
4

;
B
R
(B

→
X

s
γ
) S

M
=

(3
.1
5
±
0
.2
3
)
×
1
0
−
4

(1
)

B
R
(B

s
→

μ
+
μ
−
) e

x
p
<

1
.1
×
1
0
−
8

(9
5
%

C
L
);
B
R
(B

s
→

μ
+
μ
−
) S

M
=

(3
.6
±
0
.4
)
×
1
0
−
9

(2
)

Δ
M

B
s
e
x
p
=

(1
1
7
.0
±
0
.8
)
×
1
0
−
1
0
M
eV

;
Δ
M

B
s
S
M

=
(1
1
7
.1

+
1
7
.2

−
1
6
.4
)
×
1
0
−
1
0
M
eV

.
(3
)

H
er
e
w
e
fo
cu

s
o
n
th
e
a
n
a
ly
si
s
o
f
th
e
H
ig
g
s
m
a
ss

co
rr
ec
ti
o
n
s
th
a
t
a
re

o
ri
g
in
a
te
d
fr
o
m

th
e
fl
av
o
r
m
ix
in
g

b
et
w
ee
n
th
e
se
co
n
d
a
n
d
th
ir
d
g
en

er
a
ti
o
n
s
w
h
ic
h
is
th
e
re
le
va
n
t
o
n
e
in

B
p
h
y
si
cs

a
n
d
d
ev
o
te

sp
ec
ia
l
a
tt
en
ti
o
n

to
th
e
L
R
/
R
L
se
ct
o
r.

T
h
es
e
k
in
d
o
f
m
ix
in
g
eff

ec
ts

a
re

ex
p
ec
te
d
to

b
e
si
za
b
le
,
si
n
ce

th
ey

en
te
r
th
e
o
ff
-d
ia
g
o
n
a
l

A
p
a
ra
m
et
er
s,
w
h
ic
h
a
p
p
ea
r
d
ir
ec
tl
y
in

th
e
co
u
p
li
n
g
o
f
th
e
H
ig
g
s
b
o
so
n
s
to

sc
a
la
r
q
u
a
rk
s.

In
th
e
fo
ll
ow

in
g
w
e
b
ri
efl
y
re
v
ie
w

th
e
m
a
in

re
le
va
n
t
a
sp
ec
ts

o
f
th
e
ca
lc
u
la
ti
o
n
a
n
d
p
re
se
n
t
th
e
n
u
m
er
ic
a
l

re
su
lt
s
fo
cu

si
n
g
o
n
th
e
li
g
h
t
H
ig
g
s
b
o
so
n
.
F
o
r
fu
rt
h
er

d
et
a
il
s
w
e
a
d
d
re
ss

th
e
re
a
d
er

to
th
e
fu
ll
v
er
si
o
n
o
f
o
u
r

w
o
rk

[1
],
w
h
er
e
a
ls
o
a
n
ex
te
n
si
v
e
li
st

w
it
h
re
fe
re
n
ce
s
to

re
la
te
d
w
o
rk
s
ca
n
b
e
fo
u
n
d
.

2
S
U
S
Y

sc
e
n
a
ri
o
s
w
it
h

N
o
n
-M

in
im

a
l
F
la
v
o
r
V
io
la
ti
o
n

T
h
e
u
su
a
l
p
ro
ce
d
u
re

to
in
tr
o
d
u
ce

g
en

er
a
l
fl
av
o
r
m
ix
in
g
in

th
e
sq
u
a
rk

se
ct
o
r
is
to

in
cl
u
d
e
th
e
n
o
n
-d
ia
g
o
n
a
li
ty

in
fl
av
o
r
sp
a
ce

in
th
e
S
u
p
er
-C

K
M

b
a
si
s.

T
h
es
e
sq
u
a
rk

fl
av
o
r
m
ix
in
g
s
a
re

u
su
a
ll
y
d
es
cr
ib
ed

in
te
rm

s
o
f
a

∗ P
re
p
ri
n
t
n
u
m
b
er
:
IF

T
-U

A
M
/
C
S
IC

-1
2
-1
0

† T
a
lk

g
iv
en

b
y
M
.
A
ra
n
a
-C

a
ta
n
ia

a
t
L
C
W

S
1
1

3
3
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se
t
o
f
d
im

en
si
o
n
le
ss

p
a
ra
m
et
er
s
δX

Y
ij

(X
,Y

=
L
,R

;
i,
j
=

t,
c,
u
o
r
b,
s,
d
),

in
tr
o
d
u
ce
d
in

th
e
S
U
S
Y
-b
re
a
k
in
g

m
a
tr
ic
es

(a
ft
er

R
G
E

ru
n
n
in
g
)
a
t
lo
w

en
er
g
y
a
s
fo
ll
ow

s,

m
2 Ũ

L
=

⎛ ⎜ ⎝m
2 Ũ

L
1
1

0
0

0
m

2 Ũ
L
2
2

δL
L

2
3
m

Ũ
L
2
2
m

Ũ
L
3
3

0
δL

L
2
3
m

Ũ
L
2
2
m

Ũ
L
3
3

m
2 Ũ

L
3
3

⎞ ⎟ ⎠;m
2 D̃

L
=

V
† C
K
M
m

2 Ũ
L
V
C
K
M

(4
)

v 2
Au

=

⎛ ⎝0
0

0
0

0
δL

R
c
t
m

Ũ
L
2
2
m

Ũ
R

3
3

0
δR

L
c
t
m

Ũ
R

2
2
m

Ũ
L
3
3

m
tA

t

⎞ ⎠
(5
)

m
2 Ũ

R
=

⎛ ⎜ ⎝m
2 Ũ

R
1
1

0
0

0
m

2 Ũ
R

2
2

δR
R

c
t
m

Ũ
R

2
2
m

Ũ
R

3
3

0
δR

R
c
t
m

Ũ
R

2
2
m

Ũ
R

3
3

m
2 Ũ

R
3
3

⎞ ⎟ ⎠
(6
)

a
n
d
a
n
a
lo
g
o
u
sl
y
fo
r
v 1
Ad

a
n
d
m

2 D̃
R
,
ch
a
n
g
in
g
th
e
u
p
-t
y
p
e
in
d
ex
es

to
th
e
d
ow

n
-t
y
p
e
o
n
es

in
v 2
Au

a
n
d

m
2 Ũ

R
,
co
rr
es
p
o
n
d
in
g
ly
.
T
h
e
fl
av
o
r
d
ia
g
o
n
a
l
en
tr
ie
s
in

th
es
e
m
a
tr
ic
es

a
t
lo
w

en
er
g
y
a
re

fo
u
n
d
h
er
e
a
s
u
su
a
l,

n
a
m
el
y
a
ft
er

R
G
E

ru
n
n
in
g
a
n
d
a
ss
u
m
in
g
u
n
iv
er
sa
li
ty

co
n
d
it
io
n
s
fo
r
th
e
so
ft

p
a
ra
m
et
er
s
a
t
th
e
G
U
T

sc
a
le

(i
.e
.
w
it
h
in

co
n
st
ra
in
ed

m
o
d
el
s)
.

In
th
e
p
re
se
n
t
st
u
d
y
w
e
w
il
l
re
st
ri
ct

o
u
rs
el
v
es

to
th
e
ca
se

w
h
er
e
th
er
e
is
fl
av
o
r
m
ix
in
g
ex
cl
u
si
v
el
y
b
et
w
ee
n

th
e
se
co
n
d
a
n
d
th
ir
d
sq
u
a
rk

g
en

er
a
ti
o
n
.
T
h
es
e
m
ix
in
g
s
a
re

k
n
ow

n
to

p
ro
d
u
ce

th
e
la
rg
es
t
fl
av
o
r
v
io
la
ti
o
n

eff
ec
ts

in
B

m
es
o
n
p
h
y
si
cs

si
n
ce

th
ei
r
si
ze

a
re

u
su
a
ll
y
g
ov
er
n
ed

b
y
th
e
th
ir
d
g
en

er
a
ti
o
n
q
u
a
rk

m
a
ss
es
.
O
n

th
e
o
th
er

h
a
n
d
,
a
n
d
in

o
rd
er

to
re
d
u
ce

fu
rt
h
er

th
e
n
u
m
b
er

o
f
in
d
ep

en
d
en
t
p
a
ra
m
et
er
s,

w
e
w
il
l
fo
cu
s
in

th
e
fo
ll
ow

in
g
a
n
a
ly
si
s
o
n
co
n
st
ra
in
ed

S
U
S
Y

sc
en
a
ri
o
s,

w
h
er
e
th
e
so
ft

m
a
ss

p
a
ra
m
et
er
s
fu
lfi
ll
u
n
iv
er
sa
li
ty

h
y
p
o
th
es
is
a
t
th
e
g
a
u
g
e
u
n
ifi
ca
ti
o
n
(G

U
T
)
sc
a
le
.
C
o
n
cr
et
el
y,

w
e
w
il
l
re
st
ri
ct

o
u
rs
el
v
es

h
er
e
to

th
e
so
-c
a
ll
ed

C
o
n
st
ra
in
ed

M
S
S
M

(C
M
S
S
M
)
w
h
ic
h
is

d
efi
n
ed

b
y
m

0
,m

1
/
2
,A

0
,s
ig
n
(μ
),
ta
n
β
,
w
h
er
e
A

0
is

th
e
u
n
iv
er
sa
l

tr
il
in
ea
r
co
u
p
li
n
g
,
m

0
a
n
d
m

1
/
2
a
re

th
e
u
n
iv
er
sa
l
sc
a
la
r
m
a
ss

a
n
d
g
a
u
g
in
o
m
a
ss
,
re
sp
ec
ti
v
el
y,

a
t
th
e
G
U
T

sc
a
le
,
si
g
n
(μ
)
is
th
e
si
g
n
o
f
th
e
μ
p
a
ra
m
et
er

a
n
d
ta
n
β
=

v 2
/
v 1
.

F
o
r
th
e
fo
ll
ow

in
g
n
u
m
er
ic
a
l
es
ti
m
a
te
s
w
e
w
il
l
ch
o
se

tw
o
p
a
rt
ic
u
la
r
p
o
in
ts

in
th
e
C
M
S
S
M

th
a
t
a
re

ex
a
m
p
le
s

o
f
sc
en

a
ri
o
s
w
it
h
m
o
d
er
a
te

a
n
d
v
er
y
h
ea
v
y
sp
a
rt
ic
le
s
m
a
ss
es
,
re
sp
ec
ti
v
el
y.

F
ir
st
ly
,
w
e
se
t
th
e
w
el
l-
k
n
ow

n
b
en
ch
m
a
rk

p
o
in
t
S
P
S
2
,
w
it
h
m

0
=

1
4
5
0
G
eV

,
m

1
/
2
=

3
0
0
G
eV

,
A

0
=

0
,
si
g
n
(μ
)
>

0
,
ta
n
β
=

1
0
.
S
ec
o
n
d
ly
,

w
e
st
u
d
y
a
p
ec
u
li
a
r
sc
en

a
ri
o
,
n
ow

a
d
ay

s
fa
v
o
re
d
b
y
L
H
C

re
ce
n
t
d
a
ta
,
w
h
er
e
th
e
S
U
S
Y

p
a
rt
ic
le
s
a
re

ra
th
er

h
ea
v
y,

a
t
th
e
T
eV

sc
a
le
,
b
u
t
st
il
l
th
e
H
ig
g
s
p
a
rt
ic
le

is
li
g
h
t.

W
e
n
a
m
e
th
is

sc
en
a
ri
o
a
s
V
H
ea
v
y
S
,
d
efi
n
ed

b
y

m
0
=

m
1
/
2
=

−A
0
=

8
0
0
G
eV

,
si
g
n
(μ
)
>

0
,
ta
n
β
=

5
a
n
d
w
h
er
e
m

M
S
S
M

h
=

1
2
0
G
eV

.
T
h
e
co
rr
es
p
o
n
d
in
g

a
n
a
ly
si
s
fo
r
o
th
er

p
o
in
ts

in
th
e
C
M
S
S
M

a
n
d
o
th
er

sc
en

a
ri
o
s
a
s
th
e
N
o
n
U
n
iv
er
sa
l
H
ig
g
s
M
a
ss

ca
se

ca
n
b
e

fo
u
n
d
in

[1
].

3
R
e
su

lt
s

In
th
is
se
ct
io
n
w
e
re
v
ie
w
o
u
r
n
u
m
er
ic
a
l
re
su
lt
s
fo
r
th
e
ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s
to

th
e
H
ig
g
s
b
o
so
n
m
a
ss

m
h
fr
o
m

fl
av
o
r
m
ix
in
g
w
it
h
in

N
M
F
V
-S
U
S
Y

sc
en
a
ri
o
s.

S
in
ce

a
ll
o
n
e-
lo
o
p
co
rr
ec
ti
o
n
s
in

th
e
p
re
se
n
t
N
M
F
V

sc
en

a
ri
o

a
re

co
m
m
o
n
to

th
e
M
S
S
M

ex
ce
p
t
fo
r
th
e
co
rr
ec
ti
o
n
s
fr
o
m

sq
u
a
rk
s,
w
h
ic
h
d
ep

en
d
o
n
th
e
δX

Y
ij

va
lu
es
,
w
e
w
il
l

fo
cu
s
ju
st

o
n
th
e
re
su
lt
s
o
f
th
es
e
co
rr
ec
ti
o
n
s
a
s
a
fu
n
ct
io
n
o
f
th
e
fl
av
o
r
m
ix
in
g
p
a
ra
m
et
er
s,
a
n
d
p
re
se
n
t
th
e

d
iff
er
en

ce
s
w
it
h
re
sp
ec
t
to

th
e
p
re
d
ic
ti
o
n
s
w
it
h
in

th
e
M
S
S
M
.
C
o
rr
es
p
o
n
d
in
g
ly
,
w
e
d
efi
n
e:

Δ
m

h
(δ

X
Y

ij
)
≡

m
N
M

F
V

h
(δ

X
Y

ij
)
−
m

M
S
S
M

h
(7
)

w
h
er
e
m

N
M

F
V

h
(δ

X
Y

ij
)
a
n
d

m
M

S
S
M

h
h
av
e
b
ee
n

ca
lc
u
la
te
d

a
t
th
e
o
n
e-
lo
o
p

le
v
el
.

It
sh
o
u
ld

b
e
n
o
te
d

th
a
t

m
N
M

F
V

h
(δ

X
Y

ij
=

0
)
=

m
M

S
S
M

h
a
n
d
,
th
er
ef
o
re
,
b
y
co
n
st
ru
ct
io
n
,
Δ
m

h
(δ

X
Y

ij
=

0
)
=

0
,
a
n
d
Δ
m

h
g
iv
es

th
e

si
ze

o
f
th
e
o
n
e-
lo
o
p
N
M
F
V

co
n
tr
ib
u
ti
o
n
s
to

m
h
.
T
h
e
n
u
m
er
ic
a
l
ca
lc
u
la
ti
o
n
o
f
m

N
M

F
V

h
(δ

X
Y

ij
)
a
n
d
m

M
S
S
M

h

h
a
s
b
ee
n
d
o
n
e
w
it
h
F
e
y
n
H
i
g
g
s
[4
].
T
h
e
n
u
m
er
ic
a
l
ca
lc
u
la
ti
o
n
s
o
f
th
e
ra
te
s
fo
r
th
e
B

o
b
se
rv
a
b
le
s
h
av
e
b
ee
n

d
o
n
e
w
it
h
th
e
F
O
R
T
R
A
N

su
b
ro
u
ti
n
e
B
P
H
Y
S
IC

S
in
cl
u
d
ed

in
th
e
S
u
F
la

co
d
e
[5
],
w
h
ic
h
w
e
h
av
e
co
n
v
en

ie
n
tl
y

m
o
d
ifi
ed

a
s
to

in
cl
u
d
e
a
ll
th
e
re
le
va
n
t
co
n
tr
ib
u
ti
o
n
s
w
it
h
in

N
M
F
V

sc
en
a
ri
o
s
(f
o
r
m
o
re

d
et
a
il
s
se
e
[1
])
.

3
3
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In
F
ig
.1

w
e
sh
ow

th
e
n
u
m
er
ic
a
l
re
su
lt
s
fo
r
Δ
m

h
a
s
a
fu
n
ct
io
n
o
f
th
e
va
ri
o
u
s
δX

Y
ij

.
W
e
h
av
e
a
ls
o
in
cl
u
d
ed

o
u
r
p
re
d
ic
ti
o
n
s
fo
r
B
R
(B

→
X

s
γ
),

B
R
(B

s
→

μ
+
μ
−
)
a
n
d

Δ
M

B
s
a
n
d

th
ei
r
co
rr
es
p
o
n
d
in
g
ex
p
er
im

en
ta
l

a
ll
ow

ed
a
re
a
s.

In
o
rd
er

to
co
n
cl
u
d
e
o
n
th
e
a
ll
ow

ed
d
el
ta

in
te
rv
a
ls

b
y
B

p
h
y
si
cs

d
a
ta
,
w
e
h
av
e
a
ss
u
m
ed

th
a
t
o
u
r
p
re
-

d
ic
ti
o
n
s
o
f
th
e
B

o
b
se
rv
a
b
le
s
w
it
h
in

S
U
S
Y
-N

M
F
V

sc
en
a
ri
o
s
h
av
e
a
so
m
ew

h
a
t
la
rg
er

th
eo
re
ti
ca
l
er
ro
r
th
a
n

th
e
S
M

p
re
d
ic
ti
o
n
.
T
h
en
,
b
y
a
d
d
in
g
li
n
ea
rl
y
th
e
ex
p
er
im

en
ta
l
u
n
ce
rt
a
in
ty

(t
h
a
t
w
e
ta
k
e
a
s
3
σ
e
x
p
)
a
n
d
th
e

th
eo
re
ti
ca
l
u
n
ce
rt
a
in
ty
,
a
g
iv
en

δX
Y

ij
va
lu
e
is

co
n
si
d
er
ed

b
y
u
s
to

b
e
a
ll
ow

ed
b
y
d
a
ta

if
th
e
to
ta
l
p
re
d
ic
te
d

ra
ti
o
s
li
e
in

th
e
fo
ll
ow

in
g
in
te
rv
a
ls
:

2
.0
8
×
1
0
−
4
<

B
R
(B

→
X

s
γ
)
<

5
.0
2
×
1
0
−
4
,

(8
)

B
R
(B

s
→

μ
+
μ
−
)
<

1
.2
2
×
1
0
−
8
,

(9
)

6
3
×
1
0
−
1
0
<

Δ
M

B
s
(M

eV
)
<

1
6
8
.6
×
1
0
−
1
0
.

(1
0
)

In
ta
b
le

?
?
w
e
su
m
m
a
ri
ze

th
e
to
ta
l
a
ll
ow

ed
d
el
ta

in
te
rv
a
ls

b
y
B
R
(B

→
X

s
γ
),

B
R
(B

s
→

μ
+
μ
−
)
a
n
d

Δ
M

B
s
fo
r
S
P
S
2
.
N
o
ti
ce

th
a
t
fo
r
δR

R
s
b

th
er
e
a
re

tw
o
v
er
y
n
a
rr
ow

a
ll
ow

ed
re
g
io
n
cl
o
se

to
±1

,
w
h
ic
h
in
d
ee
d

fo
r
S
P
S
2
re
d
u
ce

ju
st

to
th
e
tw

o
si
n
g
le

a
ll
ow

ed
va
lu
es

±0
.9
9
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e
N
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F
V

d
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s
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r
th
e
S
P
S
2
p
o
in
t
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r
d
iff
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en
t
o
b
se
rv
a
b
le
s:

Δ
m

h
(l
ef
t
u
p
p
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p
a
n
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),

B
R
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s
γ
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h
t
u
p
p
er

p
a
n
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B
R
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s
→

μ
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−
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t
b
o
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o
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p
a
n
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Δ
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B
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h
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o
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a
n
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h
e
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p
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t
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h
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o
b
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σ
e
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B
R
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n
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3
2
6
].

[5
]
G
.
Is
id
o
ri
a
n
d
P
.
P
a
ra
d
is
i,
P
h
y
s.
L
et
t.
B

6
3
9
(2
0
0
6
)
4
9
9
[a
rX

iv
:h
ep

-p
h
/
0
6
0
5
0
1
2
];
G
.
Is
id
o
ri
,
F
.
M
es
ci
a
,

P
.
P
a
ra
d
is
i
a
n
d

D
.
T
em

es
,
P
h
y
s.

R
ev
.
D

7
5

(2
0
0
7
)
1
1
5
0
1
9
[a
rX

iv
:h
ep

-p
h
/
0
7
0
3
0
3
5
],

a
n
d

re
fe
re
n
ce
s

th
er
ei
n
.

[6
]
J
.
A
g
u
il
a
r-
S
a
av
ed

ra
et

a
l.
,
T
E
S
L
A

T
D
R

P
a
rt

3
:
“
P
h
y
si
cs

a
t
a
n
e+

e−
L
in
ea
r
C
o
ll
id
er
”
,
a
rX

iv
:h
ep
-

p
h
/
0
1
0
6
3
1
5
,
se
e:

t
e
s
l
a
.
d
e
s
y
.
d
e
/
t
d
r
/
;

K
.
A
ck
er
m
a
n
n
et

a
l.
,
D
E
S
Y
-P

R
O
C
-2
0
0
4
-0
1
,
p
re
pa
re
d
fo
r
4
th

E
C
F
A

/
D
E
S
Y

W
o
rk
sh
o
p
o
n
P
h
ys
ic
s
a
n
d

D
et
ec
to
rs

fo
r
a
9
0
-G

eV
to

8
0
0
-G

eV
L
in
ea
r
e+

e-
C
o
ll
id
er
,
A
m
st
er
d
a
m
,
T
h
e
N
et
h
er
la
n
d
s,

1
-4

A
p
r
2
0
0
3
.

3
4

1

H
ig
g
s-
ra

d
io
n

in
te
rp

re
ta
ti
o
n

o
f
th

e
L
H
C

H
ig
g
s
h
in
ts

J
o
h
n
F
.
G
u
n
io
n

1

1
D
ep
a
rt
m
en
t
o
f
P
h
y
si
cs
,
U
.C
.
D
av
is
,
D
av
is

C
A

9
5
6
1
6
,
U
S
A

D
O
I:

w
il
l
b
e
a
ss
ig
n
ed

H
ig
g
s-
R
a
d
io
n
in
te
rp
re
ta
ti
o
n
of

th
e
L
H
C

d
a
ta
?

W
e
ex

p
lo
re

a
H
ig
g
s-
ra
d
io
n
in
te
rp
re
ta
ti
o
n
o
f
th
e
L
H
C

H
ig
g
s-
li
k
e
ex
ce
ss
es

se
en

b
y
A
T
L
A
S
a
n
d
C
M
S
in

th
e
cu

rr
en

t
d
a
ta

se
t.

1
In

tr
o
d
u
ct
io
n

T
h
e
tw

o
si
m
p
le
st

w
ay

s
o
f
re
co
n
ci
li
n
g
th
e
w
ea
k
en
er
g
y
sc
a
le

O(
1
T
eV

)
a
n
d
th
e
m
u
ch

h
ig
h
er

G
U
T

or
re
d
u
ce
d

P
la
n
ck

m
a
ss

sc
a
le

m
P
l
∼

O(
1
01

8
G
eV

)
in

a
co
n
si
st
en
t
th
eo
ry

a
re

(i
)
to

em
p
lo
y
su
p
er
sy
m
m
et
ry

o
r
(i
i)

to
in
tr
o
d
u
ce

on
e
o
r
m
o
re

w
ar
p
ed

ex
tr
a
d
im

en
si
o
n
s.

In
th
is
co
n
tr
ib
u
ti
o
n
,
I
su
m
m
a
ri
ze

th
e
re
su
lt
s
of

[1
]
in

w
h
ic
h

w
e
p
u
rs
u
e
th
e
5
D

ve
rs
io
n
of

th
e
la
tt
er

in
tr
o
d
u
ce
d
b
y
R
a
n
d
a
ll
a
n
d
S
u
n
d
ru
m

(R
S
)
[2
],
b
u
t
m
o
d
ifi
ed

in
th
a
t
al
l

fi
el
d
s
ot
h
er

th
a
n
th
e
H
ig
g
s
re
si
d
e
in

th
e
b
u
lk
.
H
av
in
g
th
e
g
a
u
g
e
a
n
d
fe
rm

io
n
fi
el
d
s
in

th
e
b
u
lk

is
n
ee
d
ed

to
a
d
eq
u
a
te
ly

su
p
p
re
ss

fl
av
or

ch
a
n
g
in
g
n
eu
tr
a
l
cu
rr
en
t
(F

C
N
C
)
o
p
er
a
to
rs

an
d
to

ke
ep

co
rr
ec
ti
o
n
s
to

p
re
ci
si
o
n

el
ec
tr
ow

ea
k
(P

E
W

)
ob

se
rv
ab

le
s
sm

a
ll

[3
,
4
,
5
,
6
,
7
,
8
,
9
,
1
0
].
.

B
y
p
la
ci
n
g
th
e
H
ig
g
s
fi
el
d
o
n
th
e
T
eV

b
ra
n
e
it
s
ve
v
ca
n
n
a
tu
ra
ll
y
b
e
o
rd
er

a
T
eV

v
s
m

P
l
a
s
a
re
su
lt
o
f
th
e

R
S
m
et
ri
c
“
w
a
rp

fa
ct
o
r”

Ω
0
≡

e−
m

0
b
0
/
2
:
v 0

=
Ω

0
m

P
l
< ∼

1
T
eV

fo
r
m

0
b 0
/2

∼
3
5
.
(O

u
r
n
o
ta
ti
o
n
w
il
l
b
a
si
ca
ll
y

fo
ll
ow

th
a
t
of

[1
1
].
)
T
h
is
is
a
gr
ea
t
im

p
ro
ve
m
en
t
co
m
p
a
re
d
to

th
e
o
ri
g
in
a
l
p
ro
b
le
m

of
ac
co
m
m
o
d
a
ti
n
g
b
ot
h

th
e
w
ea
k
an

d
th
e
P
la
n
ck

sc
a
le

w
it
h
in

a
si
n
g
le

th
eo
ry
.

T
h
e
q
u
a
n
tu
m

ex
ci
ta
ti
o
n
s
of

th
e
g
ra
v
it
a
ti
o
n
a
l
m
et
ri
c
a
re

th
e
K
a
lu
za
-K

le
in

(K
K
)
m
o
d
es

h
n μ
ν
(x
)
(w

it
h

m
a
ss

m
n
)
an

d
th
e
q
u
a
n
tu
m

ex
ci
ta
ti
o
n
a
ss
o
ci
a
te
d
w
it
h
th
e
d
is
ta
n
ce

b
et
w
ee
n
th
e
tw

o
b
ra
n
es

is
th
e
ra
d
io
n

fi
el
d

φ
0
(x
).

T
h
e
va
cu
u
m

ex
p
ec
ta
ti
o
n

va
lu
e
o
f
th
e
ra
d
io
n

fi
el
d

is
d
en
o
te
d

b
y
Λ
φ
w
h
ic
h

is
re
la
te
d

to
th
e

P
la
n
ck

m
a
ss

b
y
Λ
φ
=

√ 6Ω
0
m

P
l.

T
o
so
lv
e
th
e
h
ie
ra
rc
h
y
p
ro
b
le
m
,
Λ
φ
sh
o
u
ld

b
e
n
o
la
rg
er

th
a
n
1
0
T
eV

,
w
it
h

Λ
φ
∼

1
−

3
T
eV

p
re
fe
rr
ed
.
In

a
d
d
it
io
n
to

th
e
ra
d
io
n
,
th
e
m
o
d
el

co
n
ta
in
s
a
co
n
ve
n
ti
o
n
a
l
H
ig
g
s
b
o
so
n
,
h
0
.

T
h
e
ra
ti
o
m

0
/m

P
l
is
a
p
a
rt
ic
u
la
rl
y
cr
u
ci
a
l
p
a
ra
m
et
er

th
a
t
ch
a
ra
ct
er
iz
es

th
e
5-
d
im

en
si
o
n
a
l
cu
rv
a
tu
re
.
A
s

d
is
cu
ss
ed

sh
o
rt
ly
,
la
rg
e
cu
rv
at
u
re

va
lu
es

m
0
/
m

P
l
> ∼

0
.5

a
re

fa
vo
re
d
fo
r
fi
tt
in
g
th
e
L
H
C
H
ig
g
s
ex
ce
ss
es

a
n
d
b
y

b
ou

n
d
s
o
n
F
C
N
C

a
n
d
P
E
W

co
n
st
ra
in
ts
.
In

ea
rl
y
d
is
cu
ss
io
n
s
o
f
th
e
R
S
m
o
d
el

it
w
a
s
a
rg
u
ed

th
a
t
R

5
/M

2 5
<

1
(M

5
b
ei
n
g
th
e
5
D

P
la
n
ck

sc
a
le

a
n
d
R

5
=

2
0
m

2 0
th
e
si
ze

of
th
e
5
D

cu
rv
a
tu
re
)
is

n
ee
d
ed

to
su
p
p
re
ss

h
ig
h
er

cu
rv
a
tu
re

te
rm

s
in

th
e
5D

ac
ti
o
n
,
w
h
ic
h
le
a
d
s
to

m
0
/
m

P
l
< ∼

0
.1
5
b
ei
n
g
p
re
fe
rr
ed
.
H
ow

ev
er

[1
0
]
a
rg
u
es

th
a
t

R
5
/Λ

2
(w

it
h
Λ

b
ei
n
g
th
e
en
er
g
y
sc
a
le

at
w
h
ic
h
th
e
5D

gr
av

it
y
th
eo
ry

b
ec
o
m
es

st
ro
n
g
ly

co
u
p
le
d
,
es
ti
m
a
te
d

b
y
n
a
iv
e
d
im

en
si
o
n
a
l
a
n
a
ly
si
s
to

b
e
Λ
∼

2√ 3
π
M

5
)
is
th
e
a
p
p
ro
p
ri
a
te

m
ea
su
re
,
im

p
ly
in
g
th
a
t
va
lu
es

as
la
rg
e

as
m

0
/m

P
l
<

√ 3
π
3
/(
5√ 5)

∼
3
ar
e
a
cc
ep
ta
b
le
.

L
et

u
s
co
m
m
en
t
o
n
h
ow

it
is
th
a
t
p
ro
p
a
g
a
ti
o
n
o
f
th
e
g
a
u
g
e
a
n
d
m
a
tt
er

fi
el
d
s
in

th
e
b
u
lk

ca
n
a
m
el
io
ra
te

th
e
F
C
N
C

an
d

P
E
W

p
ro
b
le
m
s.

In
th
is

ca
se
,
th
e
S
M

p
a
rt
ic
le
s
a
re

th
e
ze
ro
-m

o
d
es

of
th
e
5
D

fi
el
d
s
an

d
th
e
p
ro
fi
le

of
a
S
M

fe
rm

io
n
in

th
e
ex
tr
a
d
im

en
si
o
n
ca
n
b
e
a
d
ju
st
ed

u
si
n
g
a
m
a
ss

p
a
ra
m
et
er
.

If
1
st

a
n
d

2
n
d
ge
n
er
a
ti
o
n
fe
rm

io
n
p
ro
fi
le
s
p
ea
k
n
ea
r
th
e
P
la
n
ck

b
ra
n
e
th
en

F
C
N
C

o
p
er
a
to
rs

a
n
d
P
E
W

co
rr
ec
ti
o
n
s

w
il
l
b
e
su
p
p
re
ss
ed

b
y
sc
a
le
s
	

T
eV

.
E
ve
n
w
it
h
th
is

a
rr
a
n
g
em

en
t
it

is
es
ti
m
a
te
d
th
a
t
th
e
m
a
ss
es

o
f
th
e

fi
rs
t
K
K

ex
ci
ta
ti
o
n
s
g
1
,
W

1
a
n
d
Z

1
m
u
st

b
e
la
rg
er

th
a
n
a
b
o
u
t
3
T
eV

(s
ee

th
e
su
m
m
a
ry

in
[1
0
])
.
A
n
o
th
er

m
o
re

d
ir
ec
t
b
ou

n
d
o
n
th
e
g
1
m
a
ss

co
m
es

fr
o
m

co
ll
id
er

ex
p
er
im

en
ts
.
F
ir
st
,
th
er
e
is

a
u
n
iv
er
sa
l
co
m
p
o
n
en
t

to
th
e
li
g
h
t
q
u
a
rk

co
u
p
li
n
g
qq
g
1
th
a
t
is

ro
u
g
h
ly

eq
u
a
l
to

th
e
S
M

co
u
p
li
n
g
g
ti
m
es

a
fa
ct
o
r
o
f
ζ
−
1
,
w
h
er
e

ζ
∼

√ 1 2
m

0
b 0

∼
5
−
6
.
T
h
e
su
p
p
re
ss
io
n
is
d
u
e
to

th
e
fa
ct

th
a
t
th
e
li
g
h
t
q
u
a
rk
s
a
re

lo
ca
li
ze
d
n
ea
r
th
e
P
la
n
ck

b
ra
n
e
w
h
er
ea
s
th
e
K
K

gl
u
o
n
is

lo
ca
li
ze
d
n
ea
r
th
e
T
eV

b
ra
n
e.

E
ve
n
w
it
h
su
ch

su
p
p
re
ss
io
n
,
th
e
L
H
C

g
1

p
ro
d
u
ct
io
n
ra
te

d
u
e
to

u
ū
a
n
d
d
d̄
co
ll
is
io
n
s
is
la
rg
e.

F
u
rt
h
er
,
th
e
t R

t̄ R
g
1
co
u
p
li
n
g
is
la
rg
e
si
n
ce

th
e
t R

p
ro
fi
le

p
ea
k
s
n
ea
r
th
e
T
eV

b
ra
n
e
–
th
e
p
re
d
ic
ti
o
n
o
f
[1
2
]
is

g t
R
t̄ R

g
1
∼

ζ
g
.
A
s
a
re
su
lt
,
th
e
d
o
m
in
a
n
t
d
ec
ay

of
th
e

1 3
4

2



g
1
is

to
tt̄
.
A
T
L
A
S
a
n
d
C
M
S
se
a
rc
h
fo
r
tt̄

re
so
n
a
n
ce
s
a
t
h
ig
h
m
a
ss
.
U
si
n
g
g q

q̄
g
1
∼

g
/5
,
q
=

u
,d
,
on

e
fi
n
d
s

a
lo
w
er

b
ou

n
d
o
f
m

g 1
> ∼

1.
5
T
eV

[1
3
]
u
si
n
g
an

u
p
d
a
te

of
th
e
a
n
a
ly
si
s
o
f
[1
2
].

([
1
4
]
g
iv
es

a
w
ea
ke
r
b
ou

n
d
o
f

m
g 1
>

0
.8
4
T
eV

.)
.

In
te
rm

s
of

Λ
φ
,
w
e
h
av
e
th
e
fo
ll
ow

in
g
re
la
ti
o
n
s:

m
0

m
P
l
=

√ 6

x
g 1

m
g 1

Λ
φ
�

m
g 1

Λ
φ
,

a
n
d

1 2
m

0
b 0

=
−
lo
g

( Λ
φ

√ 6m
P
l

)
(1
)

w
h
er
e
x
g 1
=

2.
4
5
is

th
e
1s
t
ze
ro

o
f
a
n
a
p
p
ro
p
ri
a
te

B
es
se
l
fu
n
ct
io
n
.
If

th
e
m
o
d
el

re
a
ll
y
so
lv
es

th
e
h
ie
ra
rc
h
y

p
ro
b
le
m

th
en

Λ
φ
ca
n
n
o
t
b
e
m
u
ch

la
rg
er

th
a
n
1
T
eV

an
d
ce
rt
a
in
ly

Λ
φ
≤

1
0
T
eV

.
If

w
e
a
d
o
p
t
th
e
C
M
S

li
m
it
o
f
m

g 1
>

1.
5
T
eV

th
en

E
q
.
(1
)
im

p
li
es

a
lo
w
er

li
m
it
o
n
th
e
5
-d
im

en
si
o
n
a
l
cu
rv
a
tu
re

of
m

0
/m

P
l
> ∼

0.
15
.

T
h
u
s,

a
si
g
n
ifi
ca
n
t
lo
w
er

b
o
u
n
d
o
n
m

g 1
im

p
li
es

th
a
t
on

ly
re
la
ti
ve
ly

la
rg
e
va
lu
es

fo
r
m

0
/m

P
l
a
re

al
lo
w
ed
.
A
s

d
is
cu
ss
ed

a
b
ov
e,

m
0
/m

P
l
va
lu
es

u
p
to

∼
2
−
3
ar
e
p
ro
b
a
b
ly

co
n
si
st
en
t
w
it
h
cu

rv
a
tu
re

co
rr
ec
ti
o
n
s
to

th
e
R
S

sc
en
a
ri
o
b
ei
n
g
sm

a
ll
.
S
ti
ll
,
te
n
si
o
n
b
et
w
ee
n
th
e
lo
w
er

b
ou

n
d
o
n
m

g 1
a
n
d
ke
ep
in
g
a
cc
ep
ta
b
ly

sm
a
ll
m

0
/m

P
l

co
u
ld

in
cr
ea
se

to
an

u
n
a
cc
ep
ta
b
le

p
o
in
t
a
s
th
e
L
H
C

d
a
ta

se
t
in
cr
ea
se
s.

W
e
w
il
l
d
is
cu
ss

th
e
p
h
en
o
m
en
o
lo
g
y

th
a
t
a
p
p
li
es

if
th
e
va
lu
e
of

Λ
φ
fo
r
an

y
g
iv
en

(m
0
/m

P
l)

is
ti
ed

to
th
e
lo
w
er

b
o
u
n
d
o
f
m

g 1
=

1
.5

T
eV

u
si
n
g

E
q
.
(1
).

A
lt
er
a
ti
o
n
s
to

th
e
p
h
en
o
m
en
o
lo
g
y
u
si
n
g
m

g 1
=

3
T
eV

,
a
s
p
er
h
a
p
s
p
re
fe
rr
ed

b
y
P
E
W

co
n
st
ra
in
ts
,

w
il
l
a
ls
o
b
e
il
lu
st
ra
te
d
.

H
ow

ev
er
,
a
s
d
es
cr
ib
ed

in
[1
],
th
er
e
a
re

a
lt
er
n
a
ti
ve

ap
p
ro
a
ch
es

in
w
h
ic
h
th
e
ti
e
b
et
w
ee
n
m

g 1
a
n
d
Λ
φ
of

E
q
.
(1
)
is
n
o
t
p
re
se
n
t
or

is
ve
ry

u
n
ce
rt
a
in
.
In

th
is
ca
se
,
it
b
ec
o
m
es

ap
p
ro
p
ri
a
te

to
d
is
cu
ss

th
e
p
h
en
o
m
en
o
lo
g
y

th
a
t
a
ri
se
s
fo
r
fi
x
ed

Λ
φ
as

m
0
/m

P
l
is

va
ri
ed

.
T
h
is

w
il
l
b
e
d
is
cu

ss
ed

fo
r
Λ
φ
=

1
T
eV

an
d
1
.5

T
eV

.
S
in
ce

th
e
ra
d
io
n
a
n
d
H
ig
g
s
fi
el
d
s
h
av
e
th
e
sa
m
e
q
u
a
n
tu
m

n
u
m
b
er
s,
it
is
g
en
er
ic
a
ll
y
p
os
si
b
le

to
in
tr
o
d
u
ce

m
ix
in
g
b
et
w
ee
n
th
em

.
T
h
e
m
ix
in
g
a
ct
io
n
[1
5
]
h
a
s
m
a
g
n
it
u
d
e
d
ic
ta
te
d
b
y
a
co
effi

ci
en
t
p
a
ra
m
et
er

ξ.
T
h
e

p
h
y
si
ca
l
m
a
ss

ei
g
en
st
a
te
s,

h
a
n
d
φ
,
ar
e
o
b
ta
in
ed

b
y
d
ia
g
o
n
a
li
zi
n
g
a
n
d
ca
n
o
n
ic
a
ll
y
n
o
rm

a
li
zi
n
g
th
e
k
in
et
ic

(a
n
d
m
a
ss
)
te
rm

s
in

th
e
H
ig
g
s-
ra
d
io
n
L
a
g
ra
n
g
ia
n
.
T
h
e
d
ia
g
o
n
a
li
za
ti
o
n
p
ro
ce
d
u
re
s
a
n
d
re
su
lt
s
fo
r
th
e
h
a
n
d

φ
u
si
n
g
ou

r
n
o
ta
ti
o
n
ca
n
b
e
fo
u
n
d
in

[1
1
]
(s
ee

a
ls
o
[1
5
,
1
6
])
.
T
h
e
re
su
lt
in
g
F
ey
n
m
a
n
ru
le
s
fo
r
th
e
h
a
n
d
φ

w
er
e
o
b
ta
in
ed

in
,
fo
r
ex
a
m
p
le
,
[1
1
]
(s
ee

a
ls
o
[1
5
,
1
6
])

in
th
e
ca
se

w
h
er
e
S
M

fi
el
d
s
d
o
n
o
t
p
ro
p
a
g
a
te

in
th
e

b
u
lk
.
H
ow

ev
er
,
a
s
n
o
te
d
ea
rl
ie
r,

p
re
v
en
ti
n
g
la
rg
e
F
C
N
C

an
d
P
E
W

co
rr
ec
ti
o
n
s
re
q
u
ir
es

th
a
t
th
e
g
a
u
g
e
a
n
d

fe
rm

io
n
fi
el
d
s
p
ro
p
a
g
a
te

in
th
e
b
u
lk
.
T
h
e
fu
ll
F
ey
n
m
a
n
ru
le
s
af
te
r
m
ix
in
g
fo
r
th
e
h
a
n
d
φ
in
te
ra
ct
io
n
s
w
it
h

g
a
u
g
e
b
os
o
n
s
a
n
d
fe
rm

io
n
s
lo
ca
te
d
in

th
e
b
u
lk

w
er
e
d
er
iv
ed

in
[1
7
].

T
h
es
e
F
ey
n
m
a
n
ru
le
s
a
re

su
m
m
a
ri
ze
d

in
o
u
r
n
o
ta
ti
o
n
in

[1
].

T
h
er
e
a
re

im
p
o
rt
a
n
t
m
o
d
ifi
ca
ti
o
n
s
to

th
e
an

o
m
a
ly

in
d
u
ce
d
γ
γ
a
n
d
g
g
co
u
p
li
n
g
s
a
s

w
el
l
a
s
to

th
e
W

W
a
n
d
Z
Z

co
u
p
li
n
g
s

F
or

th
e
fe
rm

io
n
s,

w
e
as
su
m
e
p
ro
fi
le
s
su
ch

th
a
t
th
er
e
a
re

n
o
co
rr
ec
ti
o
n
s
to

th
e
h
0
a
n
d
φ
0
co
u
p
li
n
g
s
d
u
e

to
p
ro
p
a
g
a
ti
o
n
in

th
e
b
u
lk
.

T
h
is

is
a
v
er
y
go

o
d
ap

p
ro
x
im

a
ti
o
n
fo
r
th
e
to
p
q
u
a
rk

q
u
a
rk

w
h
ic
h
m
u
st

b
e

lo
ca
li
ze
d
n
ea
r
th
e
T
eV

b
ra
n
e.

A
ls
o
fo
r
th
e
b
ot
to
m

q
u
a
rk

th
e
ap

p
ro
x
im

a
ti
o
n
is

b
et
te
r
th
a
n
2
0
%
,
se
e
[1
7
].

E
ve
n
th
o
u
g
h
th
e
ap

p
ro
x
im

a
ti
o
n
is

n
o
t
n
ec
es
sa
ri
ly

g
o
o
d
fo
r
li
g
h
t
q
u
a
rk
s,

it
is

on
ly

th
e
h
ea
v
y
q
u
a
rk
s
th
a
t

im
p
a
ct

th
e
p
h
en
o
m
en
o
lo
g
y
o
f
th
e
H
ig
g
s-
ra
d
io
n
sy
st
em

.
In

fa
ct
,
th
e
L
H
C

H
ig
g
s-
li
ke

ex
ce
ss
es

p
ro
v
id
e
su
b
st
a
n
ti
a
l
m
o
ti
va
ti
o
n
fo
r
co
n
si
d
er
in
g
a
H
ig
g
s-
ra
d
io
n
R
S

m
o
d
el
.
T
h
e
re
a
so
n
s
a
re

as
fo
ll
ow

s.
F
ir
st
,
th
e
m
o
st

p
ro
m
in
en
t
ex
ce
ss
es

a
re

in
th
e
v
ic
in
it
y
of

1
2
5
G
eV

.
T
h
is

is
a
n
”
aw

k
w
ar
d
”
m
a
ss

fo
r
b
ot
h
a
S
M

H
ig
g
s
b
os
o
n
,
in

th
a
t
fo
r
th
is
m
a
ss

th
e
S
M

ca
n
n
o
t
b
e
va
li
d
a
ll
th
e
w
ay

u
p
to

m
P
l,

an
d
fo
r
su
p
er
sy
m
m
et
ri
c
m
o
d
el
s,

in
th
a
t
fi
n
e-
tu
n
in
g
is

su
b
st
a
n
ti
a
l
fo
r
th
e
la
rg
e
sq
u
a
rk

m
a
ss
es

n
ee
d
ed

to
a
ch
ie
ve

su
ch

a
h
ig
h
m
a
ss
,
es
p
ec
ia
ll
y
in

th
e
m
in
im

a
l
su
p
er
sy
m
m
et
ri
c
m
o
d
el

(M
S
S
M
).
F
u
rt
h
er
,
th
e

L
H
C

ex
ce
ss
es

a
t
1
2
5
G
eV

in
th
e
γ
γ

(a
n
d
p
er
h
a
p
s
al
so

th
e
Z
Z

→
4�

ch
a
n
n
el
)
a
p
p
ea
r
to

b
e
la
rg
er

th
a
n

p
re
d
ic
te
d
fo
r
a
S
M

H
ig
g
s
b
os
o
n
.
If

co
n
fi
rm

ed
,
th
is
,
of

co
u
rs
e,

ru
le
s
ou

t
th
e
S
M

an
d
is

a
ls
o
ra
th
er

aw
k
w
a
rd

fo
r
su
p
er
sy
m
m
et
ri
c
m
o
d
el
s
w
it
h
u
n
iv
er
sa
l
o
r
se
m
-u
n
iv
er
sa
l
G
U
T

sc
a
le

b
o
u
n
d
a
ry

co
n
d
it
io
n
s.

In
co
n
tr
a
st
,

ex
ce
ss
es

la
rg
er

th
a
n

S
M

ex
p
ec
ta
ti
o
n
s
a
re

n
a
tu
ra
l
in

th
e
co
n
te
x
t
o
f
th
e
H
ig
g
s-
ra
d
io
n

R
S

m
o
d
el
.

T
h
is

is
b
ec
a
u
se

of
th
e
a
n
o
m
a
lo
u
s
co
u
p
li
n
g
s
o
f
th
e
ra
d
io
n
to

tw
o
g
lu
o
n
s
a
n
d
to

tw
o
p
h
o
to
n
s
th
a
t
ca
n
,
in

p
a
rt
ic
u
la
r,

co
m
b
in
e
to

gi
ve

va
lu
es

la
rg
er

th
a
n
on

e
fo
r
th
e
ra
ti
o
s

R
h
(X

)
≡

Γ
h
(g
g
)B

R
(h

→
X
)

Γ
h
S
M
(g
g
)B

R
(h

S
M

→
X
)
,

a
n
d
/
o
r

R
φ
(X

)
≡

Γ
φ
(g
g
)B

R
(φ

→
X
)

Γ
h
S
M
(g
g
)B

R
(h

S
M

→
X
)
,

(2
)

w
h
er
e
n
u
m
er
a
to
r
a
n
d
d
en
o
m
in
a
to
r
a
re

co
m
p
u
te
d
fo
r
th
e
sa
m
e
m
a
ss
,
fo
r
X

=
γ
γ
a
n
d
X

=
4�

fo
r
th
e
h

a
n
d
φ
m
a
ss

ei
g
en
st
a
te
s.

(W
e
n
o
te

th
a
t
th
e
p
ro
d
u
ct
io
n
o
f
th
e
h
a
n
d
φ
a
re

d
o
m
in
a
te
d
b
y
g
g
→

h
,φ

a
t
th
e

L
H
C
.)
F
in
a
ll
y,

th
e
C
M
S
d
a
ta

sh
ow

s
H
ig
g
s-
li
ke

ex
ce
ss
es

n
o
t
on

ly
at

1
2
5
G
eV

,
b
u
t
a
ls
o
a
t
o
th
er

m
a
ss
es
,
m
o
st

n
o
ta
b
ly

at
∼

1
2
0
G
eV

in
th
e
4
�
ch
a
n
n
el

an
d
a
t
1
3
7
G
eV

in
th
e
γ
γ
ch
a
n
n
el
.
O
b
v
io
u
sl
y,

th
is

re
q
u
ir
es

m
o
re

3
4

3

th
a
n
o
n
e
H
ig
g
s-
li
ke

st
a
te
.
If
co
n
fi
rm

ed
,
th
is
w
o
u
ld

ru
le

o
u
t
th
e
S
M
.
A
n
d
,
su
p
er
sy
m
m
et
ri
c
m
o
d
el

p
a
ra
m
et
er

ch
o
ic
es

w
it
h
R
(X

)
va
lu
es

la
rg
er

th
a
n
on

e
a
t
tw
o
m
a
ss
es

h
av
e
n
o
t
ye
t
b
ee
n
fo
u
n
d
.
In

th
e
H
ig
g
s-
ra
d
io
n
R
S

m
o
d
el
,
it
is
q
u
it
e
ea
sy

to
ob

ta
in

R
(X

)
>

1
at

tw
o
m
a
ss
es

a
n
d
ev
en

m
o
re

H
ig
g
s-
li
ke

ex
ce
ss
es

ca
n
in

p
ri
n
ci
p
le

b
e
a
cc
o
m
m
o
d
a
te
d
b
y
ex
p
a
n
d
in
g
th
e
H
ig
g
s
se
ct
o
r
o
f
th
e
m
o
d
el
.

W
e
h
av
e
co
n
ce
n
tr
a
te
d
o
n
th
e
si
tu
a
ti
o
n
s
w
h
er
e
ei
th
er

ju
st

th
e
∼

1
2
5
G
eV

ex
ce
ss
es

su
rv
iv
e
(w

it
h
R
(γ
γ
)
>

1
)

o
r,

in
ad

d
it
io
n
,
th
er
e
is

a
4�

ex
ce
ss

a
t
∼

1
2
0
G
eV

o
r
a
γ
γ
ex
ce
ss

a
t
1
3
7
G
eV

.
It

is
p
a
rt
ic
u
la
rl
y
ea
sy

to
o
b
ta
in

a
n
a
p
p
ro
x
im

a
te

fi
t
to

th
e
γ
γ
ex
ce
ss

a
t
1
2
5
G
eV

a
lo
n
e
o
r
to

th
e
γ
γ
ex
ce
ss
es

a
t
b
o
th

1
2
5
G
eV

a
n
d

1
3
7
G
eV

si
n
ce

it
is

m
o
st

ty
p
ic
a
ll
y
th
e
ca
se

th
a
t
R
(γ
γ
)
>

R
(4
�)

a
t
bo
th

th
e
p
h
y
si
ca
l
H
ig
g
s
a
n
d
th
e
p
h
y
si
ca
l

ra
d
io
n
m
a
ss
es
.
H
ow

ev
er
,
th
er
e
is

a
ch
o
ic
e
o
f
p
a
ra
m
et
er
s
in

th
e
m
o
d
el

w
h
er
e
Λ
φ
a
n
d
m

0
/
m

P
l
ca
n
b
e
se
t

in
d
ep

en
d
en
tl
y
o
f
m

g 1
fo
r
w
h
ic
h
a
t
1
2
0
G
eV

th
er
e
is

a
n
ex
ce
ss

in
4
�
b
u
t
n
o
ex
ce
ss

in
γ
γ
w
h
il
e
a
t
th
e
sa
m
e

ti
m
e
th
er
e
ar
e
b
ot
h
γ
γ
a
n
d
4
�
ex
ce
ss
es

a
t
1
2
5
G
eV

.

F
in
a
ll
y,

w
e
n
o
te

th
a
t
in

th
e
m
o
st

g
en
er
a
l
m
o
d
el

it
is

n
ec
es
sa
ry

to
co
n
si
d
er

K
K

ex
ci
ta
ti
o
n
s
in

th
e
lo
o
p
s

re
sp
o
n
si
b
le

fo
r
th
e
g
g
a
n
d
γ
γ
co
u
p
li
n
g
s
o
f
th
e
u
n
m
ix
ed

h
0
.
H
ow

ev
er
,
th
es
e
co
n
tr
ib
u
ti
o
n
s
a
re

on
ly

la
rg
e
if
th
e

”
Y
2
”
an

d
”Y

1
”
5D

q
u
a
rk

Y
u
ka
w
a
co
u
p
li
n
g
s
a
re

co
m
p
a
ra
b
le
.
If
|Y 2

|�
|Y 1

|,
a
li
m
it
in

w
h
ic
h
F
C
N
C

p
ro
b
le
m
s

a
re

m
in
im

a
l,
th
es
e
K
K

ex
ci
ta
ti
o
n
co
rr
ec
ti
o
n
s
a
re

q
u
it
e
sm

a
ll
.
(F
o
r
m
o
re

d
et
a
il
s,
se
e
[1
].
)
O
u
r
re
su
lt
s
as
su
m
e

th
a
t
th
is

li
m
it
a
p
p
li
es
.

2
L
H
C

E
x
ce

ss
e
s

O
u
r
fo
cu
s
w
il
l
b
e
o
n
th
e
ex
ce
ss
es

se
en

in
th
e
γ
γ
a
n
d
4
�
fi
n
a
l
st
a
te
s
th
a
t
h
av
e
ex
ce
ll
en
t
m
a
ss

re
so
lu
ti
o
n
.
A
s

a
lr
ea
d
y
n
o
te
d
,
in

th
e
co
n
te
x
t
of

th
e
H
ig
g
s-
ra
d
io
n
m
o
d
el

w
it
h
ju
st

a
si
n
g
le

h
0
a
t
m
o
st

si
g
n
a
ls
a
t
tw

o
d
iff
er
en
t

m
a
ss
es

ca
n
b
e
d
es
cr
ib
ed
.
W
e
w
il
l
co
n
si
d
er

th
re
e
ca
se
s,
la
b
el
le
d
as

A
T
L
A
S
,
C
M
S
A

an
d
C
M
S
B
.
W
e
q
u
a
n
ti
fy

th
e
ex
ce
ss
es

in
te
rm

s
of

th
e
b
es
t
fi
t
va
lu
e
fo
r
R
(X

)
≡

σ
(X

)/
σ
S
M
(X

)
fo
r
a
gi
ve
n
fi
n
a
l
st
a
te

X
.
E
rr
o
rs

q
u
o
te
d

fo
r
th
e
ex
ce
ss
es

a
re

th
o
se

fo
r
±1

σ
.
T
h
e
m
a
ss

lo
ca
ti
o
n
s
a
n
d
ex
ce
ss
es

in
th
e
γ
γ
a
n
d
4
�
ch
a
n
n
el
s
in

th
es
e
th
re
e

ca
se
s
a
re

ta
ke
n
fr
o
m

F
ig
s.
8
a
a
n
d
8b

of
[1
8
]
in

th
e
A
T
L
A
S
ca
se

a
n
d
fr
o
m

th
e
a
p
p
ro
p
ri
a
te

w
in
d
ow

s
o
f
F
ig
.
1
4

o
f
[1
9
]
in

th
e
ca
se

of
C
M
S
A

an
d
C
M
S
B
.

T
ab

le
1:

T
h
re
e
sc
en
a
ri
o
s
fo
r
L
H
C

ex
ce
ss
es

in
th
e
γ
γ
a
n
d
4
�
fi
n
a
l
st
a
te
s.

1
2
5
G
eV

(A
T
L
A
S
)
o
r
1
2
4
G
eV

(C
M
S
)

1
2
0
G
eV

1
3
7
G
eV

A
T
L
A
S

R
(γ
γ
)
∼

2
.0

+
0
.8

−
0
.8

n
o
ex
ce
ss
es

n
o
ex
ce
ss
es

R
(4
�)

∼
1
.5

+
1
.5

−
1
.0

C
M
S
A

R
(γ
γ
)
∼

1
.7

+
0
.8

−
0
.7

R
(4
l)
∼

2
.0

+
1
.5

−
1
.0

n
o
ex
ce
ss
es

R
(4
�)

∼
0
.5

+
1
.1

−
0
.7

R
(γ
γ
)
<

0.
5

C
M
S
B

R
(γ
γ
)
∼

1
.7

+
0
.8

−
0
.7

n
o
ex
ce
ss
es

R
(γ
γ
)
∼

1
.5

+
0
.8

−
0
.8

R
(4
�)

∼
0
.5

+
1
.1

−
0
.7

R
(4
�)

<
0
.2

A
s
d
is
cu
ss
ed

a
b
ov
e,

it
is
a
p
p
ro
p
ri
a
te

to
co
n
si
d
er

tw
o
d
iff
er
en
t
k
in
d
s
o
f
m
o
d
el
s:

o
n
e
in

w
h
ic
h
Λ
φ
,
m

0
/
m

P
l

a
n
d
m

g 1
a
re

ti
ed

to
g
et
h
er

a
s
g
iv
en

in
E
q
.
(1
)
an

d
th
er
e
is

st
ro
n
g
lo
w
er

b
ou

n
d
o
n
th
e
m
a
ss
es

o
f
th
e
fi
rs
t

ex
ci
ta
ti
o
n
s
of

th
e
g
a
u
g
e
b
os
o
n
s;

an
d
o
n
e
in

w
h
ic
h
th
er
e
is

n
o
su
ch

ti
e
a
n
d
it

is
ap

p
ro
p
ri
a
te

to
co
n
si
d
er

p
h
en
o
m
en
o
lo
g
y
fo
r
a
g
iv
en

fi
x
ed

Λ
φ
w
it
h
va
ry
in
g
m

0
/
m

P
l.

W
e
co
n
si
d
er

th
es
e
tw

o
al
te
rn
a
ti
ve
s
in

tu
rn
.

2
.1

L
o
w
e
r
b
o
u
n
d

o
n
m

g 1

In
th
is
se
ct
io
n
,
w
e
co
n
si
d
er

a
m
o
d
el

a
lo
n
g
th
e
li
n
es

o
f
[1
2
]
in

w
h
ic
h
F
C
N
C

an
d
P
E
W

co
n
st
ra
in
ts

ar
e
sa
ti
sfi
ed

b
y
v
ir
tu
e
of

th
e
fe
rm

io
n
ic

p
ro
fi
le
s
b
ei
n
g
p
ea
ke
d
fa
ir
ly

cl
o
se

to
th
e
P
la
n
ck

b
ra
n
e
le
a
d
in
g
to

fa
ir
ly

d
efi
n
it
iv
e

co
u
p
li
n
g
s
o
f
th
e
fe
rm

io
n
s
to

th
e
ex
ci
te
d
g
a
u
g
e
b
os
o
n
s.

A
s
d
es
cr
ib
ed

ea
rl
ie
r,
a
lo
w
er

b
ou

n
d
o
f
m

g 1
∼

1
.5

T
eV

ca
n
b
e
ob

ta
in
ed

fr
o
m

L
H
C

d
a
ta

w
h
il
e
F
C
N
C

a
n
d
P
E
W

co
n
st
ra
in
ts

su
g
g
es
t
a
st
il
l
h
ig
h
er

b
o
u
n
d
o
f
∼

3
T
eV

.
W
e
w
il
l
sh
ow

so
m
e
re
su
lt
s
fo
r
b
ot
h
ch
o
ic
es

a
s
w
e
st
ep

th
ro
u
g
h
va
ri
o
u
s
p
o
ss
ib
le

m
a
ss

lo
ca
ti
o
n
s
fo
r
th
e
H
ig
g
s

a
n
d
ra
d
io
n
th
a
t
ar
e
m
o
ti
va
te
d
b
y
th
e
L
H
C

ex
ce
ss
es

in
th
e
γ
γ
a
n
d
/
o
r
4�

ch
a
n
n
el
s.

In
w
h
a
t
fo
ll
ow

s,
ea
ch

p
lo
t
w
il
l
b
e
la
b
el
le
d
b
y
th
e
va
lu
e
of

m
0
/
m

P
l
ch
o
se
n
a
n
d
th
e
co
rr
es
p
o
n
d
in
g
m

P
lΩ

0
va
lu
e
a
s
ca
lc
u
la
te
d
fo
r

th
e
fi
x
ed

m
g 1
u
si
n
g
E
q
.
(1
).
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F
ig
u
re

1:
F
o
r
m

h
=

1
2
5
G
eV

an
d
m

φ
=

1
2
0
G
eV

,
w
e
p
lo
t
R

h
(X

)
an

d
R

φ
(X

)
fo
r
X

=
γ
γ
a
n
d
X

=
Z
Z

(e
q
u
iv
a
le
n
t
to

X
=

4�
)
as

a
fu
n
ct
io
n
o
f
ξ,

as
su
m
in
g
m

g 1
=

1.
5
T
eV

.

2
.1
.1

S
ig
n
a
l
a
t
o
n
ly

1
2
5
G
eV

In
F
ig
.
1
w
e
il
lu
st
ra
te

so
m
e
p
os
si
b
il
it
ie
s
fo
r
m

h
=

1
2
5
G
eV

an
d
m

φ
=

1
2
0
G
eV

ta
k
in
g
m

g 1
=

1.
5
T
eV

.
F
ir
st
,

w
e
n
o
te

th
a
t
to

g
et

an
en
h
a
n
ce
d
γ
γ
ra
te

a
t
1
2
5
G
eV

,
it

is
n
ec
es
sa
ry

to
h
av
e
m

0
/m

P
l
> ∼

0
.4

an
d
ξ
<

0
.
In

o
rd
er

to
h
av
e
sm

a
ll
R

φ
(γ
γ
)
an

d
R

φ
(4
�)

at
1
2
0
G
eV

w
h
il
e
a
t
th
e
sa
m
e
ti
m
e
R

h
(γ
γ
)
> ∼

1.
5
at

1
2
5
G
eV

,
fo
r

co
n
si
st
en
cy

w
it
h
th
e
A
T
L
A
S
sc
en
a
ri
o
,
th
en

m
0
/m

P
l
=

0.
4
an

d
ξ
∼

−0
.0
9
a
re

go
o
d
ch
o
ic
es
.
T
h
e
so
m
ew

h
a
t

la
rg
er

a
ss
o
ci
a
te
d
va
lu
e
of

R
h
(4
�)

is
st
il
l
co
n
si
st
en
t
w
it
h
in

er
ro
rs

w
it
h
th
e
A
T
L
A
S
o
b
se
rv
at
io
n
a
t
1
2
5
G
eV

.
W
e
n
o
te

th
a
t
fo
r
th
e
re
ve
rs
ed

a
ss
ig
n
m
en
ts

of
m

h
=

1
2
0
G
eV

an
d
m

φ
=

1
2
5
G
eV

,
w
e
ca
n
n
o
t
fi
n
d
p
a
ra
m
et
er

ch
o
ic
es

th
a
t
y
ie
ld

a
d
ec
en
t
d
es
cr
ip
ti
o
n

o
f
th
e
A
T
L
A
S

1
2
5
G
eV

ex
ce
ss
es

w
it
h

R
h
(γ
γ
)
an

d
R

h
(4
�)

b
ei
n
g

su
ffi
ci
en
tl
y
su
p
p
re
ss
ed

a
t
1
2
0
G
eV

.

2
.1
.2

S
ig
n
a
ls

a
t

1
2
5
G
eV

a
n
d

1
2
0
G
eV

F
ig
.
1
a
ls
o
ex
em

p
li
fi
es

th
e
fa
ct

th
a
t
w
it
h
m

g 1
=

1.
5
T
eV

th
e
H
ig
g
s-
ra
d
io
n
m
o
d
el

is
u
n
a
b
le

to
d
es
cr
ib
e
th
e

C
M
S
A

sc
en
a
ri
o
.
In

th
e
re
g
io
n
s
of

ξ
fo
r
w
h
ic
h
a
p
p
ro
p
ri
a
te

si
g
n
a
ls

a
re

p
re
se
n
t
at

1
2
5
G
eV

fr
o
m

th
e
h
,
th
en

a
t
1
2
0
G
eV

th
e
4�

a
n
d
γ
γ
ra
te
s
ar
e
ei
th
er

b
o
th

su
p
p
re
ss
ed

o
r
R

φ
(γ
γ
)
>

R
φ
(4
�)
.
T
h
is

p
h
en
o
m
en
o
n
p
er
si
st
s

a
t
h
ig
h
er

m
0
/m

P
l
va
lu
es

a
s
w
el
l
a
s
h
ig
h
er

m
g 1
.

2
.1
.3

S
ig
n
a
ls

a
t

1
2
5
G
eV

a
n
d

1
3
7
G
eV

L
et

u
s
n
ex
t
co
n
si
d
er

th
e
C
M
S
B
sc
en
a
ri
o
,
i.
e.

n
eg
le
ct
in
g
th
e
4�

ex
ce
ss

a
t
1
2
0
G
eV

in
th
e
C
M
S
d
a
ta
.
In

F
ig
.
2

w
e
se
e
th
a
t
th
e
ch
o
ic
es

m
0
/m

P
l
=

0.
5
an

d
ξ
=

0.
1
2
g
iv
e
R

h
(γ
γ
)
∼

1
.3

an
d
R

h
(4
�)

∼
1.
5
at

1
2
5
G
eV

an
d

3
4

5

F
ig
u
re

2:
F
o
r
m

h
=

1
2
5
G
eV

an
d
m

φ
=

1
3
7
G
eV

,
w
e
p
lo
t
R

h
(X

)
a
n
d
R

φ
(X

)
fo
r
X

=
γ
γ
a
n
d
X

=
Z
Z

(e
q
u
iv
a
le
n
t
to

X
=

4�
)
as

a
fu
n
ct
io
n
o
f
ξ,

as
su
m
in
g
m

g 1
=

1
.5

T
eV

.
A
ls
o
sh
ow

n
a
re

th
e
si
m
il
a
rl
y
d
efi
n
ed

ra
ti
o
s
fo
r
Z
+

h
p
ro
d
u
ct
io
n
w
it
h
h
→

b b
a
n
d
Z
+
φ
p
ro
d
u
ct
io
n
w
it
h
φ
→

bb
.

R
φ
(γ
γ
)
∼

1.
3
at

1
3
7
G
eV

,
fa
ir
ly

co
n
si
st
en
t
w
it
h
th
e
C
M
S
B
ob

se
rv
at
io
n
s.

H
ow

ev
er
,
R

φ
(4
�)

∼
0
.5

a
t
1
3
7
G
eV

is
a
b
it
to
o
la
rg
e.

A
ls
o
sh
ow

n
in

th
e
fi
g
u
re

a
re

th
e
ra
te
s
fo
r
Z
,W

+
h
w
it
h
h
→

b b
a
n
d
Z
,W

+
φ
w
it
h
φ
→

bb
re
la
ti
ve

to
th
ei
r
S
M

co
u
n
te
rp
a
rt
s.

F
or

th
e
a
b
ov
e
m

0
/
m

P
l
=

0.
5
,
ξ
=

0.
1
2
ch
o
ic
es
,
th
e
Z
,W

+
h
(→

bb
)
ra
te

a
t
1
2
5
G
eV

is
on

ly
sl
ig
h
tl
y
b
el
ow

th
e
S
M

va
lu
e,

w
h
er
ea
s
th
e
Z
,W

+
φ
(→

bb
)
ra
te

is
a
b
o
u
t
1
0
%

o
f
th
e
S
M

le
ve
l
p
re
d
ic
te
d
a
t
1
3
7
G
eV

.
T
h
e
fo
rm

er
is

co
n
si
st
en
t
w
it
h
th
e
p
o
o
rl
y
m
ea
su
re
d
bb

ra
te

a
t
1
2
4
G
eV

w
h
il
e

co
n
fi
rm

a
ti
o
n
o
f
th
e
la
tt
er

w
o
u
ld

re
q
u
ir
e
m
u
ch

m
o
re

in
te
g
ra
te
d
lu
m
in
o
si
ty
.

W
e
a
ls
o
n
o
te

th
a
t
it

is
n
o
t
p
o
ss
ib
le

to
ge
t
en
h
a
n
ce
d
γ
γ
a
n
d
4
�
h
si
g
n
a
ls

at
1
2
5
G
eV

w
it
h
o
u
t
h
av
in
g

v
is
ib
le

1
3
7
G
eV

φ
si
g
n
a
ls
,
i.
e.

th
e
A
T
L
A
S
sc
en
a
ri
o
o
f
n
o
o
b
se
rv
a
b
le

ex
ce
ss
es

o
th
er

th
a
n
th
o
se

a
t
1
2
5
G
eV

ca
n
n
o
t
b
e
re
a
li
ze
d
fo
r
m

φ
=

1
3
7
G
eV

.
F
or

th
is
ca
se
,
it
is
a
ls
o
in
te
re
st
in
g
to

co
n
si
d
er

re
su
lt
s
fo
r
m

h
=

1
2
5
G
eV

a
n
d
m

φ
=

1
3
7
G
eV

fo
r
th
e
h
ig
h
er

va
lu
e
of

m
g 1
=

3
T
eV

.
O
n
e
fi
n
d
s
th
a
t
R

h
(γ
γ
)
a
n
d
R

h
(4
�)

a
re

b
o
th

< ∼
1
(o
r
le
ss
)
ex
ce
p
t
fo
r
m

0
/
m

P
l
=

0.
7

a
n
d
la
rg
e
ξ
fo
r
w
h
ic
h
R

φ
(γ
γ
)
�

1
.
T
h
u
s,

a
re
a
so
n
a
b
le

d
es
cr
ip
ti
o
n
o
f
th
e
C
M
S
B

sc
en
a
ri
o
re
q
u
ir
es

re
la
ti
ve
ly

sm
a
ll
m

g 1
.

2
.1
.4

S
ig
n
a
ls

a
t
1
2
5
G
eV

a
n
d

h
ig
h

m
a
ss

A
ge
n
er
a
l
q
u
es
ti
o
n
is
w
h
et
h
er

o
n
e
co
u
ld

ex
p
la
in

th
e
A
T
L
A
S
1
2
5
G
eV

ex
ce
ss
es

a
s
b
ei
n
g
d
u
e
to

th
e
h
o
r
φ
w
it
h

th
e
ot
h
er

b
ei
n
g
at

h
ig
h
m
a
ss
.
If

m
h
=

1
2
5
G
eV

a
n
d
m

φ
>

5
0
0
G
eV

,
o
n
e
fi
n
d
s
th
a
t
R

h
(γ
γ
)
∼

R
h
(4
�)

∼
1

fo
r
ξ
a
b
ov
e
so
m
e
m
in
im

u
m

(n
eg
a
ti
ve
)
va
lu
e,

w
it
h
va
lu
es

su
b
st
a
n
ti
a
ll
y
b
el
ow

1
fo
r
m
o
re

n
eg
a
ti
v
e
ξ.

In
a
n
y

ca
se
,
p
re
ci
si
o
n
el
ec
tr
ow

ea
k
co
n
st
ra
in
ts
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e
v
io
la
te
d
if
|ξ|
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n
o
t
q
u
it
e
m
o
d
es
t
in
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n
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a
t
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e
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e
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φ
V
V

(V
=

W
,Z

)
co
u
p
li
n
g
s
b
ec
o
m
e
o
f
S
M

st
re
n
g
th

o
r
la
rg
er
.
F
o
r
m
o
re

d
is
cu
ss
io
n
se
e
[2
0
].

If
th
e
m
as
s
as
si
gn

m
en
ts

ar
e
re
ve
rs
ed
,
m

φ
=

1
2
5
G
eV

an
d
m

h
>

5
0
0
G
eV

,
th
en

a
t
th
e
m
o
st

p
o
si
ti
ve

ξ
va
lu
es

o
n
e
ca
n
a
ch
ie
ve

R
φ
(γ
γ
)
∼

2
an

d
R

φ
(4
�)

∼
1
at

1
2
5
G
eV

fo
r
m

0
/m

P
l
=

0.
4
an

d
0.
5
.
H
ow

ev
er
,
th
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sc
en
a
ri
o
is

ev
en
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ss

co
n
si
st
en
t
w
it
h
p
re
ci
si
o
n
el
ec
tr
ow

ea
k
co
n
st
ra
in
ts

si
n
ce

fo
r
al
l
ξ
th
e
h
a
lo
n
e
h
a
s
h
V
V

co
u
p
li
n
g
s
th
a
t
a
re

at
le
a
st

S
M
-l
ik
e.

M
u
ch

la
rg
er

Λ
φ
w
ou

ld
b
e
n
ee
d
ed

to
h
av
e
a
h
o
p
e
of

ac
h
ie
v
in
g
P
E
W

co
n
si
st
en
cy

[2
0
]
a
n
d
fo
r
la
rg
e
Λ
φ
A
T
L
A
S
-l
ik
e
>
S
M

si
g
n
a
ls

at
m

h
=

1
2
5
G
eV

w
o
u
ld

n
o
t
b
e
ac
h
ie
va
b
le
.
In

a
d
d
it
io
n
,
th
e
h
→

4�
si
g
n
a
l
a
t
h
ig
h
m
a
ss

w
ou

ld
b
e
at

le
a
st

a
s
la
rg
e
as

p
re
d
ic
te
d
fo
r
a
h
ig
h
-m

a
ss

S
M
-l
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e

H
ig
g
s
a
n
d
th
er
ef
o
re

q
u
it
e
ob

se
rv
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le
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m

h
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5
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,
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s
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in
g
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n
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en
t
w
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h
A
T
L
A
S
a
n
d
C
M
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d
a
ta
.
If
m
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∼

1
T
eV

,
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en
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e
4
�
si
g
n
a
l
w
ou

ld
b
e
b
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o
n
d
cu
rr
en
t
L
H
C

re
a
ch

b
u
t
P
E
W

in
co
n
si
st
en
cy

w
o
u
ld

b
e
m
u
ch

w
or
se
.
T
h
u
s,
w
e
co
n
cl
u
d
e
th
a
t
fo
r
th
e
H
ig
g
s-
ra
d
io
n
m
o
d
el
to

b
e
o
f
in
te
re
st
,
b
o
th

m
h
a
n
d
m

φ
sh
o
u
ld

b
e
m
o
d
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t
in

si
ze
.

2
.2

F
ix
e
d
Λ

φ

In
th
is

se
ct
io
n
,
w
e
co
n
si
d
er

th
e
se
co
n
d
ty
p
e
o
f
m
o
d
el

d
is
cu
ss
ed

in
th
e
in
tr
o
d
u
ct
io
n
in

w
h
ic
h
th
er
e
is

n
o

d
ir
ec
t
ti
e
b
et
w
ee
n
m

g 1
,
Λ
φ
a
n
d
m

0
/m

P
l.

In
th
is

ca
se
,
w
e
fe
el

fr
ee

to
co
n
si
d
er

th
e
ra
th
er

lo
w

va
lu
es

o
f
Λ
φ
,

Λ
φ
=

1
T
eV

an
d

Λ
φ
=

1
.5

T
eV

,
fo
r
w
h
ic
h

th
e
H
ig
g
s-
ra
d
io
n

m
o
d
el

ca
n

y
ie
ld

L
H
C

ra
te
s
in

th
e
γ
γ

a
n
d

4
�
ch
a
n
n
el
s
th
a
t
ex
ce
ed

th
o
se

th
a
t
ar
e
p
re
d
ic
te
d
fo
r
a
S
M

H
ig
g
s.

W
e
n
o
te

th
a
t
w
h
en

th
e
g
a
u
g
e
b
os
o
n
s

p
ro
p
a
g
a
te

in
th
e
b
u
lk
,
th
e
p
h
en
o
m
en
o
lo
g
y
d
o
es

n
o
t
d
ep

en
d
on

Λ
φ
al
on

e
—

th
er
e
is

st
ro
n
g
d
ep

en
d
en
ce

on
m

0
/m

P
l
w
h
en

m
0
/m

P
l
is
sm

a
ll
.
H
ow

ev
er
,
fo
r
la
rg
e
m

0
/m

P
l
> ∼

0.
5
th
e
p
h
en
o
m
en
o
lo
g
y
is
d
et
er
m
in
ed

a
lm

o
st

en
ti
re
ly

b
y
Λ
φ
,
b
u
t
is

st
il
l
n
o
t
th
e
sa
m
e
a
s
fo
u
n
d
in

th
e
ca
se

w
h
er
e
a
ll
fi
el
d
s
a
re

on
th
e
T
eV

b
ra
n
e.

O
n
ce

a
g
a
in
,
w
e
st
ep

th
ro
u
g
h
a
fe
w

p
o
ss
ib
le

m
a
ss

lo
ca
ti
o
n
s
fo
r
th
e
H
ig
g
s
a
n
d
ra
d
io
n
th
a
t
a
re

m
o
ti
va
te
d
b
y
th
e

L
H
C

ex
ce
ss
es

in
th
e
γ
γ
a
n
d
/
o
r
4
�
ch
a
n
n
el
s.

2
.2
.1

S
ig
n
a
l
o
n
ly

a
t
1
2
5
G
eV

A
s
sh
ow

n
in

F
ig
.
3,

th
e
ch
o
ic
e
o
f
Λ
φ
=

1
T
eV

w
it
h
m

φ
=

1
2
5
G
eV

an
d
m

h
=

1
2
0
G
eV

gi
ve
s
a
re
a
so
n
a
b
le

d
es
cr
ip
ti
o
n
o
f
th
e
A
T
L
A
S
ex
ce
ss
es

at
1
2
5
G
eV

w
it
h
n
o
v
is
ib
le

si
g
n
a
ls

at
1
2
0
G
eV

in
ei
th
er

th
e
γ
γ
or

4�
ch
a
n
n
el
s
w
h
en

o
n
e
ch
o
o
se
s
m

0
/m

P
l
=

1
a
n
d
ξ
=

−0
.0
1
6
.

In
co
n
tr
a
st
,
fo
r
Λ
φ
=

1.
5
T
eV

th
e
1
2
5
G
eV

p
re
d
ic
te
d
ex
ce
ss
es

a
re

b
el
ow

1
×S

M
a
n
d
th
u
s
w
o
u
ld

n
o
t
p
ro
v
id
e
a
g
o
o
d
d
es
cr
ip
ti
o
n
o
f
th
e
A
T
L
A
S
d
a
ta
.
F
o
r

th
e
re
ve
rs
ed

a
ss
ig
n
m
en
ts

of
m

h
=

1
2
5
G
eV

an
d
m

φ
=

1
2
0
G
eV

an
y
ch
o
ic
e
o
f
p
a
ra
m
et
er
s
th
a
t
g
iv
es

a
g
o
o
d

d
es
cr
ip
ti
o
n
o
f
th
e
1
2
5
G
eV

si
g
n
a
ls

a
lw
ay
s
y
ie
ld
s
a
h
ig
h
ly

o
b
se
rv
a
b
le

γ
γ
si
g
n
a
l
a
t
1
2
0
G
eV

.

2
.2
.2

S
ig
n
a
ls

a
t

1
2
5
G
eV

a
n
d

1
2
0
G
eV

T
h
e
cl
o
se
st

th
a
t
w
e
ca
n
co
m
e
to

fi
tt
in
g
th
is

C
M
S
A

sc
en
a
ri
o
is

to
ta
k
e
m

h
=

1
2
5
G
eV

an
d
m

φ
=

1
2
0
G
eV

.
O
n
e
fi
n
d
s
th
a
t
if
ξ
is
a
t
it
s
m
a
x
im

u
m

va
lu
e
an

d
m

0
/m

P
l
=

1.
1
th
en

th
e
γ
γ
a
n
d
4�

si
g
n
a
ls
a
t
m

h
=

1
2
5
G
eV

a
re

lo
w
,
b
u
t
st
il
l
w
it
h
in

−1
σ

o
f
th
e
C
M
S

d
a
ta

w
h
il
e
a
t
m

φ
=

1
2
0
G
eV

on
e
fi
n
d
s
R

φ
(4
�)

∼
2
.5

w
h
il
e

R
φ
(γ
γ
)
∼

0.
3
,
w
h
ic
h
va
lu
es

a
re

ro
u
g
h
ly

co
n
si
st
en
t
w
it
h
th
e
C
M
S
A

si
tu
a
ti
o
n
.
F
or

th
e
re
ve
rs
ed

a
ss
ig
n
m
en
ts

of
m

h
=

1
2
0
G
eV

an
d
m

φ
=

1
2
5
G
eV

,
F
ig

3
il
lu
st
ra
te
s
th
e
fa
ct

th
a
t
a
sa
ti
sf
a
ct
o
ry

d
es
cr
ip
ti
o
n
o
f
th
e
tw

o
C
M
S
A

ex
ce
ss
es

is
n
o
t
p
o
ss
ib
le

—
fo
r
ξ
su
ch

th
a
t
a
p
p
ro
p
ri
a
te

1
2
5
G
eV

ex
ce
ss
es

a
re

p
re
se
n
t,

R
h
(γ
γ
)
an

d
R

h
(4
�)

at
1
2
0
G
eV

ar
e
a
lw
ay
s
sm

a
ll
so

th
a
t
th
e
4�

ex
ce
ss

a
t
1
2
0
G
eV

is
n
o
t
ex
p
la
in
ed
.

2
.2
.3

S
ig
n
a
ls

a
t

1
2
5
G
eV

a
n
d

1
3
7
G
eV

L
et

u
s
n
ow

co
n
si
d
er

th
e
C
M
S
B
sc
en
a
ri
o
.
F
o
r
Λ
φ
=

1
T
eV

,
o
n
e
fi
n
d
s
m

h
=

1
2
5
G
eV

an
d
m

φ
=

1
3
7
G
eV

w
it
h

th
e
ch
o
ic
es

m
0
/m

P
l
=

0.
6
an

d
ξ
=

−0
.0
5
g
iv
e
R

h
(γ
γ
)
∼

2
an

d
R

h
(4
�)

∼
1
at

1
2
5
G
eV

,
w
h
il
e
R

φ
(γ
γ
)
∼

2
a
n
d
R

φ
(4
�)

∼
0.
4
at

1
3
7
G
eV

,
a
n
o
k
d
es
cr
ip
ti
o
n
o
f
th
e
C
M
S
B

ex
ce
ss
es
.
A
n
eq
u
a
ll
y
ro
u
g
h
d
es
cr
ip
ti
o
n
o
f
th
is

sa
m
e
si
tu
a
ti
o
n
is

al
so

p
o
ss
ib
le

fo
r
Λ
φ
=

1
T
eV

w
it
h
m

0
/m

P
l
=

0.
8
an

d
ξ
=

0.
05
.

F
or

Λ
φ
=

1.
5
T
eV

a
so
m
ew

h
a
t
b
et
te
r
si
m
u
lt
a
n
eo
u
s
d
es
cr
ip
ti
o
n
o
f
th
es
e
ex
ce
ss
es

is
p
os
si
b
le
.
F
ig
.
4
sh
ow

s
so
m
e
re
su
lt
s
fo
r
m

h
=

1
2
5
G
eV

an
d
m

φ
=

1
3
7
G
eV

.
F
or

m
0
/m

P
l
=

0.
2
5
a
n
d
ξ
∼

−0
.1

on
e
fi
n
d
s
R

h
(γ
γ
)
∼

2
a
n
d
R

h
(4
�)

∼
1
.5

at
m

h
=

1
2
5
G
eV

,
w
h
il
e
R

φ
(γ
γ
)
∼

2
an

d
R

φ
(4
�)

�
1
at

m
φ
=

1
3
7
G
eV

,
in

p
re
tt
y
g
o
o
d

a
g
re
em

en
t
w
it
h
th
e
C
M
S
B

sc
en
a
ri
o
.

If
w
e
re
ve
rs
e
th
e
co
n
fi
g
u
ra
ti
o
n
to

m
h
=

1
3
7
G
eV

an
d
m

φ
=

1
2
5
G
eV

,
th
e
on

ly
p
a
ra
m
et
er

ch
o
ic
es

th
a
t

co
m
e
cl
o
se

to
d
es
cr
ib
in
g
th
e
tw

o
ex
ce
ss

a
re

Λ
φ
=

1
T
eV

w
it
h
m

0
/m

P
l
=

0.
8
an

d
ξ
∼

0
.0
5
fo
r
w
h
ic
h
o
n
e

fi
n
d
s
th
a
t
th
e
m

φ
=

1
2
5
G
eV

γ
γ
a
n
d
4
�
si
g
n
a
ls

an
d
th
e
m

h
=

1
3
7
G
eV

γ
γ
si
g
n
a
l
a
re

a
ll
a
t
th
e
le
ve
l
o
f

3
4
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F
ig
u
re

3:
F
o
r
m

h
=

1
2
0
G
eV

an
d
m

φ
=

1
2
5
G
eV

,
w
e
p
lo
t
R

h
(X

)
a
n
d
R

φ
(X

)
fo
r
X

=
γ
γ
a
n
d
X

=
Z
Z

(e
q
u
iv
a
le
n
t
to

X
=

4�
)
as

a
fu
n
ct
io
n
o
f
ξ
ta
k
in
g
Λ
φ
fi
x
ed

a
t
1
T
eV

.

∼
1.
4×

S
M
.
H
ow

ev
er
,
th
e
m

h
=

1
3
7
G
eV

4
�
si
g
n
a
l
is

a
t
th
e
le
ve
l
o
f
∼

0
.6
×

S
M

w
h
ic
h
is

4σ
aw

ay
fr
o
m

th
e
C
M
S
ce
n
tr
a
l
va
lu
e
at

th
is

m
a
ss
.
F
or

th
es
e
m
a
ss

a
ss
ig
n
m
en
ts
,
th
e
h
ig
h
er

Λ
φ
=

1
.5

T
eV

va
lu
e
d
o
es

n
o
t

p
ro
v
id
e
an

y
p
a
ra
m
et
er

ch
o
ic
es

th
a
t
co
m
e
cl
o
se

to
d
es
cr
ib
in
g
th
e
C
M
S
ex
ce
ss
es

—
th
e
m

φ
=

1
2
5
G
eV

si
g
n
a
ls

a
re

n
ev
er

b
ot
h
su
ffi
ci
en
tl
y
la
rg
e
a
t
th
e
sa
m
e
ti
m
e
to

fi
t
th
e
o
b
se
rv
ed

si
g
n
a
ls
.

2
.2
.4

S
ig
n
a
ls

a
t

1
2
5
G
eV

a
n
d

h
ig
h
e
r
m
a
ss

W
e
ch
o
os
e
n
o
t
to

sh
ow

an
y
sp
ec
ifi
c
p
lo
ts

fo
r
th
is

si
tu
a
ti
o
n
.

F
or

Λ
φ
=

1
T
eV

or
1
.5

T
eV

,
it

is
p
o
ss
ib
le

to
ch
o
os
e
o
n
e
of

ei
th
er

th
e
h
or

φ
to

h
av
e
a
m
a
ss

of
1
2
5
G
eV

an
d
fi
n
d
m

0
/
m

P
l
a
n
d
ξ
va
lu
es

th
a
t
re
su
lt

in
a
d
ec
en
t
d
es
cr
ip
ti
o
n
o
f
th
e
1
2
5
G
eV

A
T
L
A
S
ex
ce
ss
es
.
H
ow

ev
er
,
th
es
e
sc
en
a
ri
o
s
a
lw
ay
s
a
re

su
ch

a
s
to

im
p
ly

a
la
rg
e
in
co
n
si
st
en
cy

w
it
h
P
E
W

co
n
st
ra
in
ts

an
d
,
if
th
e
h
ig
h
er

m
a
ss

is
ch
o
se
n
b
el
ow

5
0
0
G
eV

,
a
h
ig
h
ly

o
b
se
rv
ab

le
4�

si
g
n
a
l
th
a
t
w
ou

ld
b
e
in
co
n
si
st
en
t
w
it
h
A
T
L
A
S
a
n
d
C
M
S
o
b
se
rv
a
ti
o
n
s
in

th
a
t
re
g
io
n
o
f
m
a
ss
.

2
.2
.5

S
M

H
ig
g
s
a
t
1
2
5
G
eV

a
n
d

S
ig
n
a
l
a
t
1
3
7
G
eV

It
is

st
il
l
q
u
it
e
co
n
ce
iv
a
b
le

th
a
t,

af
te
r
a
cc
u
m
u
la
ti
n
g
m
o
re

d
a
ta
,
th
e
γ
γ
a
n
d
4
�
ex
ce
ss
es

a
t
∼

1
2
5
G
eV

w
il
l

co
n
ve
rg
e
to

th
o
se

ap
p
ro
p
ri
a
te

fo
r
a
S
M

H
ig
g
s
b
os
o
n
.
S
u
ch

a
si
tu
a
ti
o
n
w
o
u
ld

co
rr
es
p
o
n
d
to

ta
k
in
g
ξ
=

0
in

th
e
H
ig
g
s-
ra
d
io
n
m
o
d
el
.
In

th
is
ca
se
,
o
n
e
ca
n
a
sk

w
h
et
h
er

o
r
n
o
t
th
er
e
co
u
ld

b
e
a
ra
d
io
n
a
t
so
m
e
n
ea
rb
y
m
a
ss

a
n
d
w
h
a
t
it
s
ex
p
er
im

en
ta
l
si
g
n
a
tu
re

w
o
u
ld

b
e.

T
o
ex
em

p
li
fy
,
le
t
u
s
su
p
p
o
se

th
a
t
th
e
si
g
n
a
l
a
t
1
3
7
G
eV

of
th
e

C
M
S
B

sc
en
a
ri
o
su
rv
iv
es
.
In

F
ig
.
5
w
e
p
lo
t
R

φ
(X

)
fo
r
X

=
γ
γ
a
n
d
X

=
4�

a
s
a
fu
n
ct
io
n
o
f
Λ
φ
fo
r
a
se
le
ct
io
n

of
m

0
/m

P
l
va
lu
es
,
ta
k
in
g
ξ
=

0.
W
e
al
so

d
is
p
la
y
ra
ti
o
s
to

th
e
S
M

fo
r
W

W
fu
si
o
n
p
ro
d
u
ct
io
n
o
f
th
e
φ
,
w
it
h

3
4

8



F
ig
u
re

4:
F
o
r
m

h
=

1
2
5
G
eV

an
d
m

φ
=

1
3
7
G
eV

,
w
e
p
lo
t
R

h
(X

)
an

d
R

φ
(X

)
fo
r
X

=
γ
γ
a
n
d
X

=
Z
Z

(e
q
u
iv
a
le
n
t
to

X
=

4�
)
as

a
fu
n
ct
io
n
o
f
ξ
ta
k
in
g
Λ
φ
fi
x
ed

a
t
1.
5
T
eV

.

φ
→

γ
γ
,
4
�
a
n
d
bb
,
as

w
el
l
as

a
ss
o
ci
a
te
d
Z
φ
p
ro
d
u
ct
io
n
w
it
h
φ
→

bb
.
O
n
e
o
b
se
rv
es

th
a
t
a
n
ic
e
d
es
cr
ip
ti
o
n

o
f
th
e
R
(γ
γ
)
∼

2
ex
ce
ss

a
t
1
3
7
G
eV

is
p
o
ss
ib
le
,
fo
r
ex
a
m
p
le
,
fo
r
m

0
/
m

P
l
=

0
.3

at
Λ
φ
∼

2
.8

T
eV

w
it
h
th
e

4
�
si
g
n
a
l
(a
n
d
a
ll
ot
h
er

si
g
n
a
ls
)
b
ei
n
g
ve
ry

su
p
p
re
ss
ed
.
A
s
al
so

a
p
p
a
re
n
t,

o
th
er

ch
o
ic
es

o
f
m

0
/m

P
l
a
n
d
Λ
φ

w
il
l
a
ls
o
y
ie
ld

R
φ
(γ
γ
)
∼

2
w
it
h
va
ry
in
g
le
ve
ls

o
f
4
�
a
n
d
bb

si
g
n
a
ls
.
(H

ow
ev
er
,
to

su
p
p
re
ss

R
φ
(4
�)

b
el
ow

0
.2

w
h
il
e
a
ch
ie
v
in
g
R

φ
(γ
γ
)
∼

2
re
q
u
ir
es

m
0
/m

P
l
≥

0.
3
.)

W
e
al
so

n
o
te

th
a
t
fo
r
ξ
=

0
th
e
Z
,W

+
φ
(→

bb
)
is

g
re
a
tl
y
su
p
p
re
ss
ed

re
la
ti
ve

to
it
s
S
M

co
u
n
te
rp
a
rt

d
u
e
to

th
e
ve
ry

su
p
p
re
ss
ed

Z
Z
φ
co
u
p
ll
n
g
.

P
lo
ts

fo
r
th
e
ca
se

o
f
a
S
M

H
ig
g
s
a
t
1
2
5
G
eV

a
n
d
m

φ
=

1
2
0
G
eV

lo
ok

ve
ry

si
m
il
a
r
an

d
,
in

p
a
rt
ic
u
la
r,

it
is

n
o
t
p
o
ss
ib
le

to
fi
n
d
p
a
ra
m
et
er
s
fo
r
w
h
ic
h
th
e
4
�
si
g
n
a
l
su
b
st
a
n
ti
a
ll
y
ex
ce
ed
s
th
e
γ
γ
si
g
n
a
l
—

th
e
re
ve
rs
e

a
lw
ay
s
a
p
p
li
es
,
a
s
o
n
e
an

ti
ci
p
a
te
s
fr
o
m

th
e
en
h
a
n
ce
d
a
n
o
m
a
lo
u
s
γ
γ
co
u
p
li
n
g
of

th
e
(u
n
m
ix
ed
)
φ
.

3
S
u
m
m
a
ry

a
n
d

C
o
n
cl
u
si
o
n
s

T
h
e
R
a
n
d
a
ll
S
u
n
d
ru
m

m
o
d
el

so
lu
ti
o
n
to

th
e
h
ie
ra
rc
h
y
p
ro
b
le
m

y
ie
ld
s
in
te
re
st
in
g
p
h
en
o
m
en
o
lo
g
y
fo
r
th
e

H
ig
g
s-
ra
d
io
n
se
ct
o
r,

es
p
ec
ia
ll
y
w
h
en

H
ig
g
s-
ra
d
io
n
m
ix
in
g
is

al
lo
w
ed

fo
r,

an
d
ca
n
b
e
m
a
d
e
co
n
si
st
en
t
w
it
h

F
C
N
C

a
n
d
P
E
W

co
n
st
ra
in
ts

if
fe
rm

io
n
s
an

d
g
a
u
g
e
b
os
o
n
s
p
ro
p
a
g
a
te

in
th
e
5
th

d
im

en
si
o
n
.
A
t
th
e
m
o
m
en
t,

th
er
e
ar
e
in
te
re
st
in
g
h
in
ts

a
t
th
e
L
H
C

o
f
n
a
rr
ow

ex
ce
ss
es

a
b
ov
e
S
M

b
a
ck
g
ro
u
n
d
s
in

th
e
γ
γ
a
n
d
Z
Z

→
4�

ch
a
n
n
el
s,

as
w
el
l
as

a
b
ro
a
d
ex
ce
ss

in
th
e
W

W
→

�ν
�ν

ch
a
n
n
el
.
A
T
L
A
S
se
es

ex
ce
ss
es

in
th
e
γ
γ
a
n
d
4
�

ch
a
n
n
el
s
a
t
a
m
a
ss

of
∼

1
2
5
G
eV

of
or
d
er

2
×S

M
a
n
d
1.
5×

S
M

re
sp
ec
ti
ve
ly
.
C
M
S
se
es

a
γ
γ
ex
ce
ss

o
f
o
rd
er

1
.5
×

S
M

a
t
∼

1
2
4
G
eV

an
d
co
n
st
ra
in
s
th
e
4
�
ch
an

n
el

at
th
is

m
as
s
to

b
e
le
ss

th
a
n
∼

1
.5
×S

M
.
A
d
d
it
io
n
a
l

ex
ce
ss
es

a
t
1
2
0
G
eV

(i
n
th
e
4
�
ch
a
n
n
el
)
a
n
d
at

1
3
7
G
eV

(i
n
th
e
γ
γ
ch
a
n
n
el
)
a
re

p
re
se
n
t
in

th
e
C
M
S
d
a
ta
.

H
er
e,

w
e
su
m
m
a
ri
ze
d
tw

o
m
o
d
el
s
w
it
h
H
ig
g
s-
ra
d
io
n
m
ix
in
g
w
it
h
in

th
e
R
a
n
d
a
ll
S
u
n
d
ru
m

m
o
d
el

co
n
te
x
t.

3
4
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F
ig
u
re

5:
F
o
r
m

φ
=

1
3
7
G
eV

,
w
e
p
lo
t
R

φ
(X

)
fo
r
X

=
γ
γ
a
n
d
X

=
Z
Z

(e
q
u
iv
a
le
n
t
to

X
=

4�
)
a
s
fu
n
ct
io
n
s

of
Λ
φ
ta
k
in
g
ξ
=

0.
W
e
al
so

p
lo
t
ra
ti
o
s
to

th
e
S
M

fo
r
Z

→
Z
φ
w
it
h
φ
→

bb
a
n
d
fo
r
W

W
→

φ
→

X
fo
r

X
=

γ
γ
,
Z
Z

a
n
d
b b
.

In
th
e
fi
rs
t
m
o
d
el
,
th
e
li
g
h
t
fe
rm

io
n
p
ro
fi
le
s
a
re

ta
ke
n
to

b
e
p
ea
k
ed

n
ea
r
th
e
P
la
n
ck

b
ra
n
e
in

o
rd
er

to
av
o
id

co
rr
ec
ti
o
n
s
to

F
C
N
C
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ra
d
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e
si
n
g
le
H
ig
g
s
p
lu
s
ra
d
io
n
m
o
d
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b
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d
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ra
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p
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P
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0.
5
,
a
ra
n
g
e
th
a
t
th
e
m
o
st

re
ce
n
t
d
is
cu
ss
io
n
su
g
g
es
ts

is
st
il
l
co
n
si
st
en
t

w
it
h
h
ig
h
er

cu
rv
a
tu
re

co
rr
ec
ti
o
n
s
to

th
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p
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h
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ra
d
io
n
m
a
ss

w
o
u
ld

b
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b
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b
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b
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p
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b
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d
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s
a
re

a
cc
es
si
b
le

in
m
u
lt
i-
H
ig
g
s

p
ro
d
u
ct
io
n
p
ro
ce
ss
es
.
T
h
e
tr
il
in
ea
r
H
ig
g
s
co
u
p
li
n
g
ca
n
b
e
ex
tr
a
ct
ed

fr
o
m

H
ig
g
s
p
a
ir
p
ro
d
u
ct
io
n
,
th
e
q
u
a
rt
ic

H
ig
g
s
co
u
p
li
n
g
fr
o
m

tr
ip
le

H
ig
g
s
p
ro
d
u
ct
io
n
.
A
t
th
e
L
H
C

th
is

is
a
v
er
y
d
iffi

cu
lt

ta
sk

d
u
e
to

la
rg
e
Q
C
D

b
a
ck
g
ro
u
n
d
s
a
n
d
sm

a
ll
p
ro
d
u
ct
io
n
cr
o
ss

se
ct
io
n
s
[4
,5
].

A
t
a
n
e+

e−
li
n
ea
r
co
ll
id
er

o
n
th
e
o
th
er

h
a
n
d
th
e

si
g
n
a
tu
re
s
a
re

cl
ea
n
er

so
th
a
t
a
m
ea
su
re
m
en
t
o
f
th
e
H
ig
g
s
p
ro
p
er
ti
es

is
p
o
ss
ib
le

w
it
h
a
h
ig
h
er

p
re
ci
si
o
n
.

A
s
fo
r
th
e
q
u
a
rt
ic

H
ig
g
s
se
lf
-c
o
u
p
li
n
g
,
h
ow

ev
er
,
se
v
er
a
l
st
u
d
ie
s
[6
–9
]
h
av
e
sh
ow

n
th
a
t
it
s
m
ea
su
re
m
en
t
is

im
p
o
ss
ib
le

a
t
IL
C
/
C
L
IC

a
n
d
a
h
ig
h
-e
n
er
g
y
L
H
C
.

A
n
o
th
er

im
p
o
rt
a
n
t
q
u
es
ti
o
n
is
if
th
e
th
u
s
es
ta
b
li
sh
ed

H
ig
g
s
p
a
rt
ic
le

is
th
e
o
n
e
o
f
th
e
S
M

o
r
o
f
ex
te
n
si
o
n
s

b
ey
o
n
d
th
e
S
M
.
A
lt
h
o
u
g
h
th
e
S
M

h
a
s
b
ee
n
te
st
ed

to
v
er
y
h
ig
h
a
cc
u
ra
cy

th
er
e
a
re

se
v
er
a
l
re
a
so
n
s
to

co
n
si
d
er

p
h
y
si
cs

b
ey
o
n
d
th
e
S
M
.
O
n
e
o
f
th
em

is
th
e
h
ie
ra
rc
h
y
p
ro
b
le
m
,
i.
e.

th
e
q
u
es
ti
o
n
h
ow

th
e
H
ig
g
s
b
o
so
n
m
a
ss

ca
n
b
e
k
ep

t
a
t
th
e
o
rd
er

o
f
th
e
el
ec
tr
ow

ea
k
sy
m
m
et
ry

b
re
a
k
in
g
(E

W
S
B
)
sc
a
le

in
th
e
co
n
te
x
t
o
f
la
rg
e
sc
a
le
s

u
p
to

w
h
ic
h
th
e
S
M

is
a
ss
u
m
ed

to
b
e
va
li
d
.
T
h
es
e
w
o
u
ld

in
d
u
ce

la
rg
e
ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s
a
n
d
h
en
ce

a
la
rg
e

d
eg
re
e
o
f
fi
n
e-
tu
n
in
g
in

o
rd
er

to
en
su
re

a
H
ig
g
s
b
o
so
n
m
a
ss

a
ro
u
n
d
1
2
5
G
eV

.
A

so
lu
ti
o
n
to

th
is

p
ro
b
le
m

is
fo
r
ex
a
m
p
le

g
iv
en

b
y
co
m
p
o
si
te

H
ig
g
s
m
o
d
el
s
w
h
er
e
th
e
H
ig
g
s
b
o
so
n
is

a
b
o
u
n
d
st
a
te

fr
o
m

a
st
ro
n
g
ly
-

in
te
ra
ct
in
g
se
ct
o
r
[1
0
].
T
h
e
H
ig
g
s
b
o
so
n
a
ri
se
s
a
s
a
p
se
u
d
o
N
a
m
b
u
-G

o
ld
st
o
n
e
b
o
so
n
fr
o
m

a
n
en

la
rg
ed

g
lo
b
a
l

sy
m
m
et
ry

[1
1
].

T
h
is

sy
m
m
et
ry

is
ex
p
li
ci
tl
y
b
ro
k
en

b
y
th
e
co
u
p
li
n
g
s
o
f
th
e
S
M

p
a
rt
ic
le
s
to

th
e
st
ro
n
g
ly
-

in
te
ra
ct
in
g
se
ct
o
r.

T
h
e
H
ig
g
s
p
o
te
n
ti
a
l
is
cr
ea
te
d
b
y
lo
o
p
s
o
f
S
M

fe
rm

io
n
s
a
n
d
g
a
u
g
e
b
o
so
n
s
a
n
d
th
e
H
ig
g
s

m
a
ss

re
m
a
in
s
n
a
tu
ra
ll
y
li
g
h
t.

In
th
e
fo
ll
ow

in
g
w
e
w
il
l
fi
rs
t
g
iv
e
a
n
in
tr
o
d
u
ct
io
n
to

th
e
m
o
d
el
,
b
ri
efl

y
d
is
cu

ss
H
ig
g
s
p
a
ir

p
ro
d
u
ct
io
n
a
t

th
e
L
H
C

a
n
d
th
en

in
v
es
ti
g
a
te

th
e
p
ro
sp
ec
ts

o
f
m
ea
su
ri
n
g
th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
a
t
a
n
e
+
e−

li
n
ea
r

co
ll
id
er

in
d
o
u
b
le

H
ig
g
s-
st
ra
h
lu
n
g
a
n
d
W

b
o
so
n
fu
si
o
n
in
to

H
ig
g
s
p
a
ir
s.

3
5

2



2
C

o
m

p
o
si

te
H

ig
g
s

M
o
d
e
ls

In
co
m
p
o
si
te

H
ig
g
s
m
o
d
el
s
a
li
g
h
t
H
ig
g
s
b
o
so
n
a
ri
se
s
a
s
a
p
se
u
d
o
N
a
m
b
u
-G

o
ld
st
o
n
e
b
o
so
n
fr
o
m

a
st
ro
n
g
ly
-

in
te
ra
ct
in
g
se
ct
o
r
[1
1
].
T
h
is
le
a
d
s
to

m
o
d
ifi
ed

H
ig
g
s
co
u
p
li
n
g
s
co
m
p
a
re
d
to

th
e
S
M
.
A
n
eff

ec
ti
v
e
lo
w
-e
n
er
g
y

d
es
cr
ip
ti
o
n
o
f
a
S
tr
o
n
g
ly

In
te
ra
ct
in
g
L
ig
h
t
H
ig
g
s
b
o
so
n
(S
IL
H
)
h
a
s
b
ee
n
g
iv
en

in
[1
0
].

T
h
e
co
rr
es
p
o
n
d
in
g

L
a
g
ra
n
g
ia
n
a
ri
se
s
a
s
fi
rs
t
te
rm

o
f
th
e
ex
p
a
n
si
o
n
in

ξ
=

(v
/
f
)2

w
h
er
e
v
≈

2
4
6
G
eV

is
th
e
E
W

S
B
sc
a
le
a
n
d
f
is

sc
a
le
o
f
th
e
st
ro
n
g
d
y
n
a
m
ic
s.

It
ca
n
b
e
u
se
d
in

th
e
v
ic
in
it
y
o
f
th
e
S
M

li
m
it
g
iv
en

b
y
ξ
→

0
.
In

o
rd
er

to
re
a
ch

la
rg
er

va
lu
es

o
f
ξ
a
s
e.
g.

th
e
te
ch
n
ic
o
lo
r
li
m
it
,
ξ
→

1
,
a
re
su
m
m
a
ti
o
n
o
f
th
e
se
ri
es

in
ξ
is

re
q
u
ir
ed
.
T
h
is

is
p
ro
v
id
ed

b
y
ex
p
li
ci
t
m
o
d
el
s
b
u
il
t
in

fi
v
e-
d
im

en
si
on

a
l
w
a
rp
ed

sp
a
ce
.
In

th
e
M
in
im

a
l
C
o
m
p
o
si
te

H
ig
g
s
M
o
d
el
s

(M
C
H
M
)
o
f
R
ef
s.
[1
2
,1
3
]
th
e
g
lo
b
a
l
sy
m
m
et
ry

S
O
(5
)×

U
(1
)
is
b
ro
k
en

d
ow

n
a
t
th
e
sc
a
le
f
to

S
O
(4
)×

U
(1
)
o
n

th
e
in
fr
a
re
d
b
ra
n
e
a
n
d
to

th
e
S
M

S
U
(2
) L

×U
(1
) Y

o
n
th
e
u
lt
ra
v
io
le
t
b
ra
n
e.

In
th
es
e
m
o
d
el
s
th
e
m
o
d
ifi
ca
ti
o
n
s

o
f
th
e
H
ig
g
s
co
u
p
li
n
g
s
ca
n
b
e
d
es
cr
ib
ed

b
y
o
n
e
si
n
g
le

p
a
ra
m
et
er
,
g
iv
en

b
y
ξ.

T
h
e
m
o
d
ifi
ca
ti
o
n
fa
ct
o
r
o
f
th
e

H
ig
g
s
co
u
p
li
n
g
to

fe
rm

io
n
s
d
ep

en
d
s
o
n
th
e
re
p
re
se
n
ta
ti
o
n
s
o
f
th
e
b
u
lk

sy
m
m
et
ry

in
to

w
h
ic
h
th
e
fe
rm

io
n
s

a
re

em
b
ed

d
ed

.
In

th
e
m
o
d
el

o
f
R
ef
.
[1
2
],
ca
ll
ed

M
C
H
M

4
,
th
e
fe
rm

io
n
s
a
re

in
th
e
sp
in
o
ri
a
l
re
p
re
se
n
ta
ti
o
n
o
f

S
O
(5
),

in
th
e
m
o
d
el

M
C
H
M

5
o
f
R
ef
.
[1
3
]
th
ey

a
re

in
th
e
fu
n
d
a
m
en
ta
l
re
p
re
se
n
ta
ti
o
n
.
T
h
e
H
ig
g
s
p
o
te
n
ti
a
l

is
g
en

er
a
te
d
b
y
lo
o
p
s
o
f
th
e
S
M

g
a
u
g
e
b
o
so
n
s
a
n
d
fe
rm

io
n
s.

T
h
e
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
s
th
er
ef
o
re

a
ls
o
d
ep

en
d

o
n
th
e
re
p
re
se
n
ta
ti
o
n
o
f
th
e
fe
rm

io
n
s.

T
h
e
co
m
p
o
si
te

H
ig
g
s
co
u
p
li
n
g
s
w
it
h
re
sp
ec
t
to

th
e
co
rr
es
p
o
n
d
in
g
S
M

H
ig
g
s
b
o
so
n
co
u
p
li
n
g
s
a
re

sh
ow

n
in

T
a
b
le

1
fo
r
M
C
H
M

4
an

d
M
C
H
M

5
,
re
sp
ec
ti
v
el
y.

N
ot
e
in

p
a
rt
ic
u
la
r,
th
a
t

in
M
C
H
M

5
fo
r
ξ
=

0
.5

th
e
H
ig
g
s
co
u
p
li
n
g
to

fe
rm

io
n
s
a
n
d
th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-i
n
te
ra
ct
io
n
va
n
is
h
.

H
V
V

H
H
V
V

H
f
f̄

H
H
H

H
H
H
H

M
C
H
M

4

√ 1
−
ξ

1
−
2
ξ

√ 1
−
ξ

√ 1
−
ξ

(1
−

7 3
ξ)

M
C
H
M

5

√ 1
−
ξ

1
−
2
ξ

1
−
2
ξ

√
1
−
ξ

1
−
2
ξ

√
1
−
ξ

1
−

2
8 3
(1

−
ξ
)ξ

1
−
ξ

T
a
b
le

1
:
M
o
d
ifi
ca
ti
o
n
fa
ct
o
rs

o
f
th
e
co
m
p
o
si
te

H
ig
g
s
co
u
p
li
n
g
s
in

M
C
H
M

4
an

d
in

M
C
H
M

5
,
w
it
h
re
sp
ec
t

to
th
e
S
M

H
ig
g
s
b
o
so
n
co
u
p
li
n
g
s
to

v
ec
to
r
b
o
so
n
s
(H

V
V

a
n
d
H
H
V
V
),

to
fe
rm

io
n
s
(H

f
f̄
)
a
n
d
to

th
e
S
M

H
ig
g
s
se
lf
-c
o
u
p
li
n
g
s
(H

H
H

a
n
d
H
H
H
H
).

T
h
e
p
a
ra
m
et
er

sp
a
ce

o
f
co
m
p
o
si
te

H
ig
g
s
m
o
d
el
s
is

co
n
st
ra
in
ed

b
y
el
ec
tr
ow

ea
k
p
re
ci
si
o
n
te
st
s
a
n
d
th
e

L
H
C

H
ig
g
s
se
a
rc
h
re
su
lt
s.

E
le
ct
ro
w
ea
k
p
re
ci
si
o
n
te
st
s
p
re
fe
r
lo
w

va
lu
es

o
f
ξ
[1
4
].

If
a
p
a
rt
ia
l
ca
n
ce
ll
a
ti
o
n

o
f
5
0
%

w
it
h
co
n
tr
ib
u
ti
o
n
s
fr
o
m

n
ew

st
a
te
s
is
a
ll
ow

ed
ξ
sh
o
u
ld

b
e
�

0
.4
5
[1
5
,1
6
].
T
h
e
cu

rr
en
t
H
ig
g
s
re
su
lt
s

a
ll
ow

o
n
ly

fo
r
sm

a
ll
d
ev
ia
ti
o
n
s
fr
o
m

th
e
S
M

[1
7
].

3
H

ig
g
s

P
a
ir

P
ro

d
u
c
ti
o
n

a
t

th
e

L
H

C

A
t
th
e
L
H
C

th
e
d
o
m
in
a
n
t
H
ig
g
s
p
a
ir
p
ro
d
u
ct
io
n
p
ro
ce
ss

is
g
iv
en

b
y
g
lu
o
n
fu
si
o
n
[1
8
].
T
h
e
g
en
er
ic

F
ey
n
m
a
n

d
ia
g
ra
m
s
w
h
ic
h

co
n
tr
ib
u
te

to
th
is

p
ro
ce
ss

a
re

sh
ow

n
in

F
ig
.
1
.

A
s
ca
n

b
e
in
fe
rr
ed

fr
o
m

th
e
fi
g
u
re
,
in

co
m
p
o
si
te

H
ig
g
s
m
o
d
el
s
a
n
ew

co
u
p
li
n
g
b
et
w
ee
n
tw

o
H
ig
g
s
b
o
so
n
s
a
n
d
tw

o
fe
rm

io
n
s
is

p
o
ss
ib
le

w
h
ic
h
le
a
d
s

to
a
d
d
it
io
n
a
l
d
ia
g
ra
m
s
co
n
tr
ib
u
ti
n
g
to

g
lu
o
n
fu
si
o
n
in
to

H
ig
g
s
p
a
ir
s
[1
9
,2
0
].
It

g
ro
w
s
li
n
ea
rl
y
w
it
h
ξ
a
n
d
is

ex
p
li
ci
tl
y
g
iv
en

b
y

M
C
H
M

4
:

g H
H
f
f
=

m
f

v
2
ξ

M
C
H
M

5
:

g H
H
f
f
=

m
f

v
2
4
ξ
.

(1
)

A
s
ex
p
ec
te
d
it
va
n
is
h
es

in
th
e
S
M

li
m
it
ξ
→

0
.
T
h
e
co
u
p
li
n
g
is
su
p
p
re
ss
ed

b
y
a
n
ex
tr
a
p
ow

er
o
f
v
co
m
p
a
re
d

to
th
e
co
u
p
li
n
g
o
f
o
n
e
H
ig
g
s
b
o
so
n
to

tw
o
fe
rm

io
n
s,
b
u
t
th
e
co
rr
es
p
o
n
d
in
g
d
ia
g
ra
m

in
th
e
g
lu
o
n
fu
si
o
n
p
ro
ce
ss

F
ig
.
1
is

n
o
t
su
p
p
re
ss
ed

b
y
a
n
ex
tr
a
p
ro
p
a
g
a
to
r,
so

th
a
t
fo
r
la
rg
e
va
lu
es

o
f
ξ
it

ca
n
h
av
e
si
ze
a
b
le

eff
ec
ts

o
n

H
ig
g
s
p
a
ir
p
ro
d
u
ct
io
n
th
ro
u
g
h
g
lu
o
n
fu
si
o
n
.
T
h
u
s
th
e
cr
o
ss

se
ct
io
n
in
cr
ea
se
s
w
it
h
ri
si
n
g
ξ
m
ai
n
ly

d
u
e
to

th
e

d
ia
g
ra
m

w
it
h
th
e
n
ew

co
u
p
li
n
g
[1
9
].

S
in
ce

th
e
d
o
m
in
a
ti
n
g
b
a
ck
g
ro
u
n
d
p
ro
ce
ss
es

d
o
n
o
t
d
ep

en
d
o
n
ξ,

th
e

si
g
n
a
l
to

b
a
ck
g
ro
u
n
d
ra
ti
o
in

co
m
p
o
si
te

H
ig
g
s
m
o
d
el
s
b
ec
o
m
es

la
rg
er
.
O
n
th
e
o
th
er

h
a
n
d
th
e
se
n
si
ti
v
it
y
o
f

th
e
cr
o
ss

se
ct
io
n
to

th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
is

fu
rt
h
er

d
il
u
te
d
b
y
th
is

d
ia
g
ra
m

n
o
t
in
v
o
lv
in
g
λ
H
H
H
.

F
u
rt
h
er
m
o
re
,
in

M
C
H
M

5
,
w
h
er
e
th
e
se
lf
-c
o
u
p
li
n
g
va
n
is
h
es

a
t
ξ
=

0
.5
,
th
e
se
n
si
ti
v
it
y
va
n
is
h
es

n
ea
r
th
es
e
ξ

3
5

3

g g

t
H

H H

H H

H H

H H

H H

F
ig
u
re

1
:
G
en
er
ic

F
ey
n
m
a
n
d
ia
g
ra
m
s
co
n
tr
ib
u
ti
n
g
to

th
e
p
ro
ce
ss

g
g
→

H
H
.

va
lu
es
.
In

[4
,2
1
]
it

w
a
s
fo
u
n
d
th
a
t
fo
r
M

H
=

1
2
5
G
eV

th
e
p
ro
sp
ec
ts

o
f
m
ea
su
ri
n
g
th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-

co
u
p
li
n
g
in

th
e
bb̄
γ
γ
a
n
d
bb̄
τ
τ̄
fi
n
a
l
st
a
te

a
re

en
co
u
ra
g
in
g
fo
r
th
e
S
M
.
B
u
t
fo
r
a
d
efi
n
it
e
a
n
sw

er
a
d
ed
ic
a
te
d

m
o
d
el
-d
ep

en
d
en
t
a
n
a
ly
si
s
ta
k
in
g
in
to

a
cc
o
u
n
t
b
a
ck
g
ro
u
n
d
a
n
d
d
et
ec
to
r
eff

ec
ts

h
a
s
to

b
e
p
er
fo
rm

ed
.1

In
co
m
p
o
si
te

H
ig
g
s
m
o
d
el
s
a
ls
o
th
e
to
p
q
u
a
rk

ca
n
b
e
a
co
m
p
o
si
te

o
b
je
ct

th
ro
u
g
h
it
s
m
ix
tu
re

w
it
h
h
ea
v
y

fe
rm

io
n
s
o
f
th
e
st
ro
n
g
se
ct
o
r.

If
th
e
a
d
d
it
io
n
a
l
n
ew

to
p
p
a
rt
n
er
s
h
av
e
m
a
ss
es

b
el
ow

th
e
cu
t-
o
ff
sc
a
le

o
f
th
e

th
eo
ry

th
ey

w
il
l
p
la
y
a
ro
le

in
th
e
h
ea
v
y
q
u
a
rk

lo
o
p
s
o
f
th
e
g
lu
o
n
fu
si
o
n
p
ro
ce
ss
.
A
s
w
a
s
sh
ow

n
in

R
ef
s.
[2
3
]

th
e
cr
o
ss

se
ct
io
n
in

si
n
g
le
H
ig
g
s
p
ro
d
u
ct
io
n
d
o
es

n
o
t
d
ep

en
d
o
n
th
e
sp
ec
tr
u
m

o
f
th
e
to
p
p
a
rt
n
er
s.

T
h
is
is
n
o
t

th
e
ca
se
,
h
ow

ev
er
,
fo
r
H
ig
g
s
p
a
ir
p
ro
d
u
ct
io
n
[2
4
].
In

o
rd
er

to
u
n
a
m
b
ig
u
o
u
sl
y
ex
tr
a
ct

th
e
H
ig
g
s
se
lf
-c
o
u
p
li
n
g

fr
o
m

th
e
g
lu
o
n
fu
si
o
n
p
ro
ce
ss

in
to

H
ig
g
s
p
a
ir
s,
th
er
ef
o
re

a
ls
o
th
e
co
u
p
li
n
g
s
a
n
d
m
a
ss
es

o
f
th
e
n
ew

re
so
n
a
n
ce
s

h
av
e
to

b
e
k
n
ow

n
.
If

th
ey

a
re

n
o
t
to
o
h
ea
v
y
th
ey

a
re

a
cc
es
si
b
le

in
d
ir
ec
t
p
ro
d
u
ct
io
n
.2

O
th
er
w
is
e,

o
th
er

p
ro
ce
ss
es

su
ch

a
s
d
o
u
b
le

H
ig
g
s-
st
ra
h
lu
n
g
o
ff
W
/Z

b
o
so
n
s
[2
6
]
o
r
v
ec
to
r
b
o
so
n
fu
si
o
n
[2
7
,2
8
],
w
h
er
e
h
ea
v
y

to
p
p
a
rt
n
er
s
d
o
n
o
t
p
la
y
a
ro
le
,
m
ay

b
e
ex
p
lo
it
ed

to
ex
tr
a
ct

th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
λ
H
H
H
.
T
h
ei
r

cr
o
ss

se
ct
io
n
s
a
re
,
h
ow

ev
er
,
m
u
ch

sm
a
ll
er

th
a
n
th
e
o
n
e
o
f
th
e
g
lu
o
n
fu
si
o
n
p
ro
ce
ss
.

4
H

ig
g
s

P
a
ir

P
ro

d
u
c
ti
o
n

a
t

th
e

IL
C

T
h
e
cl
ea
n

en
v
ir
o
n
m
en
t
o
f
a
n

e+
e−

li
n
ea
r
co
ll
id
er

to
g
et
h
er

w
it
h

h
ig
h

lu
m
in
o
si
ti
es

a
n
d

a
h
ig
h

d
eg
re
e
o
f

p
o
la
ri
sa
ti
o
n
o
f
th
e
el
ec
tr
o
n
/
p
o
si
tr
o
n
b
ea
m
s
o
ff
er
s
m
o
re

p
ro
m
is
in
g
p
ro
sp
ec
ts

to
ex
tr
a
ct

th
e
tr
il
in
ea
r
H
ig
g
s

se
lf
-c
o
u
p
li
n
g
.

T
h
e
m
o
st

im
p
o
rt
a
n
t
p
ro
ce
ss
es

fo
r
H
ig
g
s
p
a
ir

p
ro
d
u
ct
io
n
a
re

d
o
u
b
le

H
ig
g
s-
st
ra
h
lu
n
g
o
ff

Z
b
o
so
n
s
[2
6
,2
9
,3
0
]
a
t
lo
w

en
er
g
ie
s
a
n
d
W

b
o
so
n
fu
si
o
n
[2
7
,3
0
,3
1
]
a
t
h
ig
h
er

en
er
g
ie
s
[6
].

T
h
e
Z

b
o
so
n
fu
si
o
n

p
ro
ce
ss

to
H
ig
g
s
p
a
ir
s
is
su
p
p
re
ss
ed

b
y
a
n
o
rd
er

o
f
m
a
g
n
it
u
d
e
a
s
th
e
el
ec
tr
o
n
-Z

co
u
p
li
n
g
s
a
re

sm
a
ll
.

In
th
e
fo
ll
ow

in
g
H
ig
g
s
p
a
ir

p
ro
d
u
ct
io
n
th
ro
u
g
h
d
o
u
b
le

H
ig
g
s-
st
ra
h
lu
n
g
a
n
d

W
b
o
so
n
fu
si
o
n
a
n
d

th
e

p
ro
sp
ec
ts

o
f
ex
tr
a
ct
in
g
th
e
tr
il
in
ea
r
H
ig
g
s
co
u
p
li
n
g
w
il
l
b
e
d
is
cu

ss
ed

in
m
o
re

d
et
a
il
.

4
.1

H
ig

g
s-

S
tr

a
h
lu

n
g

o
ff

Z
B

o
so

n
s

T
h
e
g
en

er
ic

F
ey
n
m
a
n
d
ia
g
ra
m
s
co
n
tr
ib
u
ti
n
g
to

th
e
d
o
u
b
le

H
ig
g
s-
st
ra
h
lu
n
g
o
ff

Z
b
o
so
n
s
a
re

d
ep

ic
te
d

in
F
ig
.
2
.
In

F
ig
.
3
w
e
sh
ow

th
e
cr
o
ss

se
ct
io
n
fo
r
th
is

p
ro
ce
ss

a
s
a
fu
n
ct
io
n
o
f
ξ
fo
r
M
C
H
M

4
a
n
d
M
C
H
M

5

a
n
d
fo
r
tw

o
d
iff
er
en
t
c.
m
.
en

er
g
ie
s,

√ s
=

5
0
0
G
eV

a
n
d
1
T
eV

.
H
er
e
a
n
d
in

th
e
fo
ll
ow

in
g
th
e
H
ig
g
s
b
o
so
n

m
a
ss

is
se
t
to

M
H

=
1
2
5
G
eV

.
T
h
e
n
u
m
er
ic
a
l
ca
lc
u
la
ti
o
n

o
f
th
e
cr
o
ss

se
ct
io
n
s
h
a
s
b
ee
n

p
er
fo
rm

ed
b
y

u
si
n
g
M
A
D
G
R
A
P
H
/
M
A
D
E
V
E
N
T

[3
2
],
w
h
er
e
th
e
m
o
d
el

fi
le
s
fo
r
th
e
co
m
p
o
si
te

H
ig
g
s
m
o
d
el
s
h
av
e
b
ee
n

im
p
le
m
en
te
d
.
T
h
e
re
su
lt
s
h
av
e
b
ee
n
ch
ec
k
ed

in
d
ep

en
d
en
tl
y
b
y
a
n
ow

n
F
O
R
T
R
A
N

ro
u
ti
n
e.

A
s
ca
n
b
e
in
fe
rr
ed

fr
o
m

th
e
fi
g
u
re
,
th
e
cr
o
ss

se
ct
io
n
s
fo
r
sm

a
ll
va
lu
es

o
f
ξ
d
ec
re
a
se

w
it
h
ri
si
n
g
ξ.

T
h
e

re
a
so
n
is
th
e
re
d
u
ct
io
n
w
it
h
ξ
o
f
th
e
in
v
o
lv
ed

H
ig
g
s
co
u
p
li
n
g
s.

F
o
r
ξ
=

0
.5

th
e
H
H
Z
Z
co
u
p
li
n
g
va
n
is
h
es
,
a
n
d

in
M
C
H
M

5
in

a
d
d
it
io
n
th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
b
ec
o
m
es

ze
ro
.
A
b
ov
e
ξ
=

0
.5

th
e
H
H
Z
Z

co
u
p
li
n
g

1
In

R
ef
.
[2
2
]
it

w
a
s
sh

ow
n
th
a
t
ξ
ca
n
b
e
ex

tr
a
ct
ed

w
it
h
a
n
a
cc
u
ra
cy

o
f
O
(2
0
%
).

2
N
o
te
,
th
a
t
th
e
li
g
h
te
st

to
p
p
a
rt
n
er

ca
n
n
o
t
b
e
to
o
h
ea
v
y
to

a
cc
o
m
m
o
d
a
te

a
H
ig
g
s
m
a
ss

o
f
M

H
=

1
2
5
G
eV

[2
5
].

3
5

4
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H
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Z
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HZ H

HZ H

F
ig
u
re

2
:
G
en
er
ic
F
ey
n
m
a
n
d
ia
g
ra
m
s
co
n
tr
ib
u
ti
n
g
to

H
ig
g
s
p
a
ir
p
ro
d
u
ct
io
n
v
ia

H
ig
g
s-
st
ra
h
lu
n
g
o
ff
Z

b
o
so
n
s.

ch
a
n
g
es

si
g
n
a
n
d
in
cr
ea
se
s
a
g
a
in

in
a
b
so
lu
te

va
lu
e.

In
M
C
H
M

5
a
ls
o
th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
b
ec
o
m
es

la
rg
er

w
it
h
ξ.

In
b
o
th

m
o
d
el
s
h
en

ce
th
e
cr
o
ss

se
ct
io
n
s
in
cr
ea
se

fo
r
la
rg
e
va
lu
es

o
f
ξ,

a
n
d
d
ep

en
d
in
g
o
n
th
e

c.
m
.
en

er
g
ie
s
th
ey

d
ev
el
o
p
m
in
im

a
a
ro
u
n
d
ξ
≈

0
.4
5
−
0
.6
5
.

T
h
e
en
er
g
y
b
eh
av

io
u
r
o
f
th
e
p
ro
ce
ss

ca
n
b
e
u
n
d
er
st
o
o
d
a
s
fo
ll
ow

s.
T
h
e
S
M

cr
o
ss

se
ct
io
n
d
ec
re
a
se
s
w
it
h

ri
si
n
g
c.
m
.
en
er
g
y,
b
u
t
th
is
is
n
o
t
th
e
ca
se

fo
r
th
e
co
m
p
o
si
te

H
ig
g
s
m
o
d
el
s.

B
ec
a
u
se

o
f
th
e
m
o
d
ifi
ed

co
u
p
li
n
g
s,

fo
r
ξ
�

0
.5

th
e
cr
o
ss

se
ct
io
n
s
in
cr
ea
se

w
it
h
th
e
en

er
g
y
to

re
a
ch

a
co
n
st
a
n
t
va
lu
e
a
t
v
er
y
h
ig
h
en

er
g
ie
s.

T
h
e

re
a
so
n
is

th
e
ch
a
n
g
e
in

th
e
si
g
n
o
f
th
e
H
H
Z
Z

co
u
p
li
n
g
a
t
ξ
=

0
.5

le
a
d
in
g
to

a
co
n
st
ru
ct
iv
e
in
te
rf
er
en

ce
fo
r

ξ
�

0
.5

b
et
w
ee
n
th
e
d
ia
g
ra
m
s
co
n
ta
in
in
g
th
e
H
H
Z
Z

co
u
p
li
n
g
a
n
d
th
e
d
ia
g
ra
m

w
it
h
th
e
Z

b
o
so
n
in

th
e

s-
ch
a
n
n
el
.
T
h
e
d
ia
g
ra
m

in
cl
u
d
in
g
th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
b
ec
o
m
es

le
ss

im
p
o
rt
a
n
t
w
it
h
in
cr
ea
si
n
g

en
er
g
y
si
n
ce

it
is

su
p
p
re
ss
ed

b
y
a
n
ex
tr
a
H
ig
g
s
b
o
so
n
p
ro
p
a
g
a
to
r
co
m
p
a
re
d
to

th
e
o
th
er

d
ia
g
ra
m
s,

so
th
a
t

fo
r
la
rg
e
en
er
g
ie
s
th
e
se
n
si
ti
v
it
y
to

th
e
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
is

su
p
p
re
ss
ed
.
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→

ZH
H √s
=1

 T
eV

√s
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00
 G

eV

F
ig
u
re

3
:
T
h
e
cr
o
ss

se
ct
io
n
o
f
H
ig
g
s
p
a
ir

p
ro
d
u
ct
io
n
v
ia

H
ig
g
s-
st
ra
h
lu
n
g
Z
H
H

a
s
a
fu
n
ct
io
n
o
f
ξ
fo
r
th
e

M
C
H
M

4
(l
ef
t)

a
n
d
th
e
M
C
H
M

5
(r
ig
h
t)

a
n
d
fo
r
tw

o
c.
m
.
en

er
g
ie
s,

√ s
=

5
0
0
G
eV

(r
ed
)
a
n
d
1
T
eV

(b
lu
e)
.

In
o
rd
er

to
st
u
d
y
th
e
se
n
si
ti
v
it
y
o
f
th
e
d
o
u
b
le

H
ig
g
s-
st
ra
h
lu
n
g
p
ro
ce
ss

to
th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g

w
e
va
ry

λ
H
H
H

in
te
rm

s
o
f
th
e
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
o
f
th
e
co
rr
es
p
o
n
d
in
g
m
o
d
el
,
h
en
ce

λ
H
H
H

→
κ
λ
H
H
H

.
(2
)

T
h
is
a
ll
ow

s
a
n
es
ti
m
a
te

o
f
h
ow

a
cc
u
ra
te
ly

th
e
H
ig
g
s
p
a
ir
p
ro
d
u
ct
io
n
p
ro
ce
ss

n
ee
d
s
to

b
e
m
ea
su
re
d
in

o
rd
er

to
a
ch
ie
v
e
a
ce
rt
a
in

p
re
ci
si
o
n
o
n
λ
H
H
H

w
it
h
in

th
e
m
o
d
el

u
n
d
er

co
n
si
d
er
a
ti
o
n
.
It

d
o
es

n
o
t
re
p
re
se
n
t,
h
ow

ev
er
,

a
te
st

o
f
m
o
d
el
s
b
ey
o
n
d

th
e
a
ct
u
a
ll
y

in
v
es
ti
g
a
te
d

th
eo
ry
.

In
F
ig
.
4
w
e
sh
ow

fo
r
th
e
S
M

(ξ
=

0
)
a
n
d

fo
r
M
C
H
M

5
fo
r
th
re
e
re
p
re
se
n
ta
ti
v
e
va
lu
es

o
f
ξ
(ξ

=
0
.2
,0
.5
,0
,8
)
th
e
re
sp
ec
ti
v
e
n
o
rm

a
li
se
d
Z
H
H

cr
o
ss

se
ct
io
n
a
s
a
fu
n
ct
io
n
o
f
th
e
m
o
d
ifi
ca
ti
o
n
fa
ct
o
r
κ
fo
r
tw

o
c.
m
.
en

er
g
ie
s,

√ s
=

5
0
0
G
eV

a
n
d
1
T
eV

.
T
h
e

n
o
rm

a
li
sa
ti
o
n
is
w
it
h
re
sp
ec
t
to

th
e
Z
H
H

cr
o
ss

se
ct
io
n
a
t
κ
=

1
of

th
e
re
sp
ec
ti
v
e
m
o
d
el

(S
M

a
n
d
M
C
H
M

5

a
t
ξ
=

0
.2
,0
.5
,0
.8
).

T
h
e
fi
g
u
re

co
n
fi
rm

s
th
a
t
th
e
cr
o
ss

se
ct
io
n
is

m
o
re

se
n
si
ti
v
e
to

λ
H
H
H

fo
r
lo
w
er

co
ll
id
er

en
er
g
ie
s.

F
o
r
ξ
=

0
.5

th
er
e
is
n
o
se
n
si
ti
v
it
y
to

a
ch
a
n
g
e
in

th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
a
t
a
ll
,
a
s
λ
H
H
H

=
0

in
th
e
M
C
H
M

5
fo
r
ξ
=

0
.5
.
T
h
e
fi
g
u
re
s
4
a
ls
o
sh
ow

th
a
t
th
er
e
m
ig
h
t
b
e
a
m
b
ig
u
it
ie
s
in

th
e
m
ea
su
re
m
en
t
o
f

th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
,
a
s
e.
g.

fo
r
ξ
=

0
.2

in
th
e
M
C
H
M

5
fo
r
κ
=

1
a
n
d
κ
≈

−1
.7

th
e
cr
o
ss

se
ct
io
n
s

3
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Te

V

SM
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2

ξ=
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5
ξ=
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8

F
ig
u
re

4
:
T
h
e
Z
H
H

cr
o
ss

se
ct
io
n
in

th
e
S
M

(r
ed
)
a
n
d
th
e
M
C
H
M

5
fo
r
ξ
=

0
.2

(b
lu
e)
,
ξ
=

0
.5

(b
la
ck
)
a
n
d

ξ
=

0
.8

(g
re
en

)
d
iv
id
ed

b
y
th
e
cr
o
ss

se
ct
io
n
o
f
th
e
co
rr
es
p
o
n
d
in
g
m
o
d
el

a
t
κ
=
1
fo
r
√ s

=
5
0
0
G
eV

(l
ef
t)

a
n
d

√ s
=

1
T
eV

(r
ig
h
t)
.

a
t
√ s

=
1
T
eV

h
av
e
th
e
sa
m
e
va
lu
e.

S
u
ch

a
m
b
ig
u
it
ie
s
ca
n
b
e
re
so
lv
ed

b
y
in
v
es
ti
g
a
ti
n
g
o
th
er

p
a
ir
p
ro
d
u
ct
io
n

p
ro
ce
ss
es

li
k
e
W

b
o
so
n
fu
si
o
n
o
r
b
y
m
ea
su
re
m
en
ts

o
f
th
e
cr
o
ss

se
ct
io
n
a
t
d
iff
er
en
t
co
ll
id
er

en
er
g
ie
s.

In
o
rd
er

to
st
u
d
y
th
e
ex
p
er
im

en
ta
l
se
n
si
ti
v
it
ie
s
to

th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
th
e
d
ec
ay

s
o
f
th
e

H
ig
g
s
b
o
so
n
s
m
u
st

b
e
in
cl
u
d
ed

.
In

th
e
n
a
rr
ow

-w
id
th
-a
p
p
ro
x
im

a
ti
o
n
th
is

ca
n
b
e
d
o
n
e
b
y
m
u
lt
ip
ly
in
g
th
e

p
ro
d
u
ct
io
n
cr
o
ss

se
ct
io
n
w
it
h
th
e
re
sp
ec
ti
v
e
b
ra
n
ch
in
g
ra
ti
o
s.
3
F
o
r
th
e
M
C
H
M

4
,5

th
e
b
ra
n
ch
in
g
ra
ti
o
s
ca
n

b
e
fo
u
n
d
in

R
ef
.
[1
5
]
o
r
b
e
ca
lc
u
la
te
d
w
it
h
th
e
F
o
rt
ra
n
p
ro
g
ra
m

e
H
D
E
C
A
Y
[3
3
].
In

th
e
M
C
H
M

4
th
e
b
ra
n
ch
in
g

ra
ti
o
s
d
o
n
o
t
ch
a
n
g
e
co
m
p
a
re
d
to

th
e
S
M

si
n
ce

th
e
H
ig
g
s
co
u
p
li
n
g
s
a
re

a
ll
m
o
d
ifi
ed

b
y
th
e
sa
m
e
fa
ct
o
r.

F
o
r
M

H
=

1
2
5
G
eV

th
e
H
ig
g
s
b
o
so
n
d
ec
ay

s
d
o
m
in
a
n
tl
y
in
to

b-
q
u
a
rk
s
fo
ll
ow

ed
b
y
th
e
d
ec
ay

in
to

W
b
o
so
n
s.

In
th
e
M
C
H
M

5
th
e
b
ra
n
ch
in
g
ra
ti
o
s
d
ep

en
d
o
n
ξ.

F
o
r
a
1
2
5
G
eV

H
ig
g
s
b
o
so
n
a
n
d
sm

a
ll
ξ
va
lu
es
,
a
g
a
in

th
e
d
ec
ay

s
in
to

bb̄
d
o
m
in
a
te
.
B
u
t
fo
r
ξ
=

0
.5

th
e
fe
rm

io
n
co
u
p
li
n
g
va
n
is
h
es

a
n
d
th
er
ef
o
re

th
e
b
ra
n
ch
in
g

ra
ti
o
s
in
to

fe
rm

io
n
s
a
n
d
g
lu
o
n
s
va
n
is
h
a
s
w
el
l,
so

th
a
t
in

th
e
re
g
io
n
a
ro
u
n
d
ξ
=

0
.5

th
e
d
ec
ay

s
in
to

W
+
W

−

d
o
m
in
a
te
.
A
b
ov
e
ξ
=

0
.5

w
it
h
in
cr
ea
si
n
g
ξ
th
e
H
ig
g
s
co
u
p
li
n
g
to

g
a
u
g
e
b
o
so
n
s
d
ec
re
a
se
s
w
h
il
e
th
e
co
u
p
li
n
g

to
fe
rm

io
n
s
in
cr
ea
se
s,
so

th
a
t
fo
r
ξ
> ∼

0
.6
5
th
e
d
ec
ay

s
in
to

bb̄
d
o
m
in
a
te

a
n
d
th
e
d
ec
ay

s
in
to

W
+
W

−
b
ec
o
m
e

le
ss

im
p
o
rt
a
n
t.

In
o
rd
er

to
in
v
es
ti
g
a
te

th
e
q
u
es
ti
o
n
if
th
e
d
o
u
b
le

H
ig
g
s-
st
ra
h
lu
n
g
p
ro
ce
ss

is
se
n
si
ti
v
e
to

a
ch
a
n
g
e
in

th
e

tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
w
e
h
av
e
co
n
st
ru
ct
ed

se
n
si
ti
v
it
y
a
re
a
s
in

th
e
ξ
−
κ
p
la
n
e.

T
h
es
e
se
n
si
ti
v
it
y
a
re
a
s

g
iv
e
a
n
id
ea

o
f
h
ow

a
cc
u
ra
te
ly

th
e
p
a
ir

p
ro
d
u
ct
io
n
cr
o
ss

se
ct
io
n
h
a
s
to

b
e
m
ea
su
re
d
in

o
rd
er

to
ex
tr
a
ct

th
e
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
w
it
h
a
ce
rt
a
in

p
re
ci
si
o
n
.
F
o
r
th
e
co
n
st
ru
ct
io
n
o
f
th
e
a
re
a
s
w
e
p
la
ce

o
u
rs
el
v
es

in
a

p
a
rt
ic
u
la
r
m
o
d
el

(M
C
H
M

4
o
r
M
C
H
M

5
a
n
d
a
fi
x
ed

va
lu
e
o
f
ξ)

a
n
d
va
ry

w
it
h
in

th
is
m
o
d
el

th
e
tr
il
in
ea
r
H
ig
g
s

se
lf
-c
o
u
p
li
n
g
in

te
rm

s
o
f
th
e
co
rr
es
p
o
n
d
in
g
co
u
p
li
n
g
o
f
th
is

m
o
d
el

b
y
a
p
p
ly
in
g
a
m
o
d
ifi
ca
ti
o
n
fa
ct
o
r
κ
.
W
e

th
en

d
et
er
m
in
e
th
e
re
g
io
n
s
w
h
er
e
th
e
n
u
m
b
er

o
f
si
g
n
a
l
ev
en
ts

d
ev
ia
te
s
b
y
m
o
re

th
a
n
1
,2
,3
,5

σ
fr
o
m

th
e

n
u
m
b
er

o
f
si
g
n
a
l
ev
en
ts

a
t
κ
=

1
,
h
en
ce

w
h
er
e
in

th
e
sp
ec
ifi
c
m
o
d
el

u
n
d
er

in
v
es
ti
g
a
ti
o
n
,

S
κ
<

S
κ
=
1
−
a
√ S

κ
=
1

o
r

S
κ
>

S
κ
=
1
+
a
√ S

κ
=
1

w
it
h

a
=

1
,2
,3
,5

.
(3
)

In
F
ig
.
5
w
e
sh
ow

th
es
e
se
n
si
ti
v
it
y
a
re
a
s
fo
r
M
C
H
M

4
in

th
e
bb̄
bb̄

fi
n
a
l
st
a
te

a
t
√ s

=
5
0
0
G
eV

a
n
d
a
n

in
te
g
ra
te
d
lu
m
in
o
si
ty

o
f
5
0
0
fb

−
1
(l
ef
t)

a
n
d
1
0
0
0
fb

−
1
(r
ig
h
t)
.
T
h
e
d
a
rk
es
t
(l
ig
h
te
st
)
re
g
io
n
co
rr
es
p
o
n
d
s
to

th
e
5
(1
)
σ
re
g
io
n
.
A
s
ca
n
b
e
in
fe
rr
ed

fr
o
m

F
ig
.
5
th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
ca
n
n
o
t
b
e
m
ea
su
re
d
v
er
y

p
re
ci
se
ly

in
d
o
u
b
le

H
ig
g
s-
st
ra
h
lu
n
g
in

th
e
4
b
fi
n
a
l
st
a
te
.
In

th
e
S
M
,
co
rr
es
p
o
n
d
in
g
to

ξ
=

0
,
o
n
ly

a
va
ri
a
ti
o
n

in
th
e
si
g
n
ca
n
b
e
m
ea
su
re
d
a
t
3
σ
o
r
w
h
et
h
er

th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
ou

p
li
n
g
ch
a
n
g
es

b
y
a
t
le
a
st

a
fa
ct
o
r
o
f

3
T
h
e
n
a
rr
ow

-w
id
th
-a
p
p
ro
x
im

a
ti
o
n
ca
n
b
e
a
p
p
li
ed

h
er
e
a
s
fo
r
a
1
2
5
G
eV

S
M

H
ig
g
s
b
o
so
n
th
e
to
ta
l
w
id
th

is
∼

4
×
1
0
−
3
G
eV

,
a
n
d

th
e
to
ta
l
w
id
th
s
o
f
M
C
H
M

4
a
n
d

M
C
H
M

5
fo
r
th
e
sa
m
e
H
ig
g
s
b
o
so
n
m
a
ss

a
n
d
th
e
th
re
e
in
v
es
ti
g
a
te
d

ξ
va

lu
es

a
re

in
th
e

v
ic
in
it
y
o
f
o
r
b
el
ow

th
e
S
M

to
ta
l
w
id
th

[1
5
].

3
5
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5
:
S
en

si
ti
v
it
y
a
re
a
s
in

th
e
ξ
−κ

p
la
n
e
o
f
th
e
d
o
u
b
le
H
ig
g
s-
st
ra
h
lu
n
g
p
ro
ce
ss

to
a
ch
a
n
g
e
in

th
e
tr
il
in
ea
r

H
ig
g
s
se
lf
-c
o
u
p
li
n
g
b
y
a
m
u
lt
ip
li
ca
ti
v
e
fa
ct
o
r
κ
in

te
rm

s
o
f
th
e
M
C
H
M

4
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
fo
r
a

ce
rt
a
in

va
lu
e
o
f
ξ
in

th
e
fi
n
a
l
st
a
te

bb̄
bb̄

a
t
√ s

=
5
0
0
G
eV

a
n
d
∫ L

=
5
0
0
fb

−
1
(l
ef
t)

a
n
d
∫ L

=
1
0
0
0
fb

−
1

(r
ig
h
t)
.
T
h
e
re
g
io
n
s
co
rr
es
p
o
n
d
fr
o
m

d
a
rk

b
lu
e
to

li
g
h
t
b
lu
e
to

5
,
3
,
2
,
1
σ
,
se
e
th
e
te
x
t
fo
r
ex
p
la
n
a
ti
o
n
.

2
.
F
o
r
lo
w

n
o
n
-v
a
n
is
h
in
g
va
lu
es

o
f
ξ
th
e
si
tu
a
ti
o
n
b
ec
o
m
es

ev
en

w
o
rs
e.

F
o
r
la
rg
er

lu
m
in
o
si
ti
es

th
e
p
ro
sp
ec
ts

a
re

so
m
ew

h
a
t
b
et
te
r.

N
o
te
,
h
ow

ev
er
,
th
a
t
a
lt
h
o
u
g
h
in

th
e
re
g
io
n
a
ro
u
n
d
ξ
=

0
.7

w
e
h
av
e
5
σ
re
g
io
n
s,

th
e

n
u
m
b
er

o
f
si
g
n
a
l
ev
en
ts

is
v
er
y
lo
w

h
er
e
w
it
h
o
n
ly

2
−

3
ev
en
ts

fo
r
∫ L

=
5
0
0
fb

−
1
.
In
cr
ea
si
n
g
th
e
en
er
g
y

w
o
rs
en
s
th
e
p
ro
sp
ec
ts

d
u
e
to

re
d
u
ce
d
cr
o
ss

se
ct
io
n
s.

T
h
e
co
rr
es
p
o
n
d
in
g
se
n
si
ti
v
it
y
p
lo
ts

fo
r
M
C
H
M

5
ca
n
b
e
fo
u
n
d
in

F
ig
.
6
.
H
er
e
a
g
a
in

th
e
tr
il
in
ea
r
H
ig
g
s

se
lf
-c
o
u
p
li
n
g
ca
n
n
o
t
b
e
m
ea
su
re
d
w
it
h
h
ig
h
a
cc
u
ra
cy
.
A
ro
u
n
d
ξ
=

0
.5

th
er
e
is
n
o
se
n
si
ti
v
it
y
a
t
a
ll
si
n
ce

h
er
e

th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
va
n
is
h
es
.
F
o
r
v
er
y
la
rg
e
va
lu
es

o
f
ξ
th
er
e
is
so
m
e
se
n
si
ti
v
it
y
in

th
e
bb̄
bb̄

fi
n
a
l

st
a
te

d
u
e
to

th
e
en
h
a
n
ce
d
b
ra
n
ch
in
g
ra
ti
o
in
to

b-
q
u
a
rk
s
fo
r
la
rg
e
va
lu
es

o
f
ξ
w
h
er
e
th
e
co
u
p
li
n
g
o
f
th
e
H
ig
g
s

b
o
so
n
to

th
e
v
ec
to
r
b
o
so
n
s
b
ec
o
m
es

sm
a
ll
.
A
g
a
in

th
e
p
ro
sp
ec
ts

o
f
m
ea
su
ri
n
g
th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g

in
cr
ea
se

si
g
n
ifi
ca
n
tl
y
w
it
h
h
ig
h
er

lu
m
in
o
si
ty
.

S
o
fa
r
n
o
b
a
ck
g
ro
u
n
d
p
ro
ce
ss
es

o
r
d
et
ec
to
r
eff

ec
ts

h
av
e
b
ee
n
ta
k
en

in
to

a
cc
o
u
n
t.

F
o
r
a
re
a
li
st
ic

st
u
d
y,

w
h
ic
h
is
b
ey
o
n
d
th
e
sc
o
p
e
o
f
th
is
co
n
tr
ib
u
ti
o
n
,
th
ey

a
re

n
ec
es
sa
ry
.
W
e
ca
n
,
h
ow

ev
er
,
g
iv
e
a
n
es
ti
m
a
te

w
h
a
t

th
e
p
ro
sp
ec
ts

o
f
su
ch

a
n
a
n
a
ly
si
s
a
re
.
T
h
e
d
o
m
in
a
ti
n
g
b
a
ck
g
ro
u
n
d
p
ro
ce
ss
es

d
o
n
o
t
in
v
o
lv
e
H
ig
g
s
b
o
so
n
s,

so
th
a
t
th
ey

d
o
n
o
t
ch
a
n
g
e
in

th
e
co
m
p
o
si
te

H
ig
g
s
m
o
d
el
s
co
m
p
a
re
d
to

th
e
S
M
.
P
re
v
io
u
s
st
u
d
ie
s
fo
u
n
d

th
a
t
in

th
e
S
M

th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
ou

p
li
n
g
ca
n
b
e
m
ea
su
re
d
w
it
h
a
n
a
cc
u
ra
cy

o
f
∼

1
0
−

2
0
%

fo
r
h
ig
h

lu
m
in
o
si
ti
es

a
t
IL
C
/
C
L
IC

[6
,3
4
–3
7
].
4
A
s,

h
ow

ev
er
,
th
e
Z
H
H

si
g
n
a
l
p
ro
ce
ss
es

in
th
e
M
C
H
M
s
a
re

re
d
u
ce
d

co
m
p
a
re
d
to

th
e
S
M
,
a
m
ea
su
re
m
en
t
o
f
th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
w
il
l
n
o
t
b
e
p
o
ss
ib
le

w
it
h
th
e
sa
m
e

a
cc
u
ra
cy

a
s
in

th
e
S
M
.
N
o
te

a
ls
o
th
a
t
th
e
n
u
m
b
er

o
f
si
g
n
a
l
ev
en
ts

ev
en

w
it
h
o
u
t
a
p
p
ly
in
g
a
n
y
cu
ts

is
v
er
y

sm
a
ll
(∼

2
4
fo
r
κ
=

1
a
n
d
ξ
=

0
a
t
√ s

=
5
0
0
G
eV

fo
r
∫ L

=
5
0
0
fb

−
1
in

th
e
bb̄
bb̄

fi
n
a
l
st
a
te
).

4
.2

V
e
ct

o
r

b
o
so

n
fu

si
o
n

In
th
e
fo
ll
ow

in
g
w
e
d
is
cu

ss
v
ec
to
r
b
o
so
n
fu
si
o
n
v
ia

W
b
o
so
n
s
in
to

a
H
ig
g
s
b
o
so
n
p
a
ir
.
T
h
e
g
en

er
ic

d
ia
g
ra
m
s

co
n
tr
ib
u
ti
n
g
to

th
is

p
ro
ce
ss

a
re

d
ep
ic
te
d
in

F
ig
.
7
.
T
h
e
Z

b
o
so
n
fu
si
o
n
p
ro
ce
ss

is
a
n
o
rd
er

o
f
m
a
g
n
it
u
d
e

sm
a
ll
er

in
th
e
S
M
.
T
h
is

sl
ig
h
tl
y
ch
a
n
g
es

in
th
e
co
m
p
o
si
te

H
ig
g
s
m
o
d
el
s,

b
u
t
n
o
t
a
s
m
u
ch

a
s
to

d
o
m
in
a
te

ov
er

W
b
o
so
n
fu
si
o
n
.

In
F
ig
.
8
th
e
H
ig
g
s
p
a
ir

p
ro
d
u
ct
io
n
cr
o
ss

se
ct
io
n
s
v
ia

W
b
o
so
n
fu
si
o
n
a
re

sh
ow

n
a
s
a
fu
n
ct
io
n
o
f
ξ
fo
r

th
e
M
C
H
M

4
(l
ef
t)

a
n
d
M
C
H
M

5
(r
ig
h
t)

a
t
√ s

=
5
0
0
G
eV

a
n
d
1
T
eV

.
T
h
e
cr
o
ss

se
ct
io
n
in
cr
ea
se
s
w
it
h
ξ

4
F
o
r
th
e
se
n
si
ti
v
it
ie
s
o
n
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
s
in

th
e
co
n
te
x
t
o
f
g
en

u
in
e
d
im

en
si
o
n
-s
ix

o
p
er
a
to
rs
,
se
e
[3
8
].
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6
:
S
a
m
e
a
s
F
ig
.
5
b
u
t
in

th
e
M
C
H
M

5
.

b
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p
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p
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p
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=
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+
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+
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+
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−
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p
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b
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ra
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p
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=
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b
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−
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d
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b
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p
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=

0
.2

(b
lu
e)
,
0
.5

(b
la
ck
)
a
n
d
ξ
=

0
.8

(g
re
en

)
a
n
d
co
m
p
a
re
d
to

th
e
S
M

(r
ed

).

w
h
ic
h
b
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ro
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p
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p
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d
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h
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g
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e
ξ
−
κ
p
la
n
e
a
re

sh
ow

n
fo
r
th
e
M
C
H
M

4
in

th
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b
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p
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b
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b
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∫ L

=
5
0
0
fb

−
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b
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d
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p
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to

th
e
S
M
.
H
ow

ev
er
,
th
e
p
ro
sp
ec
ts

o
f
m
ea
su
ri
n
g
th
e
tr
il
in
ea
r
H
ig
g
s

se
lf
-c
o
u
p
li
n
g
in

W
b
o
so
n
fu
si
o
n
lo
o
k
m
u
ch

b
et
te
r
th
a
n
in

d
o
u
b
le

H
ig
g
s-
st
ra
h
lu
n
g
.
F
o
r
v
er
y
lo
w

va
lu
es

o
f
ξ

th
is

is
o
n
ly

d
u
e
to

th
e
h
ig
h
er

se
n
si
ti
v
it
y
o
f
th
e
W

b
o
so
n
fu
si
o
n
co
m
p
a
re
d
to

th
e
H
ig
g
s-
st
ra
h
lu
n
g
p
ro
ce
ss
.

F
o
r
m
o
d
er
a
te

va
lu
es

o
f
ξ
a
ls
o
th
e
cr
o
ss

se
ct
io
n
is
la
rg
er

th
a
n
fo
r
d
o
u
b
le

H
ig
g
s-
st
ra
h
lu
n
g
.
T
h
e
re
g
io
n
o
f
p
o
o
r

se
n
si
ti
v
it
y
a
t
κ
≈

2
fo
r
va
lu
es

o
f
ξ
cl
o
se

to
0
is

d
u
e
to

a
n
a
m
b
ig
u
it
y
in

th
e
cr
o
ss

se
ct
io
n
.
T
h
e
va
lu
e
κ
≈

2
le
a
d
s
to

th
e
sa
m
e
cr
o
ss

se
ct
io
n
a
s
κ
=

1
.

T
h
e
se
n
si
ti
v
it
y
a
re
a
s
fo
r
th
e
M
C
H
M

5
in

th
e
ξ
−

κ
p
la
n
e
ca
n

b
e
fo
u
n
d

in
F
ig
.
1
2
.

T
h
ey

a
re

sh
ow

n
fo
r
id
ea
ll
y
p
o
la
ri
se
d
b
ea
m
s
fo
r
tw

o
d
iff
er
en
t
fi
n
a
l
st
a
te
s,

bb̄
bb̄

a
n
d
W

+
W

−
W

+
W

−
.
S
in
ce

fo
r
ξ
=

0
.5

th
e

fe
rm

io
n
ic

co
u
p
li
n
g
s
in

th
e
M
C
H
M

5
a
re

ze
ro
,
th
e
b
ra
n
ch
in
g
ra
ti
o
H

→
bb̄

is
ze
ro
.
A
ls
o
th
e
se
n
si
ti
v
it
y
to

th
e

6
N
o
te

th
a
t
th
e
d
o
u
b
le

H
ig
g
s-
st
ra
h
lu
n
g
cr
o
ss

se
ct
io
n
is

en
h
a
n
ce
d
b
y
a
fa
ct
o
r
o
f
2
fo
r
1
0
0
%

p
o
la
ri
se
d
e
±

b
ea
m
s.

3
6
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F
ig
u
re

1
1
:
S
en

si
ti
v
it
y
a
re
a
s
in

th
e
ξ
−
κ
p
la
n
e
o
f
W

b
o
so
n
fu
si
o
n
in
to

H
ig
g
s
p
a
ir
s
to

a
ch
a
n
g
e
in

th
e
tr
il
in
ea
r

H
ig
g
s
se
lf
-c
o
u
p
li
n
g
b
y
a
m
u
lt
ip
li
ca
ti
v
e
fa
ct
o
r
κ
in

te
rm

s
o
f
th
e
M
C
H
M

4
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
fo
r
a

ce
rt
a
in

va
lu
e
o
f
ξ
in

th
e
fi
n
a
l
st
a
te

bb̄
bb̄

a
t
√ s

=
5
0
0
G
eV

a
n
d
∫ L

=
5
0
0
fb

−
1
a
n
d
u
n
p
o
la
ri
se
d
b
ea
m
s
(l
ef
t)
.

In
th
e
ri
g
h
t
fi
g
u
re

∫ L
=

2
0
0
0
fb

−
1
o
r
eq
u
iv
a
le
n
tl
y
w
e
h
av
e
id
ea
ll
y
p
o
la
ri
se
d
e±

b
ea
m
s
a
t
∫ L

=
5
0
0
fb

−
1
.

T
h
e
re
g
io
n
s
co
rr
es
p
o
n
d
fr
o
m

d
a
rk

b
lu
e
to

li
g
h
t
b
lu
e
to

5
,
3
,
2
,
1
σ
,
se
e
th
e
te
x
t
fo
r
ex
p
la
n
a
ti
o
n
.

tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
va
n
is
h
es

fo
r
ξ
=

0
.5

b
ec
a
u
se

th
e
co
u
p
li
n
g
b
ec
o
m
es

ze
ro

a
t
th
is
ξ
va
lu
e.

T
h
e
4
W

fi
n
a
l
st
a
te

sh
ow

s
so
m
e
se
n
si
ti
v
it
y
to

th
e
co
u
p
li
n
g
in

th
e
v
ic
in
it
y
o
f
ξ
≈

0
.5
,
co
n
tr
a
ry

to
th
e
4
b
fi
n
a
l
st
a
te
,

w
h
er
e
th
e
b
ra
n
ch
in
g
ra
ti
o
o
f
th
e
d
ec
ay

H
→

bb̄
is

st
il
l
to
o
sm

a
ll
.
O
n
th
e
o
th
er

h
a
n
d
,
th
e
b
ra
n
ch
in
g
ra
ti
o

in
to

W
+
W

−
d
im

in
is
h
es

fo
r
la
rg
e
ξ
va
lu
es

si
n
ce

th
e
H
W

W
co
u
p
li
n
g
sc
a
le
s
w
it
h
√ 1

−
ξ,

a
n
d
a
ls
o
fo
r
sm

a
ll

ξ
va
lu
es

th
e
d
ec
ay

s
in
to

H
→

bb̄
d
o
m
in
a
te

le
a
d
in
g
to

a
b
et
te
r
se
n
si
ti
v
it
y
o
n
λ
H
H
H
.

T
a
k
in
g
in
to

a
cc
o
u
n
t
d
et
ec
to
r
p
ro
p
er
ti
es

a
n
d
b
a
ck
g
ro
u
n
d
p
ro
ce
ss
es
,
fo
r
th
e
S
M

it
w
a
s
fo
u
n
d
th
a
t
th
e

tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
ca
n
m
ea
su
re
d
w
it
h
a
p
re
ci
si
o
n
o
f
∼

1
0
%

in
th
e
S
M

[3
5
–3
7
].
In

co
m
p
o
si
te

H
ig
g
s

m
o
d
el
s
th
e
cr
o
ss

se
ct
io
n
in
cr
ea
se
s
a
n
d
in

la
rg
e
a
re
a
s
o
f
th
e
p
a
ra
m
et
er

sp
a
ce

th
e
cr
o
ss

se
ct
io
n
is

se
n
si
ti
v
e
to

th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
.
A
s
th
e
d
o
m
in
a
n
t
b
a
ck
g
ro
u
n
d
p
ro
ce
ss
es

d
o
n
o
t
ch
a
n
g
e
co
m
p
a
re
d
to

th
e
S
M
,

fo
r
la
rg
e
re
g
io
n
s
in

th
e
p
a
ra
m
et
er

sp
a
ce

a
d
et
er
m
in
a
ti
o
n
o
f
th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
w
it
h
th
e
sa
m
e

a
cc
u
ra
cy

o
r
ev
en

b
et
te
r
m
ay

th
er
ef
o
re

b
e
ex
p
ec
te
d
in

th
e
M
C
H
M

4
a
n
d
M
C
H
M

5
.

5
C

o
n
c
lu

si
o
n
s

T
h
e
m
ea
su
re
m
en
t
o
f
th
e
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
s
is

a
n
im

p
o
rt
a
n
t
b
u
t
v
er
y
d
iffi

cu
lt

ta
sk

in
th
e
p
ro
g
ra
m

o
f
th
e

ex
p
er
im

en
ta
l
v
er
ifi
ca
ti
o
n
o
f
th
e
H
ig
g
s
m
ec
h
a
n
is
m
.
W
e
st
u
d
ie
d
th
e
p
ro
sp
ec
ts

o
f
m
ea
su
ri
n
g
a
n
o
n
-v
a
n
is
h
in
g

tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
in

th
e
co
n
te
x
t
o
f
m
in
im

a
l
co
m
p
o
si
te

H
ig
g
s
m
o
d
el
s.

A
t
th
e
L
H
C

th
is

is
v
er
y

d
iffi

cu
lt
in

p
a
rt
ic
u
la
r
fo
r
a
li
g
h
t
H
ig
g
s
b
o
so
n
w
it
h
m
a
ss

o
f
1
2
5
G
eV

w
h
er
e
th
e
d
ec
ay

in
to

bb̄
d
o
m
in
a
te
s,
w
h
ic
h

fa
ce
s
la
rg
e
Q
C
D

b
a
ck
g
ro
u
n
d
s.

T
h
e
IL
C
o
ff
er
s
a
cl
ea
n
er

en
v
ir
o
n
m
en
t,
h
ig
h
lu
m
in
o
si
ti
es

a
n
d
a
h
ig
h
d
eg
re
e
o
f
p
o
la
ri
sa
ti
o
n
o
f
th
e
e
±
b
ea
m
s.

W
e
sh
ow

ed
th
a
t
in

d
o
u
b
le

H
ig
g
s-
st
ra
h
lu
n
g
o
ff
Z

b
o
so
n
s
th
e
cr
o
ss

se
ct
io
n
s
in

th
e
M
C
H
M
s
b
ec
om

e
sm

al
le
r

co
m
p
a
re
d
to

th
e
S
M
.
T
h
er
ef
o
re
,
th
e
m
ea
su
re
m
en
t
o
f
th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
in

th
is
ch
a
n
n
el

is
m
o
re

d
iffi

cu
lt

th
a
n
in

th
e
S
M

ca
se
.
F
o
r
W

b
o
so
n
fu
si
o
n
in
to

H
ig
g
s
p
a
ir
s,

h
ow

ev
er
,
th
e
cr
o
ss

se
ct
io
n
is

la
rg
er

in
th
e
M
C
H
M
s
th
a
n
in

th
e
S
M
.
It

h
a
s
b
ee
n
sh
ow

n
th
a
t
th
is

p
ro
ce
ss

is
se
n
si
ti
v
e
to

a
n
o
n
-v
a
n
is
h
in
g
tr
il
in
ea
r

H
ig
g
s
se
lf
-c
o
u
p
li
n
g
in

la
rg
e
re
g
io
n
s
o
f
th
e
p
a
ra
m
et
er

sp
a
ce
.
D
u
e
to

th
e
ex
p
ec
te
d
n
u
m
b
er

o
f
si
g
n
a
l
ev
en
ts

th
e

p
re
ci
si
o
n
w
it
h
w
h
ic
h
th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
ca
n
b
e
m
ea
su
re
d
sh
o
u
ld

th
er
ef
o
re

b
e
a
s
g
o
o
d
a
s
o
r
ev
en

b
et
te
r
th
a
n
in

th
e
S
M
.
T
h
e
cr
o
ss

se
ct
io
n
o
f
W

b
o
so
n
fu
si
o
n
in
cr
ea
se
s
w
it
h
ri
si
n
g
c.
m
.
en

er
g
y.

H
ow

ev
er
,
th
is

d
o
es

n
o
t
le
a
d
to

b
et
te
r
p
ro
sp
ec
ts

o
f
m
ea
su
ri
n
g
th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
,
si
n
ce

th
e
d
ia
g
ra
m

co
n
ta
in
in
g

3
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F
ig
u
re

1
2
:
S
en

si
ti
v
it
y
a
re
a
s
in

th
e
ξ
−
κ
p
la
n
e
o
f
W

b
o
so
n
fu
si
o
n
in
to

H
ig
g
s
p
a
ir
s
to

a
ch
a
n
g
e
in

th
e
tr
il
in
ea
r

H
ig
g
s
se
lf
-c
o
u
p
li
n
g
b
y
a
m
u
lt
ip
li
ca
ti
v
e
fa
ct
o
r
κ

in
te
rm

s
o
f
th
e
M
C
H
M

5
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
fo
r

a
ce
rt
a
in

va
lu
e
o
f
ξ
in

th
e
fi
n
a
l
st
a
te

bb̄
bb̄

(l
ef
t)

a
n
d
W

+
W

−
W

+
W

−
(r
ig
h
t)

a
t
√ s

=
1
T
eV

a
n
d
id
ea
ll
y

p
o
la
ri
se
d
e±

b
ea
m
s
a
t
∫ L

=
5
0
0
fb

−
1
.
T
h
e
re
g
io
n
s
co
rr
es
p
o
n
d
fr
o
m

d
a
rk

b
lu
e
to

li
g
h
t
b
lu
e
to

5
,
3
,
2
,
1
σ
,

se
e
th
e
te
x
t
fo
r
ex
p
la
n
a
ti
o
n
.

th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
is

su
p
p
re
ss
ed

b
y
a
n
ex
tr
a
p
ro
p
a
g
a
to
r
co
m
p
a
re
d
to

th
e
o
th
er

d
ia
g
ra
m
s
so

th
a
t
th
e
se
n
si
ti
v
it
y
to

λ
H

H
H

b
ec
o
m
es

m
o
re

d
il
u
te
d
a
t
h
ig
h
er

c.
m
.
en

er
g
ie
s.

A
lt
o
g
et
h
er
,
W

b
o
so
n
fu
si
o
n
is

m
o
re

se
n
si
ti
v
e
to

th
e
tr
il
in
ea
r
H
ig
g
s
se
lf
-c
o
u
p
li
n
g
th
a
n
H
ig
g
s-
st
ra
h
lu
n
g
.

6
A

ck
n
o
w

le
d
g
m

e
n
ts

R
.G

.
w
o
u
ld

li
k
e
to

th
a
n
k
th
e
o
rg
a
n
iz
er
s
fo
r
a
v
er
y
n
ic
e
w
o
rk
sh
o
p
a
n
d
th
e
p
o
ss
ib
il
it
y
to

g
iv
e
a
ta
lk
.
T
h
is

re
se
a
rc
h

w
a
s
su
p
p
o
rt
ed

in
p
a
rt

b
y

th
e
D
eu
ts
ch
e
F
o
rs
ch
u
n
g
sg
em

ei
n
sc
h
a
ft

v
ia

th
e
S
o
n
d
er
fo
rs
ch
u
n
g
sb
er
e-

ic
h
/
T
ra
n
sr
eg
io

S
F
B
/
T
R
-9

C
o
m
p
u
ta
ti
o
n
a
l
P
a
rt
ic
le

P
h
y
si
cs
.

R
e
fe

re
n
c
e
s

[1
]
G
.
A
a
d
et

a
l.
[A

T
L
A
S
C
o
ll
a
b
o
ra
ti
o
n
],
P
h
y
s.

L
et
t.

B
7
1
6
(2
0
1
2
)
1
[a
rX

iv
:1
2
0
7
.7
2
1
4
[h
ep

-e
x
]]
.

[2
]
S
.
C
h
a
tr
ch
y
a
n
et

a
l.
[C

M
S
C
o
ll
a
b
o
ra
ti
o
n
],
P
h
y
s.

L
et
t.

B
7
1
6
(2
0
1
2
)
3
0
[a
rX

iv
:1
2
0
7
.7
2
3
5
[h
ep

-e
x
]]
.

[3
]
P
.W

.
H
ig
g
s,

P
h
y
s.

L
et
t.

1
2
(1
9
6
4
)
1
3
2
;
a
n
d
P
h
y
s.

R
ev

.
1
4
5
(1
9
6
6
)
1
1
5
6
;
F
.
E
n
g
le
rt

a
n
d
R
.
B
ro
u
t,

P
h
y
s.

R
ev

.
L
et
t.

1
3

(1
9
6
4
)
3
2
1
;
G
.S
.
G
u
ra
ln
ik
,
C
.R

.
H
a
g
en

a
n
d
T
.W

.
K
ib
b
le
,
P
h
y
s.

R
ev

.
L
et
t.

1
3
(1
9
6
4
)
5
8
5
.

[4
]
J
.
B
a
g
li
o
,
A
.
D
jo
u
a
d
i,
R
.
G
ro
b
er
,
M
.
M
.
M
u
h
ll
ei
tn
er
,
J
.
Q
u
ev

il
lo
n
a
n
d
M
.
S
p
ir
a
,
a
rX

iv
:1
2
1
2
.5
5
8
1
[h
ep

-p
h
].

[5
]
A
.
D
jo
u
a
d
i,
W

.
K
il
ia
n
,
M
.
M
u
h
ll
ei
tn
er

a
n
d
P
.
M
.
Z
er
w
a
s,

E
u
r.

P
h
y
s.

J
.
C

1
0
(1
9
9
9
)
4
5
[h
ep

-p
h
/
9
9
0
4
2
8
7
].

[6
]
A
.
D
jo
u
a
d
i,
W

.
K
il
ia
n
,
M
.
M
u
h
ll
ei
tn
er

a
n
d
P
.
M
.
Z
er
w
a
s,

E
u
r.

P
h
y
s.

J
.
C

1
0
(1
9
9
9
)
2
7
[h
ep

-p
h
/
9
9
0
3
2
2
9
].

[7
]
M
.
M
.
M
u
h
ll
ei
tn
er
,
h
ep

-p
h
/
0
0
0
8
1
2
7
.

[8
]
E
.
A
cc
o
m
a
n
d
o
et

a
l.
[C

L
IC

P
h
y
si
cs

W
o
rk
in
g
G
ro
u
p
C
o
ll
a
b
o
ra
ti
o
n
],
h
ep

-p
h
/
0
4
1
2
2
5
1
.

[9
]
G
.
C
y
n
o
lt
er
,
E
.
L
en

d
va

i
a
n
d
G
.
P
o
cs
ik
,
A
ct
a
P
h
y
s.

P
o
lo
n
.
B

3
1
(2
0
0
0
)
1
7
4
9
[h
ep

-p
h
/
0
0
0
3
0
0
8
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5
3
A
v
en
u
e
d
es

M
a
rt
y
rs
,
F
-3
8
0
2
6
G
re
n
o
b
le
,
F
ra
n
ce

T
h
e
cu

rr
en

t
L
H
C

H
ig
g
s
re
su
lt
s
m
ay

b
e
u
se
d
a
s
a
g
u
id
e
fo
r
w
h
er
e
to

lo
o
k
fo
r
S
U
S
Y
.
T
h
is

co
n
tr
ib
u
ti
o
n

d
is
cu

ss
es

im
p
li
ca
ti
o
n
s
o
f
th
e
1
2
5
G
eV

H
ig
g
s
b
o
so
n
fo
r
th
e
M
S
S
M

a
n
d
N
M
S
S
M
.
U
si
n
g
b
o
u
n
d
a
ry

co
n
d
it
io
n
s

a
t
th
e
G
U
T

sc
a
le
,
g
lu
in
o
s
a
n
d
li
g
h
t-
fl
av

o
r
sq
u
a
rk
s
tu
rn

o
u
t
to

b
e
h
ea
v
y,

in
a
cc
o
rd
a
n
ce

w
it
h
th
e
cu

rr
en

t
S
U
S
Y

se
a
rc
h
li
m
it
s,

w
h
il
e
st
o
p
s
ca
n
st
il
l
b
e
li
g
h
t,

b
el
ow

1
T
eV

.
T
h
e
o
b
se
rv
ed

H
ig
g
s
si
g
n
a
l
is

m
u
ch

ea
si
er

a
cc
o
m
m
o
d
a
te
d
in

th
e
N
M
S
S
M

th
a
n
in

th
e
M
S
S
M
.
P
a
rt
ic
u
la
rl
y
in
te
re
st
in
g
a
re

N
M
S
S
M

sc
en

a
ri
o
s
w
it
h

la
rg
e
λ
a
n
d
sm

a
ll
ta
n
β
:
th
ey

a
re

ch
a
ra
ct
er
iz
ed

b
y
li
g
h
t
st
o
p
s
a
n
d
li
g
h
t
h
ig
g
si
n
o
s,

a
n
d
o
ff
er

th
e
in
tr
ig
u
in
g

p
o
ss
ib
il
it
ie
s
o
f,

e.
g
.,

o
b
se
rv
in
g
a
se
co
n
d

li
g
h
t
H
ig
g
s
b
o
so
n

w
it
h

lo
w
er

m
a
ss
,
o
r
tw

o
(q
u
a
si
-)
d
eg
en

er
a
te

H
ig
g
s
b
o
so
n
s
n
ea
r
1
2
5
G
eV

.

1
In

tr
o
d
u
ct
io
n

T
h
e
re
ce
n
t
d
is
co
v
er
y
[1
,
2]

o
f
a
n
ew

p
a
rt
ic
le

w
it
h
m
a
ss

a
ro
u
n
d
1
2
5
G
eV

a
n
d
p
ro
p
er
ti
es

co
n
si
st
en
t
w
it
h
a

S
ta
n
d
a
rd

M
o
d
el

(S
M
)
H
ig
g
s
b
o
so
n
is

a
fi
rs
t
tr
iu
m
p
h
fo
r
th
e
L
H
C

p
h
y
si
cs

p
ro
g
ra
m
.
H
ow

ev
er
,
w
h
il
e
th
is

d
is
co
v
er
y
co
m
p
le
te
s
o
u
r
p
ic
tu
re

o
f
th
e
S
M
,
it
st
il
l
le
av
es

m
a
n
y
fu
n
d
a
m
en
ta
l
q
u
es
ti
o
n
s
o
p
en
.
O
n
e
o
f
th
e
m
o
st

p
re
ss
in
g
is
su
es

is
th
a
t
th
e
S
M

d
o
es

n
o
t
ex
p
la
in

th
e
va
lu
e
o
f
th
e
el
ec
tr
ow

ea
k
(E

W
)
sc
a
le

it
se
lf
:
W

h
y
is

th
e

H
ig
g
s
b
o
so
n
so

li
g
h
t
w
h
en

it
is

p
re
d
ic
te
d
to

b
e
d
ri
v
en

to
th
e
sc
a
le

o
f
G
ra
n
d
U
n
ifi
ed

T
h
eo
ri
es

(M
G
U
T
),

o
r

ev
en

th
e
P
la
n
ck

sc
a
le
,
b
y
ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s?

E
it
h
er

n
ew

p
h
y
si
cs

a
p
p
ea
rs

a
t
th
e
E
W

sc
a
le
,
o
r
th
e
H
ig
g
s

m
a
ss
-s
q
u
a
re
d
is

fi
n
e
tu
n
ed

a
t
th
e
1
0
−
3
2
le
v
el
.

N
ew

p
a
rt
ic
le
s
th
a
t
co
u
p
le

to
th
e
H
ig
g
s
ca
n

h
ow

ev
er

a
ls
o
m
o
d
if
y

th
e
H
ig
g
s
co
u
p
li
n
g
s,

a
n
d

th
u
s
th
e

p
ro
d
u
ct
io
n
a
n
d
d
ec
ay

ra
te
s
in

va
ri
o
u
s
ch
a
n
n
el
s.

S
o
o
n
th
e
o
n
e
h
a
n
d
w
e
ex
p
ec
t
p
h
y
si
cs

b
ey
o
n
d
th
e
S
M

(B
S
M
)

to
ex
p
la
in

th
e
H
ig
g
s
m
a
ss
,
o
n
th
e
o
th
er

h
a
n
d
th
e
m
ea
su
re
d
m
a
ss

a
n
d
si
g
n
a
l
st
re
n
g
th
s
p
ro
v
id
e
si
g
n
ifi
ca
n
t

co
n
st
ra
in
ts

o
n
co
n
cr
et
e
B
S
M

re
a
li
za
ti
o
n
s,
se
e
e.
g.

[3
,
4
].
M
o
re
ov
er
,
w
h
il
e
th
e
S
M

p
ro
v
id
es

a
re
a
so
n
a
b
ly

g
o
o
d

fi
t
to

to
th
e
cu

rr
en
t
d
a
ta
,
b
a
se
d
o
n
th
e
re
su
lt
s
p
u
b
li
sh
ed

in
2
0
1
2
,
so
m
e
n
ew

p
h
y
si
cs

co
n
tr
ib
u
ti
o
n
s
to

th
e

eff
ec
ti
v
e
H
ig
g
s
co
u
p
li
n
g
s
to

g
lu
o
n
s
a
n
d
p
h
o
to
n
s
a
re

p
re
fe
rr
ed

,
a
s
sh
ow

n
in

F
ig
.
1
.1

T
h
e
a
rg
u
a
b
ly

b
es
t
m
o
ti
va
te
d
ex
te
n
si
o
n
o
f
th
e
S
M

is
w
ea
k
-s
ca
le
su
p
er
sy
m
m
et
ry

(S
U
S
Y
),
in
tr
o
d
u
ci
n
g
a
n
ew

sy
m
m
et
ry

b
et
w
ee
n
fe
rm

io
n
s
a
n
d
b
o
so
n
s.

S
U
S
Y

so
lv
es

th
e
h
ie
ra
rc
h
y
p
ro
b
le
m

p
ro
v
id
ed

S
U
S
Y

p
a
rt
ic
le
s
ex
is
t

1
B
a
se
d
o
n
th
e
ex

p
er
im

en
ta
l
re
su

lt
s
av
a
il
a
b
le

a
t
th
e
en

d
o
f
2
0
1
2
.

�
�

�
��

�
�

��
�

�
�

�

�
��

��

��
��

Δ
C

ΔCg

F
ig
u
re

1
:
G
lo
b
a
l
fi
t
o
f
a
d
d
it
io
n
a
l
lo
o
p
co
n
tr
ib
u
ti
o
n
s

Δ
C

g
a
n
d
Δ
C

γ
fr
o
m

n
ew

p
a
rt
ic
le
s
to

th
e
H
ig
g
s
co
u
-

p
li
n
g
s
to

g
lu
o
n
s
a
n
d
p
h
o
to
n
s,

a
ss
u
m
in
g
S
M

va
lu
es

fo
r
th
e
co
u
p
li
n
g
s
to

W
,Z

a
n
d

S
M

fe
rm

io
n
s.

T
h
e

fi
t
in
cl
u
d
es

a
ll
av
a
il
a
b
le

H
ig
g
s
si
g
n
a
l
st
re
n
g
th
s
fr
o
m

A
T
L
A
S
,
C
M
S
a
n
d
th
e
T
ev
a
tr
o
n
ex
p
er
im

en
ts
.
T
h
e

re
d
,
o
ra
n
g
e
a
n
d
y
el
lo
w

el
li
p
se
s
sh
ow

th
e
6
8
%
,
9
5
%

a
n
d
9
9
.7
%

C
L
re
g
io
n
s,
re
sp
ec
ti
v
el
y.

T
h
e
w
h
it
e
st
a
r

m
a
rk
s
th
e
b
es
t-
fi
t
p
o
in
t
Δ
C

g
=

−0
.0
8
6
,
Δ
C

γ
=

0
.4
2
6
.
F
ro
m

[4
].

3
6

6



F
ig
u
re

2
:
L
ef
t:

d
ep

en
d
en
ce

o
f
m

h
o
n
m

t̃ 1
in

th
e
N
U
H
M

m
o
d
el
,
w
it
h
th
e
a
m
o
u
n
t
o
f
st
o
p
m
ix
in
g
in
d
ic
a
te
d

b
y
a
co
lo
r
co
d
e.

R
ig
h
t:

p
ro
je
ct
io
n
o
f
th
e
p
o
in
ts

w
it
h
m

h
=

1
2
3
–
1
2
7
G
eV

in
th
e
sq
u
a
rk

v
er
su
s
g
lu
in
o
m
a
ss

p
la
n
e.

F
ro
m

[6
].

a
t
o
r
a
ro
u
n
d
th
e
T
eV

en
er
g
y
sc
a
le
.
T
h
e
(N

ex
t-
to
-)

M
in
im

a
l
S
u
p
er
sy
m
m
et
ri
c
S
ta
n
d
a
rd

M
o
d
el
,
(N

)M
S
S
M
,

m
o
re
ov
er

p
re
d
ic
ts

a
li
g
h
t,

o
ft
en

S
M
-l
ik
e,

H
ig
g
s
b
o
so
n
w
it
h
m
a
ss

b
el
ow

≈
1
3
5
(1
4
0
)
G
eV

.
T
h
is

h
a
s
a
lw
ay

s
b
ee
n
re
g
a
rd
ed

a
s
a
n
in
tr
ig
u
in
g
fe
a
tu
re
,
a
n
d
ev
en

m
o
re

so
w
it
h
th
e
a
ct
u
a
l
o
b
se
rv
a
ti
o
n
o
f
a
H
ig
g
s-
li
k
e
st
a
te

a
t
1
2
5
G
eV

.
S
o
fa
r,
h
ow

ev
er
,
S
U
S
Y

se
a
rc
h
es

a
t
A
T
L
A
S
a
n
d
C
M
S
sh
ow

n
o
si
g
n
a
l
w
h
a
ts
o
ev
er
,
a
n
d
th
e
m
a
ss

li
m
it
s
in

p
a
rt
ic
u
la
r
fo
r
sq
u
a
rk
s
a
n
d
g
lu
in
o
s
h
av
e
b
ee
n
p
u
sh
ed

w
el
l
in
to

th
e
T
eV

ra
n
g
e
[7
,
8
].

S
o
th
e
H
ig
g
s
h
a
s
b
ee
n
fo
u
n
d
—

b
u
t
w
h
er
e
is

su
p
er
sy
m
m
et
ry
?

In
fa
ct
,
th
e
S
U
S
Y

p
a
rt
ic
le
s
re
le
va
n
t
fo
r

th
e
H
ig
g
s
se
ct
o
r
a
n
d
th
e
h
ie
ra
rc
h
y
p
ro
b
le
m
,
st
o
p
s
a
n
d
h
ig
g
si
n
o
s,
a
re

m
u
ch

le
ss

co
n
st
ra
in
ed

th
a
n
li
g
h
t-
fl
av
o
r

sq
u
a
rk
s
a
n
d
g
lu
in
o
s.

“
N
a
tu
ra
l”

S
U
S
Y

st
il
l
li
v
es

o
n
.
In

th
is
ta
lk

I
th
er
ef
o
re

d
is
cu

ss
so
m
e
im

p
li
ca
ti
o
n
s
o
f
th
e

L
H
C

H
ig
g
s
re
su
lt
s
fo
r
su
p
er
sy
m
m
et
ri
c
m
o
d
el
s.

2
M

in
im

a
l
S
u
p
e
rs
y
m
m
e
tr
ic

S
ta
n
d
a
rd

M
o
d
e
l

In
th
e
M
S
S
M
,
m

2 h
=

m
2 Z
co
s2
2
β
a
t
tr
ee

le
v
el
,
w
h
er
e
ta
n
β
=

v u
/
v d
,
v
=

√ v
2 u
+
v
2 d
=

1
7
4
G
eV

.
T
h
is

q
u
ic
k
ly

sa
tu
ra
te
s
to

m
2 h
�

m
2 Z

fo
r
ta
n
β

�
5
.
T
o
fu
rt
h
er

li
ft

m
2 h
fr
o
m

m
2 Z

=
(9
1
G
eV

)2
to

a
ro
u
n
d
(1
2
5
G
eV

)2
,

ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s
n
ea
rl
y
a
s
la
rg
e
a
s
th
e
tr
ee
-l
ev
el

va
lu
e
a
re

re
q
u
ir
ed
.
T
h
e
le
a
d
in
g
o
n
e-
lo
o
p
co
rr
ec
ti
o
n

co
m
es

fr
o
m

th
e
to
p
–
st
o
p
se
ct
o
r
a
n
d
is

g
iv
en

b
y
[5
]

Δ
m

2 h
=

3

4
π
2

m
4 t

v
2

( lo
g
M

2 S

m
2 t

+
X

2 t

M
2 S

( 1
−

X
2 t

1
2
M

2 S

)) .
(1
)

H
er
e
m

t
is
th
e
ru
n
n
in
g
to
p
-q
u
a
rk

m
a
ss

a
t
th
e
sc
a
le

m
t,
M

2 S
=

m
t̃ 1
m

t̃ 2
w
it
h
m

t̃ 1
,2
th
e
st
o
p
m
a
ss
es
,
a
n
d
X

t
is

th
e
st
o
p
m
ix
in
g
p
a
ra
m
et
er
,
X

t
=

A
t
−
μ
co
t
β
,
a
t
th
e
sc
a
le

M
S
.
T
h
e
co
n
tr
ib
u
ti
o
n
fr
o
m

th
e
lo
g
a
ri
th
m
ic

te
rm

in
E
q
.
(1
)
ca
n
b
e
in
cr
ea
se
d
b
y
si
m
p
ly

ra
is
in
g
M

S
,
b
u
t
n
a
tu
ra
ln
es
s
d
em

a
n
d
s
th
a
t
th
e
S
U
S
Y

sc
a
le

sh
o
u
ld

b
e

n
o
t
to
o
fa
r
a
b
ov
e
th
e
E
W

sc
a
le
.
T
h
e
X

t
co
n
tr
ib
u
ti
o
n
is

m
a
x
im

iz
ed

a
t
|X

t/
M

S
|�

√ 6
=

2
.4
5
;
th
is

is
ca
ll
ed

th
e
m
a
x
im

a
l-
m
ix
in
g
sc
en
a
ri
o
.

A
s
a
co
n
se
q
u
en

ce
,
m

h
�

1
2
5
G
eV

re
q
u
ir
es

ei
th
er

(u
n
n
a
tu
ra
ll
y
)
h
ea
v
y
st
o
p
s,
o
r
m
a
x
im

a
l
m
ix
in
g
.
T
h
is
is

il
lu
st
ra
te
d
in

F
ig
.
2
fo
r
a
se
m
i-
co
n
st
ra
in
ed

v
er
si
o
n
o
f
th
e
M
S
S
M

w
it
h
u
n
iv
er
sa
l
g
a
u
g
in
o
m
a
ss

M
1
/
2
,
sc
a
la
r

m
a
ss

m
0
a
n
d
tr
il
in
ea
r
co
u
p
li
n
g
A

0
a
ll
d
efi
n
ed

a
t
M

G
U
T
,
b
u
t
n
on

-u
n
iv
er
sa
l
H
ig
g
s
m
a
ss

p
a
ra
m
et
er
s
(N

U
H
M

m
o
d
el
).

A
s
ca
n
b
e
se
en

,
a
1
2
5
G
eV

H
ig
g
s
to
g
et
h
er

w
it
h
st
o
p
s
in

th
e
0
.5
–
1
T
eV

m
a
ss

ra
n
g
e
in
d
ee
d
re
q
u
ir
es

m
a
x
im

a
l
m
ix
in
g
,
i.
e.

v
er
y
la
rg
e
|A

t|
(l
ef
t
p
lo
t)
.
A
t
th
e
sa
m
e
ti
m
e,

g
lu
in
o
s
a
n
d
1
st
/
2
n
d
g
en

er
a
ti
o
n
sq
u
a
rk
s

tu
rn

o
u
t
to

b
e
h
ea
v
y,

w
it
h
m
a
ss
es

a
b
ov
e
1
–
2
T
eV

(r
ig
h
t
p
lo
t)
,
th
u
s
a
u
to
m
a
ti
ca
ll
y
av
o
id
in
g
th
e
cu
rr
en
t
L
H
C

3
6

7

F
ig
u
re

3
:
S
ig
n
a
l
st
re
n
g
th

(r
el
a
ti
v
e
to

S
M
)
in

th
e
h
i
→

γ
γ
ch
a
n
n
el

a
s
fu
n
ct
io
n
o
f
λ
fr
o
m

a
sc
a
n
ov
er

th
e

se
m
i-
co
n
st
ra
in
ed

N
M
S
S
M
,
o
n
th
e
le
ft

fo
r
th
e
h
1
ly
in
g
in

th
e
1
2
3
−
1
2
8
G
eV

m
a
ss

ra
n
g
e,

o
n
th
e
ri
g
h
t
fo
r
th
e

h
2
ly
in
g
in

th
e
1
2
3
−
1
2
8
G
eV

ra
n
g
e.

S
ee

te
x
t
fo
r
co
lo
r
co
d
e.

3
N
e
x
t-
to
-M

in
im

a
l
S
u
p
e
rs
y
m
m
e
tr
ic

S
ta
n
d
a
rd

M
o
d
e
l

T
h
e
N
M
S
S
M

d
iff
er
s
fr
o
m

th
e
M
S
S
M

b
y
to

th
e
p
re
se
n
ce

o
f
th
e
g
a
u
g
e
si
n
g
le
t
su
p
er
fi
el
d
Ŝ
[9
].
In

th
e
si
m
p
le
st

Z
3
in
va
ri
a
n
t
re
a
li
za
ti
o
n
o
f
th
e
N
M
S
S
M
,
th
e
H
ig
g
s
m
a
ss

te
rm

μ
Ĥ

u
Ĥ

d
in

th
e
su
p
er
p
o
te
n
ti
a
l
W

M
S
S
M

o
f
th
e

M
S
S
M

is
re
p
la
ce
d
b
y
th
e
co
u
p
li
n
g
λ
o
f
Ŝ
to

Ĥ
u
a
n
d
Ĥ

d
a
n
d
a
se
lf
-c
o
u
p
li
n
g
κ
S
3
.
T
h
e
su
p
er
p
o
te
n
ti
a
l
W

N
M

S
S
M

is
g
iv
en

b
y
:

W
N
M

S
S
M

=
λ
Ŝ
Ĥ

u
·Ĥ

d
+

κ 3
Ŝ
3
+
..
.
,

(2
)

w
h
er
e
h
a
tt
ed

le
tt
er
s
d
en
o
te

su
p
er
fi
el
d
s,
a
n
d
th
e
d
o
ts

d
en
o
te

th
e
M
S
S
M
-l
ik
e
Y
u
ka
w
a
co
u
p
li
n
g
s
o
f
Ĥ

u
a
n
d
Ĥ

d

to
th
e
q
u
a
rk

a
n
d
le
p
to
n
su
p
er
fi
el
d
s.

O
n
ce

th
e
re
a
l
sc
a
la
r
co
m
p
o
n
en
t
o
f
Ŝ

d
ev
el
o
p
s
a
v
ev

〈S
〉,
th
e
fi
rs
t
te
rm

in
W

N
M

S
S
M

g
en

er
a
te
s
a
n
eff

ec
ti
v
e
μ
-t
er
m
,
μ
e
ff
=

λ
〈S

〉.
A
s
co
m
p
a
re
d
to

tw
o
in
d
ep

en
d
en
t
p
a
ra
m
et
er
s
in

th
e
H
ig
g
s
se
ct
o
r
o
f
th
e
M
S
S
M

a
t
tr
ee

le
v
el
,
o
ft
en

ch
o
se
n

a
s
ta
n
β
a
n
d
M

A
,
th
e
H
ig
g
s
se
ct
o
r
is

n
ow

d
es
cr
ib
ed

b
y

λ
,
κ
,
A

λ
,
A

κ
,
ta
n
β

=
v u

/
v d

,
μ
e
ff
.

(3
)

T
h
e
n
eu

tr
a
l
H
ig
g
s
se
ct
o
r
o
f
th
is

m
o
d
el

co
n
si
st
s
o
f
th
re
e
C
P
-e
v
en

(h
1
,
h
2
,
h
3
)
a
n
d
tw

o
C
P
-o
d
d
(a

1
,
a
2
)

st
a
te
s.

T
h
e
C
P
-e
v
en

m
a
ss

ei
g
en

st
a
te
s
a
re

su
p
er
p
o
si
ti
o
n
s
o
f
th
e
n
eu

tr
a
l
C
P
-e
v
en

co
m
p
o
n
en
ts

o
f
H

u
,
H

d
,
S
:

h
1

=
S 1

,d
H

d
+
S 1

,u
H

u
+
S 1

,s
S
,

h
2

=
S 2

,d
H

d
+
S 2

,u
H

u
+
S 2

,s
S
,

h
3

=
S 3

,d
H

d
+
S 3

,u
H

u
+
S 3

,s
S
,

(4
)

w
it
h
th
e
co
u
p
li
n
g
s
to

g
a
u
g
e
b
o
so
n
s
a
n
d
fe
rm

io
n
s
d
et
er
m
in
ed

b
y
th
e
3
×3

m
ix
in
g
m
a
tr
ix

S,
e.
g.

g h
i
V
V
/
g H

S
M
V
V
=

co
s
β
S i

,d
+
si
n
β
S i

,u
.

A
n
in
te
re
st
in
g
fe
a
tu
re

is
th
a
t
th
e
co
u
p
li
n
g
λ
S
Ĥ

u
Ĥ

d
in

th
e
su
p
er
p
o
te
n
ti
a
l
le
a
d
s
to

a
n
ex
tr
a
tr
ee
-l
ev
el

co
n
tr
ib
u
ti
o
n
to

th
e
S
M
-l
ik
e
H
ig
g
s
m
a
ss

m
2 h
=

m
2 Z
co
s2
2
β
+

λ
v
2
si
n
2
2
β
+

Δ
m

2 h
.
It

is
th
u
s
m
u
ch

ea
si
er

to
o
b
ta
in

m
h
�

1
2
5
G
eV

in
co
n
st
ra
in
ed

v
er
si
o
n
s
o
f
th
e
N
M
S
S
M

th
en

in
th
ei
r
M
S
S
M

eq
u
iv
a
le
n
ts

[1
0]
.
M
o
re
ov
er
,

a
s
p
o
in
te
d
o
u
t
b
y
E
ll
w
a
n
g
er

[1
1,

1
2]
,
fo
r
la
rg
e
λ
(a
n
d
sm

a
ll
ta
n
β
)
d
o
u
b
le
t–
si
n
g
le
t
m
ix
in
g
ca
n
re
d
u
ce

th
e
h
bb

co
u
p
li
n
g
,
th
u
s
en
h
a
n
ci
n
g
th
e
d
i-
p
h
o
to
n
si
g
n
a
l
a
t
th
e
L
H
C
.
T
h
is

w
o
rk
s
in

fa
ct

fo
r
b
o
th
,
th
e
li
g
h
te
st

a
n
d
th
e

se
co
n
d
-l
ig
h
te
st

sc
a
la
r,
h
1
a
n
d
h
2
,
a
n
d
ei
th
er

o
f
th
em

co
u
ld

b
e
th
e
o
b
se
rv
ed

st
a
te

a
t
1
2
5
G
eV

[1
2,

1
0,

1
3]
.

F
o
r
il
lu
st
ra
ti
o
n
,
F
ig
.
3
sh
ow

s
th
e
re
su
lt

o
f
a
sc
a
n
o
f
th
e
“
se
m
i-
co
n
st
ra
in
ed
”
N
M
S
S
M

w
it
h
u
n
iv
er
sa
l
m

0
,

M
1
/
2
a
n
d
A

0
a
t
th
e
G
U
T

sc
a
le
,
b
u
t
th
e
N
M
S
S
M
-s
p
ec
ifi
c
p
a
ra
m
et
er
s
o
f
E
q
.
(3
)
tr
ea
te
d
a
s
fr
ee

p
a
ra
m
et
er
s

a
t
th
e
E
W

sc
a
le
.
T
h
e
sc
a
n
w
a
s
p
er
fo
rm

ed
w
it
h
N
M
S
S
M
T
o
o
l
s
[1
4]
;
a
ll
p
o
in
ts

h
av
e
a
n
eu
tr
a
li
n
o
a
s
th
e
li
g
h
te
st

3
6

8



F
ig
u
re

4
:
S
ig
n
a
ls
tr
en

g
th
s
(r
el
a
ti
v
e
to

S
M
)
R

h
1

V
B
F
(b
b̄)

v
er
su
s
R

h
2

g
g
(γ
γ
)
fo
r
m

h
1
∈
[9
6
,1
0
0
]
G
eV

a
n
d
m

h
2
∈

[1
2
3
,1
2
8
]
G
eV

in
th
e

se
m
i-
co
n
st
ra
in
ed

N
M
S
S
M
.

B
lu
e
p
o
in
ts

h
av
e
Ω
h
2
<

0
.0
9
4
w
h
il
e
re
d
a
n
d
o
ra
n
g
e

p
o
in
ts

h
av
e
Ω
h
2
∈
[0
.0
9
4
,0
.1
3
6
].
F
ro
m

[1
5]
.

Δ
M

d
,
B
R
(B

s
→

μ
+
μ
−
),
B
R
(B

+
→

τ
+
ν τ
)
a
n
d
B
R
(B

→
X

s
μ
+
μ
−
)
a
t
2
σ
.
T
h
e
li
g
h
t,
m
ed
iu
m

a
n
d
d
a
rk

b
lu
e

p
o
in
ts

h
av
e
Ω
h
2
≤

0
.1
3
6
a
n
d
o
b
ey

th
e
b
o
u
n
d
s
o
n
th
e
sp
in
-i
n
d
ep

en
d
en
t
L
S
P
–
p
ro
to
n
sc
a
tt
er
in
g
cr
o
ss

se
ct
io
n

fr
o
m

X
E
N
O
N
1
0
0
.
L
ig
h
t
a
n
d
m
ed
iu
m

re
d
p
o
in
ts

h
av
e
0
.0
9
4
≤

Ω
h
2
≤

0
.1
3
6
a
n
d
o
f
co
u
rs
e
a
ls
o
p
a
ss

th
e

X
E
N
O
N
1
0
0
b
o
u
n
d
s.

(T
h
e
sh
a
d
es

o
f
b
lu
e
a
n
d
re
d
ju
st

h
el
p
in
d
ic
a
te

th
e
le
v
el

o
f
en
h
a
n
ce
m
en
t
o
r
su
p
p
re
ss
io
n

o
f
th
e
γ
γ
si
g
n
a
l.
)
T
h
e
g
re
en

p
o
in
ts

h
av
e
Ω
h
2
≤

0
.1
3
6
a
n
d
in

a
d
d
it
io
n
ex
p
la
in

Δ
a
μ
w
it
h
in

2
σ
.

4
T
w
o
H
ig
g
s
b
o
so

n
s
a
t
9
8
a
n
d

1
2
5
G
e
V

If
th
e
h
2
o
f
th
e
N
M
S
S
M

is
re
sp
o
n
si
b
le

fo
r
th
e
si
g
n
a
l
a
t
1
2
5
G
eV

,
a
p
a
rt
ic
u
la
rl
y
in
te
re
st
in
g
q
u
es
ti
o
n
[1
5]

is
w
h
et
h
er

o
n
e
co
u
ld

si
m
u
lt
a
n
eo
u
sl
y
ex
p
la
in

th
e
L
H
C

si
g
n
a
l
a
n
d
th
e
sm

a
ll
(∼

2
σ
)
L
E
P
ex
ce
ss

in
e+

e−
→

Z
bb

in
th
e
v
ic
in
it
y
o
f
M

bb
∼

9
8
G
eV

.
W
e
re
ca
ll
th
a
t
th
e
L
E
P
ex
ce
ss

is
cl
ea
rl
y
in
co
n
si
st
en
t
w
it
h
a
S
M
-l
ik
e
H
ig
g
s

b
o
so
n
a
t
th
is

m
a
ss
,
b
ei
n
g
o
n
ly

a
b
o
u
t
1
0
−
2
0
%

o
f
th
e
ra
te

p
re
d
ic
te
d
fo
r
th
e
H

S
M
.
C
o
n
si
st
en

cy
w
it
h
su
ch

a
re
su
lt
fo
r
th
e
h
1
is

n
a
tu
ra
l
if
th
e
h
1
co
u
p
le
s
a
t
a
re
d
u
ce
d
le
v
el

to
Z
Z
,
w
h
ic
h
,
in

tu
rn
,
is
a
u
to
m
a
ti
c
if
th
e
h
2

h
a
s
su
b
st
a
n
ti
a
l
Z
Z

co
u
p
li
n
g
,
a
s
re
q
u
ir
ed

b
y
th
e
o
b
se
rv
ed

L
H
C

si
g
n
a
ls
.

A
s
a
b
ov
e,

w
e
p
er
fo
rm

a
sc
a
n
ov
er

th
e
se
m
i-
co
n
st
ra
in
ed

N
M
S
S
M
.
W
e
co
m
p
u
te

th
e
ra
ti
o
o
f
th
e
g
g
o
r

V
B
F

in
d
u
ce
d
H
ig
g
s
cr
o
ss

se
ct
io
n
ti
m
es

th
e
H
ig
g
s
b
ra
n
ch
in
g
ra
ti
o
to

a
g
iv
en

fi
n
a
l
st
a
te

X
,
re
la
ti
v
e
to

th
e

co
rr
es
p
o
n
d
in
g
va
lu
e
fo
r
th
e
S
M

H
ig
g
s
b
o
so
n
,
a
s2

R
h
i

g
g
(X

)
≡

Γ
(h

i
→

g
g
)
B
R
(h

i
→

X
)

Γ
(H

S
M

→
g
g
)
B
R
(H

S
M

→
X
)
,

R
h
i

V
B
F
(X

)
≡

Γ
(h

i
→

W
W

)
B
R
(h

i
→

X
)

Γ
(H

S
M

→
W

W
)
B
R
(H

S
M

→
X
)
,

(5
)

w
h
er
e
h
i
is

th
e
it
h
N
M
S
S
M

sc
a
la
r
H
ig
g
s,
a
n
d
H

S
M

is
th
e
S
M

H
ig
g
s
b
o
so
n
,
ta
k
in
g
m

H
S
M
=

m
h
i
.

T
o
d
es
cr
ib
e
th
e
L
E
P

a
n
d
L
H
C

d
a
ta

th
e
h
1
a
n
d
h
2
m
u
st

h
av
e
m

h
1
∼

9
8
G
eV

a
n
d
m

h
2
∼

1
2
5
G
eV

,
re
sp
ec
ti
v
el
y,
w
it
h
th
e
h
1
b
ei
n
g
la
rg
el
y
si
n
g
le
t
a
n
d
th
e
h
2
b
ei
n
g
p
ri
m
a
ri
ly

d
o
u
b
le
t
(m

a
in
ly

H
u
fo
r
th
e
sc
en

a
ri
o
s

w
e
co
n
si
d
er
).

F
ig
u
re

4
sh
ow

s
R

h
1

V
B
F
(b
b̄)

v
er
su
s
R

h
2

g
g
(γ
γ
)
fo
r
th
e
sc
a
n
p
o
in
ts

th
a
t
p
a
ss

L
E
P
,
B
-p
h
y
si
cs

a
n
d

d
a
rk

m
a
tt
er

co
n
st
ra
it
s
a
s
a
b
ov
e
a
n
d
h
av
e
in

a
d
d
it
io
n
m

h
1
∈
[9
6
,1
0
0
]
G
eV

a
n
d
m

h
2
∈
[1
2
3
,1
2
8
]
G
eV

.
(T

h
es
e

ra
n
g
es

ta
k
e
in
to

a
cc
o
u
n
t
a
2
–
3
G
eV

th
eo
re
ti
ca
l
er
ro
r
in

th
e
co
m
p
u
ta
ti
o
n
o
f
th
e
H
ig
g
s
m
a
ss
es
.)

T
h
e
p
o
in
ts

w
it
h
0
.1

≤
R

h
1

V
B
F
(b
b̄)

≤
0
.2
5
w
o
u
ld

p
ro
v
id
e
th
e
b
es
t
fi
t
to

th
e
L
E
P

ex
ce
ss
.
A
s
ca
n
b
e
se
en

,
a
la
rg
e
p
o
rt
io
n

o
f
th
es
e
p
o
in
ts

h
av
e
R

h
2

g
g
(γ
γ
)
>

1
a
s
p
re
fe
rr
ed

b
y
L
H
C

d
a
ta
.

In
th
e
fo
ll
ow

in
g

w
e
th
u
s
re
q
u
ir
e
m

h
1

∈
[9
6
,1
0
0
]
G
eV

w
it
h

0
.1

≤
R

h
1

V
B
F
(b
b̄)

≤
0
.2
5
,
a
n
d

m
h
2

∈
[1
2
3
,1
2
8
]
G
eV

w
it
h
R

h
2

g
g
(γ
γ
)
>

1
.

W
e
re
fe
r
to

th
is

a
s
th
e
“
9
8
+

1
2
5
G
eV

H
ig
g
s
sc
en

a
ri
o
”
.
P
o
in
ts

w
it
h

Ω
h
2
<

0
.0
9
4
a
re

re
p
re
se
n
te
d
b
y
b
lu
e
ci
rc
le
s
a
n
d
p
o
in
ts

w
it
h
Ω
h
2
∈

[0
.0
9
4
,0
.1
3
6
]
(t
h
e
“
W

M
A
P

w
in
d
ow

”
)

a
re

re
p
re
se
n
te
d
b
y
re
d
/
o
ra
n
g
e
d
ia
m
o
n
d
s.

T
w
o
d
is
ti
n
ct

W
M
A
P
-w

in
d
ow

re
g
io
n
s
a
p
p
ea
r.

T
h
e
re
d
re
g
io
n
h
a
s
R

h
2

g
g
(γ
γ
)
∼

1
.6

a
n
d
co
rr
es
p
o
n
d
s
μ
e
ff
∼

1
2
0
G
eV

a
n
d
ta
n
β
∼

2
;
a
s
ca
n
b
e
se
en

in
F
ig
.
5
,
it
fe
a
tu
re
s
a
p
a
rt
ly

li
g
h
t
sp
ec
tr
u
m

w
it
h
m

χ̃
0 1
∼

7
0
−
8
0
G
eV

,
m

χ̃
± 1
∼

1
0
5
−

1
1
0
G
eV

a
n
d
m

t̃ 1
∼

0
.2

−
1
T
eV

,
w
h
il
e
m

g̃
�

1
T
eV

a
n
d
m

q̃
�

2
T
eV

.
A
g
a
in
,
L
H
C

S
U
S
Y

li
m
it
s
a
re

a
u
to
m
a
ti
ca
ll
y
av
o
id
ed

b
y
th
e
H
ig
g
s-
se
ct
o
r
re
q
u
ir
em

en
ts
.
M
o
re
ov
er
,
th
e
o
th
er

H
ig
g
se
s
a
re

li
g
h
t,

3
6

9

F
ig
u
re

5
:
E
x
p
ec
ta
ti
o
n
s
fo
r
sp
a
rt
ic
le

a
n
d
H
ig
g
s
m
a
ss
es

in
th
e
9
8
+
1
2
5
G
eV

H
ig
g
s
sc
en

a
ri
o
.
B
lu
e
p
o
in
ts

h
av
e

Ω
h
2
<

0
.0
9
4
w
h
il
e
re
d
a
n
d
o
ra
n
g
e
p
o
in
ts

h
av
e
Ω
h
2
∈
[0
.0
9
4
,0
.1
3
6
].
F
ro
m

[1
5]
.

to
o
,
m

a
2
∼

1
5
0
G
eV

a
n
d
m

h
3
�

m
H

±
�

m
a
2
∼

3
0
0
−

4
0
0
G
eV

.
T
h
e
o
ra
n
g
e
re
g
io
n
is

q
u
it
e
d
iff
er
en
t.

It
a
p
p
ea
rs

a
t
μ
e
ff
∼

2
0
0
G
eV

a
n
d
ta
n
β
∼

5
−
8
a
n
d
h
a
s
R

h
2

g
g
(γ
γ
)
∼

1
.1
.
T
h
e
ov
er
a
ll
m
a
ss

sc
a
le

is
m
u
ch

h
ea
v
ie
r:

m
χ̃
0 1
∼

9
0
−

1
5
0
G
eV

a
n
d
m

t̃ 1
>

1
.8

T
eV

,
se
e
F
ig
.
5
.
S
q
u
a
rk
s
a
n
d
g
lu
in
o
s
li
e
in

th
e
3
−

5
T
eV

m
a
ss

ra
n
g
e,

a
b
ov
e
th
e
re
a
ch

o
f
th
e
1
4
T
eV

L
H
C
.
T
h
e
h
ea
v
y
H
ig
g
se
s
a
ls
o
h
av
e
m
a
ss
es

a
b
ov
e
1
T
eV

,
o
n
ly

th
e
a
1
is

st
il
l

li
g
h
t
w
it
h
m

a
1
�

2
5
0
G
eV

.
T
h
e
L
S
P
d
ec
o
m
p
o
si
ti
o
n
a
n
d
it
s
ex
p
ec
te
d
sp
in
-i
n
d
ep

en
d
en
t
sc
a
tt
er
in
g
cr
o
ss

se
ct
io
n
o
ff
p
ro
to
n
s
a
re

sh
ow

n
in

F
ig
.
6
.
T
h
e
p
ro
sp
ec
ts

to
te
st

th
e
9
8
+
1
2
5
G
eV

H
ig
g
s
sc
en

a
ri
o
a
t
th
e
L
H
C

a
n
d
a
fu
tu
re

IL
C

a
re

d
is
cu
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b
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p
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p
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r
p
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p
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.
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b
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l
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g
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s
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r
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e
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ri
o
u
s
H
ig
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s
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n
a
l
st
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te
s
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re
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in

F
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.
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ra
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t
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b
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r
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h
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h
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1
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h
e
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n
d
p
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t
is
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r
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m
p
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a
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o
w
it
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H
ig
g
s
m
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a
t
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ia
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o
n
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o
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Ω
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b
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e
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P
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.
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h
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n
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g
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d
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m
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b
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a
l
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ra
te
s
fo
r
m
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+
H
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s
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p
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s
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p
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.
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b
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g
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l
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p
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p
a
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n
a
l
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s
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u
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b
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a
d
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y
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b
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u
n
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.
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b
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n
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l
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a
te
s
w
o
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q
u
ir
e
a
p
h
o
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n
ta
g
a
n
d
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o
u
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u
s
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o
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d
u
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d
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o
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g
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o
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b
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a
d
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b
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p
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p
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ra
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b
u
la
te
d
in

T
a
b
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b
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e
tw

o
sc
en

a
ri
o
s
fo
r
w
h
ic
h
w
e
p
lo
t
e+
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p
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b
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p
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b
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b
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→
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−
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e
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e
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ra
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f
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f
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b
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w
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ra
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m
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ra
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b
el
ow

,
th
e
S
M

le
v
el
.

F
ig
u
re

8
sh
ow

s
th
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→
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ra
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b
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ra
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b
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b
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i
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s
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a
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m
b
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g
n
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o
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w
e
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e
n
et

si
g
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l
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p
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d
u
ct
io
n
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n
n
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m
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b
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n
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n
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v
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≡
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R
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.
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a
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ra
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b
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p
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b
et
w
ee
n
R
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=
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g
g
es
te
d

b
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l
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w
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p
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b
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b
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p
re
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b
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u
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o
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d
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w
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h
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n
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h
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s
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h
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∈
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0
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n
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=
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a
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b
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b
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se
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.
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h
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w
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h
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n
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b
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a
te

p
ro
sp

ec
ts

fo
r
su
p
er
sy
m
m
et
ry

a
t
th
e
p
ro
p
o
se
d
In
te
rn
a
ti
o
n
a
l
L
in
ea
r
e+

e−
C
o
ll
id
er

(I
L
C
)

in
li
g
h
t
o
f
th
e
fi
rs
t
y
ea
r
o
f
se
ri
o
u
s
d
a
ta

ta
k
in
g
a
t
L
H
C

w
it
h
√ s

=
7
T
eV

a
n
d
∼

5
fb

−
1
o
f
p
p
co
ll
is
io
n
s

(L
H
C
7
).

S
tr
o
n
g
n
ew

li
m
it
s
fr
o
m

L
H
C

S
U
S
Y

se
a
rc
h
es
,
a
lo
n
g
w
it
h
a
h
in
t
o
f
a
H
ig
g
s
b
o
so
n
si
g
n
a
l
a
ro
u
n
d

m
h
∼

1
2
5
G
eV

,
su
g
g
es
t
a
p
a
ra
d
ig
m

sh
if
t
fr
o
m

p
re
v
io
u
sl
y
p
o
p
u
la
r
m
o
d
el
s
to

o
n
es

w
it
h
n
ew

a
n
d
co
m
p
el
li
n
g

si
g
n
a
tu
re
s.

W
e
p
re
se
n
t
a

va
ri
et
y

o
f
n
ew

IL
C

b
en

ch
m
a
rk

m
o
d
el
s,

in
cl
u
d
in
g
:

n
a
tu
ra
l
S
U
S
Y
,
h
id
d
en

S
U
S
Y
,
N
U
H
M
2

w
it
h

lo
w

m
A
,
n
o
n
-u
n
iv
er
sa
l
g
a
u
g
in
o

m
a
ss

(N
U
G
M
)
m
o
d
el
,
p
M
S
S
M
,
K
a
ll
o
sh
-L
in
d
e

m
o
d
el
,
B
rü
m
m
er
-B

u
ch

m
ü
ll
er

m
o
d
el
,
n
o
rm

a
l
sc
a
la
r
m
a
ss

h
ie
ra
rc
h
y
(N

M
H
)
p
lu
s
o
n
e
su
rv
iv
in
g
ca
se

fr
o
m

m
S
U
G
R
A
/
C
M
S
S
M

in
th
e
fa
r
fo
cu

s
p
o
in
t
re
g
io
n
.
W

h
il
e
a
ll
th
es
e
m
o
d
el
s
a
t
p
re
se
n
t
el
u
d
e
th
e
la
te
st

L
H
C

li
m
it
s,

th
ey

d
o
o
ff
er

in
tr
ig
u
in
g
ca
se

st
u
d
y
p
o
ss
ib
il
it
ie
s
fo
r
IL

C
o
p
er
a
ti
n
g
a
t
√ s

∼
0
.2
5
−

1
T
eV

,
a
n
d

p
re
se
n
t
a
v
ie
w

o
f
so
m
e
o
f
th
e
d
iv
er
se

S
U
S
Y

p
h
en

o
m
en

a
w
h
ic
h
m
ig
h
t
b
e
ex

p
ec
te
d
a
t
b
o
th

L
H
C

a
n
d
IL

C
in

th
e
p
o
st

L
H
C
7
er
a
.

1
In

tr
o
d
u
ct
io
n

1
.1

M
o
ti
v
a
ti
o
n

S
u
p
er
sy
m
m
et
ry

(S
U
S
Y
)
is
a
q
u
a
n
tu
m

sp
a
ce
ti
m
e
sy
m
m
et
ry

w
h
ic
h
p
re
d
ic
ts

a
co
rr
es
p
o
n
d
en
ce

b
et
w
ee
n
b
o
so
n
ic

a
n
d
fe
rm

io
n
ic
fi
el
d
s
[1
,
2
,
3,

4]
.
S
u
p
er
sy
m
m
et
ry

is
p
a
rt
ic
u
la
rl
y
a
p
p
ea
li
n
g
fo
r
th
eo
ri
es

o
f
p
a
rt
ic
le
p
h
y
si
cs

in
th
a
t

it
re
d
u
ce
s
sc
a
la
r
fi
el
d
q
u
a
d
ra
ti
c
d
iv
er
g
en

ce
s
to

m
er
el
y
lo
g
a
ri
th
m
ic
.
T
h
is

fa
ct

a
ll
ow

s
fo
r
a
n
el
eg
a
n
t
so
lu
ti
o
n

to
th
e
n
o
to
ri
o
u
s
g
a
u
g
e
h
ie
ra
rc
h
y
p
ro
b
le
m
,
re
n
d
er
in
g
th
e
w
ea
k
sc
a
le

st
a
b
le

a
g
a
in
st

q
u
a
n
tu
m

co
rr
ec
ti
o
n
s

a
n
d
a
ll
ow

in
g
fo
r
st
a
b
le

ex
tr
a
p
o
la
ti
o
n
s
o
f
th
e
S
ta
n
d
a
rd

M
o
d
el

(S
M
)
in
to

th
e
fa
r
u
lt
ra
v
io
le
t
(E

	
M

w
e
a
k
)

re
g
im

e
[5
,
6]
.
T
h
u
s,
S
U
S
Y
p
ro
v
id
es

a
n
av
en
u
e
fo
r
co
n
n
ec
ti
n
g
th
e
S
ta
n
d
a
rd

M
o
d
el
to

id
ea
s
o
f
g
ra
n
d
u
n
ifi
ca
ti
o
n

(G
U
T
s)

a
n
d
/
o
r
st
ri
n
g
th
eo
ry
,
a
n
d
p
ro
v
id
es

a
ro
u
te

to
u
n
ifi
ca
ti
o
n
w
it
h
g
ra
v
it
y
v
ia

lo
ca
l
S
U
S
Y
,
o
r
su
p
er
g
ra
v
it
y

th
eo
ri
es

[7
,
8
,
9
].

W
h
il
e
m
o
d
el
s
o
f
w
ea
k
sc
a
le

su
p
er
sy
m
m
et
ry

a
re

th
eo
re
ti
ca
ll
y
co
m
p
el
li
n
g
,
w
e
n
o
te

h
er
e
th
a
t
a
va
ri
et
y
o
f

in
d
ir
ec
t
ev
id
en

ce
fr
o
m

ex
p
er
im

en
t
h
a
s
em

er
g
ed

w
h
ic
h
p
ro
v
id
es

su
p
p
o
rt

fo
r
th
e
id
ea

o
f
w
ea
k
sc
a
le

S
U
S
Y
:

•
G
a
u
ge

co
u
p
li
n
g
u
n
ifi
ca
ti
o
n
:
T
h
e
va
lu
es

o
f
th
e
th
re
e
S
M

g
a
u
g
e
co
u
p
li
n
g
s,

m
ea
su
re
d
a
t
en
er
g
y
sc
a
le

Q
�

M
Z

a
t
th
e
C
E
R
N

L
E
P

co
ll
id
er
,
w
h
en

ex
tr
a
p
o
la
te
d
to

h
ig
h

en
er
g
y
sc
a
le
s
v
ia

re
n
o
rm

a
li
za
ti
o
n

g
ro
u
p
(R

G
)
ru
n
n
in
g
in

th
e
M
in
im

a
l
S
u
p
er
sy
m
m
et
ri
c
S
ta
n
d
a
rd

M
o
d
el

(M
S
S
M
)
[1
0]
,
v
er
y
n
ea
rl
y
m
ee
t

a
t
a
p
o
in
t
a
ro
u
n
d
Q

�
2
×
1
0
1
6
G
eV

[1
1,

1
2,

1
3]
.
U
n
ifi
ca
ti
o
n
o
f
g
a
u
g
e
co
u
p
li
n
g
s
is
p
re
d
ic
te
d
b
y
m
a
n
y

g
ra
n
d
u
n
ifi
ed

th
eo
ri
es

(G
U
T
s)

a
n
d
st
ri
n
g
th
eo
ri
es
.
G
a
u
g
e
co
u
p
li
n
g
u
n
ifi
ca
ti
o
n
is
v
io
la
te
d
b
y
n
u
m
er
o
u
s

st
a
n
d
a
rd

d
ev
ia
ti
o
n
s
u
n
d
er

S
M

R
G

ru
n
n
in
g
.

•
P
re
ci
si
o
n
el
ec
tr
o
w
ea
k
m
ea
su
re
m
en

ts
:
F
it
s
o
f
p
re
ci
si
o
n
el
ec
tr
ow

ea
k
o
b
se
rv
a
b
le
s
(E

W
P
O
)
to

S
U
S
Y
m
o
d
el

p
re
d
ic
ti
o
n
s
fi
n
d
a
cc
o
rd

p
ro
v
id
ed

th
er
e
ex
is
ts

a
ra
th
er

h
ea
v
y
S
U
S
Y

p
a
rt
ic
le

m
a
ss

sp
ec
tr
u
m

[1
4]
.
M
ea
n
-

w
h
il
e,

m
o
d
el
s
su
ch

a
s
m
in
im

a
l
te
ch
n
ic
o
lo
r
a
re

h
ig
h
ly

st
re
ss
ed

if
n
o
t
ru
le
d
o
u
t
b
y
E
W

P
O
.

•
T
o
p
qu

a
rk

m
a
ss

a
n
d
el
ec
tr
o
w
ea
k
sy
m
m
et
ry

br
ea
ki
n
g:

T
h
e
el
ec
tr
ow

ea
k
sc
a
la
r
p
o
te
n
ti
a
l
is

h
ig
h
ly

co
n
-

st
ra
in
ed

in
S
U
S
Y
th
eo
ri
es

co
m
p
a
re
d
to

th
e
S
M
,
a
n
d
it
is
n
o
t
im

m
ed
ia
te
ly

cl
ea
r
if
el
ec
tr
ow

ea
k
sy
m
m
et
ry

3
7

6



ca
n
b
e
p
ro
p
er
ly

b
ro
k
en

,
y
ie
ld
in
g
th
e
re
q
u
ir
ed

v
ec
to
r
b
o
so
n
a
n
d
fe
rm

io
n
m
a
ss
es

w
h
il
e
le
av

in
g
th
e
p
h
o
-

to
n
m
a
ss
le
ss
.
In

to
p
-d
ow

n
th
eo
ri
es
,
th
e
so
ft

b
re
a
k
in
g
H
ig
g
s
m
a
ss

m
2 H

u
is
d
ri
v
en

to
n
eg
a
ti
v
e
va
lu
es

b
y

th
e
la
rg
e
to
p
q
u
a
rk

Y
u
ka
w
a
co
u
p
li
n
g
,
tr
ig
g
er
in
g
a
n
a
p
p
ro
p
ri
a
te

b
re
a
k
d
ow

n
o
f
E
W

sy
m
m
et
ry
,
p
ro
v
id
ed

th
a
t
th
e
to
p
q
u
a
rk

m
a
ss

m
t
∼

1
5
0
−

2
0
0
G
eV

[1
5]
.
T
h
e
la
te
st

m
ea
su
re
m
en
ts

fi
n
d
m

t
=

1
7
3
.2

±
0
.9

G
eV

[1
6]
.

•
H
ig
gs

m
a
ss
:
In

th
e
S
M
,
th
e
p
h
y
si
ca
l
H
ig
g
s
sc
a
la
r
m
a
ss

m
H

S
M

>
1
1
5
G
eV

d
u
e
to

L
E
P
2
a
n
d
L
H
C

se
a
rc
h
es
,
a
n
d
it
is
li
g
h
te
r
th
a
n
∼

8
0
0
G
eV

[1
7
]
fr
o
m

u
n
it
a
ri
ty

co
n
st
ra
in
ts

[1
8]
.
In

th
e
M
S
S
M
,
ty
p
ic
a
ll
y

m
A
	

m
h
so

th
a
t
h
is
S
M
-l
ik
e.

In
th
is
ca
se
,
m

h
>

1
1
5
G
eV

a
s
in

th
e
S
M

ca
se
,
b
u
t
a
ls
o
m

h
< ∼
1
3
5
G
eV

d
u
e
to

it
s
m
o
re

co
n
st
ra
in
ed

m
a
ss

ca
lc
u
la
ti
o
n
in
cl
u
d
in
g
ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s
[1
9]
.
T
h
e
la
te
st

d
a
ta

fr
o
m

th
e
C
E
R
N

L
H
C

a
n
d
F
er
m
il
a
b
T
ev
a
tr
o
n
is

co
n
si
st
en
t
w
it
h
1
1
5
G
eV

<
m

h
<

1
2
7
G
eV

w
it
h
a
(2

−
3
)σ

ev
id
en

ce
fo
r
m

h
�

1
2
5
G
eV

[1
0
8,

1
0
9,

1
1
0]
,
sq
u
a
re
ly

in
th
e
n
a
rr
ow

S
U
S
Y

w
in
d
ow

o
f
co
n
si
st
en

cy
.

•
D
a
rk

m
a
tt
er
:
W

h
il
e
n
o
n
e
o
f
th
e
S
M

p
a
rt
ic
le
s
h
av
e
th
e
ri
g
h
t
p
ro
p
er
ti
es

to
co
n
st
it
u
te

co
ld

d
a
rk

m
a
tt
er

in
th
e
u
n
iv
er
se
,
S
U
S
Y

th
eo
ri
es

o
ff
er

se
v
er
a
l
ca
n
d
id
a
te
s
[2
0]
.
T
h
es
e
in
cl
u
d
e
th
e
n
eu
tr
a
li
n
o
(a

W
IM

P
ca
n
d
id
a
te
),

th
e
g
ra
v
it
in
o
o
r
a
si
n
g
le
t
sn
eu
tr
in
o
.
In

S
U
S
Y

th
eo
ri
es

w
h
er
e
th
e
st
ro
n
g
C
P

p
ro
b
le
m

is
so
lv
ed

v
ia

th
e
P
ec
ce
i-
Q
u
in
n
m
ec
h
a
n
is
m
,
th
er
e
is
th
e
a
d
d
ed

p
o
ss
ib
il
it
y
o
f
m
ix
ed

1
.
a
x
io
n
-n
eu

tr
a
li
n
o
[2
1,

2
2,

2
3]
,
2
.
a
x
io
n
-a
x
in
o
[2
4,

2
5,

2
6]

o
r
3
.
a
x
io
n
-g
ra
v
it
in
o
co
ld

d
a
rk

m
a
tt
er
.

•
B
a
ry
og
en

es
is
:
T
h
e
m
ea
su
re
d
b
a
ry
o
n
to

p
h
o
to
n
ra
ti
o
η
∼

1
0
−
1
0
is
n
o
t
p
o
ss
ib
le

to
ex
p
la
in

in
th
e
S
M
.
In

S
U
S
Y

th
eo
ri
es
,
th
re
e
p
ro
m
in
en
t
p
o
ss
ib
il
it
ie
s
in
cl
u
d
e
1
.
el
ec
tr
ow

ea
k
b
a
ry
o
g
en

es
is
(n
ow

n
ea
rl
y
ex
cl
u
d
ed

b
y
li
m
it
s
o
n
m

t̃ 1
a
n
d
m

h
[2
7]
),

2
.

th
er
m
a
l
a
n
d
n
o
n
-t
h
er
m
a
l
le
p
to
g
en

es
is

[2
8]
,
a
n
d
3
.

A
ffl
ec
k
-D

in
e

b
a
ry
o
-
o
r
le
p
to
g
en

es
is
[2
9,

3
0]
.

1
.2

S
o
m
e
p
ro

b
le
m
s
fo
r
S
U
S
Y

m
o
d
e
ls

W
h
il
e
th
e
a
b
ov
e
la
u
n
d
ry

li
st

is
ce
rt
a
in
ly

co
m
p
el
li
n
g
fo
r
th
e
ex
is
te
n
ce

o
f
w
ea
k
sc
a
le

S
U
S
Y

in
n
a
tu
re
,
w
e
a
re

fa
ce
d
w
it
h
th
e
fa
ct

th
a
t
a
t
p
re
se
n
t
th
er
e
is

n
o
ev
id
en
ce

fo
r
d
ir
ec
t
su
p
er
p
a
rt
ic
le

p
ro
d
u
ct
io
n
a
t
h
ig
h
en

er
g
y

co
ll
id
er
s,

es
p
ec
ia
ll
y
a
t
th
e
C
E
R
N

L
a
rg
e
H
a
d
ro
n
C
o
ll
id
er

(L
H
C
).

T
h
e
A
T
L
A
S
a
n
d
C
M
S
ex
p
er
im

en
ts

h
av
e

a
cc
u
m
u
la
te
d
∼

5
fb

−
1
o
f
in
te
g
ra
te
d
lu
m
in
o
si
ty

fr
o
m

p
p
co
ll
is
io
n
s
a
t
√ s

=
7
T
eV

in
2
0
1
1
(L

H
C
7
),

a
n
d
th
ey

a
n
ti
ci
p
a
te

co
ll
ec
ti
n
g
∼

1
5
fb

−
1
a
t
√ s

=
8
T
eV

in
2
0
1
2
(L

H
C
8
).

R
ec
en
t
a
n
a
ly
se
s
b
y
th
e
C
M
S
ex
p
er
im

en
t
[1
2
0]

u
si
n
g
4
.4

fb
−
1
o
f
d
a
ta

h
av
e
n
ow

ex
cl
u
d
ed

m
g̃

< ∼
1
4
0
0
G
eV

in
th
e
m
S
U
G
R
A

(a
ls
o
k
n
ow

n
a
s
C
M
S
S
M
)
m
o
d
el
,

fo
r
th
e
ca
se

o
f
m

q̃
�

m
g̃
,
w
h
il
e
va
lu
es

o
f
m

g̃
< ∼
8
0
0
G
eV

a
re

ex
cl
u
d
ed

in
th
e
ca
se

w
h
er
e
m

q̃
	

m
g̃
.
In
d
ee
d
,

fi
ts

o
f
th
e
m
S
U
G
R
A

m
o
d
el

a
s
re
ce
n
tl
y
a
s
2
0
1
0
[3
1]

to
a
va
ri
et
y
o
f
o
b
se
rv
a
b
le
s
in
cl
u
d
in
g
E
W

P
O
,
(g

−
2
) μ
,

B
-m

es
o
n
d
ec
ay

b
ra
n
ch
in
g
fr
a
ct
io
n
s
a
n
d
n
eu
tr
a
li
n
o
co
ld

d
a
rk

m
a
tt
er

d
en
si
ty

p
re
d
ic
te
d
S
U
S
Y

to
li
e
ex
a
ct
ly

in
th
is

ex
cl
u
d
ed

ra
n
g
e.

In
a
d
d
it
io
n
,
if
th
e
li
g
h
t
S
U
S
Y

H
ig
g
s
b
o
so
n
tu
rn
s
o
u
t
to

h
av
e
m

h
�

1
2
5
G
eV

,
th
en

th
e
m
in
im

a
l
v
er
si
o
n
s
o
f
g
a
u
g
e-
m
ed
ia
te
d
a
n
d
a
n
o
m
a
ly
-m

ed
ia
te
d
S
U
S
Y

b
re
a
k
in
g
m
o
d
el
s
w
il
l
li
k
el
y
b
e
ru
le
d

o
u
t
[3
2]
,
si
n
ce

it
is
d
iffi

cu
lt
to

o
b
ta
in

su
ch

la
rg
e
va
lu
es

o
f
m

h
in

th
es
e
m
o
d
el
s
u
n
le
ss

th
e
sp
a
rt
ic
le
m
a
ss

sp
ec
tr
a

ex
is
t
w
it
h
a
li
g
h
te
st

M
S
S
M

p
a
rt
ic
le

w
it
h
m
a
ss

g
re
a
te
r
th
a
n
a
b
o
u
t
5
T
eV

[3
3]
.

W
h
il
e
th
e
a
b
ov
e
re
su
lt
s
m
ay

se
em

d
is
co
n
ce
rt
in
g
,
a
t
th
e
sa
m
e
ti
m
e
th
ey

w
er
e
n
o
t
u
n
a
n
ti
ci
p
a
te
d
b
y
m
a
n
y

th
eo
ri
st
s.

W
h
er
ea
s
S
U
S
Y

th
eo
ri
es

so
lv
e
a
h
o
st

o
f
p
ro
b
le
m
s
a
s
m
en
ti
o
n
ed

a
b
ov
e,

th
ey

a
ls
o
b
ri
n
g
w
it
h
th
em

co
n
si
d
er
a
b
le

p
h
en
o
m
en
o
lo
g
ic
a
l
b
a
g
g
a
g
e
[3
5]
.
S
o
m
e
o
f
th
es
e
S
U
S
Y

p
ro
b
le
m
s
in
cl
u
d
e
th
e
fo
ll
ow

in
g
:

•
T
h
e
S
U
S
Y

fl
av
o
r
p
ro
b
le
m

[3
6
]:

In
S
U
S
Y

m
o
d
el
s
b
a
se
d
o
n
g
ra
v
it
y
-m

ed
ia
ti
o
n
,
it

is
g
en

er
a
ll
y
ex
p
ec
te
d

th
a
t
la
rg
e
fl
av
o
r-
v
io
la
ti
n
g
te
rm

s
w
il
l
o
cc
u
r
in

th
e
L
a
g
ra
n
g
ia
n
[3
7]
,
g
iv
in
g
ri
se

to
la
rg
e
co
n
tr
ib
u
ti
o
n
s
to

th
e
ka
o
n
m
a
ss

d
iff
er
en

ce
,
a
n
d
fl
av
o
r
v
io
la
ti
n
g
d
ec
ay

s
su
ch

a
s
b
→

sγ
o
r
μ
→

eγ
.
S
o
lu
ti
o
n
s
to

th
e
S
U
S
Y

fl
av
o
r
p
ro
b
le
m

in
cl
u
d
e
1
.
d
eg
en

er
a
cy

o
f
m
a
tt
er

sc
a
la
r
m
a
ss
es
,
in

w
h
ic
h
ca
se

a
S
U
S
Y

G
IM

m
ec
h
a
n
is
m

su
p
p
re
ss
es

fl
av
o
r
v
io
la
ti
o
n
[3
8]
,
2
.
a
li
g
n
m
en
t
o
f
sq
u
a
rk

a
n
d
q
u
a
rk

m
a
ss

m
a
tr
ic
es

[3
9]
,
o
r
3
.
d
ec
o
u
p
li
n
g

m
a
in
ly

o
f
fi
rs
t/
se
co
n
d
g
en

er
a
ti
o
n
sc
a
la
rs

(m
q̃
,�̃

> ∼
5
−

5
0
T
eV

)
[4
0,

4
1,

4
2]
.1

In
d
ee
d
,
th
e
S
U
S
Y

fl
av
o
r

p
ro
b
le
m

p
ro
v
id
ed

st
ro
n
g
im

p
et
u
s
fo
r
th
e
d
ev
el
o
p
m
en
t
o
f
G
M
S
B
a
n
d
A
M
S
B
m
o
d
el
s,
w
h
er
e
u
n
iv
er
sa
li
ty

o
f
sc
a
la
rs

w
it
h
th
e
sa
m
e
q
u
a
n
tu
m

n
u
m
b
er
s
is
a
u
to
m
a
ti
ca
ll
y
ex
p
ec
te
d
.

•
T
h
e
S
U
S
Y

C
P

p
ro
b
le
m
:
In

th
is

ca
se
,
it

is
ex
p
ec
te
d
in

g
ra
v
it
y
m
ed
ia
ti
o
n
th
a
t
C
P
-v
io
la
ti
n
g
p
h
a
se
s
in

th
e
so
ft
S
U
S
Y

b
re
a
k
in
g
te
rm

s
a
n
d
p
er
h
a
p
s
μ
p
a
ra
m
et
er

w
il
l
g
iv
e
ri
se

to
la
rg
e
el
ec
tr
o
n
a
n
d
n
eu
tr
o
n
(a
n
d

1
S
o
m
e
d
eg
re
e
o
f
a
li
g
n
m
en

t
o
r
d
eg
en

er
a
cy

w
o
u
ld

st
il
l
b
e
n
ee
d
ed

fo
r
th
e
lo
w
er

p
o
rt
io
n
o
f
th
is

m
a
ss

ra
n
g
e.

3
7

7

o
th
er
)
el
ec
tr
ic

d
ip
o
le

m
o
m
en
ts

(E
D
M
s)
.
S
o
lu
ti
o
n
s
in
cl
u
d
e
d
ia
li
n
g
th
e
C
P
-v
io
la
ti
n
g
p
h
a
se
s
to

ze
ro
,
o
r

d
ec
o
u
p
li
n
g
.
M
o
d
el
s
su
ch

a
s
G
M
S
B

a
n
d
A
M
S
B

a
re

a
g
a
in

n
o
t
ex
p
ec
te
d
to

h
av
e
co
m
p
le
x
,
C
P
-v
io
la
ti
n
g

so
ft

te
rm

s.

•
P
ro
to
n
d
ec
ay

in
S
U
S
Y

G
U
T

th
eo
ri
es
:
In

S
U
S
Y

G
U
T

th
eo
ri
es
,
th
e
p
ro
to
n
is

ex
p
ec
te
d
to

d
ec
ay

to
K

+
ν̄
v
ia

co
lo
re
d
H
ig
g
si
n
o
h̃
ex
ch
a
n
g
e.

T
h
e
li
fe
ti
m
e
is

ex
p
ec
te
d
to

o
cc
u
r
a
t
le
v
el
s
b
el
ow

ex
p
er
im

en
ta
l

li
m
it
s
[4
3]
.
S
in
ce

τ p
∼

m
5 p
/
m

2 h̃
m

2 q̃
,
la
rg
e
sq
u
a
rk

m
a
ss
es

ca
n
a
g
a
in

su
p
p
re
ss

p
ro
to
n
d
ec
ay
.

•
T
h
e
g
ra
v
it
in
o
p
ro
b
le
m

[4
4
]:
In

m
o
d
el
s
o
f
g
ra
v
it
y
-m

ed
ia
ti
o
n
,
th
e
su
p
er
h
ig
g
s
m
ec
h
a
n
is
m

g
en

er
a
te
s
S
U
S
Y

b
re
a
k
in
g
b
y
g
iv
in
g
th
e
g
ra
v
it
in
o
a
m
a
ss

m
3
/
2
.
T
h
e
g
ra
v
it
in
o
m
a
ss

se
ts

th
e
sc
a
le

fo
r
th
e
v
is
ib
le

se
ct
o
r

so
ft

b
re
a
k
in
g
te
rm

s,
a
n
d
so

o
n
e
ex
p
ec
ts

sp
a
rt
ic
le

m
a
ss
es

o
f
o
rd
er

m
3
/
2
.
H
ow

ev
er
,
th
er
m
a
l
p
ro
d
u
ct
io
n

o
f
g
ra
v
it
in
o
s
in

th
e
ea
rl
y
u
n
iv
er
se

ca
n
le
a
d
to

ei
th
er

1
.
a
n
ov
er
p
ro
d
u
ct
io
n
o
f
d
a
rk

m
a
tt
er

(h
er
e,

th
e

g
ra
v
it
in
o
s
w
o
u
ld

d
ec
ay

to
th
e
st
a
b
le

L
S
P
,
o
r
ev
en

b
e
th
e
L
S
P
),

o
r
2
.
la
te
-t
im

e
d
ec
ay

s
o
f
g
ra
v
it
in
o
s

a
t
ti
m
e
sc
a
le
s

> ∼
1
s
a
ft
er

th
e
B
ig

B
a
n
g
w
o
u
ld

le
a
d
to

d
is
so
lu
ti
o
n
o
f
th
e
li
g
h
t
n
u
cl
ei

b
u
il
t
u
p
d
u
ri
n
g

B
ig

B
a
n
g
n
u
cl
eo
sy
n
th
es
is

(B
B
N
).

S
o
lu
ti
o
n
s
to

th
e
g
ra
v
it
in
o
p
ro
b
le
m

in
cl
u
d
e
1
.
a
ra
th
er

lo
w

re
-h
ea
t

te
m
p
er
a
tu
re

T
R

< ∼
1
0
5
G
eV

a
ft
er

in
fl
a
ti
o
n
so

th
a
t
th
er
m
a
l
g
ra
v
it
in
o
p
ro
d
u
ct
io
n
is
su
p
p
re
ss
ed

[4
5]

(b
u
t

su
ch

lo
w

T
R

va
lu
es

co
n
fl
ic
t
w
it
h
so
m
e
b
a
ry
o
g
en

es
is
m
ec
h
a
n
is
m
s
su
ch

a
s
le
p
to
g
en

es
is
,
w
h
ic
h
se
em

s
to

re
q
u
ir
e
T
R

> ∼
1
0
9
G
eV

),
2
.
a
ra
th
er

li
g
h
t
g
ra
v
it
in
o
w
it
h
m

3
/
2
�

1
G
eV

,
w
h
ic
h
en
h
a
n
ce
s
th
e
g
o
ld
st
in
o

co
u
p
li
n
g
,
o
r
3
.

a
ra
th
er

h
ea
v
y
g
ra
v
it
in
o
m

3
/
2

> ∼
5
T
eV

,
w
h
ic
h
lo
w
er
s
th
e
g
ra
v
it
in
o
li
fe
ti
m
e
so

th
a
t

τ 3
/
2

< ∼
1
se
c,

a
n
d
g
ra
v
it
in
o
s
d
ec
ay

b
ef
o
re

B
B
N

[4
6]
.

W
h
il
e
so
m
e
p
ro
p
o
se
d
so
lu
ti
o
n
s
so
lv
e
in
d
iv
id
u
a
l
p
ro
b
le
m
s
li
st
ed

a
b
ov
e
(e
.g
.
a
li
g
n
m
en
t
fo
r
th
e
S
U
S
Y

fl
av
o
r

p
ro
b
le
m
,
lo
w

T
R
fo
r
th
e
g
ra
v
it
in
o
p
ro
b
le
m
,
sm

a
ll
p
h
a
se
s
fo
r
th
e
S
U
S
Y

C
P

p
ro
b
le
m
),

th
er
e
is
o
n
e
so
lu
ti
o
n
–

d
ec
o
u
p
li
n
g
o
f
fi
rs
t/
se
co
n
d
ge
n
er
a
ti
o
n
m
a
tt
er

sc
a
la
rs
–
w
h
ic
h
g
o
es

a
lo
n
g
w
ay

to
so
lv
in
g
a
ll
fo
u
r.
2
B
u
t
w
h
a
t
o
f

fi
n
e-
tu
n
in
g
co
n
st
ra
in
ts

in
S
U
S
Y

m
o
d
el
s,

w
h
ic
h
se
em

in
g
ly

re
q
u
ir
e
sp
a
rt
ic
le

m
a
ss
es

n
ea
r
th
e
w
ea
k
sc
a
le

[4
7]
?

1
.3

F
in
e
-t
u
n
in
g
in

su
p
e
rs
y
m
m
e
tr
ic

m
o
d
e
ls

T
h
e
co
n
n
ec
ti
o
n
b
et
w
ee
n
th
e
S
U
S
Y

b
re
a
k
in
g
sc
a
le

a
n
d
th
e
m
a
g
n
it
u
d
e
o
f
th
e
w
ea
k
sc
a
le

ca
n
b
e
u
n
d
er
st
o
o
d

m
o
st

d
ir
ec
tl
y
b
y
m
in
im

iz
a
ti
o
n

o
f
th
e
sc
a
la
r
p
o
te
n
ti
a
l
in

th
e
M
S
S
M

to
d
et
er
m
in
e
th
e
m
a
g
n
it
u
d
e
o
f
th
e

el
ec
tr
ow

ea
k
va
cu

u
m

ex
p
ec
ta
ti
o
n
va
lu
es
.
T
h
e
sc
a
la
r
p
o
te
n
ti
a
l
g
a
in
s
co
n
tr
ib
u
ti
o
n
s
fr
o
m

th
re
e
se
ct
o
rs
:

V
S
U
S
Y
=

V
F
+
V
D
+
V
s
o
f
t,

(1
)

a
n
d
w
it
h

5
0
fi
el
d

“
d
ir
ec
ti
o
n
s”

in
th
e
M
S
S
M
,
th
e
sc
a
la
r
p
o
te
n
ti
a
l
is

ra
th
er

d
a
u
n
ti
n
g
.

U
n
d
er

ra
th
er

m
il
d

co
n
d
it
io
n
s,

ch
a
rg
e
a
n
d

co
lo
r
b
re
a
k
in
g
m
in
im

a
ca
n

b
e
av
o
id
ed
,
so

th
a
t
in
st
ea
d

w
e
ju
st

m
in
im

iz
e
in

th
e

n
eu
tr
a
l/
n
o
n
-c
o
lo
re
d
sc
a
la
r
fi
el
d
d
ir
ec
ti
o
n
s.

A
w
el
l-
d
efi
n
ed

lo
ca
l
m
in
im

u
m

ca
n
b
e
fo
u
n
d
w
h
er
e
th
e
va
cu
u
m

ex
p
ec
ta
ti
o
n
va
lu
es

o
f
th
e
re
a
l
p
a
rt
s
o
f
th
e
n
eu
tr
a
l
H
ig
g
s
fi
el
d
s
a
re

g
iv
en

b
y
〈h

0 u
〉≡

v u
a
n
d
〈h

0 d
〉≡

v d
w
it
h

ta
n
β
≡

v u
/
v d
.
T
h
e
Z

b
o
so
n
a
cq
u
ir
es

a
m
a
ss

M
2 Z
=

g
2
+
g
′2

2

( v
2 u
+
v
2 d

) .
In
cl
u
d
in
g
ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s,

th
e

sc
a
la
r
p
o
te
n
ti
a
l
m
in
im

iz
a
ti
o
n
co
n
d
it
io
n
is
th
en

w
ri
tt
en

a
s

1 2
M

2 Z
=

(m
2 H

d
+
Σ

d
)
−
(m

2 H
u
+
Σ

u
)
ta
n
2
β

(t
a
n
2
β
−
1
)

−
μ
2
.

(2
)

H
er
e,

Σ
u
a
n
d
Σ

d
a
ri
se

fr
o
m

ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s
[4
8]
,
a
n
d
a
re

g
iv
en

in
th
e
1
-l
o
o
p
a
p
p
ro
x
im

a
ti
o
n
to

th
e
H
ig
g
s

eff
ec
ti
v
e
p
o
te
n
ti
a
l
b
y

Σ
u
,d
=

1

v u
,d

∂
Δ
V

∂
H

u
,d
,

w
h
er
e
Δ
V

is
th
e
o
n
e-
lo
o
p
co
rr
ec
ti
o
n
to

th
e
tr
ee
-l
ev
el

p
o
te
n
ti
a
l,

a
n
d
th
e
d
er
iv
a
ti
v
es

a
re

ev
a
lu
a
te
d
a
t
th
e

p
h
y
si
ca
l
va
cu
u
m
.

It
is

th
en

re
a
so
n
a
b
le

to
sa
y
th
a
t
th
e
th
eo
ry

y
ie
ld
s
a
n
a
tu
ra
l
va
lu
e
o
f
M

Z
if
th
e
in
d
iv
id
u
a
l
te
rm

s
o
n
th
e

ri
g
h
t
h
a
n
d
si
d
e
o
f
E
q
.
(2
)
a
re

co
m
p
a
ra
b
le
in

m
a
g
n
it
u
d
e
so

th
a
t
th
e
o
b
se
rv
ed

va
lu
e
o
f
M

Z
is
o
b
ta
in
ed

w
it
h
o
u
t

2
In

g
ra
v
it
y
m
ed

ia
ti
o
n
,
it

is
ex

p
ec
te
d
th
a
t
th
e
g
ra
v
it
in
o
m
a
ss

m
3
/
2
se
ts

th
e
m
a
ss

sc
a
le

fo
r
th
e
h
ea
v
ie
st

o
f
th
e
sc
a
la
rs
;
in

th
is

ca
se
,
m
u
lt
i-
T
eV

sc
a
la
r
m
a
ss
es

w
o
u
ld

p
ro
ce
ed

fr
o
m

a
m
u
lt
i-
T
eV

g
ra
v
it
in
o
m
a
ss
.

3
7

8



re
so
rt
in
g
to

la
rg
e
ca
n
ce
ll
a
ti
o
n
s.

In
d
ee
d
th
is

is
w
h
y
|μ
|h

a
s
b
ee
n
su
g
g
es
te
d
a
s
a
m
ea
su
re

o
f
n
a
tu
ra
ln
es
s
[4
9]
,

w
it
h

th
eo
ri
es

w
h
er
e
μ
2

< ∼
M

2 Z
b
ei
n
g
th
e
“
m
o
st

n
a
tu
ra
l”
.

T
h
is

re
la
ti
o
n
sh
ip

m
u
st

b
e
a
cc
ep

te
d

w
it
h

so
m
e

la
ti
tu
d
e,

si
n
ce

va
lu
es

o
f
μ
2

< ∼
(1
0
0
G
eV

)2
a
re

p
h
en
o
m
en
o
lo
g
ic
a
ll
y
ex
cl
u
d
ed
.
H
er
e,

w
e
w
il
l
a
d
o
p
t
|μ
|<

Λ
N

S
,

w
h
er
e
Λ
N

S
∼

M
Z
,
b
u
t
m
ig
h
t
b
e
a
s
h
ig
h

a
s
∼

2
0
0
G
eV

.
O
f
co
u
rs
e,

th
er
e
is

n
o
th
in
g
sp
ec
ia
l
a
b
o
u
t
th
e

m
a
g
n
it
u
d
e
o
f
μ
,
so

th
a
t
th
e
sa
m
e
co
n
si
d
er
a
ti
o
n
s
a
p
p
ly

eq
u
a
ll
y
to

a
ll
th
e
te
rm

s
in

E
q
’n

2
,
in
cl
u
d
in
g
th
o
se

in
v
o
lv
in
g
th
e
ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s.

N
a
tu
ra
ln
es
s
th
u
s
re
q
u
ir
es

th
a
t
ea
ch

in
d
iv
id
u
a
l
te
rm

in
(2
)
b
e

< ∼
Λ
N

S
.

T
h
e
la
rg
es
t
co
n
tr
ib
u
ti
o
n
s
to

Σ
u
,d

in
E
q
.
(2
)
a
ri
se

fr
o
m

su
p
er
p
o
te
n
ti
a
l
Y
u
ka
w
a
in
te
ra
ct
io
n
s
o
f
th
ir
d

g
en

er
a
ti
o
n
sq
u
a
rk
s
in
v
o
lv
in
g
th
e
to
p
q
u
a
rk

Y
u
ka
w
a
co
u
p
li
n
g.

T
h
e
o
rd
er

o
f
m
a
g
n
it
u
d
e
o
f
th
es
e
co
n
tr
ib
u
ti
o
n
s

is
g
iv
en

b
y

Σ
u
∼

3
f
2 t

1
6
π
2
×
m

2 t̃ i

( ln
(m

t̃2 i
/
Q

2
)
−

1
) ,

a
n
d

so
g
ro
w
s
q
u
a
d
ra
ti
ca
ll
y
w
it
h

th
e
to
p

sq
u
a
rk

m
a
ss
es
.

C
le
a
rl
y,

th
e
to
p

sq
u
a
rk

(a
n
d

b
y
S
U
(2
)
g
a
u
g
e

sy
m
m
et
ry
,
a
ls
o
b̃ L

)
m
a
ss
es

m
u
st

th
en

b
e
b
o
u
n
d
ed

fr
o
m

a
b
ov
e
b
y
th
e
n
a
tu
ra
ln
es
s
co
n
d
it
io
n
s.

In
R
ef
.
[5
0]
,

it
h
a
s
b
ee
n
sh
ow

n
th
a
t
re
q
u
ir
in
g
Σ

u
< ∼

1 2
M

2 Z
le
a
d
s
to

m
t̃ i

< ∼
5
0
0
G
eV

.
S
ca
li
n
g
th
is

u
p
to

a
ll
ow

μ
va
lu
es

u
p

to
1
5
0
-2
0
0
G
eV

le
a
d
s
to

a
co
rr
es
p
o
n
d
in
g
b
o
u
n
d
m

t̃ i
< ∼
1
−

1
.5

T
eV

.
In

o
th
er

w
o
rd
s,

fr
o
m

th
is

p
er
sp
ec
ti
v
e,

m
o
d
el
s
w
it
h
μ

< ∼
2
0
0
G
eV

a
n
d
to
p
sq
u
a
rk
s
a
t
th
e
T
eV

sc
a
le

o
r
b
el
ow

a
re

p
re
fe
rr
ed

b
y
n
a
tu
ra
ln
es
s.

It
is
a
ls
o

w
o
rt
h
re
m
a
rk
in
g
th
a
t
si
n
ce

m
2 A
�

2
μ
2
+
m

2 H
u
+
m

2 H
d
+
Σ

u
+
Σ

d
,

(3
)

fo
r
m
o
d
er
a
te

to
la
rg
e
va
lu
es

o
f
ta
n
β
,
th
e
h
ea
v
ie
r
H
ig
g
s
sc
a
la
rs

ca
n
n
a
tu
ra
ll
y
b
e
a
t
th
e
se
v
er
a
l-
T
eV

sc
a
le

b
ec
a
u
se

o
f
th
e
a
p
p
ea
ra
n
ce

o
f
ta
n
2
β
−

1
in

th
e
d
en
o
m
in
a
to
r
o
f
E
q
.
(2
).

N
o
ti
ce
,
h
ow

ev
er
,
th
a
t
th
e
b
o
u
n
d
o
f

Λ
2 N

S
o
n
ea
ch

te
rm

in
E
q
.
(2
)
tr
a
n
sl
a
te
s
to

a
n
u
p
p
er

b
o
u
n
d
m

A
< ∼
Λ
N

S
ta
n
β
.

T
h
er
e
w
il
l
a
ls
o
b
e
co
rr
es
p
o
n
d
in
g
co
n
st
ra
in
ts

o
n

o
th
er

sp
a
rt
ic
le
s
su
ch

a
s
el
ec
tr
o
-w

ea
k
ch
a
rg
in
o
s
a
n
d

n
eu
tr
a
li
n
o
s
th
a
t
d
ir
ec
tl
y

co
u
p
le

to
th
e
H
ig
g
s
se
ct
o
r,

b
u
t
si
n
ce

th
es
e
co
u
p
li
n
g
s
a
re

sm
a
ll
er

th
a
n

f t
a
n
d

th
er
e
a
re

n
o
co
lo
r
fa
ct
o
rs
,
th
e
co
n
st
ra
in
ts

w
il
l
b
e
co
rr
es
p
o
n
d
in
g
ly

w
ea
k
er
.

S
p
a
rt
ic
le
s
su
ch

a
s
fi
rs
t
a
n
d

se
co
n
d
g
en

er
a
ti
o
n
sq
u
a
rk
s
a
n
d
sl
ep
to
n
s
th
a
t
h
av
e
n
o
d
ir
ec
t/
si
g
n
ifi
ca
n
t
co
u
p
li
n
g
s
to

th
e
H
ig
g
s
se
ct
o
r
a
re

co
n
st
ra
in
ed

o
n
ly

v
ia

tw
o
-l
o
o
p
eff

ec
ts

a
n
d
ca
n
ea
si
ly

b
e
in

th
e
1
0
-5
0
T
eV

ra
n
g
e.

A
n
im

p
o
rt
a
n
t
ex
ce
p
ti
o
n

w
o
u
ld

b
e
th
e
g
lu
in
o
,
si
n
ce

ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s
to

th
e
to
p
sq
u
a
rk

m
a
ss

a
re

p
ro
p
o
rt
io
n
a
l
to

m
g̃
[5
1]
.
U
si
n
g

δm
2 q̃
∼

2
g
2 s

3
π
2
m

2 g̃
×
lo
g
a
n
d
se
tt
in
g
lo
g
s
to

b
e
o
rd
er

u
n
it
y,

w
e
ex
p
ec
t
th
a
t
m

g̃
< ∼
3
m

q̃
.
F
o
r
to
p
sq
u
a
rk
s
to

re
m
a
in

in
th
e
∼

1
.5

T
eV

ra
n
g
e,

th
e
g
lu
in
o
m
u
st

b
e
li
g
h
te
r
th
a
n
3
-4

T
eV

.
In

m
o
d
el
s
w
it
h
el
ec
tr
ow

ea
k
g
a
u
g
in
o
m
a
ss

u
n
ifi
ca
ti
o
n
,
el
ec
tr
ow

ea
k
-i
n
o
s
w
o
u
ld

th
en

a
u
to
m
a
ti
ca
ll
y
n
o
t
d
es
tr
oy

n
a
tu
ra
ln
es
s.

T
o
su
m
m
a
ri
ze
,
n
a
tu
ra
ln
es
s
co
n
si
d
er
a
ti
o
n
s
su
g
g
es
t
th
a
t
S
U
S
Y

m
o
d
el
s
sh
o
u
ld

g
iv
e
ri
se

to
a
m
a
ss

sp
ec
tr
u
m

ch
a
ra
ct
er
iz
ed

b
y

•
|μ
|< ∼

Λ
N

S
∼

2
0
0
G
eV

,

•
th
ir
d
g
en

er
a
ti
o
n
sq
u
a
rk
s
m

t̃ L
,R
,
m

b̃ L
< ∼
1
.5

T
eV

,

•
m

g̃
< ∼
3
−
4
T
eV

a
n
d
S
S
B

el
ec
tr
ow

ea
k
-i
n
o
m
a
ss
es

sm
a
ll
er

th
a
n
1
-2

T
eV

•
m

q̃
1
,2
,
m

�̃ 1
,2
∼

1
0
−
5
0
T
eV

.

T
h
e
la
tt
er

w
ea
k
co
n
st
ra
in
t
o
n
fi
rs
t/
se
co
n
d
g
en

er
a
ti
o
n
m
a
tt
er

sc
a
la
rs

a
ll
ow

s
fo
r
a
d
ec
o
u
p
li
n
g
so
lu
ti
o
n
to

th
e

S
U
S
Y

fl
av
o
r,
C
P
,
p
-d
ec
ay

a
n
d
(i
n
d
ir
ec
tl
y
)
g
ra
v
it
in
o
p
ro
b
le
m
s.

S
U
S
Y

m
o
d
el
s
w
it
h
th
e
a
b
ov
e
g
en

er
ic
sp
ec
tr
a

h
av
e
b
ee
n
d
u
b
b
ed

“
n
a
tu
ra
l
S
U
S
Y
”
[5
2]
.3

T
h
is

sp
ec
tr
a
is

cl
o
se
ly

re
la
te
d
to

eff
ec
ti
ve

S
U
S
Y
[4
1]
,
b
u
t
w
it
h

th
e
a
d
d
it
io
n
a
l
re
q
u
ir
em

en
t
th
a
t
|μ
|< ∼

1
5
0
−

2
0
0
G
eV

w
h
ic
h
w
o
u
ld

li
k
el
y
g
iv
e
ri
se

to
a
h
ig
g
si
n
o
-l
ik
e
li
g
h
te
st

n
eu
tr
a
li
n
o
χ̃
0 1
.

In
co
n
tr
a
st
,
m
o
d
el
s
su
ch

a
s
m
S
U
G
R
A

w
it
h
ra
th
er

h
ea
v
y
to
p
sq
u
a
rk
s
a
re

ex
p
ec
te
d
to

b
e

h
ig
h
ly

fi
n
e-
tu
n
ed
,
ev
en

w
h
en

μ
is

sm
a
ll
a
s
in

th
e
h
y
p
er
b
o
li
c
b
ra
n
ch
/
fo
cu
s
p
o
in
t
(H

B
/
F
P
)
re
g
io
n
.

T
h
e
re
m
a
in
d
er

o
f
th
is
re
p
o
rt

is
g
ea
re
d
to
w
a
rd
s
p
re
se
n
ti
n
g
a
n
ew

se
t
o
f
su
p
er
sy
m
m
et
ry

b
en

ch
m
a
rk

m
o
d
el
s

su
it
a
b
le

fo
r
IL
C

in
v
es
ti
g
a
ti
o
n
s,
w
h
il
e
m
a
in
ta
in
in
g
co
n
si
st
en

cy
w
it
h
th
e
la
te
st

in
d
ir
ec
t
a
n
d
d
ir
ec
t
co
n
st
ra
in
ts

o
n
su
p
er
sy
m
m
et
ri
c
m
o
d
el
s,
es
p
ec
ia
ll
y
ta
k
in
g
in
to

a
cc
o
u
n
t
w
h
a
t
h
a
s
b
ee
n
le
a
rn
ed

fr
o
m

re
ce
n
t
L
H
C

se
a
rc
h
es
.

In
S
ec
.
2
,
w
e
b
ri
efl

y
su
m
m
a
ri
ze

cu
rr
en
t
in
d
ir
ec
t
co
n
st
ra
in
ts

o
n
S
U
S
Y

m
o
d
el
s,

a
n
d
a
ls
o
d
is
cu

ss
th
e
cu

rr
en
t

st
a
tu
s
o
f
S
U
S
Y
d
a
rk

m
a
tt
er
.
In

S
ec
.
3
,
w
e
p
re
se
n
t
a
su
m
m
a
ry

o
f
th
e
m
o
st

re
ce
n
t
re
su
lt
s
fr
o
m

L
H
C
se
a
rc
h
es

fo
r

3
F
o
r
ea
rl
ie
r
re
la
te
d
w
o
rk
,
se
e
R
ef
’s

[5
3
,
5
4
,
5
5
,
5
6
,
5
7
,
7
5
]. 3

7
9

S
U
S
Y

a
n
d
H
ig
g
s
b
o
so
n
s.

In
S
ec
.
4
,
w
e
p
re
se
n
t
a
va
ri
et
y
o
f
n
ew

p
o
st

L
H
C
7
b
en

ch
m
a
rk

p
o
in
ts

fo
r
IL
C
st
u
d
ie
s.

T
h
es
e
n
ew

b
en

ch
m
a
rk
s
re
fl
ec
t
a
m
ov
em

en
t
aw

ay
fr
o
m

p
re
v
io
u
s
st
u
d
ie
s
w
it
h
in

th
e
m
S
U
G
R
A
/
C
M
S
S
M

m
o
d
el
.

S
o
m
e
m
o
d
el
s
h
av
e
b
ee
n
se
le
ct
ed

d
u
e
to

th
ei
r
th
eo
re
ti
ca
l
m
o
ti
va
ti
o
n
(e
.g
.
n
a
tu
ra
l
S
U
S
Y

a
n
d
it
s
re
la
ti
v
es
),

w
h
il
e
o
th
er
s
h
av
e
b
ee
n

se
le
ct
ed

fo
r
th
ei
r
d
iv
er
si
ty

o
f
p
h
en
o
m
en
o
lo
g
y
w
h
ic
h

m
ay

b
e
ex
p
ec
te
d

a
t
IL
C
.
In

S
ec
.
5
,
w
e
p
re
se
n
t
a
b
ri
ef

su
m
m
a
ry

a
n
d
o
u
tl
o
o
k
fo
r
p
h
y
si
cs

p
ro
sp
ec
ts

a
t
th
e
IL
C
.

2
In

d
ir
e
ct

co
n
st
ra

in
ts

o
n

S
U
S
Y

m
o
d
e
ls

In
th
is
se
ct
io
n
,
w
e
re
v
ie
w

b
ri
efl
y
in
d
ir
ec
t
co
n
st
ra
in
ts

o
n
S
U
S
Y

m
o
d
el
s
fr
o
m

m
u
o
n
g
−
2
m
ea
su
re
m
en
ts
,
ra
re

B
-d
ec
ay

b
ra
n
ch
in
g
fr
a
ct
io
n
s
a
lo
n
g
w
it
h
a
n
u
p
d
a
te
d
d
is
cu

ss
io
n
o
f
th
e
ro
le

o
f
d
a
rk

m
a
tt
er

in
S
U
S
Y

m
o
d
el
s.

2
.1

(g
−
2)

μ
st
a
tu

s

T
h
e
m
a
g
n
et
ic

m
o
m
en
t
o
f
th
e
m
u
o
n

a
μ

≡
(g

−
2
) μ

2
w
a
s
m
ea
su
re
d

b
y

th
e
M
u
o
n

g
−

2
C
o
ll
a
b
o
ra
ti
o
n

[6
8]

a
n
d

h
a
s
b
ee
n

fo
u
n
d

to
g
iv
e
a
3
.6
σ

d
is
cr
ep

a
n
cy

w
it
h

S
M

ca
lc
u
la
ti
o
n
s
b
a
se
d

o
n

e+
e−

d
a
ta

[6
9]
:
Δ
a
μ

=
a
m

e
a
s

μ
−

a
S
M

μ
[e

+
e−

]
=

(2
8
.7

±
8
.0
)
×

1
0
−
1
0
.
W

h
en

τ
-d
ec
ay

d
a
ta

a
re

u
se
d
to

es
ti
m
a
te

th
e
h
a
d
ro
n
ic

va
cu

u
m

p
o
la
ri
za
ti
o
n
co
n
tr
ib
u
ti
o
n
ra
th
er

th
a
n
lo
w

en
er
g
y
e+

e−
a
n
n
ih
il
a
ti
o
n
d
a
ta
,
th
e
d
is
cr
ep
a
n
cy

re
d
u
ce
s
to

2
.4
σ
,

co
rr
en

sp
o
n
d
in
g
to

Δ
a
μ
=

a
m

e
a
s

μ
−
a
S
M

μ
[τ
]
=

(1
9
.5
±
8
.3
)
×
1
0
−
1
0
.

T
h
e
S
U
S
Y

co
n
tr
ib
u
ti
o
n

to
th
e
m
u
o
n

m
a
g
n
et
ic

m
o
m
en
t
is
[7
0]

Δ
a
S
U
S
Y

μ
∼

m
2 μ
μ
M

i
ta

n
β

m
4 S
U

S
Y

w
h
er
e
i
=

1
,2

st
a
n
d
s
fo
r
el
ec
tr
ow

ea
k
g
a
u
g
in
o
m
a
ss
es

a
n
d
m

S
U
S
Y

is
th
e
ch
a
ra
ct
er
is
ti
c
sp
a
rt
ic
le

m
a
ss

ci
rc
u
la
ti
n
g
in

th
e

m
u
o
n
-m

u
o
n
-p
h
o
to
n
v
er
te
x
co
rr
ec
ti
o
n
:
h
er
e,

m
μ̃
L
,R
,
m

ν̃
μ
,
m

χ̃
+ i
a
n
d
m

χ̃
0 j
.
A
tt
em

p
ts

to
ex
p
la
in

th
e
m
u
o
n
g
−
2

a
n
o
m
a
ly

u
si
n
g
su
p
er
sy
m
m
et
ry

u
su
a
ll
y
in
v
o
k
e
sp
a
rt
ic
le

m
a
ss

sp
ec
tr
a
w
it
h

re
la
ti
v
el
y
li
g
h
t
sm

u
o
n
s
a
n
d
/
o
r

la
rg
e
ta
n
β
(s
ee

e.
g.

R
ef
.
[7
1]
).

S
o
m
e
S
U
S
Y

m
o
d
el
s
w
h
er
e
m

μ̃
L
,R

is
co
rr
el
a
te
d
w
it
h
sq
u
a
rk

m
a
ss
es

(s
u
ch

a
s

m
S
U
G
R
A
)
a
re

n
ow

h
ig
h
ly

st
re
ss
ed

to
ex
p
la
in

th
e
(g

−
2
) μ

a
n
o
m
a
ly
.
In

a
d
d
it
io
n
,
si
n
ce

n
a
tu
ra
ln
es
s
fa
v
o
rs

a
lo
w

va
lu
e
o
f
|μ
|,
te
n
si
o
n
a
g
a
in

a
ri
se
s
b
et
w
ee
n
a
la
rg
e
co
n
tr
ib
u
ti
o
n
to

Δ
a
S
U
S
Y

μ
a
n
d
n
a
tu
ra
ln
es
s
co
n
d
it
io
n
s.

T
h
es
e
te
n
si
o
n
s
m
o
ti
va
te

sc
en

a
ri
o
s
w
it
h
n
o
n
-u
n
iv
er
sa
l
sc
a
la
r
m
a
ss
es
.
O
f
th
e
b
en
ch
m
a
rk

sc
en

a
ri
o
s
d
is
cu

ss
ed

in
th
e
fo
ll
ow

in
g
,
so
m
e
fe
a
tu
re

li
g
h
t
sm

u
o
n
s
w
h
ic
h
ra
is
e
(g

−
2
) μ

to
it
s
ex
p
er
im

en
ta
l
va
lu
e,

w
h
il
e
o
th
er
s
a
re

co
m
p
a
ti
b
le

w
it
h
th
e
S
ta
n
d
a
rd

M
o
d
el

p
re
d
ic
ti
o
n
.

2
.2

b
→

sγ

T
h
e
co
m
b
in
a
ti
o
n

o
f
se
v
er
a
l
m
ea
su
re
m
en
ts

o
f
th
e
b
→

sγ
b
ra
n
ch
in
g
fr
a
ct
io
n

fi
n
d
s
th
a
t
B
F
(b

→
sγ

)
=

(3
.5
5
±

0
.2
6
)
×

1
0
−
4
[7
2]
.

T
h
is

is
so
m
ew

h
a
t
h
ig
h
er

th
a
n

th
e
S
M

p
re
d
ic
ti
o
n

[7
3]

o
f
B
F

S
M
(b

→
sγ

)
=

(3
.1
5
±

0
.2
3
)
×

1
0
−
4
.
S
U
S
Y

co
n
tr
ib
u
ti
o
n
s
to

th
e
b
→

sγ
d
ec
ay

ra
te

co
m
e
m
a
in
ly

fr
o
m

ch
a
rg
in
o
-t
o
p
-s
q
u
a
rk

lo
o
p
s
a
n
d
lo
o
p
s
co
n
ta
in
in
g
ch
a
rg
ed

H
ig
g
s
b
o
so
n
s,

a
n
d
so

a
re

la
rg
e
w
h
en

th
es
e
p
a
rt
ic
le
s
a
re

li
g
h
t
a
n
d
w
h
en

ta
n
β
is
la
rg
e
[7
4]
.

2
.3

B
s
→

μ
+
μ
−

T
h
e
d
ec
ay

B
s
→

μ
+
μ
−
o
cc
u
rs

in
th
e
S
M

a
t
a
ca
lc
u
la
te
d
b
ra
n
ch
in
g
ra
ti
o
va
lu
e
o
f
(3
.2
±0

.2
)×

1
0
−
9
.
T
h
e
C
M
S

ex
p
er
im

en
t
[6
5]

h
a
s
p
ro
v
id
ed

a
n
u
p
p
er

li
m
it
o
n
th
is
b
ra
n
ch
in
g
fr
a
ct
io
n
o
f
B
F
(B

s
→

μ
+
μ
−
)
<

1
.9
×
1
0
−
8
a
t

9
5
%

C
L
.
T
h
e
C
D
F
ex
p
er
im

en
t
[6
6]

cl
a
im

s
a
si
g
n
a
l
in

th
is
ch
a
n
n
el

a
t
B
F
(B

s
→

μ
+
μ
−
)
=

(1
.8
±
1
.0
)
×
1
0
−
8

a
t
9
5
%

C
L
,
w
h
ic
h
is

in
so
m
e
d
is
co
rd

w
it
h
th
e
C
M
S
re
su
lt
.
F
in
a
ll
y,

th
e
L
H
C
b
ex
p
er
im

en
t
h
a
s
re
p
o
rt
ed

a
st
ro
n
g
n
ew

b
o
u
n
d
o
f
B
F
(B

s
→

μ
+
μ
−
)
<

4
.5

×
1
0
−
9
[6
7]
.
In

su
p
er
sy
m
m
et
ri
c
m
o
d
el
s,

th
is

fl
av
o
r-
ch
a
n
g
in
g

d
ec
ay

o
cc
u
rs

th
ro
u
g
h
p
se
u
d
o
sc
a
la
r
H
ig
g
s
A

ex
ch
a
n
g
e
[6
1,

6
2]
,
a
n
d
th
e
co
n
tr
ib
u
ti
o
n
to

th
e
b
ra
n
ch
in
g
fr
ac
ti
o
n

fr
o
m

S
U
S
Y

is
p
ro
p
o
rt
io
n
a
l
to

ta
n
6
β

m
4 A

.

2
.4

B
u
→

τ
+
ν τ

T
h
e
b
ra
n
ch
in
g
fr
a
ct
io
n

fo
r
B

u
→

τ
+
ν τ

d
ec
ay

is
ca
lc
u
la
te
d

[6
3
]
in

th
e
S
M

to
b
e
B
F
(B

u
→

τ
+
ν τ
)
=

(1
.1
0
±
0
.2
9
)
×
1
0
−
4
.
T
h
is
is
to

b
e
co
m
p
a
re
d
to

th
e
va
lu
e
fr
o
m

th
e
H
ea
v
y
F
la
v
o
r
A
v
er
a
g
in
g
g
ro
u
p
[6
4]
,
w
h
ic
h

fi
n
d
s
a
m
ea
su
re
d
va
lu
e
o
f
B
F
(B

u
→

τ
+
ν τ
)
=

(1
.4
1
±
0
.4
3
)
×
1
0
−
4
,
in

a
g
re
em

en
t
w
it
h
th
e
S
M

p
re
d
ic
ti
o
n
,
b
u
t

3
8

0



le
av

in
g
ro
o
m

fo
r
a
d
d
it
io
n
a
l
co
n
tr
ib
u
ti
o
n
s.

T
h
e
m
a
in

co
n
tr
ib
u
ti
o
n
fr
o
m

S
U
S
Y

co
m
es

fr
o
m

tr
ee
-l
ev
el

ch
a
rg
ed

H
ig
g
s
ex
ch
a
n
g
e,

a
n
d
is
la
rg
e
a
t
la
rg
e
ta
n
β
a
n
d
lo
w

m
H

+
.

2
.5

D
a
rk

m
a
tt
e
r

D
u
ri
n
g
th
e
p
a
st

se
v
er
a
l
d
ec
a
d
es
,
a
v
er
y
co
m
p
el
li
n
g
a
n
d
si
m
p
le

sc
en
a
ri
o
h
a
s
em

er
g
ed

to
ex
p
la
in

th
e
p
re
se
n
ce

o
f
d
a
rk

m
a
tt
er

in
th
e
u
n
iv
er
se

w
it
h
a
n
a
b
u
n
d
a
n
ce

ro
u
g
h
ly

fi
v
e
ti
m
es

th
a
t
o
f
b
a
ry
o
n
ic

m
a
tt
er
.
T
h
e
W

IM
P

m
ir
a
cl
e
sc
en
a
ri
o
p
o
si
ts

th
a
t
w
ea
k
ly

in
te
ra
ct
in
g
m
a
ss
iv
e
p
a
rt
ic
le
s
w
o
u
ld

b
e
in

th
er
m
a
l
eq
u
il
ib
ri
u
m

w
it
h
th
e

co
sm

ic
p
la
sm

a
a
t
v
er
y
h
ig
h

te
m
p
er
a
tu
re
s
T

> ∼
m

W
I
M

P
.

A
s
th
e
u
n
iv
er
se

ex
p
a
n
d
s
a
n
d

co
o
ls
,
th
e
W

IM
P

p
a
rt
ic
le
s
w
o
u
ld

fr
ee
ze

o
u
t
o
f
th
er
m
a
l
eq
u
il
ib
ri
u
m
,
lo
ck
in
g
in

a
re
li
c
a
b
u
n
d
a
n
ce

th
a
t
d
ep

en
d
s
in
v
er
se
ly

o
n
th
e

th
er
m
a
ll
y
-a
v
er
a
g
ed

W
IM

P
(c
o
)-
a
n
n
ih
il
a
ti
o
n
cr
o
ss

se
ct
io
n
[7
6]
.
T
h
e
W

IM
P

“
m
ir
a
cl
e”

o
cc
u
rs

in
th
a
t
a
w
ea
k

st
re
n
g
th

a
n
n
ih
il
a
ti
o
n
cr
o
ss

se
ct
io
n
g
iv
es

ro
u
g
h
ly

th
e
m
ea
su
re
d
re
li
c
a
b
u
n
d
a
n
ce

p
ro
v
id
ed

th
e
W

IM
P

m
a
ss

is
o
f
th
e
o
rd
er

o
f
th
e
w
ea
k
sc
a
le

[7
7]
.
T
h
e
li
g
h
te
st

n
eu
tr
a
li
n
o
of

S
U
S
Y

m
o
d
el
s
h
a
s
b
ee
n
to
u
te
d
a
s
a
p
ro
ty
p
ic
a
l

W
IM

P
ca
n
d
id
a
te

[7
8,

7
9,

8
0]
.

W
h
il
e
th
e
W

IM
P
m
ir
a
cl
e
sc
en

a
ri
o
is
b
o
th

si
m
p
le

a
n
d
en
g
a
g
in
g
,
it
is
n
ow

cl
ea
r
th
a
t
it
su
ff
er
s
fr
o
m

se
v
er
a
l

p
ro
b
le
m
s
in

th
e
ca
se

o
f
S
U
S
Y

th
eo
ri
es
.
T
h
e
fi
rs
t
o
f
th
es
e
is
th
a
t
in

g
en

er
a
l
S
U
S
Y

th
eo
ri
es

w
h
er
e
th
e
li
g
h
te
st

n
eu
tr
a
li
n
o
p
la
y
s
th
e
ro
le

o
f
a
th
er
m
a
ll
y
p
ro
d
u
ce
d
W

IM
P
,
th
e
ca
lc
u
la
te
d
re
li
c
a
b
u
n
d
a
n
ce

Ω
χ
h
2
is

in
fa
ct

ty
p
ic
a
ll
y
tw

o
-t
o
-f
o
u
r
o
rd
er
s
o
f
m
a
g
n
it
u
d
e
la
rg
er

th
a
n
th
e
m
ea
su
re
d
a
b
u
n
d
a
n
ce

Ω
m

e
a
s

C
D
M
h
2
∼

0
.1
1
in

th
e
ca
se

o
f
a
b
in
o
-l
ik
e
n
eu

tr
a
li
n
o
,
a
n
d
o
n
e-
to
-t
w
o
o
rd
er
s
o
f
m
a
g
n
it
u
d
e
lo
w
er

th
a
n
m
ea
su
re
m
en
ts

in
th
e
ca
se

o
f
w
in
o
-

o
r
h
ig
g
si
n
o
-l
ik
e
n
eu

tr
a
li
n
o
s
[8
1]
.
In

fa
ct
,
ra
th
er

st
ro
n
g
co
-a
n
n
ih
il
a
ti
o
n
,
re
so
n
a
n
ce

a
n
n
ih
il
a
ti
o
n
o
r
m
ix
ed

b
in
o
-

h
ig
g
si
n
o
o
r
m
ix
ed

w
in
o
-b
in
o
a
n
n
ih
il
a
ti
o
n
is

n
ee
d
ed

to
o
b
ta
in

th
e
m
ea
su
re
d
d
a
rk

m
a
tt
er

a
b
u
n
d
a
n
ce
.
E
a
ch

o
f
th
es
e
sc
en
a
ri
o
s
ty
p
ic
a
ll
y
re
q
u
ir
es

co
n
si
d
er
a
b
le

la
rg
e
fi
n
e-
tu
n
in
g
o
f
p
a
ra
m
et
er
s
to

g
a
in

th
e
m
ea
su
re
d
d
a
rk

m
a
tt
er

a
b
u
n
d
a
n
ce

[8
2]
.
T
h
e
ca
se

w
h
er
e
n
eu
tr
a
li
n
o
s
n
a
tu
ra
ll
y
g
iv
e
th
e
m
ea
su
re
d
C
D
M

a
b
u
n
d
a
n
ce

is
w
h
en

o
n
e
h
a
s
a
b
in
o
-l
ik
e
n
eu

tr
a
li
n
o
a
n
n
ih
il
a
ti
n
g
v
ia

sl
ep
to
n
ex
ch
a
n
g
e
w
it
h
sl
ep

to
n
m
a
ss
es

in
th
e
5
0
-7
0
G
eV

ra
n
g
e:

su
ch

m
a
ss

va
lu
es

w
er
e
lo
n
g
a
g
o
ru
le
d
o
u
t
b
y
sl
ep
to
n
se
a
rc
h
es

a
t
L
E
P
2
.

T
h
e
se
co
n
d
p
ro
b
le
m

w
it
h
th
e
S
U
S
Y

W
IM

P
m
ir
a
cl
e
sc
en
a
ri
o
is

th
at

it
n
eg
le
ct
s
th
e
g
ra
v
it
in
o
,
w
h
ic
h
is

a
n
es
se
n
ti
a
l
co
m
p
o
n
en
t
o
f
th
eo
ri
es

b
a
se
d
o
n
su
p
er
g
ra
v
it
y.

G
ra
v
it
in
o
s
ca
n
b
e
p
ro
d
u
ce
d
th
er
m
a
ll
y
a
t
h
ig
h

ra
te
s
a
t
h
ig
h
re
-h
ea
t
te
m
p
er
a
tu
re
s
T
R

a
ft
er

in
fl
a
ti
o
n
.
If

m
G̃

>
m

L
S
P
,
th
en

g
ra
v
it
in
o
d
ec
ay

s
in
to

a
st
a
b
le

L
S
P

ca
n
ov
er
p
ro
d
u
ce

d
a
rk

m
a
tt
er

fo
r
T
R

> ∼
1
0
1
0
G
eV

.
E
v
en

a
t
m
u
ch

lo
w
er

T
R
∼

1
0
5
−

1
0
1
0
G
eV

,
th
er
m
a
l

p
ro
d
u
ct
io
n
o
f
g
ra
v
it
in
o
s
fo
ll
ow

ed
b
y
la
te

d
ec
ay

s
(s
in
ce

g
ra
v
it
in
o
d
ec
ay

s
a
re

su
p
p
re
ss
ed

b
y
th
e
P
la
n
ck

sc
a
le
)

te
n
d
to

d
is
so
ci
a
te

li
g
h
t
n
u
cl
ei

p
ro
d
u
ce
d
in

th
e
ea
rl
y
u
n
iv
er
se
,
th
u
s
d
es
tr
oy

in
g
th
e
su
cc
es
sf
u
l
p
ic
tu
re

o
f
B
ig

B
a
n
g
n
u
cl
eo
sy
n
th
es
is
[4
6]
.

T
h
e
th
ir
d
p
ro
b
le
m

is
th
a
t
th
e
S
U
S
Y

W
IM

P
sc
en
a
ri
o
n
eg
le
ct
s
a
t
le
a
st

tw
o
v
er
y
co
m
p
el
li
n
g
n
ew

p
h
y
si
cs

eff
ec
ts

th
a
t
w
o
u
ld

h
av
e
a
st
ro
n
g
in
fl
u
en
ce

o
n
d
a
rk

m
a
tt
er

p
ro
d
u
ct
io
n
in

th
e
ea
rl
y
u
n
iv
er
se
.

•
T
h
e
fi
rs
t
o
f
th
es
e
is

th
a
t
st
ri
n
g
th
eo
ry

se
em

s
to

re
q
u
ir
e
th
e
p
re
se
n
ce

o
f
a
t
le
a
st

o
n
e
li
g
h
t
(∼

1
0
−
1
0
0

T
eV

)
m
o
d
u
li
fi
el
d
[8
3]
.
T
h
e
m
o
d
u
li
ca
n
b
e
p
ro
d
u
ce
d
a
t
la
rg
e
ra
te
s
in

th
e
ea
rl
y
u
n
iv
er
se

a
n
d
d
ec
ay

a
t

ti
m
es

∼
1
0
−
1
−
1
0
5
se
c
a
ft
er

th
e
B
ig

B
a
n
g
.
D
ep

en
d
in
g
o
n
th
ei
r
b
ra
n
ch
in
g
fr
a
ct
io
n
s,
th
ey

co
u
ld

ei
th
er

fe
ed

a
d
d
it
io
n
a
l
L
S
P
s
in
to

th
e
co
sm

ic
p
la
sm

a
[8
4]
,
o
r
d
ec
ay

m
a
in
ly

to
S
M

p
a
rt
ic
le
s,

th
u
s
d
il
u
ti
n
g
a
ll

re
li
cs

p
re
se
n
t
a
t
th
e
ti
m
e
o
f
d
ec
ay

[8
5]
.

•
T
h
e
se
co
n
d
n
eg
le
ct
ed

eff
ec
t
is

th
e
st
ro
n
g
C
P

p
ro
b
le
m
,
w
h
ic
h
is

d
ee
p
ly

ro
u
te
d
in

Q
C
D

p
h
en
o
m
en
o
l-

o
g
y
[8
6]
.
A
ft
er

m
o
re

th
a
n
th
re
e
d
ec
a
d
es
,
th
e
m
o
st

co
m
p
el
li
n
g
so
lu
ti
o
n
to

th
e
st
ro
n
g
C
P

p
ro
b
le
m

is
th
e

h
y
p
o
th
es
is

o
f
a
P
ec
ce
i-
Q
u
in
n
a
x
ia
l
sy
m
m
et
ry

w
h
o
se

b
re
a
k
in
g
g
iv
es

ri
se

to
a
x
io
n
p
a
rt
ic
le
s
w
it
h
m
a
ss

∼
1
0
−
6
−
1
0
−
9
eV

[8
7]
.
T
h
e
a
x
io
n
s
ca
n
b
e
p
ro
d
u
ce
d
n
o
n
-t
h
er
m
a
ll
y
v
ia

co
h
er
en
t
o
sc
il
la
ti
o
n
s
[8
8,

8
9,

9
0]
,

a
n
d
a
ls
o
w
o
u
ld

co
n
st
it
u
te

a
p
o
rt
io
n
o
f
th
e
d
a
rk

m
a
tt
er
.
In

S
U
S
Y

th
eo
ri
es
,
th
e
a
x
io
n
s
a
re

a
cc
o
m
p
a
n
ie
d

b
y
R
-o
d
d
sp
in
-1 2

a
x
in
o
s
ã
a
n
d
R
-e
v
en

sp
in
-0

sa
x
io
n
s
s
[9
1]
.
T
h
er
m
a
l
p
ro
d
u
ct
io
n
o
f
a
x
in
o
s
a
n
d
n
o
n
-

th
er
m
a
l
p
ro
d
u
ct
io
n
o
f
sa
x
io
n
s
ca
n
ei
th
er

fe
ed

m
o
re

d
a
rk

m
a
tt
er

p
a
rt
ic
le
s
in
to

th
e
co
sm

ic
p
la
sm

a
,
o
r

in
je
ct

a
d
d
it
io
n
a
l
en
tr
o
p
y,

th
u
s
d
il
u
ti
n
g
a
ll
re
li
cs

p
re
se
n
t
a
t
th
e
ti
m
e
o
f
d
ec
ay
.
T
h
eo
re
ti
ca
l
p
re
d
ic
ti
o
n
s

fo
r
th
e
re
li
c
a
b
u
n
d
a
n
ce

o
f
d
a
rk

m
a
tt
er

in
th
es
e
sc
en
a
ri
o
s
a
re

av
a
il
a
b
le

b
u
t
v
er
y
m
o
d
el
-d
ep

en
d
en
t.

In
th
e
ca
se

o
f
m
ix
ed

a
x
io
n
-n
eu
tr
a
li
n
o
d
a
rk

m
a
tt
er
,
it

is
u
su
a
ll
y
v
er
y
d
iffi

cu
lt

to
lo
w
er

a
st
a
n
d
a
rd

ov
er
-

a
b
u
n
d
a
n
ce

o
f
n
eu
tr
a
li
n
o
s,

b
u
t
it

is
a
ls
o
v
er
y
ea
sy

to
b
o
ls
te
r
a
st
a
n
d
a
rd

u
n
d
er
a
b
u
n
d
a
n
ce

[2
3]
.
T
h
is

la
tt
er

ca
se

m
ay

le
a
d
o
n
e
to

co
n
si
d
er

S
U
S
Y

m
o
d
el
s
w
it
h
a
st
a
n
d
a
rd

u
n
d
er
a
b
u
n
d
a
n
ce

o
f
w
in
o
-l
ik
e
o
r

h
ig
g
si
n
o
-l
ik
e
n
eu
tr
a
li
n
o
s
a
s
p
er
h
a
p
s
th
e
m
o
re

co
m
p
el
li
n
g
p
o
ss
ib
il
it
y
fo
r
C
D
M
.
In

th
e
ca
se

o
f
m
ix
ed

3
8

1

a
x
io
n
-n
eu
tr
a
li
n
o
C
D
M
,
it
ca
n
b
e
v
er
y
m
o
d
el
-d
ep

en
d
en
t
w
h
et
h
er

th
e
a
x
io
n
o
r
th
e
n
eu
tr
a
li
n
o
d
o
m
in
a
te
s

th
e
D
M

a
b
u
n
d
a
n
ce
,
a
n
d
ca
se
s
w
h
er
e
th
er
e
is
a
co
m
p
a
ra
b
le

a
d
m
ix
tu
re

o
f
b
o
th

a
re

p
o
ss
ib
le
.

T
h
e
u
p
sh
o
t
fo
r
IL
C

o
r
L
H
C

p
h
y
si
cs

is
th
a
t
o
n
e
sh
o
u
ld
n
’t
ta
k
e
d
ar
k
m
a
tt
er

a
b
u
n
d
a
n
ce

co
n
st
ra
in
ts

o
n
S
U
S
Y

th
eo
ri
es

to
o
se
ri
o
u
sl
y
a
t
th
is

p
o
in
t
in

ti
m
e.

2
.5
.1

S
ta

tu
s
o
f
W

IM
P

d
a
rk

m
a
tt
e
r
se
a
rc
h
e
s

A
s
o
f
sp
ri
n
g
2
0
1
2
,
a
va
ri
et
y
o
f
d
ir
ec
t
a
n
d
in
d
ir
ec
t
W

IM
P
d
a
rk

m
a
tt
er

d
et
ec
ti
o
n
se
a
rc
h
es

a
re

o
n
g
o
in
g
.
S
ev
er
a
l

ex
p
er
im

en
ts

–
D
A
M
A
/
L
ib
ra
,
C
o
G
en
t
a
n
d
C
re
ss
t
–
cl
a
im

ex
ce
ss

si
g
n
a
l
ra
te
s
b
ey
o
n
d
ex
p
ec
te
d
b
a
ck
g
ro
u
n
d
s.

T
h
es
e
va
ri
o
u
s
ex
ce
ss
es

ca
n
b
e
in
te
rp
re
te
d
in

te
rm

s
o
f
a
se
v
er
a
l
G
eV

W
IM

P
p
a
rt
ic
le
,
a
lt
h
o
u
g
h
th
e
th
re
e

re
su
lt
s
se
em

a
t
fi
rs
t
si
g
h
t
in
co
n
si
st
en
t
w
it
h

ea
ch

o
th
er
.

It
is

a
ls
o
p
o
ss
ib
le

th
a
t
m
u
o
n

o
r
n
u
cl
ea
r
d
ec
ay

in
d
u
ce
d
n
eu
tr
o
n
b
a
ck
g
ro
u
n
d
s
–
w
h
ic
h
a
re

v
er
y
d
iffi

cu
lt
to

es
ti
m
a
te

–
co
n
tr
ib
u
te

to
th
e
ex
ce
ss
es
.
N
u
m
er
o
u
s

th
eo
re
ti
ca
l
a
n
d
ex
p
er
im

en
ta
l
a
n
a
ly
se
s
a
re

o
n
g
o
in
g
to

so
rt

th
e
si
tu
a
ti
o
n
o
u
t.

A
W

IM
P

p
a
rt
ic
le

o
f
a
fe
w

G
eV

se
em

s
h
a
rd

to
a
cc
o
m
m
o
d
a
te

in
S
U
S
Y

th
eo
ri
es
.

T
h
er
e
a
ls
o
ex
is
ts

cl
a
im

s
fo
r
m
ea
su
re
d
p
o
si
tr
o
n
ex
ce
ss
es

in
co
sm

ic
ra
y
s
a
b
ov
e
ex
p
ec
te
d
b
a
ck
g
ro
u
n
d
s
b
y

th
e
P
a
m
el
a
co
ll
a
b
o
ra
ti
o
n
[9
2]

a
n
d
cl
a
im

s
fo
r
a
n
el
ec
tr
o
n
ex
ce
ss

b
y
th
e
F
er
m
i-
L
A
T

g
ro
u
p
[9
3]
.
W

h
il
e
th
es
e

cl
a
im

s
ca
n
b
e
u
n
d
er
st
o
o
d
in

te
rm

s
o
f
v
er
y
m
a
ss
iv
e
W

IM
P
s
o
f
o
rd
er

h
u
n
d
re
d
s
o
f
G
eV

,
it
is
u
n
cl
ea
r
a
t
p
re
se
n
t

w
h
et
h
er

th
e
p
o
si
tr
o
n
s
a
ri
se

fr
o
m

ex
o
ti
c
a
st
ro
p
h
y
si
ca
l
so
u
rc
es

[9
4]

o
r
si
m
p
ly

fr
o
m

ra
re

m
is
-i
d
en
ti
fi
ca
ti
o
n
o
f

co
sm

ic
p
ro
to
n
s.

A
va
ri
et
y
o
f
o
th
er

d
ir
ec
t
W

IM
P

se
a
rc
h
ex
p
er
im

en
ts

h
av
e
p
ro
b
ed

d
ee
p
ly

in
to

W
IM

P
-m

o
d
el

p
a
ra
m
et
er

sp
a
ce
,
w
it
h
n
o
a
p
p
a
re
n
t
ex
ce
ss
es

a
b
ov
e
S
M

b
a
ck
g
ro
u
n
d
.
A
t
th
is
ti
m
e,

th
e
b
es
t
li
m
it
s
co
m
e
fr
o
m

th
e
X
en
o
n
-

1
0
0
ex
p
er
im

en
t
[9
5]
,
w
h
ic
h
ex
cl
u
d
es

W
IM

P
-p
ro
to
n
sc
a
tt
er
in
g
cr
o
ss

se
ct
io
n
s
o
f
σ
(χ

p
)
> ∼
1
0
−
8
p
b
a
t
9
0
%
C
L

fo
r
m

W
I
M

P
∼

1
0
0
G
eV

.
T
h
e
X
en

o
n
-1
0
0
,
L
U
X

a
n
d
C
D
M
S
ex
p
er
im

en
ts

se
em

p
o
is
ed

d
ec
is
iv
el
y
to

p
ro
b
e
th
e

ex
p
ec
te
d
p
a
ra
m
et
er

sp
a
ce

o
f
m
ix
ed

b
in
o
-h
ig
g
si
n
o
d
a
rk

m
a
tt
er

[9
6,

9
7]

(a
s
o
cc
u
rs

fo
r
in
st
a
n
ce

in
fo
cu
s
p
o
in
t

S
U
S
Y

o
f
th
e
m
S
U
G
R
A

m
o
d
el
)
in

th
e
n
ex
t
ro
u
n
d
o
f
d
a
ta

ta
k
in
g
.

2
.5
.2

G
ra
v
it
in
o
d
a
rk

m
a
tt
e
r

It
is
p
o
ss
ib
le

in
S
U
S
Y

th
eo
ri
es

th
a
t
g
ra
v
it
in
o
s
a
re

th
e
li
g
h
te
st

S
U
S
Y

p
a
rt
ic
le
,
a
n
d
co
u
ld

fi
ll
th
e
ro
le

o
f
d
a
rk

m
a
tt
er
.
In

g
ra
v
it
y
-m

ed
ia
ti
o
n
,
th
e
g
ra
v
it
in
o
is

ex
p
ec
te
d
to

h
av
e
m
a
ss

o
f
o
rd
er

th
e
w
ea
k
sc
a
le
.
In

th
is

ca
se
,

la
te

d
ec
ay

s
o
f
th
er
m
a
ll
y
p
ro
d
u
ce
d
n
eu
tr
a
li
n
o
s
in
to

g
ra
v
it
in
o
s
a
re

o
ft
en

in
co
n
fl
ic
t
w
it
h
B
B
N

co
n
st
ra
in
ts
.
If

th
e
g
ra
v
it
in
o
s
a
re

m
u
ch

li
g
h
te
r,

w
el
l
b
el
ow

th
e
G
eV

sc
a
le
,
th
en

th
ei
r
g
o
ld
st
in
o
co
u
p
li
n
g
is

en
h
a
n
ce
d
a
n
d

B
B
N

co
n
st
ra
in
ts

ca
n
b
e
ev
a
d
ed

.
T
h
is
sc
en

a
ri
o
te
n
d
s
to

o
cc
u
r
fo
r
in
st
a
n
ce

in
g
a
u
g
e-
m
ed

ia
te
d
S
U
S
Y

th
eo
ri
es
.

T
h
e
si
m
p
le
st

G
M
S
B

sc
en

a
ri
o
s
n
ow

a
p
p
ea
r
in

co
n
fl
ic
t
w
it
h
H
ig
g
s
m
a
ss

re
su
lt
s
if
in
d
ee
d
L
H
C

is
se
ei
n
g
m

h

a
t
∼

1
2
5
G
eV

[3
2
,
3
3]
.

W
e
w
il
l,

h
ow

ev
er
,
p
re
se
n
t
a
n
ex
a
m
p
le

o
f
a
n
o
n
-m

in
im

a
l
G
M
S
B

m
o
d
el

w
h
ic
h
is

co
m
p
a
ti
b
le

w
it
h
a
H
ig
g
s
m
a
ss

o
f
∼

1
2
5
G
eV

.

3
L
H
C

re
su

lt
s

In
th
is

se
ct
io
n
,
w
e
p
re
se
n
t
a
v
er
y
b
ri
ef

su
m
m
a
ry

o
f
th
e
st
a
tu
s
o
f
L
H
C

se
a
rc
h
es

fo
r
S
U
S
Y

H
ig
g
s
b
o
so
n
s
a
n
d

fo
r
S
U
S
Y

p
a
rt
ic
le
s
a
s
o
f
A
p
ri
l
2
0
1
2
.

3
.1

Im
p
a
ct

o
f
H
ig
g
s
se
a
rc
h
e
s

3
.1
.1

S
M

-l
ik
e
H
ig
g
s
sc
a
la
r

T
h
e
A
T
L
A
S
a
n
d
C
M
S
ex
p
er
im

en
ts

re
p
o
rt
ed

o
n
se
a
rc
h
re
su
lt
s
fo
r
a
S
M
-l
ik
e
n
eu

tr
a
l
H
ig
g
s
sc
a
la
r
H

S
M

in
M
a
rc
h
2
0
1
2
b
a
se
d
o
n
a
b
o
u
t
5
fb

−
1
o
f
d
a
ta

a
t
√ s

=
7
T
eV

[1
0
8,

1
0
9]
.
T
h
ei
r
a
n
a
ly
se
s
ex
cl
u
d
e
a
S
M
-l
ik
e

H
ig
g
s
b
o
so
n
ov
er

th
e
m
a
ss

ra
n
g
e
1
2
7
<

m
H

S
M

<
6
0
0
G
eV

.
C
o
m
b
in
in
g
th
is

ra
n
g
e
w
it
h
a
fi
t
o
f
p
re
ci
si
o
n

el
ec
tr
ow

ea
k
d
a
ta

to
S
M

p
re
d
ic
ti
o
n
s
th
en

a
ll
ow

s
a
S
M
-l
ik
e
H
ig
g
s
b
o
so
n
to

li
v
e
in

th
e
n
a
rr
ow

m
a
ss

ra
n
g
e
o
f

1
1
5
G
eV

<
m

H
S
M

<
1
2
7
G
eV

.
In

fa
ct
,
A
T
L
A
S
re
p
o
rt
s
a
n
ex
ce
ss

o
f
ev
en
ts

a
t
3
.5
σ
le
v
el

in
th
e
γ
γ
,
W

W
∗

a
n
d
Z
Z

∗
ch
a
n
n
el
s
w
h
ic
h
is
co
n
si
st
en
t
w
it
h
m

H
S
M

∼
1
2
6
G
eV

.
A

si
m
il
a
r
ex
ce
ss

is
re
p
o
rt
ed

b
y
C
M
S
a
t
3
.1
σ

a
t
m

H
S
M

∼
1
2
4
G
eV

,
a
lo
n
g
w
it
h
a
n
ex
ce
ss

o
f
4
�
ev
en
ts

a
t
∼

1
2
0
G
eV

.
T
h
es
e
ex
ce
ss
es

a
re

a
ls
o
co
rr
o
b
o
ra
te
d

3
8
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b
y
re
ce
n
t
re
p
o
rt
s
fr
o
m

C
D
F
a
n
d
D
0
a
t
th
e
F
er
m
il
a
b
T
ev
a
tr
o
n
o
f
ex
ce
ss

ev
en
ts

ov
er

th
e
m
a
ss

ra
n
g
e
1
1
5
-1
3
0

G
eV

[1
1
0]
.
U
p
co
m
in
g
d
a
ta

fr
o
m

th
e
2
0
1
2
L
H
C

ru
n
a
t
√ s

=
8
T
eV

sh
o
u
ld

va
li
d
a
te

o
r
ex
cl
u
d
e
a
H
ig
g
s
si
g
n
a
l

in
th
e
1
1
5
-1
2
7
G
eV

ra
n
g
e.

3
.1
.2

N
o
n
-s
ta

n
d
a
rd

H
ig
g
s
b
o
so

n
s

S
ea
rc
h
es

b
y
A
T
L
A
S
a
n
d
C
M
S
fo
r
H
,
A

→
τ
+
τ
−
n
ow

ex
cl
u
d
e
a
la
rg
e
p
o
rt
io
n
o
f
th
e
m

A
v
s.

ta
n
β
p
la
n
e
[1
1
1,

1
1
2]
.
In

p
a
rt
ic
u
la
r,
th
e
re
g
io
n
a
ro
u
n
d
ta
n
β
∼

5
0
,
w
h
ic
h
is

fa
v
o
re
d
b
y
Y
u
ka
w
a
-u
n
ifi
ed

S
U
S
Y

G
U
T

th
eo
ri
es
,

n
ow

ex
cl
u
d
es

m
A
<

5
0
0
G
eV

.
F
o
r
ta
n
β
=

1
0
,
th
e
ra
n
g
e
1
2
0
G
eV

<
m

A
<

2
2
0
G
eV

is
ex
cl
u
d
ed
.
A
T
L
A
S

ex
cl
u
d
es

ch
a
rg
ed

H
ig
g
s
b
o
so
n
s
p
ro
d
u
ce
d
in

a
ss
o
ci
a
ti
o
n
w
it
h
a
tt̄

p
a
ir

fo
r
m
a
ss
es

b
el
ow

a
b
o
u
t
1
5
0
G
eV

fo
r

ta
n
β
∼

2
0
[1
1
3]
.

3
.1
.3

Im
p
a
c
t
o
f
H
ig
g
s
se
a
rc
h
e
s
o
n

S
U
S
Y

m
o
d
e
ls

A
H
ig
g
s
m
a
ss

o
f
m

h
=

1
2
5
±
3
G
eV

li
es

b
el
ow

th
e
va
lu
e
o
f
m

h
∼

1
3
5
G
eV

w
h
ic
h
is

a
ll
ow

ed
b
y
ca
lc
u
la
ti
o
n
s

w
it
h
in

th
e
M
S
S
M
.
H
ow

ev
er
,
su
ch

a
la
rg
e
va
lu
e
o
f
m

h
re
q
u
ir
es

la
rg
e
ra
d
ia
ti
v
e
co
rr
ec
ti
o
n
s
a
n
d
la
rg
e
m
ix
in
g
in

th
e
to
p
sq
u
a
rk

se
ct
o
r.

In
m
o
d
el
s
su
ch

a
s
m
S
U
G
R
A
,
tr
il
in
ea
r
so
ft
p
a
ra
m
et
er
s
A

0
∼

±2
m

0
a
re

th
u
s
p
re
fe
rr
ed
,

a
n
d
va
lu
es

o
f
A

0
∼

0
w
o
u
ld

b
e
ru
le
d
o
u
t
[1
1
4,

1
1
5]
.
In

o
th
er

co
n
st
ra
in
ed

m
o
d
el
s
su
ch

a
s
th
e
m
in
im

a
l
v
er
si
o
n
s

o
f
G
M
S
B

o
r
A
M
S
B
,
H
ig
g
s
m
a
ss
es

o
f
1
2
5
G
eV

re
q
u
ir
e
ev
en

th
e
li
g
h
te
st

o
f
sp
a
rt
ic
le
s
to

b
e
in

th
e
m
u
lt
i-
T
eV

ra
n
g
e
[3
3
],
a
s
il
lu
st
ra
te
d
in

F
ig
u
re

1
.

m
G

M
SB

: n
5 =

1,
 μ

>0
, m

t =
17

3.
3 

G
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0
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n
β 
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5

M
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Λ
 =

2
M

 / 
Λ

 =
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m
A

M
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>0

, m
t =
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)
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ta
n
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=1

0
ta

n
β 

=4
5

m
0 =

0.
2 

Te
V

m
0 =

0.
5 

Te
V

m
0 =

1 
Te

V
m

0 =
2 

Te
V

m
0 =

5 
Te

V
m

0 =
10

 T
eV

F
ig
u
re

1
:
V
a
lu
e
o
f
m

h
in

m
G
M
S
B

a
n
d
in

m
A
M
S
B

v
er
su
s
Λ

a
n
d
m

3
/
2
fr
o
m

[3
3]
.

In
th
e
m
S
U
G
R
A
/
C
M
S
S
M

m
o
d
el
,
re
q
u
ir
in
g
a
H
ig
g
s
m
a
ss

o
f
a
b
o
u
t
1
25

G
eV

p
u
sh
es

th
e
b
es
t
fi
t
p
o
in
t
in

m
0
a
n
d
m

1 2
sp
a
ce

in
to

th
e
m
u
lt
i-
T
eV

ra
n
g
e
[1
1
4]

a
n
d
m
a
k
es

g
lo
b
a
l
fi
ts

o
f
th
e
m
o
d
el

to
d
a
ta

in
cr
ea
si
n
g
ly

d
iffi

cu
lt

[1
0
5]
.

T
h
is

h
a
s
p
ro
v
id
ed

m
o
ti
va
ti
o
n

fo
r
ex
te
n
d
in
g
th
e
M
S
S
M

w
it
h

g
a
u
g
e
si
n
g
le
ts

[1
0
6,

5
0]

o
r

v
ec
to
r-
li
k
e
m
a
tt
er

[1
0
7]

b
o
th

o
f
w
h
ic
h
a
ll
ow

fo
r
so
m
ew

h
a
t
h
ea
v
ie
r
va
lu
es

o
f
m

h
.

3
.2

R
e
v
ie
w

o
f
sp

a
rt
ic
le

se
a
rc
h
e
s
a
t
L
H
C

3
.2
.1

G
lu
in
o
s
a
n
d

fi
rs
t/

se
c
o
n
d

g
e
n
e
ra

ti
o
n

sq
u
a
rk

s

T
h
e
A
T
L
A
S
a
n
d
C
M
S
co
ll
a
b
o
ra
ti
o
n
s
h
av
e
se
a
rc
h
ed

fo
r
m
u
lt
i-
je
t+

E
m
is
s

T
ev
en
ts

a
ri
si
n
g
fr
o
m

g
lu
in
o
a
n
d
sq
u
a
rk

p
a
ir
p
ro
d
u
ct
io
n
in

4
.4

fb
−
1
o
f
2
0
1
1
d
a
ta

ta
k
en

a
t
√ s

=
7
T
eV

[1
1
7,

1
2
0]
.
In

th
e
li
m
it

o
f
v
er
y
h
ea
v
y
sq
u
a
rk

m
a
ss
es
,
th
ey

ex
cl
u
d
e
m

g̃
< ∼
0
.8

T
eV

,
w
h
il
e
fo
r
m

q̃
�

m
g̃
th
en

m
g̃

< ∼
1
.4

T
eV

is
ex
cl
u
d
ed
.
H
er
e,

m
q̃
re
fe
rs

to
a

g
en

er
ic

fi
rs
t
g
en

er
a
ti
o
n
sq
u
a
rk

m
a
ss

sc
a
le
,
si
n
ce

th
es
e
a
re

th
e
o
n
es

w
h
o
se

p
ro
d
u
ct
io
n
ra
te
s
d
ep

en
d
st
ro
n
g
ly

o
n
va
le
n
ce

q
u
a
rk

P
D
F
s
in

th
e
p
ro
to
n
.

B
o
th

co
ll
a
b
o
ra
ti
o
n
s
in

a
d
d
it
io
n
h
av
e
se
a
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h
ed

fo
r
g
lu
in
o
a
n
d
sq
u
a
rk

ca
sc
a
d
e
d
ec
ay

s
[1
2
1]

a
ss
u
m
in
g
m
o
re

sp
ec
ifi
c
d
ec
ay

ch
a
in
s
le
a
d
in
g
to

si
g
n
a
tu
re
s
in
v
o
lv
in
g
le
p
to
n
s
a
n
d
p
h
o
to
n
s
a
s
w
el
l
a
s
b-
je
ts

[1
1
6,

1
1
8,

1
2
5,

1
2
6,

3
8

3

1
2
7,

1
2
8,

1
1
9,

1
2
9,

1
2
2,

1
2
3,

1
2
4,

1
3
8]
.
In

m
o
st

ca
se
s,
th
e
li
m
it
s
o
n
th
e
g
lu
in
o
m
a
ss

a
re

ra
th
er

si
m
il
a
r
to

th
e

o
n
es

fr
o
m

th
e
m
u
lt
i-
je
t+

E
m
is
s

T
a
n
a
ly
se
s,

w
it
h
va
lu
es

o
f
m

g̃
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p
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p
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f
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p
li
fi
ed

m
o
d
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p
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d
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−
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w
el
l
a
s
in

th
e
si
m
p
li
fi
ed

m
o
d
el

in
te
rp
re
ta
ti
o
n
it

is
a
ss
u
m
ed

th
a
t
th
e

li
g
h
te
r
se
t
o
f
sl
ep
to
n
s,

in
cl
u
d
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m
a
rk

p
o
in
ts

T
h
e
re
su
lt
s
fr
o
m

th
e
p
re
v
io
u
s
se
ct
io
n
s,
w
h
en

su
m
m
a
ri
ze
d
,
y
ie
ld

th
e
fo
ll
ow

in
g
g
ra
n
d
p
ic
tu
re
:

•
S
q
u
a
rk

s
a
n
d

g
lu
in
o
s:

Ir
o
n
ic
a
ll
y,

th
e
st
ro
n
g
es
t
L
H
C

li
m
it
s
o
n
sp
a
rt
ic
le

m
a
ss
es

a
p
p
ly

to
th
e
fi
rs
t

g
en

er
a
ti
o
n
sq
u
a
rk
s
a
n
d
g
lu
in
o
s,

w
h
il
e
th
es
e
a
re

th
e
m
o
st

re
m
o
te
ly

co
n
n
ec
te
d
to

th
e
d
et
er
m
in
a
ti
o
n
o
f

th
e
el
ec
tr
ow

ea
k
sc
a
le
,
a
n
d
to

th
e
w
ea
k
b
o
so
n
m
a
ss
es
.

S
o
w
h
il
e
m

g̃
> ∼
1
.4

T
eV

fo
r
m

q̃
∼

m
g̃
,
th
es
e

li
m
it
s
h
a
rd
ly

a
ff
ec
t
n
a
tu
ra
ln
es
s
li
m
it
s,
w
h
ic
h
p
re
fe
r
m

g̃
< ∼
3
−
4
T
eV

a
n
d
b
a
si
ca
ll
y
d
o
n
o
t
co
n
st
ra
in

fi
rs
t

g
en

er
a
ti
o
n
sq
u
a
rk
s,
so

th
a
t
m

q̃
va
lu
es

in
to

th
e
te
n
s
o
f
T
eV

re
g
im

e
a
re

ce
rt
a
in
ly

a
ll
ow

ed
.

•
E
le
c
tr
o
w
e
a
k
in
o
s:

T
h
e
m
a
ss
es

o
f
th
e
el
ec
tr
ow

ea
k
in
o
s
–
co
n
st
ra
in
ed

b
y
L
E
P
2
to

h
av
e
m

χ̃
1
>

1
0
3
.5

G
eV

–
a
re

h
a
rd
ly

co
n
st
ra
in
ed

b
y
L
H
C
7
d
a
ta

u
n
le
ss

th
ey

a
re

co
n
n
ec
te
d
w
it
h
1
.
a
li
g
h
t
g
lu
in
o
(v
ia

th
e

g
a
u
g
in
o
m
a
ss

u
n
ifi
ca
ti
o
n
a
ss
u
m
p
ti
o
n
)
o
r
fi
rs
t/
se
co
n
d
g
en

er
a
ti
o
n
sq
u
a
rk
s
a
ll
ow

in
g
fo
r
st
ro
n
g
p
ro
d
u
ct
io
n

o
r
2
.
in

co
n
ju
ct
io
n
w
it
h
li
g
h
t
sl
ep

to
n
s
a
p
p
ea
ri
n
g
in

th
e
el
ec
tr
ow

ea
k
in
o
d
ec
ay

ri
g
h
t
in

b
et
w
ee
n
th
e
χ̃
0 1

a
n
d
χ̃
0 2
,χ̃

± 1
m
a
ss
es
.
In

p
a
rt
ic
u
la
r,

m
χ̃
0 1
,
m

χ̃
0 2
a
n
d
m

χ̃
± 1

ca
n
v
er
y
w
el
l
b
e
b
el
ow

2
0
0
G
eV

a
s
m
o
ti
va
te
d

b
y
n
a
tu
ra
ln
es
s.

V
er
y
li
k
el
y
th
ey

h
av
e
a
t
le
a
st

a
si
za
b
le

H
ig
g
si
n
o
co
m
p
o
n
en
t,
a
n
d
th
u
s
co
u
ld

v
er
y
w
el
l

h
av
e
sm

a
ll
m
a
ss

sp
li
tt
in
g
s.

S
ev
er
a
l
o
f
th
e
sc
en
a
ri
o
s
p
ro
p
o
se
d
b
el
ow

ex
h
ib
it

su
ch

a
p
a
tt
er
n
fo
r
th
e

li
g
h
t
el
ec
tr
ow

ea
k
in
o
s.

T
h
e
h
ea
v
ie
r
el
ec
tr
ow

ea
k
in
o
s
a
re

li
k
el
y
n
o
t
d
ir
ec
tl
y
o
b
se
rv
a
b
le

a
t
th
e
IL
C
.
T
h
e

p
ro
p
o
se
d
b
en
ch
m
a
rk
s
co
v
er

va
ri
o
u
s
o
p
ti
o
n
s
in

th
is

re
sp
ec
t.

•
S
le
p
to

n
s:

T
h
e
m
o
st

im
p
o
rt
a
n
t
in
d
ic
a
ti
o
n

fo
r
li
g
h
t
sl
ep

to
n
s
is

st
il
l
(g

−
2
) μ
.

T
h
ey

a
re

so
fa
r
n
o
t

co
n
st
ra
in
ed

d
ir
ec
tl
y
b
y
L
H
C
7
d
a
ta

(b
u
t
se
e
[1
4
7]

fo
r
p
ro
je
ct
io
n
s)
.
If
a
co
m
m
o
n
m
a
tt
er

sc
a
la
r
m
a
ss

m
0

a
t
th
e
G
U
T

sc
a
le

is
a
ss
u
m
ed
,
th
en

th
e
st
ri
n
g
en
t
L
H
C
7
b
o
u
n
d
s
o
n
fi
rs
t
a
n
d
se
co
n
d
g
en

er
a
ti
o
n
sq
u
a
rk
s

im
p
ly

a
ls
o
ra
th
er

h
ea
v
y
sl
ep
to
n
s.

M
o
st

o
f
th
e
sc
en
a
ri
o
s
b
el
ow

h
av
e
h
ea
v
y
sl
ep
to
n
s
a
n
d
th
u
s
d
o
n
o
t

ex
p
la
in

th
e
(g

−
2
) μ

a
n
o
m
a
ly
.
If
n
o
n
-u
n
iv
er
sa
li
ty

o
f
m
a
tt
er

sc
a
la
rs

is
a
ss
u
m
ed
,
th
en

th
e
sl
ep
to
n
m
a
ss
es

a
re

co
m
p
le
te
ly

u
n
co
n
st
ra
in
ed

a
n
d
a
ll
sl
ep
to
n
s
co
u
ld

st
il
l
li
e
w
it
h
in

re
a
ch

o
f
th
e
IL
C
,
a
s
il
lu
st
ra
te
d
b
y

th
e
δM

τ̃
a
n
d
N
M
H

b
en

ch
m
a
rk
s
d
es
cr
ib
ed

b
el
ow

:
b
o
th

th
es
e
sc
en

a
ri
o
s
a
ll
ow

fo
r
p
er
fe
ct

m
a
tc
h
es

to
th
e
o
b
se
rv
ed

(g
−
2
) μ

va
lu
e.

In
n
a
tu
ra
l
S
U
S
Y

–
w
h
il
e
th
e
fi
rs
t
tw

o
sl
ep
to
n
g
en
er
a
ti
o
n
s
a
re

ex
p
ec
te
d
to

b
e
h
ea
v
y
–
th
e
τ̃ 1

ca
n
b
e
q
u
it
e
li
g
h
t
d
u
e
to

th
e
li
m
it
ed

m
a
ss

o
f
th
e
to
p
sq
u
a
rk
s.

3
8

5

•
T
h
ir
d

g
e
n
e
ra

ti
o
n

sq
u
a
rk

s:
D
ir
ec
t
li
m
it
s
o
n
th
e
th
ir
d
g
en
er
a
ti
o
n
sq
u
a
rk
s
fr
o
m

L
H
C
7
a
re

fa
r
b
el
ow

th
o
se

fo
r
th
e
fi
rs
t
g
en

er
a
ti
o
n
,
so

th
a
t
es
p
ec
ia
ll
y

th
e
to
p

sq
u
a
rk

co
u
ld

v
er
y
w
el
l
b
e
in

th
e
re
g
im

e
ex
p
ec
te
d
fr
o
m

n
a
tu
ra
ln
es
s
a
n
d
th
u
s
a
cc
es
si
b
le

a
t
th
e
IL
C
.
B
o
th

th
e
n
a
tu
ra
l
S
U
S
Y

b
en
ch
m
a
rk

a
n
d
th
e

δM
τ̃
b
en

ch
m
a
rk

d
es
cr
ib
ed

in
S
u
b
se
ct
io
n
s
4
.1

a
n
d
4
.6

g
iv
e
ex
a
m
p
le
s
w
it
h
li
g
h
t
t̃ 1

a
n
d
p
o
ss
ib
ly

b̃ 1
a
n
d

t̃ 2
.

•
S
U
S
Y

H
ig
g
se
s:

T
h
e
p
o
ss
ib
ly

S
M
-l
ik
e
p
ro
p
er
ti
es

o
f
a
1
2
5
G
eV

H
ig
g
s
sc
a
la
r,

a
s
h
in
te
d
a
t
b
y
L
H
C
7

d
a
ta
,
su
g
g
es
ts

th
a
t
th
e
o
th
er

S
U
S
Y

H
ig
g
se
s
co
u
ld

b
e
ra
th
er

h
ea
v
y,

a
lt
h
o
u
g
h
o
f
co
u
rs
e
a
fi
rm

st
a
te
m
en
t

in
th
is

re
g
a
rd

w
il
l
re
q
u
ir
e
n
o
t
o
n
ly

a
H
ig
g
s
d
is
co
v
er
y
b
u
t
a
ls
o
p
re
ci
se

m
ea
su
re
m
en
ts

o
f
th
e
b
ra
n
ch
in
g

ra
ti
o
s.

W
e
p
re
se
n
t
in

se
ct
io
n
4
.3

a
N
U
H
M
2
sc
en
a
ri
o
w
it
h
li
g
h
t
A
,
H

a
n
d
H

±
;
a
ls
o
,
th
e
δM

τ̃
b
en
ch
m
a
rk

fe
a
tu
re
s
h
ea
v
y
H
ig
g
se
s
w
h
ic
h
sh
o
u
ld

b
e
o
b
se
rv
a
b
le

a
t
a
1
T
eV

e+
e−

co
ll
id
er
.

B
a
se
d
o
n
th
es
e
o
b
se
rv
a
ti
o
n
s,

w
e
p
ro
p
o
se

a
se
t
o
f
b
en

ch
m
a
rk

p
o
in
ts

w
h
ic
h
ca
n
b
e
u
se
d
to

il
lu
st
ra
te

th
e

ca
p
a
b
il
it
ie
s
o
f
IL
C
w
it
h
re
sp
ec
t
to

su
p
er
sy
m
m
et
ry
,
a
n
d
fo
r
fu
tu
re

o
p
ti
m
iz
a
ti
o
n
o
f
b
o
th

m
a
ch
in
e
a
n
d
d
et
ec
to
r

d
es
ig
n
.
T
h
e
su
g
g
es
te
d
p
o
in
ts

a
ll
li
e
o
u
ts
id
e
th
e
li
m
it
s
im

p
o
se
d
b
y
L
H
C
7
se
a
rc
h
es
.
S
o
m
e
o
f
th
es
e
sc
en

a
ri
o
s

m
ig
h
t
b
e
d
is
co
v
er
a
b
le

o
r
ex
cl
u
d
ed

b
y
u
p
co
m
in
g
L
H
C
8
se
a
rc
h
es
,
w
h
il
e
o
th
er
s
w
il
l
b
e
ex
tr
em

el
y
d
iffi

cu
lt

to
d
et
ec
t
a
t
L
H
C

ev
en

w
it
h
3
a
b
−
1
o
f
d
a
ta

a
t
√ s

=
1
4
T
eV

.
T
h
e
sp
ec
tr
a
fo
r
a
ll
b
en

ch
m
a
rk
s
a
re

av
a
il
a
b
le

o
n
li
n
e
[1
4
4]

in
th
e
S
U
S
Y

L
es

H
o
u
ch
es

A
cc
o
rd

fo
rm

a
t.

4
.1

N
a
tu

ra
l
S
U
S
Y

N
a
tu
ra
l
S
U
S
Y

(N
S
)
m
o
d
el
s
a
re

ch
a
ra
ct
er
iz
ed

b
y
[5
1,

5
2,

9
9]
:

•
a
su
p
er
p
o
te
n
ti
a
l
h
ig
g
si
n
o
m
a
ss

p
a
ra
m
et
er

μ
<

Λ
N

S
∼

2
0
0
G
eV

,

•
a
su
b
-T
eV

sp
ec
tr
u
m

o
f
th
ir
d
g
en

er
a
ti
o
n
sq
u
a
rk
s
t̃ 1
,
t̃ 2

a
n
d
b̃ 1
,

•
a
n
in
te
rm

ed
ia
te

sc
a
le

g
lu
in
o
m

g̃
< ∼
3
−
4
T
eV

w
it
h
m

A
< ∼
|μ
|ta

n
β
a
n
d

•
m
u
lt
i-
T
eV

fi
rs
t/
se
co
n
d
g
en
er
a
ti
o
n
m
a
tt
er

sc
a
la
rs

m
q̃
,�̃
∼

1
0
−
5
0
T
eV

.

T
h
e
la
st

p
o
in
t
o
ff
er
s
a
t
le
a
st

a
p
a
rt
ia
l
d
ec
o
u
p
li
n
g
so
lu
ti
o
n
to

th
e
S
U
S
Y

fl
av
o
r
a
n
d
C
P

p
ro
b
le
m
s.

T
h
e
su
g
g
es
te
d
m
o
d
el

p
a
ra
m
et
er

sp
a
ce

is
g
iv
en

b
y
[9
9]
:

m
0
(1
,2
),

m
0
(3
),

m
1
/
2
,
A

0
,
ta
n
β
,
μ
,
m

A
.

(4
)

H
er
e,
w
e
a
d
o
p
t
a
N
S
b
en

ch
m
a
rk

p
o
in
t
a
s
ca
lc
u
la
te
d
u
si
n
g
Is
a
su
g
ra

7
.8
2
[1
0
0]

w
it
h
p
a
ra
m
et
er
s
m

0
(1
,2
)
=

1
3
.5

T
eV

,
m

0
(3
)
=

0
.7
6
T
eV

,
m

1
/
2
=

1
.3
8
T
eV

,
A

0
=

−0
.1
6
7
T
eV

,
ta
n
β
=

2
3
G
eV

,
μ
=

0
.1
5
T
eV

a
n
d
m

A
=

1
.5
5

T
eV

.
T
h
e
re
su
lt
in
g
m
a
ss

sp
ec
tr
u
m

is
li
st
ed

in
T
a
b
le

1
.

D
u
e
to

th
ei
r
sm

a
ll
m
a
ss

d
iff
er
en
ce
s,

th
e
h
ig
g
si
n
o
-l
ik
e
li
g
h
t
el
ec
tr
ow

ea
k
in
o
s
w
il
l
te
n
d
to

lo
o
k
li
k
e
m
is
si
n
g

tr
a
n
sv
er
se

en
er
g
y
to

th
e
L
H
C
.
T
h
e
n
ex
t
h
ea
v
ie
r
p
a
rt
ic
le

is
th
e
t̃ 1
.
S
in
ce

th
e
m
a
ss

d
iff
er
en

ce
m

t̃ 1
−

m
χ̃
0 1
is

le
ss

th
a
n
th
e
to
p
m
a
ss
,
th
e
d
ec
ay

t̃ 1
→

bχ̃
± 1
d
o
m
in
a
te
s,
th
u
s
m
a
k
in
g
th
e
si
g
n
a
tu
re

fo
r
t̃ 1

p
a
ir
p
ro
d
u
ct
io
n
tw

o
a
co
ll
in
ea
r
b-
je
ts

p
lu
s
m
is
si
n
g
tr
a
n
sv
er
se

en
er
g
y.

F
o
r
IL
C
,
th
e
sp
ec
tr
u
m

o
f
h
ig
g
si
n
o
-l
ik
e
χ̃
± 1
,
χ̃
0 1
a
n
d
χ̃
0 2
w
il
l
b
e
a
cc
es
si
b
le
fo
r
√ s

> ∼
3
2
0
G
eV

v
ia

χ̃
± 1
a
n
d
χ̃
0 2
χ̃
0 2

p
a
ir

p
ro
d
u
ct
io
n
a
n
d
χ̃
0 1
χ̃
0 2
m
ix
ed

p
ro
d
u
ct
io
n
,
a
lb
ei
t
w
it
h
a
m
a
ss

g
a
p
m

χ̃
± 1
−

m
χ̃
0 1
∼

m
χ̃
0 2
−

m
χ̃
0 1
∼

7
.5

G
eV

:

th
u
s,

v
is
ib
le

en
er
g
y
re
le
a
se
d
fr
o
m

d
ec
ay

s
w
il
l
b
e
sm

a
ll
.
S
p
ec
ia
li
ze
d
cu
ts

a
ll
ow

in
g
fo
r
IL
C

d
et
ec
ti
o
n
o
f
li
g
h
t

h
ig
g
si
n
o
s
w
it
h
sm

a
ll
m
a
ss

g
a
p
s
h
av
e
b
ee
n
a
d
v
o
ca
te
d
in

R
ef
’s

[1
0
1]

a
n
d
[1
0
2]
;
th
er
e
it

is
a
ls
o
d
em

o
n
st
ra
te
d

th
a
t
IL
C

w
il
l
b
e
a
b
le

to
m
ea
su
re

th
e
va
lu
es

o
f
μ
a
n
d
M

2
a
n
d
sh
ow

th
a
t
|μ
|<

M
2
.

In
th
e
ca
se

o
f
v
er
y
sm

a
ll
m
a
ss

g
a
p
s,

a
h
a
rd

IS
R

p
h
o
to
n

ra
d
ia
te
d
fr
o
m

th
e
in
it
ia
l
st
a
te

m
ay

h
el
p

to
li
ft

th
e
si
g
n
a
l
o
u
t
o
f
th
e
su
b
st
a
n
ti
a
l
b
a
ck
g
ro
u
n
d
o
f
p
h
o
to
n
–
p
h
o
to
n
in
d
u
ce
d
p
ro
ce
ss
es
.
T
h
e
ex
p
er
im

en
ta
l

p
er
fo
rm

a
n
ce

o
f
th
is

IS
R

re
co
il
m
et
h
o
d
h
a
s
b
ee
n
ev
a
lu
a
te
d
re
ce
n
tl
y
in

fu
ll
si
m
u
la
ti
o
n
o
f
th
e
IL
D

d
et
ec
to
r
in

co
n
te
x
t
o
f
ra
d
ia
ti
v
e
W

IM
P

/
n
eu
tr
a
li
n
o
p
ro
d
u
ct
io
n
[1
0
3,

1
0
4]
.
T
h
e
cr
o
ss
-s
ec
ti
o
n
s
a
re

ty
p
ic
a
ll
y
in

th
e
fe
w

te
n
s
o
f
fb

re
g
io
n
[7
5]

a
n
d
th
u
s
sh
o
u
ld

b
e
d
et
ec
ta
b
le

in
th
e
cl
ea
n
IL
C

en
v
ir
o
n
m
en
t.

S
im

il
a
r
si
g
n
a
tu
re
s
h
av
e

a
ls
o
b
ee
n
in
v
es
ti
g
a
te
d
in

th
e
co
n
te
x
t
o
f
A
M
S
B

fo
r
th
e
T
E
S
L
A

T
D
R

[9
8]
.

A
s
√ s

is
in
cr
ea
se
d
p
a
st

6
0
0
−

8
0
0
G
eV

,
th
en

a
ls
o
t̃ 1
¯̃ t 1
,
ν̃ τ

¯̃ ν τ
a
n
d
τ̃ 1
¯̃ τ 1

b
ec
o
m
e
su
cc
es
si
v
el
y
a
cc
es
si
b
le
.

T
h
is

b
en

ch
m
a
rk

m
o
d
el

ca
n
b
e
co
n
v
er
te
d
to

a
m
o
d
el

li
n
e
b
y
va
ry
in
g
th
e
G
U
T
-s
ca
le

th
ir
d
g
en

er
a
ti
o
n
m
a
ss

p
a
ra
m
et
er

m
0
(3
)
o
r
b
y
va
ry
in
g
μ
.
T
h
e
li
g
h
t
h
ig
g
s
m
a
ss

m
h
ca
n
b
e
p
u
sh
ed

a
s
h
ig
h
a
s
∼

1
2
4
G
eV

if
la
rg
er

va
lu
es

o
f
m

0
(3
)
a
n
d
|A

0
|a

re
se
le
ct
ed

[9
9]
.

3
8

6



4
.2

H
id
d
e
n

S
U
S
Y

M
o
d
el
s
o
f
“
h
id
d
en

S
U
S
Y
”
[7
5]

a
re

m
o
ti
va
te
d
b
y
th
e
fa
ct

th
a
t
th
e
m
a
g
n
it
u
d
e
o
f
th
e
su
p
er
p
o
te
n
ti
a
l
h
ig
g
si
n
o

m
a
ss

p
a
ra
m
et
er

μ
it
se
lf

h
a
s
b
ee
n
su
g
g
es
te
d
a
s
a
m
ea
su
re

o
f
fi
n
e-
tu
n
in
g
[4
9]
.
T
h
is

id
ea

h
a
s
b
ee
n
u
se
d
to

a
rg
u
e
th
a
t
m
S
U
G
R
A
/
C
M
S
S
M

m
o
d
el
s
in

th
e
h
y
p
er
b
o
li
c
b
ra
n
ch
/
fo
cu

s
p
o
in
t
re
g
io
n
a
re

le
ss

fi
n
e-
tu
n
ed

th
a
n

g
en

er
ic

p
a
ra
m
et
er

sp
a
ce

re
g
io
n
s.

N
a
tu
ra
l
S
U
S
Y

m
o
d
el
s
w
h
er
ei
n
Λ
N

S
sl
id
es

in
to

th
e

> ∼
3
0
0
G
eV

re
g
im

e
b
u
t

m
a
in
ta
in

|μ
|< ∼

3
0
0
G
eV

m
o
rp
h
in
to

h
id
d
en

S
U
S
Y
.
H
er
e,

w
e
se
le
ct

a
m
o
d
el

w
h
er
e
a
ll
m
a
ss

p
a
ra
m
et
er
s
a
re

la
rg
e
ex
ce
p
t
fo
r
th
e
μ
p
a
ra
m
et
er
,
w
h
ic
h
m
ay

li
e
in

th
e
1
0
0
−
3
0
0
G
eV

ra
n
g
e.

T
h
e
p
a
ra
m
et
er

sp
a
ce

su
g
g
es
te
d

is
th
a
t
o
f
th
e
2
-p
a
ra
m
et
er

n
o
n
-u
n
iv
er
sa
l
H
ig
g
s
m
a
ss

(N
U
H
M
2
)
m
o
d
el
:

m
0
,
m

1
/
2
,
A

0
,
ta
n
β
,
μ
,
m

A
.

(5
)

H
er
e,

w
e
a
d
o
p
t
a
b
en

ch
m
a
rk

p
o
in
t
w
it
h

p
a
ra
m
et
er
s
m

0
=

5
T
eV

,
m

1
/
2
=

0
.8

T
eV

,
A

0
=

−8
.3

T
eV

,
ta
n
β
=

1
0
w
it
h
μ
=

0
.1
5
T
eV

a
n
d
m

A
=

1
T
eV

.
T
h
e
sp
ec
tr
u
m

is
g
iv
en

in
T
a
b
le

1
.

H
id
d
en

S
U
S
Y
m
o
d
el
s
a
re

v
er
y
d
iffi

cu
lt
to

d
et
ec
t
a
t
L
H
C
.
In

co
n
tr
a
st
to

n
a
tu
ra
lS

U
S
Y
,
th
e
th
ir
d
g
en
er
a
ti
o
n

sc
a
la
rs

a
re

a
ls
o
b
ey
o
n
d
1
T
eV

.
W

h
il
e
th
e
h
ig
g
si
n
o
-l
ik
e
li
g
h
t
ch
a
rg
in
o
s
a
n
d
n
eu
tr
a
li
n
o
s
a
re

p
ro
d
u
ce
d
a
t
la
rg
e

ra
te
s,
th
e
v
er
y
lo
w

en
er
g
y
re
le
a
se

fr
o
m

th
ei
r
d
ec
ay

s
w
il
l
b
e
h
a
rd

to
d
et
ec
t
a
b
ov
e
b
a
ck
g
ro
u
n
d
le
v
el
s,
m
a
k
in
g

th
em

a
ll

lo
o
k

li
k
e
m
is
si
n
g
tr
a
n
sv
er
se

en
er
g
y.

If
th
e
cr
o
ss
-s
ec
ti
o
n
s
a
re

la
rg
e
en

o
u
g
h
,
th
e
d
ec
ay

s
o
f
th
e

χ̃
0 3
→

χ̃
± 1
W

±
,
χ̃
0 1
,2
Z

o
r
χ̃
0 1
,2
h
m
ig
h
t
p
ro
v
id
e
a
so
u
rc
e
o
f
is
o
la
te
d
le
p
to
n
s
v
is
ib
le

a
t
th
e
L
H
C

if
th
e
t̃ 1

is
to
o

h
ea
v
y
fo
r
d
et
ec
ti
o
n
.

T
h
e
IL
C

o
p
er
a
ti
n
g
a
t
en
er
g
y
√ s

> ∼
3
0
0
G
eV

sh
o
u
ld

b
e
a
b
le

to
d
et
ec
t
a
n
d
d
is
ti
n
g
u
is
h
χ̃
+ 1
χ̃
− 1

a
n
d
χ̃
0 1
χ̃
0 2

p
ro
d
u
ct
io
n
a
s
in

th
e
n
a
tu
ra
l
S
U
S
Y

ca
se

d
is
cu
ss
ed

a
b
ov
e.

T
h
e
sm

a
ll
m
a
ss

g
a
p
,
a
n
g
u
la
r
d
is
tr
ib
u
ti
o
n
a
n
d

p
o
la
ri
za
ti
o
n
d
ep

en
d
en
ce

o
f
th
e
si
g
n
a
l
cr
o
ss

se
ct
io
n
s
m
ay

a
ll
b
e
u
se
d
to

h
el
p
es
ta
b
li
sh

th
e
h
ig
g
si
n
o
-l
ik
e
n
a
tu
re

o
f
th
e
li
g
h
t
χ̃
± 1
,
χ̃
0 2
a
n
d
χ̃
0 1
.
In

a
d
d
it
io
n
,
th
e
χ̃
0 3
is
a
cc
es
si
b
le

in
m
ix
ed

p
ro
d
u
ct
io
n
w
it
h
th
e
li
g
h
te
r
n
eu
tr
a
li
n
o
s

a
lr
ea
d
y
a
t
√ s

> ∼
5
0
0
G
eV

.
P
h
en

o
m
en

o
lo
g
ic
a
ll
y
si
m
il
a
r
sc
en

a
ri
o
s
–
w
h
ic
h
a
re

ev
en

m
o
re

m
in
im

a
l
ca
se

in
th
e
se
n
se

th
a
t
th
e
χ̃
0 3
a
n
d

th
e
t̃ 1

a
re

in
th
e
m
u
lt
i-
T
eV

re
g
im

e
a
s
w
el
l
–
h
av
e
b
ee
n
su
g
g
es
te
d
b
y
B
rü
m
m
er

a
n
d
B
u
ch
m
ü
ll
er

[1
4
0]
.
W
e

w
il
l
d
is
cu
ss

o
n
e
ex
a
m
p
le

in
se
ct
io
n
4
.8
.

4
.3

N
U
H
M

2
b
e
n
ch

m
a
rk

w
it
h
li
g
h
t
A
,
H

a
n
d

H
±

T
h
is

b
en
ch
m
a
rk

p
o
in
t,

co
n
st
ru
ct
ed

w
it
h
in

th
e
2
-p
a
ra
m
et
er

n
o
n
-u
n
iv
er
sa
l
H
ig
g
s
m
o
d
el

(N
U
H
M
2
),

p
ro
v
id
es

a
m
o
d
el

w
it
h
re
la
ti
v
el
y
li
g
h
t
A
,
H

a
n
d
H

±
H
ig
g
s
b
o
so
n
s
w
h
il
e
th
e
re
m
a
in
in
g
sp
a
rt
ic
le
s
a
re

b
ey
o
n
d
cu
rr
en
t

L
H
C

re
a
ch
.
W
e
a
d
o
p
t
p
a
ra
m
et
er
s
m

0
=

1
0
T
eV

,
m

1
/
2
=

0
.4

T
eV

,
A

0
=

−1
6
T
eV

,
ta
n
β
=

6
w
it
h
μ
=

5
T
eV

a
n
d
m

A
=

2
7
5
G
eV

.
T
h
e
va
lu
es

o
f
m

h
=

1
2
4
.4

G
eV

,
w
it
h
m

H
=

2
7
7
.5

G
eV

a
n
d
m

H
+
=

2
8
6
.0

G
eV

a
re

o
b
ta
in
ed

w
it
h
F
ey
n
H
ig
g
s
[5
8]
.
T
h
e
o
n
ly

co
lo
re
d
sp
a
rt
ic
le
s
a
cc
es
si
b
le

to
th
e
L
H
C

a
re

th
e
g
lu
in
o
s
w
it
h

m
g̃
=

1
.2
2
5
T
eV

,
w
h
il
e
m
o
st

sq
u
a
rk
s
li
v
e
a
t
a
ro
u
n
d
m

q̃
∼

1
0
T
eV

.
T
h
e
g
lu
in
o
d
ec
ay

s
a
re

d
o
m
in
a
te
d
b
y

g̃
→

χ̃
0 1
tt̄
a
n
d
g̃
→

(χ̃
± 1
→

χ̃
0 1
W

±
)t
b,
a
n
d
th
u
s
w
il
l
re
q
u
ir
e
d
ed
ic
a
te
d
a
n
a
ly
se
s
fo
r
h
ig
h
m
u
lt
ip
li
ci
ty

fi
n
a
l
st
a
te
s

o
r
b
o
o
st
ed

te
ch
n
iq
u
es

fo
r
id
en
ti
fy
in
g
W

-
o
r
t-
je
ts
.
T
h
e
si
g
n
a
l
p
p
→

χ̃
1
χ̃
0 2
→

W
h
+
E

m
is
s

T
→

�ν
�
+
bb̄

+
E

m
is
s

T

sh
o
u
ld

u
lt
im

a
te
ly

b
e
o
b
se
rv
a
b
le

a
t
L
H
C
1
4
[5
9
].

T
h
e
H
ig
g
s
b
o
so
n
s,

a
p
a
rt

fr
o
m

th
e
li
g
h
t
C
P
-e
v
en

o
n
e,

ca
n

m
o
st

p
ro
b
a
b
ly

n
o
t
b
e
o
b
se
rv
ed

a
t
th
e
L
H
C

in
th
is

lo
w

ta
n
β
a
n
d
m

A
re
g
io
n
[1
4
2]
.

A
t
th
e
IL
C

w
it
h
√ s

∼
0
.5

T
eV

,
w
e
ex
p
ec
t
e+

e−
→

A
h
,
Z
H

to
o
cc
u
r
a
t
o
b
se
rv
a
b
le

ra
te
s.

A
s
√ s

ri
se
s

b
ey
o
n
d
6
0
0
G
eV

,
A
H

a
n
d
H

+
H

−
p
ro
d
u
ct
io
n
b
ec
o
m
es

a
cc
es
si
b
le

w
h
il
e
m
ix
ed

χ̃
0 1
χ̃
0 2
p
a
ir
p
ro
d
u
ct
io
n
,
th
o
u
g
h

a
cc
es
si
b
le
,
is
su
p
p
re
ss
ed

.
A
t
8
0
0
G
eV

,
χ̃
± 1
p
a
ir
s
w
il
l
b
e
p
ro
d
u
ce
d
in

a
d
d
it
io
n
.
D
u
e
to

h
ea
v
y
sl
ep
to
n
s
a
n
d
th
e

si
za
b
le

m
a
ss

g
a
p
b
et
w
ee
n
χ̃
± 1
,
χ̃
0 2
a
n
d
th
e
χ̃
0 1
,
o
n
e
ex
p
ec
ts

el
ec
tr
ow

ea
k
in
o
d
ec
ay

s
to

re
a
l
W

±
a
n
d
Z

b
o
so
n
s,

v
er
y
si
m
il
a
r
to

th
e
“
P
o
in
t
5
”
b
en
ch
m
a
rk

st
u
d
ie
d
in

th
e
L
et
te
r
o
f
In
te
n
ts

o
f
th
e
IL
C

ex
p
er
im

en
ts

[1
5
8,

1
5
9]
.

4
.4

m
S
U
G
R
A
/
C
M

S
S
M

L
a
rg
e
p
o
rt
io
n
s
o
f
m
S
U
G
R
A

m
o
d
el

p
a
ra
m
et
er

sp
a
ce

a
re

n
ow

ru
le
d
o
u
t
b
y
d
ir
ec
t
se
a
rc
h
es

fo
r
g
lu
in
o
a
n
d

sq
u
a
rk

p
ro
d
u
ct
io
n
a
t
L
H
C
7
.
In

a
d
d
it
io
n
,
if
o
n
e
re
q
u
ir
es

m
h
∼

1
2
4
−

1
2
6
G
eV

,
th
en

ev
en

la
rg
er

p
o
rt
io
n
s
o
f

p
a
ra
m
et
er

sp
a
ce

a
re

ex
cl
u
d
ed
:
m

1
/
2
<

1
T
eV

(c
o
rr
es
p
o
n
d
in
g
to

m
g̃
<

2
.2

T
eV

)
fo
r
lo
w

m
0
a
n
d
m

0
<

2
.5

T
eV

(c
o
rr
es
p
o
n
d
in
g
to

m
q̃
<

2
.5

T
eV

)
fo
r
lo
w

m
1
/
2
[1
1
4]
.
T
h
es
e
ti
g
h
t
co
n
st
ra
in
ts

ru
le

o
u
t
a
lm

o
st

a
ll
o
f
th
e

co
-a
n
n
ih
il
a
ti
o
n
a
n
d
A
-f
u
n
n
el

a
n
n
ih
il
a
ti
o
n
re
g
io
n
s
[1
1
4,

3
3]
.
T
h
e
H
B
/
F
P
re
g
io
n
m
ov
es

to
v
er
y
la
rg
e
m

0
>

1
0

3
8

7

T
eV

si
n
ce

n
ow

|A
0
|m

u
st

b
e
la
rg
e
to

a
cc
o
m
m
o
d
a
te

th
e
ra
th
er

la
rg
e
va
lu
e
o
f
m

h
.

S
o
m
e
re
m
a
in
in
g
d
a
rk

m
a
tt
er

a
ll
ow

ed
p
a
ra
m
et
er

sp
a
ce

th
u
s
re
m
a
in
s.

A
n
ex
a
m
p
le

is
p
ro
v
id
ed

b
y
a
n
m
S
U
G
R
A

b
en
ch
m
a
rk

p
o
in
t
w
it
h
m

0
=

1
5
.3
2
5
T
eV

,
m

1
/
2
=

0
.8
4
5
8
8
4

T
eV

,
A

0
=

−1
0
.8
1
2
6
T
eV

a
n
d
ta
n
β
=

2
0
.1
9
7
.
T
h
e
m
a
ss
es

a
re

sh
ow

n
in

T
a
b
le

1
.
A
t
th
is

p
o
in
t,

m
g̃
=

2
3
2
0

G
eV

a
n
d
m

q̃
∼

1
5
.3

T
eV

.
H
ow

ev
er
,
μ
∼

1
4
5
G
eV

,
a
n
d
so

m
χ̃
± 1

=
1
5
5
.3

G
eV

a
n
d
m

χ̃
0 2
=

1
5
4
.8

G
eV

a
n
d

m
χ̃
0 1
=

1
4
1
.6

G
eV

.
T
h
u
s,

th
is

p
o
in
t
–
a
lt
h
o
u
g
h
v
er
y
fi
n
e-
tu
n
ed

in
th
e
E
W

se
ct
o
r
(w

it
h
m

t̃ 1
∼

8
.7

T
eV

)
–

w
o
u
ld

a
ll
ow

χ̃
+ 1
χ̃
− 1

a
n
d
χ̃
0 1
χ̃
0 2
p
ro
d
u
ct
io
n
a
t
IL
C

w
it
h
a
χ̃
± 1
−

χ̃
0 1
m
a
ss

g
a
p
o
f
1
4
G
eV

.
T
h
e
χ̃
0 1
w
o
u
ld

b
e
o
f

m
ix
ed

b
in
o
-h
ig
g
si
n
o
va
ri
et
y.

W
h
en

in
cr
ea
si
n
g
√ s

to
w
a
rd
s
1
T
eV

,
th
e
h
ea
v
ie
r
n
eu

tr
a
li
n
o
s
b
ec
o
m
e
a
cc
es
si
b
le

in
m
ix
ed

p
ro
d
u
ct
io
n
a
n
d
χ̃
0 3
p
a
ir
p
ro
d
u
ct
io
n
.

S
in
ce

a
ll
sc
a
la
rs

a
re

a
b
ov
e
1
0
T
eV

(a
p
a
rt

fr
o
m

th
e
li
g
h
te
r
to
p
sq
u
a
rk

a
t
m

t̃ 1
∼

8
T
eV

),
th
e
m
o
st

p
ro
m
is
in
g

si
g
n
a
tu
re

fo
r
th
e
L
H
C

is
g
lu
in
o
p
ro
d
u
ct
io
n
,
fo
ll
ow

ed
b
y
g̃
→

χ̃
0 i
tt̄

a
n
d
g̃
→

(χ̃
± j
→

χ̃
0 1
W

±
)t
b
a
s
d
is
cu

ss
ed

in
ca
se

o
f
th
e
N
U
H
M
2
b
en
ch
m
a
rk

in
S
ec
ti
o
n
4
.3
.

4
.5

M
o
d
e
l
w
it
h
n
o
n
-u
n
iv
e
rs
a
l
g
a
u
g
in
o
m
a
ss
e
s
(N

U
G
M

)

In
su
p
er
g
ra
v
it
y,

g
a
u
g
in
o
m
a
ss
es

a
ri
se

fr
o
m

th
e
L
a
g
ra
n
g
ia
n
te
rm

(u
si
n
g
4
-c
o
m
p
o
n
en
t
sp
in
o
r
n
o
ta
ti
o
n
)

LG F
=

−
1 4
eG

/
2
∂
f
∗ A
B

∂
ĥ
∗j

∣ ∣ ĥ
→

h

( G
−
1
) j k

G
k
λ̄
A
λ
B

(6
)

w
h
er
e
f A

B
is
th
e
h
o
lo
m
o
rp
h
ic

g
a
u
g
e
k
in
et
ic

fu
n
ct
io
n
w
it
h
g
a
u
g
e
in
d
ic
es

A
,
B

in
th
e
a
d
jo
in
t
re
p
re
se
n
ta
ti
o
n
,

λ
A
a
re

fo
u
r-
co
m
p
o
n
en
t
g
a
u
g
in
o
fi
el
d
s
a
n
d
th
e
ĥ
m

a
re

h
id
d
en

se
ct
o
r
fi
el
d
s
n
ee
d
ed

fo
r
b
re
a
k
in
g
o
f
su
p
er
g
ra
v
it
y.

If
f A

B
∼

δ A
B
,
th
en

g
a
u
g
in
o
m
a
ss
es

a
re

ex
p
ec
te
d
to

b
e
u
n
iv
er
sa
la
t
th
e
h
ig
h
en

er
g
y
sc
a
le
w
h
er
e
S
U
S
Y
b
re
a
k
in
g

ta
k
es

p
la
ce
.
H
ow

ev
er
,
in

g
en

er
a
l
su
p
er
g
ra
v
it
y,

f A
B

n
ee
d
o
n
ly

tr
a
n
sf
o
rm

a
s
th
e
sy
m
m
et
ri
c
p
ro
d
u
ct

o
f
tw

o
a
d
jo
in
ts
.
In

g
en

er
a
l,
g
a
u
g
in
o
m
a
ss
es

n
ee
d
n
o
t
b
e
u
n
iv
er
sa
l
a
t
a
n
y
en
er
g
y
sc
a
le
,
g
iv
in
g
ri
se

to
m
o
d
el
s
w
it
h

n
o
n
-u
n
iv
er
sa
l
g
a
u
g
in
o
m
a
ss
es

(N
U
G
M
).

F
o
r
a
N
U
G
M

b
en
ch
m
ar
k
,
w
e
se
le
ct

a
m
o
d
el

w
it
h
m

0
=

3
T
eV

,
A

0
=

−6
T
eV

,
ta
n
β
=

2
5
a
n
d
μ
>

0
.

W
e
se
le
ct

g
a
u
g
in
o
m
a
ss
es

a
t
th
e
G
U
T

sc
a
le

a
s
M

1
=

M
2
=

0
.2
5
T
eV

w
it
h
M

3
=

0
.7
5
T
eV

.
T
h
e
sp
ec
tr
u
m

is
li
st
ed

in
co
lu
m
n
6
o
f
T
a
b
le
1
.
W

it
h
m

g̃
�

1
.8

T
eV

a
n
d
m

q̃
�

3
T
eV

,
th
e
m
o
d
el
is
cl
ea
rl
y
b
ey
o
n
d
cu
rr
en
t
L
H
C

re
a
ch

fo
r
g
lu
in
o
s
a
n
d
sq
u
a
rk
s.

T
h
e
m
o
d
el

sh
o
u
ld

b
e
te
st
a
b
le

in
fu
tu
re

L
H
C

se
a
rc
h
es
,
n
o
t
o
n
ly

in
w
it
h
th
e

st
a
n
d
a
rd

je
ts

p
lu
s
m
is
si
n
g
E

t
a
n
a
ly
se
s,

b
u
t
a
ls
o
v
ia

se
a
rc
h
es

ta
il
o
re
d
fo
r
v
er
y
h
ig
h
m
u
lt
ip
li
ci
ty

fi
n
a
l
st
a
te
s

a
n
d
u
si
n
g
b-
je
t
ta
g
g
in
g
[3
4]
,
si
n
ce

th
e
g
lu
in
o
a
lm

o
st

ex
cl
u
si
v
el
y
d
ec
ay

s
v
ia

g̃
→

t̃ 1
t
fo
ll
ow

ed
b
y
t̃ 1

→
χ̃
0 1
t.

In
a
d
d
it
io
n
,
th
e
p
ro
d
u
ct
io
n
ch
a
n
n
el

p
p
→

χ̃
± 1
χ̃
0 2
→

W
Z
+
E

m
is
s

T
m
ay

b
e
te
st
a
b
le

in
th
e
n
ea
r
fu
tu
re

[1
5
7]
.

T
h
e
ra
th
er

li
g
h
t
sp
ec
tr
u
m

o
f
el
ec
tr
ow

ea
k
g
a
u
g
in
o
s
w
it
h
m

χ̃
± 1
∼

2
m

χ̃
0 1
∼

2
1
6
G
eV

a
ll
ow

s
fo
r
ch
a
rg
in
o
p
a
ir

p
ro
d
u
ct
io
n
a
t
IL
C

fo
ll
ow

ed
b
y
χ̃
± 1

→
χ̃
0 1
W

d
ec
ay
,
y
ie
ld
in
g
a
W

+
W

−
+

E
si
g
n
a
tu
re
.
T
h
e
χ̃
0 1
χ̃
0 2
a
n
d
χ̃
0 2
χ̃
0 2

p
ro
d
u
ct
io
n
ch
a
n
n
el
s
te
n
d
to

b
e
su
p
p
re
ss
ed
,
b
u
t
m
ay

o
ff
er

a
d
d
it
io
n
a
l
se
a
rc
h
av
en
u
es

a
lb
ei
t
a
t
lo
w

ra
te
s.

4
.6

A
p
M

S
S
M

m
o
d
e
l
w
it
h
li
g
h
t
sl
e
p
to

n
s

In
m
a
n
y
co
n
st
ra
in
ed

S
U
S
Y

m
o
d
el
s
w
h
er
e
sl
ep
to
n
a
n
d
sq
u
a
rk

m
a
ss
es

a
re

co
rr
el
a
te
d
a
t
so
m
e
h
ig
h
en

er
g
y

sc
a
le
,
re
la
ti
v
el
y
li
g
h
t
sl
ep
to
n
s
w
it
h
m
a
ss

∼
1
0
0
−
2
0
0
G
eV

a
re

fo
rb
id
d
en
.
H
ow

ev
er
,
if
w
e
in
v
o
k
e
th
e
g
re
a
te
r

p
a
ra
m
et
er

fr
ee
d
o
m

o
f
th
e
p
M
S
S
M
,
th
en

sp
ec
tr
a
w
it
h
li
g
h
t
sl
ep
to
n
s
a
n
d
h
ea
v
y
sq
u
a
rk
s
ca
n
ea
si
ly

b
e
g
en

er
a
te
d
.

In
fa
ct
,
th
es
e
m
o
d
el
s
h
av
e
so
m
e
d
eg
re
e
o
f
m
o
ti
va
ti
o
n
in

th
a
t
th
ey

n
a
tu
ra
ll
y
re
co
n
ci
le

th
e
m
ea
su
re
d
(g

−
2
) μ

a
n
o
m
a
ly

(w
h
ic
h
fa
v
o
rs

li
g
h
t
sm

u
o
n
s)

w
it
h
th
e
m
ea
su
re
d
b
→

sγ
b
ra
n
ch
in
g
fr
a
ct
io
n
(w

h
ic
h
fa
v
o
rs

ra
th
er

h
ea
v
y
th
ir
d
g
en

er
a
ti
o
n
sq
u
a
rk
s)
.

In
th
e
p
M
S
S
M
[1
4
8,

1
4
9]
,
o
n
e
in
p
u
ts

w
ea
k
sc
a
le
va
lu
es

o
f
th
e
fo
ll
ow

in
g
p
a
ra
m
et
er
s:

1
.
m

g̃
,μ

,m
A
,t
a
n
β
,
2
.

m
Q
,m

U
,m

D
,m

L
,m

E
fo
r
ea
ch

o
f
th
e
th
re
e
g
en

er
a
ti
o
n
s,
3
.
g
a
u
g
in
o
m
a
ss
es

M
1
a
n
d
M

2
a
n
d
4
.
th
ir
d
g
en

er
a
ti
o
n

tr
il
in
ea
r
A

t
,A

b
a
n
d
A

τ
.
T
h
is

g
iv
es

a
1
9
d
im

en
si
o
n
a
l
p
a
ra
m
et
er

sp
a
ce

if
fi
rs
t
a
n
d
se
co
n
d
g
en

er
a
ti
o
n
sc
a
la
r

m
a
ss
es

a
re

ta
k
en

a
s
d
eg
en

er
a
te
,
el
se

a
2
4
d
im

en
si
o
n
a
l
p
a
ra
m
et
er

sp
a
ce

fo
r
in
d
ep

en
d
en
t
fi
rs
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se
co
n
d
a
n
d

th
ir
d
g
en

er
a
ti
o
n
s.
4

A
s
a
n
ex
a
m
p
le
,
w
e
sp
ec
if
y
th
e
“
δM

τ̃
”
b
en
ch
m
a
rk

w
it
h
th
e
fo
ll
ow

in
g
p
a
ra
m
et
er
s,

a
ll

g
iv
en

a
t
a
sc
a
le

o
f
1
T
eV

:

4
A
lt
er
n
a
ti
v
el
y,

th
e
S
U
(3
)
g
a
u
g
in
o
m
a
ss

M
3
m
ay

b
e
su

b
st
it
u
te
d
fo
r
th
e
p
h
y
si
ca
l
g
lu
in
o
m
a
ss

a
s
a
n
in
p
u
t.
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1
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)
×
1
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B
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S
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)
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1
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4
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3
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3
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3
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3
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B
F
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u
→

τ
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)
×
1
0
4

1
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1
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1
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1
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1
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T
a
b
le

1
:
In
p
u
t
p
a
ra
m
et
er
s
a
n
d
m
a
ss

sp
ec
tr
u
m

a
n
d
ra
te
s
fo
r
p
o
st

L
H
C
7
b
en
ch
m
a
rk

p
o
in
ts

1
−
5
.
A
ll
m
a
ss
es

a
n
d
d
im

en
si
o
n
fu
l
p
a
ra
m
et
er
s
a
re

in
T
eV

u
n
it
s.

A
ll
va
lu
es

h
av
e
b
ee
n
o
b
ta
in
ed

w
it
h
Is
a
su
g
ra

a
p
a
rt

fr
o
m

H
ig
g
s

m
a
ss
es

fo
r
th
e
N
U
H
M
2
p
o
in
t,

w
h
ic
h
h
av
e
b
ee
n
ta
k
en

fr
o
m

F
ey
n
H
ig
g
s.

•
H
ig
g
s
se
ct
o
r
p
a
ra
m
et
er
s:

ta
n
(β
)
=

1
0
,
μ
=

2
0
0
G
eV

,
m

A
=

4
0
0
G
eV

,

•
tr
il
in
ea
r
co
u
p
li
n
g
s:

A
t
=

A
b
=

A
τ
=

−1
.8

T
eV

,

•
g
a
u
g
in
o
m
a
ss

p
a
ra
m
et
er
s:

M
3
=

2
T
eV

,
M

2
=

2
2
5
G
eV

,
M

1
=

1
0
7
G
eV

,

•
sl
ep

to
n
m
a
ss

p
a
ra
m
et
er
s:

m
L
(1
,2
,3
)
=

2
0
0
G
eV

,
m

E
(1
,2
)
=

1
2
5
G
eV

,
m

E
(3
)
=

1
0
3
G
eV

,

•
sq
u
a
rk

m
a
ss

p
a
ra
m
et
er
s:

m
Q
(1
,2
)
=

m
D
(1
,2
)
=

m
U
(1
,2
)
=

2
T
eV

,
m

L
(3
)
=

1
.5

T
eV

,
m

U
(3
)
=

m
D
(3
)
=

4
0
0
G
eV

.

T
h
e
re
su
lt
in
g
sp
a
rt
ic
le

m
a
ss
es
,
w
h
ic
h

h
av
e
b
ee
n

o
b
ta
in
ed

w
it
h

S
P
h
en
o
[1
5
0,

1
5
2]

w
it
h

H
ig
g
s
m
a
ss
es

ca
lc
u
la
te
d
b
y
F
ey
n
H
ig
g
s
[5
8]
,
a
lo
n
g
w
it
h
th
e
n
eu
tr
a
li
n
o
re
li
c
d
en
si
ty

o
b
ta
in
ed

fr
o
m

[6
0]
,
a
re

li
st
ed

in
T
a
b
le
2
.

W
it
h
m
a
ss
es

a
ro
u
n
d
2
T
eV

,
th
e
g
lu
in
o
a
n
d
th
e
p
a
rt
n
er
s
o
f
th
e
li
g
h
t
q
u
a
rk
s
a
re

b
ey
o
n
d
cu
rr
en
t
L
H
C

li
m
it
s,

es
p
ec
ia
ll
y
si
n
ce

th
e
g
lu
in
o
d
ec
ay

s
d
o
m
in
a
n
tl
y
v
ia

t̃ 1
t
o
r
b̃ 1
b.

A
lt
h
o
u
g
h
li
g
h
t
sl
ep
to
n
s
a
re

p
re
se
n
t,

th
e
cu

rr
en
t
li
m
it
s
o
n
d
ir
ec
t
el
ec
tr
ow

ea
k
in
o
p
ro
d
u
ct
io
n
[1
3
4]

d
o
n
o
t
co
v
er

th
is

ca
se

d
u
e
to

th
e
sm

a
ll
m
a
ss

d
iff
er
en

ce
b
et
w
ee
n
th
e
τ̃ 1

a
n
d
th
e
χ̃
0 1
,
w
h
ic
h
le
a
d
s
to

so
ft

τ
le
p
to
n
s
in

th
e
ch
a
rg
in
o
a
n
d
n
eu

tr
a
li
n
o
d
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ay

s
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d
o
f
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e
se
a
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h
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r
h
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h
p
t
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tr
o
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s
a
n
d
m
u
o
n
s.
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A
ll
sl
ep
to
n
s
a
n
d
el
ec
tr
ow

ea
k
in
o
s
a
re

w
it
h
in

IL
C

re
a
ch

a
t
√ s

< ∼
5
0
0
G
eV

.
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a
d
d
it
io
n
,
th
e
li
g
h
t
to
p
a
n
d

b
o
tt
o
m

sq
u
a
rk
s
a
s
w
el
l
a
s
th
e
h
ea
v
y
H
ig
g
s
b
o
so
n
s
w
o
u
ld

b
e
a
cc
es
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b
le

a
t
IL
C

w
it
h
√ s

∼
1
T
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.

D
u
e
to

th
e
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rg
e
n
u
m
b
er

o
f
p
ro
d
u
ct
io
n
p
ro
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ss
es

o
p
en

a
lr
ea
d
y
a
t
√ s

∼
5
0
0
G
eV

,
w
h
ic
h
o
ft
en

y
ie
ld

lo
n
g

ca
sc
a
d
es
[1
5
1]
,
δM

τ̃
is
a
ct
u
a
ll
y
a
n
ex
p
er
im

en
ta
ll
y
ch
a
ll
en
g
in
g
sc
en
a
ri
o
fo
r
IL
C
.
T
h
er
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o
re
,
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a
n
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l
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u
d
y
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d
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o
n
st
ra
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th
e
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p
a
ra
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o
n
o
f
m
a
n
y
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o
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a
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d
n
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m
a
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er
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a
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s
w
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h
a
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th
e
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o
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o
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b
y
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C
,
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u
d
in
g
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o
ld

sc
a
n
s
a
n
d
d
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er
en
t
b
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m

p
o
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ti
o
n
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n
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g
u
ra
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o
n
s,
b
u
t
a
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b
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ra
th
er

sm
a
ll
m
a
ss

d
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w
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ra
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p
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b
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p
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d
ic
ti
o
n

o
f
a
li
g
h
t
H
ig
g
s
sc
a
la
r

m
h

< ∼
1
2
0
G
eV

,
o
th
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d
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p
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p
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d
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b
y

K
a
ll
o
sh

a
n
d
L
in
d
e
(t
h
e
K
L
m
o
d
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p
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ra
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p
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e
ch
a
o
ti
c
in
fl
a
ti
o
n
a
ry

sc
en

a
ri
o
to

em
er
g
e
in

su
p
er
g
ra
v
it
y
m
o
d
el
s.

In
th
is
cl
a
ss

o
f
m
o
d
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e
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b
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p
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p
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w
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d
el

th
es
e
ca
se
s,
w
e
a
d
o
p
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d
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ra
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=
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=
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=
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=
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=
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=
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=
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=
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=
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=
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p
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=
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b
e
a
cc
es
si
b
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a
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p
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b
e
ex
tr
em

el
y
so
ft
.
H
ow

ev
er
,
th
e
w
in
o
-l
ik
e
ch
a
rg
in
o

is
th
en

q
u
a
si
-s
ta
b
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b
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a
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p
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d
u
ct
s.

C
h
a
rg
in
o
p
a
ir
p
ro
d
u
ct
io
n
co
u
ld

b
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ra
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a
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p
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p
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p
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ra
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b
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b
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ü
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p
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d
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p
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b
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p
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b
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p
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h
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h
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p
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n
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b
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ra
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p
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n
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b
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e
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b
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b
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p
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ra
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b
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−
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d
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d
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b
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ra
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b
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b
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=
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w
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=
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=
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=
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b
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=
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=
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=
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=
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b
y
M

1
=
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=
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=
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ra
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b
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d
el
s
w
it
h
a
n
o
rm

a
l
sc
a
la
r
m
a
ss

h
ie
ra
rc
h
y
(m

0
(1
)
�

m
0
(2
)
�

m
0
(3
))

[1
4
1]

a
re

m
o
ti
va
te
d
b
y
th
e
a
tt
em

p
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d
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ẽ
R
�

m
μ̃
R
=

2
8
4
G
eV

,
m

ν̃
e
,μ

L
�

3
0
0
G
eV

a
n
d
m

ẽ
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ü
h
ll
ei
tn
er

a
n
d
R
.
N
ev

zo
ro
v
,
N
u
cl
.
P
h
y
s.

B
8
6
0
,
2
0
7
(2
0
1
2
)
[a
rX

iv
:1
2
0
1
.2
6
7
1
[h
ep

-p
h
]]
.

[5
1
]
C
.
B
ru

st
,
A
.
K
a
tz
,
S
.
L
aw

re
n
ce

a
n
d
R
.
S
u
n
d
ru

m
,
J
H
E
P

1
2
0
3
,
1
0
3
(2
0
1
2
)
[a
rX

iv
:1
1
1
0
.6
6
7
0
[h
ep

-p
h
]]
.

[5
2
]
M
.
P
a
p
u
cc
i,
J
.
T
.
R
u
d
er
m
a
n
a
n
d
A
.
W
ei
le
r,

a
rX

iv
:1
1
1
0
.6
9
2
6
[h
ep

-p
h
].

3
9

4



[5
3
]
S
.
D
im

o
p
o
u
lo
s
a
n
d
G
.
F
.
G
iu
d
ic
e,

P
h
y
s.

L
et
t.

B
3
5
7
,
5
7
3
(1
9
9
5
)
[h
ep

-p
h
/
9
5
0
7
2
8
2
].

[5
4
]
R
.
K
it
a
n
o
a
n
d
Y
.
N
o
m
u
ra
,
P
h
y
s.

L
et
t.

B
6
3
1
,
5
8
(2
0
0
5
)
[h
ep

-p
h
/
0
5
0
9
0
3
9
].

[5
5
]
R
.
K
it
a
n
o
a
n
d
Y
.
N
o
m
u
ra
,
P
h
y
s.

R
ev

.
D

7
3
,
0
9
5
0
0
4
(2
0
0
6
)
[h
ep

-p
h
/
0
6
0
2
0
9
6
].

[5
6
]
R
.
K
it
a
n
o
a
n
d
Y
.
N
o
m
u
ra
,
h
ep

-p
h
/
0
6
0
6
1
3
4
.

[5
7
]
K
.
C
h
eu

n
g
,
C
.
-W

.
C
h
ia
n
g
a
n
d
J
.
S
o
n
g
,
J
H
E
P

0
6
0
4
,
0
4
7
(2
0
0
6
)
[h
ep

-p
h
/
0
5
1
2
1
9
2
].

[5
8
]
M
.
F
ra
n
k
,
T
.
H
a
h
n
,
S
.
H
ei
n
em

ey
er
,
W

.
H
o
ll
ik
,
H
.
R
ze
h
a
k
a
n
d
G
.
W
ei
g
le
in
,
J
H
E
P

0
7
0
2
(2
0
0
7
)
0
4
7
[h
ep

-p
h
/
0
6
1
1
3
2
6
].

G
.
D
eg
ra
ss
i,
S
.
H
ei
n
em

ey
er
,
W

.
H
o
ll
ik
,
P
.
S
la
v
ic
h
a
n
d
G
.
W
ei
g
le
in
,
E
u
r.

P
h
y
s.

J
.
C

2
8
(2
0
0
3
)
1
3
3
[h
ep

-p
h
/
0
2
1
2
0
2
0
].

S
.
H
ei
n
em

ey
er
,
W

.
H
o
ll
ik

a
n
d
G
.
W
ei
g
le
in
,
E
u
r.

P
h
y
s.

J
.
C

9
(1
9
9
9
)
3
4
3
[h
ep

-p
h
/
9
8
1
2
4
7
2
].

S
.
H
ei
n
em

ey
er
,
W

.
H
o
ll
ik

a
n
d
G
.
W
ei
g
le
in
,
C
o
m
p
u
t.

P
h
y
s.

C
o
m
m
u
n
.
1
2
4
(2
0
0
0
)
7
6
[h
ep

-p
h
/
9
8
1
2
3
2
0
].

[5
9
]
H
.
B
a
er
,
V
.
B
a
rg
er
,
A
.
L
es
sa
,
W

.
S
re
et
h
aw

o
n
g
a
n
d
X
.
T
a
ta
,
P
h
y
s.

R
ev

.
D

8
5
,
0
5
5
0
2
2
(2
0
1
2
)
[a
rX

iv
:1
2
0
1
.2
9
4
9
[h
ep

-p
h
]]
.

[6
0
]
G
.
B
el
a
n
g
er
,
F
.
B
o
u
d
je
m
a
,
A
.
P
u
k
h
ov

a
n
d
A
.
S
em

en
ov

,
C
o
m
p
u
t.

P
h
y
s.

C
o
m
m
u
n
.
1
4
9
,
1
0
3
(2
0
0
2
)
[h
ep

-p
h
/
0
1
1
2
2
7
8
].

[6
1
]
K
.
S
.
B
a
b
u
a
n
d
C
.
F
.
K
o
ld
a
,
P
h
y
s.

R
ev

.
L
et
t.

8
4
,
2
2
8
(2
0
0
0
)
[h
ep

-p
h
/
9
9
0
9
4
7
6
].

[6
2
]
J
.
K
.
M
iz
u
k
o
sh

i,
X
.
T
a
ta

a
n
d
Y
.
W
a
n
g
,
P
h
y
s.

R
ev

.
D

6
6
,
1
1
5
0
0
3
(2
0
0
2
)
[h
ep

-p
h
/
0
2
0
8
0
7
8
].

[6
3
]
D
.
E
ri
k
ss
o
n
,
F
.
M
a
h
m
o
u
d
i
a
n
d
O
.
S
ta
l,
J
H
E
P

0
8
1
1
,
0
3
5
(2
0
0
8
)
[a
rX

iv
:0
8
0
8
.3
5
5
1
[h
ep

-p
h
]]
.

[6
4
]
E
.
B
a
rb

er
io

et
a
l.
[H

ea
v
y
F
la
v
o
r
A
v
er
a
g
in
g
G
ro
u
p
],
“
A
v
er
a
g
es

o
f
b−

h
a
d
ro
n
a
n
d
c−

h
a
d
ro
n
P
ro
p
er
ti
es

a
t
th
e
E
n
d
o
f
2
0
0
7
,”

a
rX

iv
:0
8
0
8
.1
2
9
7
[h
ep

-e
x
].

[6
5
]
S
.
C
h
a
tr
ch
y
a
n
et

a
l.
[C

M
S
C
o
ll
a
b
o
ra
ti
o
n
],
P
h
y
s.

R
ev

.
L
et
t.

1
0
7
(2
0
1
1
)
1
9
1
8
0
2
[a
rX

iv
:1
1
0
7
.5
8
3
4
[h
ep

-e
x
]]
.

[6
6
]
T
.
A
a
lt
o
n
en

et
a
l.
[C

D
F

C
o
ll
a
b
o
ra
ti
o
n
],
P
h
y
s.

R
ev

.
L
et
t.

1
0
7
(2
0
1
1
)
2
3
9
9
0
3
[a
rX

iv
:1
1
0
7
.2
3
0
4
[h
ep

-e
x
]]
.

[6
7
]
R
.
A
a
ij

et
a
l.

[L
H
C
b

C
o
ll
a
b
o
ra
ti
o
n
],

“
S
tr
o
n
g

co
n
st
ra
in
ts

o
n

th
e

ra
re

d
ec
a
y
s

B
s

→
μ
+
μ
−

a
n
d

B
0

→
μ
+
μ
−
,”

a
rX

iv
:1
2
0
3
.4
4
9
3
[h
ep

-e
x
].

[6
8
]
G
.
W

.
B
en

n
et
t
et

a
l.
[M

u
o
n
G
-2

C
o
ll
a
b
o
ra
ti
o
n
],
P
h
y
s.

R
ev

.
D

7
3
,
0
7
2
0
0
3
(2
0
0
6
)
[a
rX

iv
:h
ep

-e
x
/
0
6
0
2
0
3
5
].

[6
9
]
M
.
D
av

ie
r,

A
.
H
o
ec
k
er
,
B
.
M
a
la
es
cu

a
n
d
Z
.
Z
h
a
n
g
,
E
u
r.

P
h
y
s.

J
.
C

7
1
,
1
5
1
5
(2
0
1
1
)
[a
rX

iv
:1
0
1
0
.4
1
8
0
[h
ep

-p
h
]]
.

[7
0
]
T
.
M
o
ro
i,
P
h
y
s.

R
ev

.
D

5
3
,
6
5
6
5
(1
9
9
6
)
[E

rr
a
tu
m
-i
b
id
.
D

5
6
,
4
4
2
4
(1
9
9
7
)]

[h
ep

-p
h
/
9
5
1
2
3
9
6
].

[7
1
]
J
.
L
.
F
en

g
a
n
d
K
.
T
.
M
a
tc
h
ev

,
P
h
y
s.

R
ev

.
L
et
t.

8
6
,
3
4
8
0
(2
0
0
1
)
[h
ep

-p
h
/
0
1
0
2
1
4
6
].

[7
2
]
D
.

A
sn

er
et

a
l.

[H
ea
v
y

F
la
v
o
r

A
v
er
a
g
in
g

G
ro
u
p
],

“
A
v
er
a
g
es

o
f

b
-h
a
d
ro
n
,

c-
h
a
d
ro
n
,

a
n
d

τ
-l
ep

to
n

P
ro
p
er
ti
es
,”

a
rX

iv
:1
0
1
0
.1
5
8
9
[h
ep

-e
x
].

[7
3
]
M
.
M
is
ia
k
et

a
l.
,
P
h
y
s.

R
ev

.
L
et
t.

9
8
,
0
2
2
0
0
2
(2
0
0
7
)
[h
ep

-p
h
/
0
6
0
9
2
3
2
].

[7
4
]
H
.
B
a
er

a
n
d
M
.
B
rh

li
k
,
P
h
y
s.

R
ev

.
D

5
5
,
3
2
0
1
(1
9
9
7
)
[h
ep

-p
h
/
9
6
1
0
2
2
4
].

[7
5
]
H
.
B
a
er
,
V
.
B
a
rg
er

a
n
d
P
.
H
u
a
n
g
,
J
H
E
P

1
1
1
1
,
0
3
1
(2
0
1
1
)
[a
rX

iv
:1
1
0
7
.5
5
8
1
[h
ep

-p
h
]]
.

[7
6
]
B
.
W

.
L
ee

a
n
d
S
.
W
ei
n
b
er
g
,
P
h
y
s.

R
ev

.
L
et
t.

3
9
,
1
6
5
(1
9
7
7
).

[7
7
]
E
.
A
.
B
a
lt
z,

M
.
B
a
tt
a
g
li
a
,
M
.
E
.
P
es
k
in

a
n
d
T
.
W

iz
a
n
sk
y,

P
h
y
s.

R
ev

.
D

7
4
,
1
0
3
5
2
1
(2
0
0
6
)
[h
ep

-p
h
/
0
6
0
2
1
8
7
].

[7
8
]
H
.
G
o
ld
b
er
g
,
P
h
y
s.

R
ev

.
L
et
t.

5
0
,
1
4
1
9
(1
9
8
3
)
[E

rr
a
tu
m
-i
b
id
.
1
0
3
,
0
9
9
9
0
5
(2
0
0
9
)]
.

[7
9
]
J
.
R
.
E
ll
is
,
J
.
S
.
H
a
g
el
in
,
D
.
V
.
N
a
n
o
p
o
u
lo
s,

K
.
A
.
O
li
v
e
a
n
d
M
.
S
re
d
n
ic
k
i,
N
u
cl
.
P
h
y
s.

B
2
3
8
,
4
5
3
(1
9
8
4
).

[8
0
]
F
o
r
a
re
v
ie
w
,
se
e
G
.
J
u
n
g
m
a
n
,
M
.
K
a
m
io
n
k
ow

sk
i
a
n
d
K
.
G
ri
es
t,

P
h
y
s.

R
ep

t.
2
6
7
,
1
9
5
(1
9
9
6
)
[h
ep

-p
h
/
9
5
0
6
3
8
0
].

[8
1
]
H
.
B
a
er
,
A
.
D
.
B
ox

a
n
d
H
.
S
u
m
m
y,

J
H
E
P

1
0
1
0
,
0
2
3
(2
0
1
0
)
[a
rX

iv
:1
0
0
5
.2
2
1
5
[h
ep

-p
h
]]
.

[8
2
]
H
.
B
a
er

a
n
d
A
.
D
.
B
ox

,
E
u
r.

P
h
y
s.

J
.
C

6
8
,
5
2
3
(2
0
1
0
)
[a
rX

iv
:0
9
1
0
.0
3
3
3
[h
ep

-p
h
]]
.

[8
3
]
B
.
S
.
A
ch

a
ry
a
,
G
.
K
a
n
e
a
n
d

E
.
K
u
fl
ik
,
“
S
tr
in
g

T
h
eo
ri
es

w
it
h

M
o
d
u
li

S
ta
b
il
iz
a
ti
o
n

Im
p
ly

N
o
n
-T

h
er
m
a
l
C
o
sm

o
lo
g
ic
a
l

H
is
to
ry
,
a
n
d
P
a
rt
ic
u
la
r
D
a
rk

M
a
tt
er
,”

a
rX

iv
:1
0
0
6
.3
2
7
2
[h
ep

-p
h
].

[8
4
]
T
.
M
o
ro
i
a
n
d
L
.
R
a
n
d
a
ll
,
N
u
cl
.
P
h
y
s.

B
5
7
0
,
4
5
5
(2
0
0
0
)
[h
ep

-p
h
/
9
9
0
6
5
2
7
].

[8
5
]
G
.
G
el
m
in
i,
P
.
G
o
n
d
o
lo
,
A
.
S
o
ld
a
te
n
k
o
a
n
d
C
.
E
.
Y
a
g
u
n
a
,
P
h
y
s.

R
ev

.
D

7
4
,
0
8
3
5
1
4
(2
0
0
6
)
[h
ep

-p
h
/
0
6
0
5
0
1
6
].

[8
6
]
R
.
D
.
P
ec
ce
i,
L
ec
t.

N
o
te
s
P
h
y
s.

7
4
1
,
3
(2
0
0
8
)
[h
ep

-p
h
/
0
6
0
7
2
6
8
].

[8
7
]
J
.
E
.
K
im

a
n
d
G
.
C
a
ro
si
,
R
ev

.
M
o
d
.
P
h
y
s.

8
2
,
5
5
7
(2
0
1
0
)
[a
rX

iv
:0
8
0
7
.3
1
2
5
[h
ep

-p
h
]]
.

[8
8
]
L
.
F
.
A
b
b
o
tt

a
n
d
P
.
S
ik
iv
ie
,
P
h
y
s.

L
et
t.

B
1
2
0
,
1
3
3
(1
9
8
3
).

[8
9
]
J
.
P
re
sk
il
l,
M
.
B
.
W

is
e
a
n
d
F
.
W

il
cz
ek

,
P
h
y
s.

L
et
t.

B
1
2
0
,
1
2
7
(1
9
8
3
).

[9
0
]
M
.
D
in
e
a
n
d
W

.
F
is
ch

le
r,

P
h
y
s.

L
et
t.

B
1
2
0
,
1
3
7
(1
9
8
3
).

[9
1
]
H
.
P
.
N
il
le
s
a
n
d
S
.
R
a
b
y,

N
u
cl
.
P
h
y
s.

B
1
9
8
,
1
0
2
(1
9
8
2
).

[9
2
]
O
.
A
d
ri
a
n
i
et

a
l.
[P
A
M
E
L
A

C
o
ll
a
b
o
ra
ti
o
n
],
N
a
tu
re

4
5
8
,
6
0
7
(2
0
0
9
)
[a
rX

iv
:0
8
1
0
.4
9
9
5
[a
st
ro
-p
h
]]
.

[9
3
]
M
.
A
ck
er
m
a
n
n
et

a
l.
[F
er
m
i
L
A
T

C
o
ll
a
b
o
ra
ti
o
n
],
P
h
y
s.

R
ev

.
D

8
2
,
0
9
2
0
0
4
(2
0
1
0
)
[a
rX

iv
:1
0
0
8
.3
9
9
9
[a
st
ro
-p
h
.H

E
]]
.

[9
4
]
S
.
P
ro
fu
m
o
,
C
en

tr
a
l
E
u
r.

J
.
P
h
y
s.

1
0
,
1
(2
0
1
1
)
[a
rX

iv
:0
8
1
2
.4
4
5
7
[a
st
ro
-p
h
]]
.

[9
5
]
E
.
A
p
ri
le

et
a
l.
[X

E
N
O
N
1
0
0
C
o
ll
a
b
o
ra
ti
o
n
],
P
h
y
s.

R
ev

.
L
et
t.

1
0
7
,
1
3
1
3
0
2
(2
0
1
1
)
[a
rX

iv
:1
1
0
4
.2
5
4
9
[a
st
ro
-p
h
.C

O
]]
.

3
9

5

[9
6
]
H
.
B
a
er
,
A
.
M
u
st
a
fa
y
ev

,
E
.
-K

.
P
a
rk

a
n
d
X
.
T
a
ta
,
J
C
A
P

0
7
0
1
,
0
1
7
(2
0
0
7
)
[h
ep

-p
h
/
0
6
1
1
3
8
7
].

[9
7
]
J
.
L
.
F
en

g
a
n
d
D
.
S
a
n
fo
rd

,
J
C
A
P

1
1
0
5
,
0
1
8
(2
0
1
1
)
[a
rX

iv
:1
0
0
9
.3
9
3
4
[h
ep

-p
h
]]
.

[9
8
]
J
.
A
.
A
g
u
il
a
r-
S
a
av

ed
ra

et
a
l.
[E

C
F
A
/
D
E
S
Y

L
C

P
h
y
si
cs

W
o
rk
in
g
G
ro
u
p
],
“
T
E
S
L
A
:
T
h
e
su

p
er
co
n
d
u
ct
in
g
el
ec
tr
o
n
p
o
si
tr
o
n

li
n
ea
r
co
ll
id
er

w
it
h

a
n

in
te
g
ra
te
d

X
-r
ay

la
se
r
la
b
o
ra
to
ry
.
T
ec
h
n
ic
a
l
D
es
ig
n

R
ep

o
rt
,
P
a
rt

3
:
P
h
y
si
cs

a
t
a
n

e+
e−

li
n
ea
r

co
ll
id
er
,”

[h
ep

-p
h
/
0
1
0
6
3
1
5
].

[9
9
]
H
.
B
a
er
,

V
.
B
a
rg
er
,

P
.
H
u
a
n
g

a
n
d

X
.
T
a
ta
,

“
N
a
tu
ra
l
S
u
p
er
sy
m
m
et
ry
:

L
H
C
,
d
a
rk

m
a
tt
er

a
n
d

IL
C

se
a
rc
h
es
,”

a
rX

iv
:1
2
0
3
.5
5
3
9
[h
ep

-p
h
].

[1
0
0
]
F
.
E
.
P
a
ig
e,

S
.
D
.
P
ro
to
p
o
p
es
cu

,
H
.
B
a
er

a
n
d
X
.
T
a
ta
,
“
IS
A
J
E
T

7
.6
9
:
A

M
o
n
te

C
a
rl
o
ev
en

t
g
en

er
a
to
r
fo
r
p
p
,
a
n
ti
-p

p
,

a
n
d
e+

e-
re
a
ct
io
n
s,
”
[h
ep

-p
h
/
0
3
1
2
0
4
5
].

[1
0
1
]
H
.
B
a
er
,
A
.
B
el
y
a
ev

,
T
.
K
ru

p
ov

n
ic
ka

s
a
n
d
X
.
T
a
ta
,
J
H
E
P

0
4
0
2
,
0
0
7
(2
0
0
4
)
[h
ep

-p
h
/
0
3
1
1
3
5
1
].

[1
0
2
]
H
.
B
a
er
,
T
.
K
ru

p
ov

n
ic
ka

s
a
n
d
X
.
T
a
ta
,
J
H
E
P

0
4
0
6
,
0
6
1
(2
0
0
4
)
[h
ep

-p
h
/
0
4
0
5
0
5
8
].

[1
0
3
]
C
.
B
a
rt
el
s,
O
.
K
it
te
l,
U
.
L
a
n
g
en

fe
ld

a
n
d
J
.
L
is
t,
“
M
o
d
el
-i
n
d
ep

en
d
en

t
W

IM
P
C
h
a
ra
ct
er
is
a
ti
o
n
u
si
n
g
IS
R
,”

a
rX

iv
:1
2
0
2
.6
5
1
6

[h
ep

-e
x
].

[1
0
4
]
C
.
B
a
rt
el
s,

O
.
K
it
te
l,

U
.
L
a
n
g
en

fe
ld

a
n
d

J
.
L
is
t,

“
M
ea
su

re
m
en

t
o
f
ra
d
ia
ti
v
e
n
eu

tr
a
li
n
o
p
ro
d
u
ct
io
n
,”

a
rX

iv
:1
2
0
2
.6
3
2
4

[h
ep

-p
h
].

[1
0
5
]
O
.
B
u
ch

m
l̈l
er

et
a
l.
,
“
H
ig
g
s
a
n
d
S
u
p
er
sy
m
m
et
ry
,”

a
rX

iv
:1
1
1
2
.3
5
6
4
[h
ep

-p
h
].

[1
0
6
]
L
.
J
.
H
a
ll
,
D
.
P
in
n
er

a
n
d
J
.
T
.
R
u
d
er
m
a
n
,
J
H
E
P

1
2
0
4
,
1
3
1
(2
0
1
2
)
[a
rX

iv
:1
1
1
2
.2
7
0
3
[h
ep

-p
h
]]
.

[1
0
7
]
S
.
P
.
M
a
rt
in
,
P
h
y
s.

R
ev

.
D

8
1
,
0
3
5
0
0
4
(2
0
1
0
)
[a
rX

iv
:0
9
1
0
.2
7
3
2
[h
ep

-p
h
]]
.

[1
0
8
]
S
.
C
h
a
tr
ch
y
a
n

et
a
l.

[C
M
S

C
o
ll
a
b
o
ra
ti
o
n
],

“
C
o
m
b
in
ed

re
su

lt
s
o
f
se
a
rc
h
es

fo
r
th
e
st
a
n
d
a
rd

m
o
d
el

H
ig
g
s
b
o
so
n

in
p
p

co
ll
is
io
n
s
a
t
√
s
=

7
T
eV

,”
a
rX

iv
:1
2
0
2
.1
4
8
8
[h
ep

-e
x
].

[1
0
9
]
A
T
L
A
S
co
ll
a
b
o
ra
ti
o
n
,
“
A
n
u
p
d
a
te

to
th
e
co
m
b
in
ed

se
a
rc
h
fo
r
th
e
S
ta
n
d
a
rd

M
o
d
el

H
ig
g
s
b
o
so
n
w
it
h
th
e
A
T
L
A
S
d
et
ec
to
r

a
t
th
e
L
H
C

u
si
n
g
u
p
to

4
.9

fb
−
1
o
f
p
p
co
ll
is
io
n
d
a
ta

a
t
√
s
=

7
T
eV

,”
A
T
L
A
S
-C

O
N
F
-2
0
1
2
-0
1
9
.

[1
1
0
]
[T

E
V
N
P
H

(T
ev
a
tr
o
n

N
ew

P
h
en

o
m
in
a
a
n
d

H
ig
g
s
W
o
rk
in
g
G
ro
u
p
)
a
n
d

C
D
F

a
n
d

D
0
C
o
ll
a
b
o
ra
ti
o
n
s]
,
“
C
o
m
b
in
ed

C
D
F

a
n
d
D
0
S
ea
rc
h
fo
r
S
ta
n
d
a
rd

M
o
d
el

H
ig
g
s
B
o
so
n
P
ro
d
u
ct
io
n
w
it
h
u
p
to

1
0
.0

fb
−
1
o
f
D
a
ta
,”

a
rX

iv
:1
2
0
3
.3
7
7
4
[h
ep

-e
x
].

[1
1
1
]
S
.
C
h
a
tr
ch
y
a
n

et
a
l.

[C
M
S

C
o
ll
a
b
o
ra
ti
o
n
],

“
S
ea
rc
h

fo
r
n
eu

tr
a
l
H
ig
g
s
b
o
so
n
s
d
ec
a
y
in
g

to
ta
u

p
a
ir
s
in

p
p

co
ll
is
io
n
s
a
t

√
s
=

7
T
eV

,”
a
rX

iv
:1
2
0
2
.4
0
8
3
[h
ep

-e
x
].

[1
1
2
]
A
T
L
A
S

co
ll
a
b
o
ra
ti
o
n
,
“
S
ea
rc
h

fo
r
ch

a
rg
ed

H
ig
g
s
b
o
so
n
s
d
ec
ay

in
g
v
ia

H
+

→
τ
ν

in
tt
b
a
r
ev
en

ts
u
si
n
g
4
.6

fb
−
1
o
f
p
p

co
ll
is
io
n
d
a
ta

a
t
√
s
=

7
T
eV

w
it
h
th
e
A
T
L
A
S
d
et
ec
to
r,
”
A
T
L
A
S
-C

O
N
F
-2
0
1
2
-0
1
1
.

[1
1
3
]
A
T
L
A
S

co
ll
a
b
o
ra
ti
o
n
,
“
S
ea
rc
h

fo
r
n
eu

tr
a
l
M
S
S
M

H
ig
g
s
b
o
so
n
s
d
ec
ay

in
g
to

τ
+
τ
−

p
a
ir
s
in

p
ro
to
n
-p
ro
to
n

co
ll
is
io
n
s
a
t

√
s
=

7
T
eV

w
it
h
th
e
A
T
L
A
S
d
et
ec
to
r,
”
A
T
L
A
S
-C

O
N
F
-2
0
1
1
-1
3
2
.

[1
1
4
]
H
.
B
a
er
,
V
.
B
a
rg
er

a
n
d
A
.
M
u
st
a
fa
y
ev

,
P
h
y
s.

R
ev

.
D

8
5
,
0
7
5
0
1
0
(2
0
1
2
)
[a
rX

iv
:1
1
1
2
.3
0
1
7
[h
ep

-p
h
]]
.

[1
1
5
]
S
.
H
ei
n
em

ey
er
,
O
.
S
ta
l
a
n
d
G
.
W
ei
g
le
in
,
P
h
y
s.

L
et
t.

B
7
1
0
,
2
0
1
(2
0
1
2
)
[a
rX

iv
:1
1
1
2
.3
0
2
6
[h
ep

-p
h
]]
.

[1
1
6
]
A
T
L
A
S

co
ll
a
b
o
ra
ti
o
n
,
“
F
u
rt
h
er

se
a
rc
h

fo
r
su

p
er
sy
m
m
et
ry

a
t
√
s
=

7
T
eV

in
fi
n
a
l
st
a
te
s
w
it
h

je
ts
,
m
is
si
n
g
tr
a
n
sv
er
se

m
o
m
en

tu
m

a
n
d
o
n
e
is
o
la
te
d
le
p
to
n
,”

A
T
L
A
S
-C

O
N
F
-2
0
1
2
-0
4
1

[1
1
7
]
A
T
L
A
S
co
ll
a
b
o
ra
ti
o
n
,
“
S
ea
rc
h
fo
r
sq
u
a
rk
s
a
n
d
g
lu
in
o
s
w
it
h
th
e
A
T
L
A
S
d
et
ec
to
r
u
si
n
g
fi
n
a
l
st
a
te
s
w
it
h
je
ts

a
n
d
m
is
si
n
g

tr
a
n
sv
er
se

m
o
m
en

tu
m

a
n
d
L

=
4
.7

fb
−
1
o
f
√
s
=

7
T
eV

p
ro
to
n
-p
ro
to
n
co
ll
is
io
n
d
a
ta
,”

A
T
L
A
S
-C

O
N
F
-2
0
1
2
-0
3
3

[1
1
8
]
A
T
L
A
S
co
ll
a
b
o
ra
ti
o
n
,
“
H
u
n
t
fo
r
n
ew

p
h
en

o
m
en

a
u
si
n
g
la
rg
e
je
t
m
u
lt
ip
li
ci
ti
es

a
n
d

m
is
si
n
g
tr
a
n
sv
er
se

m
o
m
en

tu
m

w
it
h

A
T
L
A
S
in

L
=

4
.7

fb
−
1
o
f
√
s
=

7
T
eV

p
ro
to
n
-p
ro
to
n
co
ll
is
io
n
s,
”
A
T
L
A
S
-C

O
N
F
-2
0
1
2
-0
3
7

[1
1
9
]
C
M
S
co
ll
a
b
o
ra
ti
o
n
,
“
S
ea
rc
h
fo
r
S
u
p
er
sy
m
m
et
ry

in
E
v
en

ts
w
it
h
P
h
o
to
n
s
a
n
d
M
is
si
n
g
E
n
er
g
y,
”
C
M
S
-P
A
S
-S
U
S
-1
2
-0
0
1
.

[1
2
0
]
C
M
S
co
ll
a
b
o
ra
ti
o
n
,
“
S
ea
rc
h
fo
r
su

p
er
sy
m
m
et
ry

w
it
h
th

e
ra
zo
r
va

ri
a
b
le
s
a
t
C
M
S
,”

C
M
S
-P
A
S
-S
U
S
-1
2
-0
0
5
.

[1
2
1
]
H
.
B
a
er
,
V
.
D
.
B
a
rg
er
,
D
.
K
a
ra
ta
s
a
n
d
X
.
T
a
ta
,
P
h
y
s.

R
ev

.
D

3
6
,
9
6
(1
9
8
7
).

[1
2
2
]
S
.
C
h
a
tr
ch
y
a
n
et

a
l.
[C

M
S
C
o
ll
a
b
o
ra
ti
o
n
],
“
S
ea
rc
h
fo
r
p
h
y
si
cs

b
ey
o
n
d
th
e
st
a
n
d
a
rd

m
o
d
el

in
ev
en

ts
w
it
h
a
Z
b
o
so
n
,
je
ts
,

a
n
d
m
is
si
n
g
tr
a
n
sv
er
se

en
er
g
y
in

p
p
co
ll
is
io
n
s
a
t
sq
rt
(s
)
=

7
T
eV

,”
a
rX

iv
:1
2
0
4
.3
7
7
4
[h
ep

-e
x
].

[1
2
3
]
S
.
C
h
a
tr
ch
y
a
n

et
a
l.

[C
M
S

C
o
ll
a
b
o
ra
ti
o
n
],

“
S
ea
rc
h

fo
r
a
n
o
m
a
lo
u
s
p
ro
d
u
ct
io
n

o
f
m
u
lt
il
ep

to
n

ev
en

ts
in

p
p

co
ll
is
io
n
s
a
t

sq
rt
(s
)=

7
T
eV

,”
a
rX

iv
:1
2
0
4
.5
3
4
1
[h
ep

-e
x
].

[1
2
4
]
C
M
S
co
ll
a
b
o
ra
ti
o
n
,
“
S
ea
rc
h

fo
r
su

p
er
sy
m
m
et
ry

in
ev
en

ts
w
it
h
a
si
n
g
le

le
p
to
n
,
je
ts
,
a
n
d
m
is
si
n
g
tr
a
n
sv
er
se

m
o
m
en

tu
m

u
si
n
g
a
n
eu

ra
l
n
et
w
o
rk
,”

C
M
S
-P
A
S
-S
U
S
-1
1
-0
2
6
.

[1
2
5
]
G
.
A
a
d
et

a
l.
[A

T
L
A
S
C
o
ll
a
b
o
ra
ti
o
n
],
“
S
ea
rc
h
fo
r
ev
en

ts
w
it
h
la
rg
e
m
is
si
n
g
tr
a
n
sv
er
se

m
o
m
en

tu
m
,
je
ts
,
a
n
d
a
t
le
a
st

tw
o

ta
u
le
p
to
n
s
in

7
T
eV

p
ro
to
n
-p
ro
to
n
co
ll
is
io
n
d
a
ta

w
it
h
th
e
A
T
L
A
S
d
et
ec
to
r,
”
a
rX

iv
:1
2
0
3
.6
5
8
0
[h
ep

-e
x
].

[1
2
6
]
G
.
A
a
d

et
a
l.

[A
T
L
A
S

C
o
ll
a
b
o
ra
ti
o
n
],

“
S
ea
rc
h

fo
r
su

p
er
sy
m
m
et
ry

in
p
p

co
ll
is
io
n
s
a
t
√
s
=

7
T
eV

in
fi
n
a
l
st
a
te
s
w
it
h

m
is
si
n
g
tr
a
n
sv
er
se

m
o
m
en

tu
m

a
n
d
b
-j
et
s
w
it
h
th
e
A
T
L
A
S
d
et
ec
to
r,
”
a
rX

iv
:1
2
0
3
.6
1
9
3
[h
ep

-e
x
].

[1
2
7
]
G
.
A
a
d
et

a
l.
[A

T
L
A
S
C
o
ll
a
b
o
ra
ti
o
n
],
“
S
ea
rc
h
fo
r
g
lu
in
o
s
in

ev
en

ts
w
it
h
tw

o
sa
m
e-
si
g
n
le
p
to
n
s,

je
ts

a
n
d
m
is
si
n
g
tr
a
n
sv
er
se

m
o
m
en

tu
m

w
it
h
th
e
A
T
L
A
S
d
et
ec
to
r
in

p
p
co
ll
is
io
n
s
a
t
sq
rt
(s
)
=

7
T
eV

,”
a
rX

iv
:1
2
0
3
.5
7
6
3
[h
ep

-e
x
].

[1
2
8
]
G
.
A
a
d
et

a
l.
[A

T
L
A
S
C
o
ll
a
b
o
ra
ti
o
n
],
“
S
ea
rc
h
fo
r
D
ip
h
o
to
n
E
v
en

ts
w
it
h
L
a
rg
e
M
is
si
n
g
T
ra
n
sv
er
se

M
o
m
en

tu
m

in
1
fb

−
1

o
f
7
T
eV

P
ro
to
n
-P

ro
to
n
C
o
ll
is
io
n
D
a
ta

w
it
h
th
e
A
T
L
A
S
D
et
ec
to
r,
”
a
rX

iv
:1
1
1
1
.4
1
1
6
[h
ep

-e
x
].

3
9

6



[1
2
9
]
C
M
S

co
ll
a
b
o
ra
ti
o
n
,
“
S
ea
rc
h

fo
r
n
ew

p
h
y
si
cs

in
ev
en

ts
w
it
h

sa
m
e-
si
g
n

d
il
ep

to
n
s,

b
-t
a
g
g
ed

je
ts

a
n
d

m
is
si
n
g

en
er
g
y,
”

C
M
S
-P
A
S
-S
U
S
-1
1
-0
2
0

[1
3
0
]
A
T
L
A
S
co
ll
a
b
o
ra
ti
o
n
,
“
S
ea
rc
h
fo
r
S
ca
la
r
T
o
p
Q
u
a
rk

P
a
ir

P
ro
d
u
ct
io
n
in

N
a
tu
ra
l
G
a
u
g
e
M
ed

ia
te
d
S
u
p
er
sy
m
m
et
ry

M
o
d
el
s

w
it
h
th
e
A
T
L
A
S
D
et
ec
to
r
in

p
p
C
o
ll
is
io
n
s
a
t
√
s
=

7
T
eV

,”
A
T
L
A
S
-C

O
N
F
-2
0
1
2
-0
3
6

[1
3
1
]
G
.
A
a
d
et

a
l.
[A

T
L
A
S
C
o
ll
a
b
o
ra
ti
o
n
],
P
h
y
s.

R
ev

.
L
et
t.

1
0
8
,
1
8
1
8
0
2
(2
0
1
2
)
[a
rX

iv
:1
1
1
2
.3
8
3
2
[h
ep

-e
x
]]
.

[1
3
2
]
H
.
B
a
er

a
n
d
X
.
T
a
ta
,
P
h
y
s.

L
et
t.

B
1
5
5
,
2
7
8
(1
9
8
5
).

[1
3
3
]
H
.
B
a
er
,
C
.
-h
.
C
h
en

,
F
.
P
a
ig
e
a
n
d
X
.
T
a
ta
,
P
h
y
s.

R
ev

.
D

5
0
,
4
5
0
8
(1
9
9
4
)
[h
ep

-p
h
/
9
4
0
4
2
1
2
].

[1
3
4
]
G
.
A
a
d

et
a
l.

[A
T
L
A
S
C
o
ll
a
b
o
ra
ti
o
n
],

“
S
ea
rc
h

fo
r
su

p
er
sy
m
m
et
ry

in
ev
en

ts
w
it
h

th
re
e
le
p
to
n
s
a
n
d

m
is
si
n
g
tr
a
n
sv
er
se

m
o
m
en

tu
m

in
sq
rt
(s
)
=

7
T
eV

p
p
co
ll
is
io
n
s
w
it
h
th
e
A
T
L
A
S
d
et
ec
to
r,
”
a
rX

iv
:1
2
0
4
.5
6
3
8
[h
ep

-e
x
].

[1
3
5
]
A
T
L
A
S
co
ll
a
b
o
ra
ti
o
n
,
“
S
ea
rc
h
fo
r
lo
n
g
-l
iv
ed

ch
a
rg
in
o
s
in

a
n
o
m
a
ly
-m

ed
ia
te
d
su

p
er
sy
m
m
et
ry
-b
re
a
k
in
g
sc
en

a
ri
o
s
w
it
h
th
e

A
T
L
A
S
d
et
ec
to
r
u
si
n
g
L

=
4
.7

fb
−
1
d
a
ta

o
f
p
p
co
ll
is
io
n
s
a
t
√
s
=

7
T
eV

,”
A
T
L
A
S
-C

O
N
F
-2
0
1
2
-0
3
4

[1
3
6
]
A
T
L
A
S
co
ll
a
b
o
ra
ti
o
n
,
“
S
ea
rc
h
fo
r
ch

a
rg
ed

lo
n
g
-l
iv
ed

h
ea
v
y
p
a
rt
ic
le
s
w
it
h
th
e
A
T
L
A
S
E
x
p
er
im

en
t
a
t
th
e
L
H
C
,”

A
T
L
A
S
-

C
O
N
F
-2
0
1
2
-0
2
2

[1
3
7
]
H
.
K
.
D
re
in
er
,
“
A
n
In
tr
o
d
u
ct
io
n

to
ex

p
li
ci
t
R
-p
a
ri
ty

v
io
la
ti
o
n
,”

In
K
a
n
e,

G
.L
.
(e
d
.)
:
“
P
er
sp

ec
ti
v
es

o
n

su
p
er
sy
m
m
et
ry

II
”
5
6
5
-5
8
3
[h
ep

-p
h
/
9
7
0
7
4
3
5
].

[1
3
8
]
A
T
L
A
S
co
ll
a
b
o
ra
ti
o
n
,
“
S
ea
rc
h
fo
r
su

p
er
sy
m
m
et
ry

in
ev

en
ts

w
it
h
fo
u
r
o
r
m
o
re

le
p
to
n
s
a
n
d
m
is
si
n
g
tr
a
n
sv
er
se

m
o
m
en

tu
m

in
p
p
co
ll
is
io
n
s
a
t
√
s
=

7
T
eV

w
it
h
th
e
A
T
L
A
S
d
et
ec
to
r,
”
A
T
L
A
S
-C

O
N
F
-2
0
1
2
-0
0
1

[1
3
9
]
H
.
B
a
er
,
C
.
B
a
la
zs
,
A
.
B
el
y
a
ev

,
T
.
K
ru

p
ov

n
ic
ka

s
a
n
d
X
.
T
a
ta
,
J
H
E
P

0
3
0
6
,
0
5
4
(2
0
0
3
)
[h
ep

-p
h
/
0
3
0
4
3
0
3
].

[1
4
0
]
F
.
B
rü
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d
e
to

m
ea
su
re

th
e
L
S
P

p
ro
p
er
ti
es

a
t
th
e
IL

C
/
C
L
IC

a
n
d
co
m
p
a
re

it
s
p
o
te
n
ti
a
l
to

th
e
ca
p
a
b
il
it
y
o
f
th
e
L
H
C
.

1
In

tr
o
d
u
ct
io
n

In
su
p
er
sy
m
m
et
ri
c
ex
te
n
si
o
n
s
o
f
th
e
st
a
n
d
a
rd

m
o
d
el

(S
M
)
w
it
h
co
n
se
rv
ed

R
-p
a
ri
ty

th
e
li
g
h
te
st

su
p
er
p
a
rt
n
er

(L
S
P
)
is
st
a
b
le
a
n
d
th
u
s
p
ro
v
id
es

a
n
a
tu
ra
l
d
a
rk

m
a
tt
er

(D
M
)
ca
n
d
id
a
te
.
T
h
e
li
g
h
te
st

n
eu
tr
a
li
n
o
—

b
ei
n
g
p
a
rt

o
f
th
e
m
in
im

a
l
su
p
er
sy
m
m
et
ri
c
st
a
n
d
a
rd

m
o
d
el

(M
S
S
M
)—

is
th
e
m
o
st

w
id
el
y
st
u
d
ie
d
ca
n
d
id
a
te
.
H
ow

ev
er
,

in
ex
te
n
si
o
n
s
o
f
th
e
M
S
S
M

o
th
er

co
sm

o
lo
g
ic
a
ll
y
v
ia
b
le

D
M

ca
n
d
id
a
te
s
ap

p
ea
r
su
ch

as
th
e
g
ra
v
it
in
o
or

th
e

a
x
in
o
.

T
h
e
sp
in
-3
/2

gr
av
it
in
o
G̃

a
ri
se
s
in

th
e
sp
ec
tr
u
m

o
f
su
p
er
g
ra
v
it
y,

i.
e.
,
o
n
ce

su
p
er
sy
m
m
et
ry

(S
U
S
Y
)
is

p
ro
m
o
te
d
fr
o
m

a
gl
o
b
a
l
to

a
lo
ca
l
sy
m
m
et
ry
.
It
is
a
w
el
l
m
o
ti
va
te
d
D
M

ca
n
d
id
a
te

a
n
d
ca
n
ev
en

b
e
re
g
a
rd
ed

as
fa
vo
re
d
si
n
ce

it
a
ll
ev
ia
te
s
th
e
co
sm

o
lo
g
ic
a
l
gr
av
it
in
o
p
ro
b
le
m

[1
]
al
lo
w
in
g
fo
r
a
h
ig
h
er

re
h
ea
ti
n
g
te
m
p
er
a
tu
re

a
s
re
q
u
ir
ed

fo
r
th
er
m
a
l
le
p
to
g
en
es
is

[2
].

T
h
e
g
ra
v
it
in
o
a
cq
u
ir
es

a
m
a
ss

th
ro
u
g
h
th
e
su
p
er

H
ig
g
s
m
ec
h
a
n
is
m

o
n
ce

S
U
S
Y

is
b
ro
k
en
.
It
s
m
a
ss

d
ep

en
d
s
st
ro
n
g
ly

o
n
th
e
S
U
S
Y

b
re
a
k
in
g
sc
h
em

e
a
n
d
ca
n
ra
n
g
e
fr
o
m

th
e

eV
sc
a
le

to
sc
a
le
s
b
ey
o
n
d

th
e
T
eV

sc
a
le
.

R
eq
u
ir
in
g
a
re
h
ea
ti
n
g
te
m
p
er
a
tu
re

of
O(

1
09

G
eV

),
m
a
ss
es

o
f

a
ro
u
n
d
a
n
d
ab

ov
e
O(

1
0
G
eV

)
ar
e
fa
vo
re
d
in

o
rd
er

n
o
t
to

ov
er
-c
lo
se

th
e
u
n
iv
er
se

b
y
th
e
th
er
m
a
ll
y
p
ro
d
u
ce
d

g
ra
v
it
in
o
ab

u
n
d
a
n
ce
.
T
h
e
ve
ry

w
ea
k
co
u
p
li
n
g
of

th
e
g
ra
v
it
in
o
ca
u
se
s
th
e
n
ex
t-
to
-L
S
P

(N
L
S
P
)
to

b
e
lo
n
g
-

li
ve
d
.
T
h
u
s,

in
th
e
ea
rl
y
u
n
iv
er
se

af
te
r
th
e
N
L
S
P

fr
ee
ze
-o
u
t,

la
te

N
L
S
P

d
ec
ay
s
ta
k
in
g
p
la
ce

d
u
ri
n
g
o
r
a
ft
er

b
ig

b
a
n
g
n
u
cl
eo
sy
n
th
es
is
(B

B
N
)
ca
n
a
ff
ec
t
th
e
p
ri
m
o
rd
ia
l
ab

u
n
d
a
n
ce

of
li
g
h
t
el
em

en
ts
.
T
h
is
im

p
o
se
s
st
ro
n
g

co
n
st
ra
in
ts

on
th
e
co
u
p
li
n
g
s
a
n
d
li
fe
ti
m
e
of

th
e
N
L
S
P
.
A
cc
o
rd
in
g
ly
,
a
n
eu
tr
a
li
n
o
N
L
S
P
is
st
ro
n
g
ly

d
is
fa
vo
re
d

b
y
B
B
N

co
n
st
ra
in
ts

fr
o
m

en
er
g
y
in
je
ct
io
n
[3
,
4
,
5
,
6
].

T
h
e
li
g
h
te
r
st
a
u
τ̃ 1

is
th
er
ef
o
re

of
te
n
co
n
si
d
er
ed

a
s
a

n
a
tu
ra
l
N
L
S
P

ca
n
d
id
a
te
.1

T
h
e
m
o
st

se
ve
re

b
o
u
n
d
o
n
th
e
st
a
u
N
L
S
P

li
fe
ti
m
e
a
ri
se
s
fr
o
m

6
L
i/
H

co
n
st
ra
in
ts

re
q
u
ir
in
g
τ τ̃

1
�

5
×

10
3
s
[8
,
9
]
fo
r
a
ty
p
ic
a
l
st
a
u
y
ie
ld

a
ft
er

fr
ee
ze

o
u
t.

T
h
e
m
o
st

co
n
se
rv
a
ti
ve

b
o
u
n
d
a
ri
se
s

fr
o
m

3
H
e/
D

co
n
st
ra
in
t.

It
ex
cl
u
d
es

li
fe
ti
m
es

τ τ̃
1
�

1
0
6
s
[1
0
].

C
o
n
cl
u
si
v
el
y,

li
fe
ti
m
es

ra
n
g
in
g
fr
o
m

se
co
n
d
s

to
a
m
o
n
th

m
ay

b
e
co
n
si
d
er
ed

as
in
te
re
st
in
g
.

T
h
e
re
su
lt
in
g
si
g
n
a
tu
re
s
of

st
a
u
s
a
t
co
ll
id
er
s
ar
e
ch
a
rg
ed
,
m
u
o
n
-l
ik
e
tr
a
ck
s
u
su
a
ll
y
le
av
in
g
th
e
d
et
ec
to
r—

th
e
d
ec
ay

le
n
g
th

is
la
rg
e
co
m
p
a
re
d

to
th
e
si
ze

o
f
a
d
et
ec
to
r.

T
h
e
tr
a
ck
s
o
f
st
a
u
s
ca
n

b
e
d
is
cr
im

in
a
te
d

a
g
a
in
st

th
e
m
u
o
n
b
a
ck
g
ro
u
n
d
v
ia

h
ig
h
io
n
iz
a
ti
o
n
lo
ss

a
n
d
a
n
o
m
a
lo
u
s
ti
m
e-
o
f-
fl
ig
h
t.

T
h
e
L
H
C

p
ro
v
id
es

a
g
o
o
d
en
v
ir
o
n
m
en
t
fo
r
d
is
co
ve
ri
n
g
lo
n
g
-l
iv
ed

st
a
u
s.

S
ea
rc
h
es

fo
r
h
ea
v
y
st
a
b
le

ch
a
rg
ed

p
a
rt
ic
le
s
a
re

b
ei
n
g

p
er
fo
rm

ed
at

A
T
L
A
S
[1
1
]
a
n
d
C
M
S
[1
2
].

Io
n
iz
a
ti
o
n
lo
ss

is
th
e
m
a
in

so
u
rc
e
of

en
er
g
y
lo
ss

fo
r
h
ea
v
y
ch
a
rg
ed

p
a
rt
ic
le
s
w
h
en

p
en
et
ra
ti
n
g
th
e
d
et
ec
to
r

m
a
te
ri
a
l.

T
h
e
en
er
g
y
lo
ss

in
cr
ea
se
s
w
it
h
d
ec
re
a
si
n
g
v
el
o
ci
ty

β
.
S
ta
u
s
th
a
t
a
re

p
ro
d
u
ce
d
w
it
h
su
ffi
ci
en
tl
y

1
T
h
e
b
a
si
c
id
ea

s
g
iv
en

in
th

is
a
rt
ic
le

a
re

ex
p
ec
te
d
to

h
o
ld

w
it
h
m
o
d
ifi
ca

ti
o
n
s
fo
r
o
th

er
ch

a
rg
ed

N
L
S
P

ca
n
d
id
a
te
s
o
r
ev

en
fo
r
v
er
y
d
iff
er
en

t
sc
en

a
ri
o
s.

S
o
m
e
o
f
th

e
id
ea

s
d
is
cu

ss
ed

in
th

is
a
rt
ic
le

h
a
v
e
in
it
ia
ll
y
b
ee
n

b
ro
u
g
h
t
u
p

in
th

e
co

n
te
x
t
o
f
4
th

g
en

er
a
ti
o
n
le
p
to
n
se
a
rc
h
es

[7
].

3
9

8



sm
a
ll
β

m
ay

lo
se

th
ei
r
k
in
et
ic

en
er
g
y
co
m
p
le
te
ly

a
n
d
st
o
p
in
si
d
e
th
e
d
et
ec
to
r.

A
cc
o
rd
in
g
to

it
s
li
fe
ti
m
e,

th
e
st
a
u
w
il
l
d
ec
ay

le
av
in
g
a
ch
a
ra
ct
er
is
ti
c
si
g
n
a
tu
re

in
th
e
d
et
ec
to
r
w
h
ic
h
is

u
n
co
rr
el
a
te
d
w
it
h
th
e
b
u
n
ch

cr
o
ss
in
g
.
If

it
is

p
o
ss
ib
le

to
m
ea
su
re

th
e
li
fe
ti
m
e,

th
e
re
co
il
en
er
g
y
a
n
d
ev
en

th
e
a
n
g
u
la
r
d
is
tr
ib
u
ti
o
n
of

th
e

em
it
te
d
S
M

p
a
rt
ic
le
s
in

th
e
d
ec
ay
,
it

is
p
os
si
b
le

to
d
et
er
m
in
e
th
e
co
u
p
li
n
g
,
m
a
ss

a
n
d
ev
en

th
e
sp
in

o
f
th
e

L
S
P
.
T
h
is

is
a
u
n
iq
u
e
p
o
ss
ib
il
it
y
to

te
st

a
(s
ta
b
le
)
gr
av
it
in
o
D
M

sc
en

a
ri
o
w
h
ic
h
is

h
o
p
el
es
s
to

te
st

in
d
ir
ec
t

a
n
d
in
d
ir
ec
t
D
M

se
a
rc
h
es
.

A
n
o
th
er

w
el
l
m
o
ti
va
te
d
D
M

ca
n
d
id
a
te

is
th
e
ax

in
o
ã
w
h
ic
h
ap

p
ea
rs

o
n
ce

th
e
M
S
S
M

is
ex
te
n
d
ed

b
y
th
e

P
ec
ce
i-
Q
u
in
n
m
ec
h
a
n
is
m
,
in

o
rd
er

to
so
lv
e
th
e
st
ro
n
g
C
P

p
ro
b
le
m
.

T
h
e
p
h
en
o
m
en
o
lo
g
y
a
t
a
co
ll
id
er

is
v
ir
tu
a
ll
y
id
en
ti
ca
l.

T
h
e
d
ec
ay

of
th
e
st
a
u
in
to

th
e
ax

in
o
ca
n
g
iv
e
in
si
g
h
ts

in
to

th
e
P
ec
ce
i-
Q
u
in
n
se
ct
o
r.

W
e
w
il
l
co
n
si
d
er

b
ot
h
sc
en
a
ri
o
s
h
er
e.

In
se
ct
io
n
2
w
e
w
il
l
d
es
cr
ib
e
th
e
d
ec
ay
s
o
f
th
e
N
L
S
P
in
to

th
e
g
ra
v
-

it
in
o
or

ax
in
o
L
S
P
a
n
d
ex
p
la
in

h
ow

to
d
is
ti
n
g
u
is
h
th
es
e
ca
se
s.

In
se
ct
io
n
3
w
e
w
il
l
d
es
cr
ib
e
th
e
im

p
li
ca
ti
o
n
s

fr
o
m

th
e
L
H
C

a
n
d
it
s
se
n
si
ti
v
it
y
to

th
es
e
sc
en
a
ri
o
s.

In
se
ct
io
n
4
w
e
w
il
l
re
v
ie
w

so
m
e
of

th
e
ex
p
er
im

en
ta
l

id
ea
s
th
a
t
h
av
e
b
ee
n
b
ro
u
g
h
t
u
p
in

or
d
er

to
re
a
li
ze

th
e
in
ve
st
ig
a
ti
o
n
o
f
N
L
S
P

d
ec
ay
s.

2
N
L
S
P

d
e
ca

y
s

In
th
e
co
n
si
d
er
ed

sc
en
a
ri
o
s
th
e
d
o
m
in
a
n
t
d
ec
ay

m
o
d
e
of

th
e
st
a
u
s
is

th
e
2
-b
o
d
y
d
ec
ay

τ̃
→

G̃
τ
or

τ̃
→

ã
τ
.

F
or

th
e
g
ra
v
it
in
o
L
S
P

th
e
co
rr
es
p
o
n
d
in
g
d
ec
ay

w
id
th

re
a
d
s

Γ
(τ̃

1
→

G̃
τ
)
�

m
5 τ̃
1

48
π
m

2 ˜ G
M

2 P
l

( 1
−

m
2 ˜ G

m
2 τ̃
1

) 4 ,
(1
)

w
h
er
e
M

P
l
is

th
e
(r
ed
u
ce
d
)
P
la
n
ck

m
a
ss
.
T
h
e
d
ec
ay

ra
te

is
co
m
p
le
te
ly

d
et
er
m
in
ed

b
y
th
e
m
a
ss
es

m
τ̃
1
a
n
d

m
˜ G
.
It

is
in
d
ep

en
d
en
t
o
f
a
n
y
ot
h
er

S
U
S
Y

p
a
ra
m
et
er

or
S
M

co
u
p
li
n
g
.

F
or

th
e
a
x
in
o
L
S
P
th
e
2-
b
o
d
y
d
ec
ay

is
lo
o
p
-i
n
d
u
ce
d
a
n
d
co
n
ta
in
s
fu
rt
h
er

S
U
S
Y

p
a
ra
m
et
er
s
in

p
a
rt
ic
u
la
r

it
d
ep

en
d
s
o
n
th
e
st
a
u
m
ix
in
g
an

g
le
.
F
o
r
a
p
u
re

ri
g
h
t-
h
a
n
d
ed

st
a
u
th
e
w
id
th

h
a
s
b
ee
n
co
m
p
u
te
d
in

th
e

K
S
V
Z
a
x
in
o
m
o
d
el

[1
3
], Γ
(τ̃

1
→

ã
τ
)
�

9α
4
C

2 a
Y
Y

51
2π

5
co
s8

θ W

m
2 ˜ B

f
2 a

(m
2 τ̃
1
−
m

2 ã
)2

m
3 τ̃
1

ξ2
lo
g
2

( f a m
τ̃
1

) ,
(2
)

w
h
er
e
α
is
th
e
fi
n
e
st
ru
ct
u
re

co
n
st
a
n
t,
θ W

is
th
e
w
ea
k
m
ix
in
g
an

g
le
,
f a

is
th
e
P
ec
ce
i-
Q
u
in
n
sc
a
le
,
m

˜ B
is
th
e

(p
u
re
)
b
in
o
m
a
ss

a
n
d
C

a
Y
Y
a
n
d
ξ
a
re

O(
1
)
fa
ct
o
rs

ex
p
re
ss
in
g
th
e
P
ec
ce
i-
Q
u
in
n
m
o
d
el

d
ep

en
d
en
ce

an
d
lo
o
p

cu
t-
o
ff
u
n
ce
rt
a
in
ti
es
,
re
sp
ec
ti
ve
ly
.

T
h
e
ty
p
ic
a
l
d
ec
ay

le
n
g
th

of
th
e
st
a
u
s
is
la
rg
e
co
m
p
a
re
d
to

th
ei
r
tr
av
el
in
g
ra
n
g
e
in

th
e
d
et
ec
to
r
m
a
te
ri
a
l.

H
en
ce
,
st
a
u
s
al
w
ay
s
d
ec
ay

at
re
st
,
i.
e.
,
w
e
k
n
ow

th
e
ce
n
te
r-
o
f-
m
a
ss

fr
a
m
e.

A
cc
o
rd
in
g
ly
,
if
th
e
m
a
ss

of
th
e

st
a
u
is

k
n
ow

n
,
th
e
L
S
P

m
a
ss

ca
n
b
e
d
et
er
m
in
ed

fr
o
m

th
e
re
co
il
en
er
g
y
o
f
th
e
τ
p
ro
d
u
ce
d
in

th
e
2-
b
o
d
y

d
ec
ay
,
E

τ
,

m
L
S
P
=

√ m
2 τ̃
1
+
m

2 τ
−
2
m

τ̃
1
E

τ
.

(3
)

A
s
p
oi
n
te
d
ou

t
in

[1
4
,
1
5
],
w
e
ca
n
p
ro
b
e
th
e
h
y
p
ot
h
es
is

of
a
g
ra
v
it
in
o
L
S
P

b
y
co
m
p
u
ti
n
g
th
e
P
la
n
ck

m
a
ss

fr
o
m

(1
)
on

ce
m

τ̃
1
,
m

L
S
P
a
n
d
li
fe
ti
m
e
τ τ̃

1
=

Γ
−
1

τ̃
1
a
re

k
n
ow

n
.
A
n
a
g
re
em

en
t
w
it
h
th
e
P
la
n
ck

m
a
ss

m
ea
su
re
d
in

m
a
cr
o
sc
o
p
ic
ex
p
er
im

en
ts

w
ou

ld
p
ro
v
id
e
a
st
ro
n
g
ev
id
en
ce

fo
r
su
p
er
g
ra
v
it
y
an

d
th
e
ex
is
te
n
ce

of
th
e
g
ra
v
it
in
o
.

S
in
ce

th
e
g
ra
v
it
in
o
m
a
ss

is
d
ir
ec
tl
y
re
la
te
d
to

th
e
sc
a
le

o
f
sp
o
n
ta
n
eo
u
s
S
U
S
Y

b
re
a
k
in
g
,

〈F
〉=

√ 3
M

P
l
m

˜ G
,

(4
)

th
es
e
m
ea
su
re
m
en
ts

w
ou

ld
p
ro
v
id
e
u
s
w
it
h
in
si
g
h
ts

in
th
e
S
U
S
Y

b
re
a
k
in
g
se
ct
o
r
th
a
t
a
re

ot
h
er
w
is
e
b
ey
on

d
th
e
re
a
ch

o
f
a
n
y
ex
p
er
im

en
t
in

th
e
n
ea
r
fu
tu
re
.
F
or

th
e
a
x
in
o
L
S
P
ca
se
,
fr
o
m

(2
)
w
e
m
ay

b
e
a
b
le

to
es
ti
m
a
te

th
e
P
ec
ce
i-
Q
u
in
n
sc
a
le

a
n
d
co
n
fr
o
n
t
it
w
it
h
li
m
it
s
fr
o
m

as
tr
o
p
h
y
si
ca
l
a
x
io
n
st
u
d
ie
s
a
n
d
a
x
io
n
se
a
rc
h
es

in
th
e

la
b
or
a
to
ry
.

A
su
b
-d
o
m
in
a
n
t
b
u
t
n
ev
er
th
el
es
s
ve
ry

im
p
or
ta
n
t
d
ec
ay

m
o
d
e
of

th
e
st
a
u
is

th
e
3-
b
o
d
y
d
ec
ay

τ̃
→

G̃
τ
γ

or
τ̃
→

ã
τ
γ
w
h
ic
h
h
a
s
b
ee
n
st
u
d
ie
d
in

[1
4
,
1
3
].

A
s
p
o
in
te
d
o
u
t
in

th
es
e
re
fe
re
n
ce
s,

fr
o
m

th
e
3-
b
o
d
y
d
ec
ay

3
9

9

b
ra
n
ch
in
g
ra
ti
o
a
s
w
el
l
a
s
fr
o
m

th
e
d
is
tr
ib
u
ti
o
n
of

th
e
a
n
g
le

b
et
w
ee
n
th
e
τ
a
n
d
th
e
p
h
o
to
n
,
th
e
sp
in

o
f
th
e

L
S
P
ca
n
b
e
d
et
er
m
in
ed
.
M
o
re

p
re
ci
se
ly
,
it
h
a
s
b
ee
n
sh
ow

n
th
a
t
it
is
p
o
ss
ib
le
to

d
is
ti
n
g
u
is
h
b
et
w
ee
n
th
e
sp
in
-

3
/2

gr
av
it
in
o
a
n
d
a
sp
in
-1
/2

ax
in
o
.
T
h
e
o
b
se
rv
a
ti
o
n
o
f
a
sp
in
-3
/
2
L
S
P
w
o
u
ld

b
e
a
n
im

p
o
rt
a
n
t
co
n
fi
rm

a
ti
o
n

o
f
su
p
er
g
ra
v
it
y.

In
p
a
rt
ic
u
la
r,

fo
r
sm

a
ll
gr
av
it
in
o
m
a
ss
es

m
˜ G
�

0.
1
m

τ̃
1
th
e
d
et
er
m
in
a
ti
o
n
o
f
m

˜ G
re
q
u
ir
es

a
ve
ry

p
re
ci
se

m
ea
su
re
m
en
t
of

th
e
ta
u
re
co
il
en
er
g
y
a
t
b
el
ow

th
e
p
er
ce
n
t
le
ve
l.

T
h
u
s,

(3
)
m
ay

o
n
ly

p
ro
v
id
e

a
n
u
p
p
er

li
m
it
o
n
th
e
gr
av
it
in
o
m
a
ss

in
th
es
e
ca
se
s.

In
su
ch

a
si
tu
a
ti
o
n
a
m
u
ch

b
et
te
r
d
et
er
m
in
a
ti
o
n
o
f
m

˜ G
ca
n
b
e
ac
h
ie
ve
d
v
ia

(1
)
fr
o
m

th
e
m
ea
su
re
m
en
t
of

th
e
st
a
u
li
fe
ti
m
e
on

ce
w
e
ar
e
co
n
v
in
ce
d
th
a
t
th
e
L
S
P

is
in
d
ee
d
a
gr
av
it
in
o
b
y
th
e
m
ea
su
re
m
en
t
o
f
it
s
sp
in
.

3
Im

p
li
ca

ti
o
n
s
fr
o
m

th
e
L
H
C

B
ef
o
re

th
e
st
a
u
w
il
l
b
e
o
b
se
rv
ed

at
th
e
IL
C
/
C
L
IC

w
e
ex
p
ec
t
it
s
d
is
co
ve
ry

a
t
th
e
L
H
C
.2

T
h
er
ef
o
re
,
in

th
is

se
ct
io
n
w
e
w
il
l
b
ri
efl
y
re
v
ie
w

th
e
L
H
C

p
ot
en
ti
a
l.

L
o
n
g
-l
iv
ed

st
a
u
s
le
av
e
a
p
ro
m
in
en
t
si
g
n
a
tu
re

in
th
e
d
et
ec
to
rs

of
th
e
L
H
C
.
C
o
m
b
in
in
g
io
n
iz
a
ti
o
n
lo
ss

a
n
d
ti
m
e-
o
f-
fl
ig
h
t
m
ea
su
re
m
en
ts

p
ro
v
id
e
ve
ry

cl
ea
n
si
g
n
a
l
re
g
io
n
s
a
n
d
,
a
t
th
e
sa
m
e
ti
m
e,

h
ig
h
effi

ci
en
ci
es
.

C
o
n
se
q
u
en
tl
y,

th
e
d
is
co
ve
ry

o
f
lo
n
g
-l
iv
ed

st
a
u
s
ty
p
ic
a
ll
y
ca
n
b
e
cl
a
im

ed
o
n
th
e
b
a
si
s
o
f
a
ve
ry

fe
w

ev
en
ts

a
n
d
th
u
s
is
ex
p
ec
te
d
to

b
e
es
ta
b
li
sh
ed

in
a
ra
th
er

sh
o
rt

ti
m
e
p
er
io
d
w
it
h
o
u
t
p
ro
v
id
in
g
a
n
y
h
in
ts

in
a
d
va
n
ce
.

T
h
e
d
ir
ec
t
p
ro
d
u
ct
io
n
o
f
st
a
u
s
p
ro
v
id
es

a
ro
b
u
st

lo
w
er

li
m
it
o
n
th
e
st
a
u
m
a
ss

[1
6
].
N
u
ll
se
a
rc
h
es

fo
r
th
is

ch
a
n
n
el

at
th
e
7
T
eV

,
5
fb

−
1
L
H
C

ru
n
[1
2
]
ca
n
b
e
in
te
rp
re
te
d
in

th
e
m
o
st

co
n
se
rv
at
iv
e
li
m
it
to

ex
cl
u
d
e
st
a
u

m
a
ss
es

b
el
ow

2
1
6
G
eV

[1
7
].

A
lt
h
o
u
g
h
th
e
L
H
C

p
ro
v
id
es

a
ve
ry

go
o
d
en
v
ir
o
n
m
en
t
to

d
is
co
ve
r
h
ea
v
y
st
a
b
le

ch
a
rg
ed

p
a
rt
ic
le
s,

it
is

ty
p
ic
a
ll
y
d
iffi

cu
lt

to
ca
p
tu
re

a
su
ffi
ci
en
tl
y
la
rg
e
n
u
m
b
er

o
f
st
a
u
s
in

th
e
d
et
ec
to
r
in

o
rd
er

to
b
e
ab

le
to

st
u
d
y
it
s
d
ec
ay
s
sy
st
em

a
ti
ca
ll
y.

A
s
sh
ow

n
in

[1
8
]
es
p
ec
ia
ll
y
w
id
el
y
sp
re
a
d
sp
ec
tr
a
(s
p
ec
tr
a

w
it
h
la
rg
e
m
a
ss

g
a
p
s
b
et
w
ee
n
th
e
co
lo
re
d
sp
a
rt
ic
le
s
a
n
d
th
e
st
a
u
)
p
ro
v
id
e
w
ay

to
o
li
tt
le

st
o
p
p
ed

st
a
u
s
fo
r

th
e
d
es
ir
ed

m
ea
su
re
m
en
ts

(s
ee

fi
g
u
re

1)
.
F
or

su
ch

sp
ec
tr
a
ev
en

a
sc
en
a
ri
o
w
it
h
m

τ̃
1
ju
st

a
b
ov
e
th
e
a
b
ov
e

q
u
o
te
d
li
m
it

p
ro
v
id
es

le
ss

th
a
n
1
0
0
ev
en
ts

o
f
st
a
u
s
th
a
t
a
re

st
o
p
p
ed

in
si
d
e
a
L
H
C

d
et
ec
to
r
fo
r
th
e
1
4
T
eV

,
3
0
0
fb

−
1
L
H
C

ru
n
.
P
ro
p
o
sa
ls

to
st
u
d
y
st
o
p
p
ed

st
a
u
s
a
t
th
e
L
H
C

a
re

d
is
cu
ss
ed

in
[1
9
,
2
0
,
2
1
,
2
2
,
2
3
,
2
4
].

12
00

14
00

16
00

18
00

20
00

22
00

24
00

50
0

10
00

15
00

20
00

m
g̃
=

m
q̃
[G

eV
]

mτ̃1[GeV]

p
p
(8

T
eV

)
∫
L
=

1
6

fb
−
1

1

10

15
00

20
00

25
00

30
00

35
00

40
00

45
00

50
0

10
00

15
00

20
00

25
00

30
00

35
00

m
g̃
=

m
q̃
[G

eV
]

mτ̃1[GeV]

p
p
(1
4

T
eV

)
∫
L
=

3
0
0

fb
−
1

1

10

10
0

10
00

F
ig
u
re

1:
E
x
p
ec
te
d
n
u
m
b
er

o
f
ev
en
ts

th
a
t
co
n
ta
in

st
a
u
s
th
a
t
a
re

st
o
p
p
ed

in
si
d
e
a
n
L
H
C

d
et
ec
to
r.

T
h
e

re
su
lt
s
ar
e
ex
p
re
ss
ed

in
a
si
m
p
li
fi
ed

m
o
d
el

fr
a
m
ew

or
k
co
n
si
d
er
in
g
d
ir
ec
t
st
a
u

p
ro
d
u
ct
io
n

a
s
w
el
l
a
s
th
e

p
ro
d
u
ct
io
n
v
ia

th
e
d
ec
ay

of
st
ro
n
g
ly

p
ro
d
u
ce
d
sp
a
rt
ic
le
s.

A
co
m
m
o
n
sq
u
a
rk

an
d
g
lu
in
o
m
a
ss
,
m

q̃
=

m
g̃
,
h
as

b
ee
n
ch
o
se
n
.
T
h
e
th
re
e
d
iff
er
en
t
li
n
e
st
y
le
s
re
fe
r
to

th
re
e
d
iff
er
en
t
m
a
ss

p
a
tt
er
n
s
of

in
te
rm

ed
ia
te

sp
a
rt
ic
le
s

in
th
e
d
ec
ay

ch
a
in
.
T
a
ke
n
fr
o
m

[1
8
].

2
In

th
e
lo
n
g
-l
iv
ed

st
a
u
sc
en

a
ri
o
th

er
e
a
re

v
er
y
li
tt
le

re
g
io
n
s
in

p
a
ra
m
et
er

sp
a
ce

th
a
t
a
re

n
o
t
a
cc
es
si
b
le

w
it
h
th

e
lo
n
g
-t
er
m

1
4
T
eV

L
H
C

ru
n
b
u
t
w
it
h
a
m
id
-t
er
m

3
T
eV

C
L
IC

ru
n
.

4
0

0



4
P
ro

sp
e
c
ts

a
t
th

e
IL

C
/
C
L
IC

T
h
e
ch
a
ll
en
g
e
in

th
e
st
u
d
y
o
f
st
a
u
d
ec
ay
s
is

to
tr
a
p
a
s
m
a
n
y
st
a
u
s
as

p
o
ss
ib
le

in
a
w
el
l
d
efi
n
ed

v
o
lu
m
e

th
a
t
is
se
n
si
ti
ve

to
th
e
ob

se
rv
ab

le
s
o
f
th
e
p
ro
d
u
ce
d
S
M

p
a
rt
ic
le
s
in

th
e
d
ec
ay
.
A
n
e+

e−
-c
o
ll
id
er

p
ro
v
id
es

a
n

a
p
p
ro
p
ri
a
te

en
v
ir
o
n
m
en
t
fo
r
th
is

ta
sk
.
O
n
th
e
on

e
h
a
n
d
th
e
d
ir
ec
t
p
ro
d
u
ct
io
n
o
f
st
a
u
s
p
ro
v
id
es

a
ve
lo
ci
ty

d
is
tr
ib
u
ti
o
n
th
a
t
ca
n
b
e
tu
n
ed

th
ro
u
g
h
th
e
ce
n
te
r-
o
f-
m
a
ss

en
er
g
y
in

or
d
er

to
m
a
x
im

iz
e
th
e
n
u
m
b
er

o
f
st
o
p
p
ed

st
a
u
s
in

a
g
iv
en

vo
lu
m
e.

O
n
th
e
ot
h
er

h
a
n
d
it

p
ro
v
id
es

a
w
el
l
d
efi

n
ed

an
g
u
la
r
d
is
tr
ib
u
ti
o
n
.
T
o
g
et
h
er

w
it
h

th
e
op

ti
o
n
of

ad
d
in
g
ex
tr
a
st
o
p
p
in
g
m
a
te
ri
a
l
in

a
p
p
ro
p
ri
a
te

re
g
io
n
s
[2
3
]
it

p
ro
v
id
es

a
n
id
ea
l
fr
a
m
ew

or
k
to

o
b
ta
in

a
la
rg
e
n
u
m
b
er

o
f
o
b
se
rv
ed

st
a
u
d
ec
ay
s.

T
h
e
st
a
u

m
ay

b
e
p
ro
d
u
ce
d

d
ir
ec
tl
y
o
r
in

a
d
ec
ay

ch
a
in

fo
ll
ow

in
g
th
e
p
ro
d
u
ct
io
n

o
f
o
th
er

sp
a
rt
ic
le
s.

T
h
e
cr
o
ss

se
ct
io
n
s
fo
r
d
iff
er
en
t
p
ro
d
u
ct
io
n
p
ro
ce
ss
es

h
av
e
d
iff
er
en
t
v
el
o
ci
ty

d
ep

en
d
en
ci
es

n
ea
r
th
re
sh
o
ld
.

F
or

sl
ep
to
n
p
ro
d
u
ct
io
n
v
ia

s-
ch
a
n
n
el

γ
/Z

th
e
cr
o
ss

se
ct
io
n
in
cr
ea
se
s
a
s
β
3
.
F
o
r
p
ol
a
ri
ze
d
e+

e−
b
ea
m
s
th
e

p
ro
d
u
ct
io
n
cr
o
ss

se
ct
io
n
fo
r
se
le
ct
ro
n
p
a
ir
s
v
ia

t-
ch
a
n
n
el

χ̃
0
ex
ch
a
n
g
e
(e

+ L
e− L

→
ẽ+ R

ẽ− L
or

e+ R
e− R

→
ẽ+ L

ẽ− R
)

in
cr
ea
se
s
li
n
ea
r
in

β
a
n
d
th
u
s
p
ro
v
id
es

a
n
en
h
a
n
ce
d
n
u
m
b
er

o
f
se
le
ct
ro
n
s
cl
o
se

to
th
re
sh
o
ld

[2
5
,
2
6
].
3
H
en
ce
,

if
th
e
sp
ec
tr
u
m

fe
a
tu
re
s
a
se
le
ct
ro
n
w
h
ic
h
is

cl
o
se

in
m
a
ss

to
th
e
st
a
u
,
on

e
co
u
ld

g
re
a
tl
y
b
en
efi
t
fr
o
m

th
e

u
se

of
p
o
la
ri
ze
d
el
ec
tr
o
n
b
ea
m
s
to

in
cr
ea
se

th
e
n
u
m
b
er

o
f
p
ro
d
u
ce
d
se
le
ct
ro
n
s
n
ea
r
th
re
sh
o
ld

an
d
th
er
ef
o
re

in
cr
ea
se

th
e
n
u
m
b
er

of
st
o
p
p
ed

st
a
u
s.

F
or

sm
a
ll
m
a
ss

g
a
p
s
b
et
w
ee
n
th
e
se
le
ct
ro
n
a
n
d
th
e
st
a
u
th
is
ad

va
n
ta
g
e

ov
er
co
m
p
en
sa
te
s
th
e
b
o
o
st

th
a
t
st
a
u
s
a
ch
ie
ve

fr
o
m

th
e
d
ec
ay

of
th
e
se
le
ct
ro
n
(w

h
ic
h
w
o
u
ld

le
a
d
to

h
ig
h
er

st
a
u
ve
lo
ci
ti
es
).

O
n
ce

a
st
a
u
p
a
ir

is
p
ro
d
u
ce
d
it

w
il
l
b
e
id
en
ti
fi
ed

v
ia

h
ig
h
ly

io
n
iz
in
g
tr
a
ck
s.

T
h
ei
r
p
a
ss
a
g
e
th
ro
u
g
h
th
e

d
et
ec
to
r
ca
n
b
e
ac
cu
ra
te
ly

fo
ll
ow

ed
.
If

th
e
st
a
u
st
o
p
s
in
si
d
e
th
e
d
et
ec
to
r
th
e
lo
ca
ti
o
n
o
f
th
e
st
o
p
p
ed

st
a
u

is
ex
p
ec
te
d
to

b
e
d
et
er
m
in
a
b
le

w
it
h
in

a
vo

lu
m
e
of

a
fe
w

cm
3
[2
9
].

T
h
e
lo
ca
ti
o
n
a
n
d
ti
m
e
of

th
e
st
o
p
p
ed

st
a
u

m
ay

b
e
re
co
rd
ed
.

In
ge
n
er
a
l
th
e
st
a
u

w
il
l
d
ec
ay

ou
t-
o
f-
ti
m
e
w
it
h

th
e
b
ea
m

co
ll
is
io
n
s.

H
en
ce
,
th
e

d
ec
ay

ca
n
th
en

b
e
tr
ig
g
er
ed

b
y
an

is
o
la
te
d
,
o
u
t-
o
f-
ti
m
e
h
a
d
ro
n
ic

or
el
ec
tr
o
m
a
g
n
et
ic

cl
u
st
er

in
th
e
h
a
d
ro
n
ic

ca
lo
ri
m
et
er

(H
C
A
L
),
a
h
a
d
ro
n
ic
sh
ow

er
in

th
e
ir
o
n
y
o
ke

or
b
y
a
m
u
o
n
o
ri
g
in
a
ti
n
g
in

th
e
H
C
A
L
o
r
y
ok
e
a
b
ov
e

a
n
a
p
p
ro
p
ri
a
te

en
er
g
y
th
re
sh
o
ld

(E
>

1
0
G
eV

)
[2
9
].
B
a
ck
g
ro
u
n
d
fr
o
m

co
sm

ic
ra
y
s
m
ay

b
e
re
je
ct
ed

b
y
a
v
et
o

a
g
a
in
st

ve
rt
ic
es

in
th
e
ou

te
rm

o
st

d
et
ec
to
r
la
ye
rs
.
B
a
ck
g
ro
u
n
d
fr
o
m

a
tm

o
sp
h
er
ic

n
eu
tr
in
o
s
is
ex
p
ec
te
d
to

b
e

su
ffi
ci
en
tl
y
re
je
ct
ed

b
y
th
e
re
q
u
ir
ed

en
er
g
y
th
re
sh
o
ld

a
n
d
fu
rt
h
er
m
o
re

b
y
th
e
re
q
u
ir
em

en
t
o
f
a
m
a
tc
h
in
g
of

th
e
re
co
rd
ed

st
o
p
p
in
g
p
os
it
io
n
s
[2
3
].

A
p
re
ci
se

m
ea
su
re
m
en
t
of

th
e
st
a
u
m
a
ss

w
h
ic
h
is

re
q
u
ir
ed

in
or
d
er

to
es
ti
m
a
te

th
e
g
ra
v
it
in
o
m
a
ss

ca
n
b
e
o
b
ta
in
ed

fr
o
m

th
e
re
co
n
st
ru
ct
io
n
o
f
th
e
co
m
p
le
te

ev
en
t
k
in
em

a
ti
cs
.

T
h
e
p
o
te
n
ti
a
l
to

m
ea
su
re

m
τ̃
1
,
m

˜ G
a
n
d
τ τ̃

1
a
t
th
e
IL
C
/
C
L
IC

eq
u
ip
p
ed

w
it
h
a
g
en
er
a
l
p
u
rp
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ã
fo
r
th
e
a
x
in
o
L
S
P

sc
en
a
ri
o
(r
ig
h
t)

fo
r
m

τ̃
1
=

1
0
0
G
eV

,
m

˜ B
=

1
1
0
G
eV

,
m

2 ã
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e−

In
te
rn
a
ti
o
n
a
l
L
in
ea
r
C
o
ll
id
er

(I
L
C
).

In
th
is

si
tu
a
ti
o
n
th
e
n
ew

,
n
o
n
-s
ta
n
d
a
rd
,
in
te
ra
ct
io
n
s
w
o
u
ld

o
n
ly

b
e
re
v
ea
le
d
b
y
in
d
ir
ec
t,
v
ir
tu
a
l,
eff

ec
ts

m
a
n
if
es
ti
n
g
th
em

se
lv
es

a
s
d
ev
ia
ti
o
n
s
fr
o
m

th
e
p
re
d
ic
ti
o
n
s
o
f
th
e
S
M
.

In
th
e
ca
se

o
f
in
d
ir
ec
t
d
is
co
v
er
y
th
e
eff

ec
ts

m
ay

b
e
su
b
tl
e
si
n
ce

m
a
n
y
d
iff
er
en
t
N
P

sc
en
a
ri
o
s
m
ay

le
a
d
to

v
er
y
si
m
il
a
r
ex
p
er
im

en
ta
l
si
g
n
a
tu
re
s
a
n
d
th
ey

m
ay

ea
si
ly

b
e
co
n
fu
se
d
in

ce
rt
a
in

re
g
io
n
s
o
f
th
e
p
a
ra
m
et
er

sp
a
ce

fo
r
ea
ch

cl
a
ss

o
f
m
o
d
el
s.

A
t
th
e
av
a
il
a
b
le

en
er
g
ie
s
p
ro
v
id
ed

b
y
th
e
a
cc
el
er
a
to
rs
,
w
h
er
e
w
e
st
u
d
y
re
a
ct
io
n
s
a
m
o
n
g
th
e
fa
m
il
ia
r

S
M

p
a
rt
ic
le
s,

eff
ec
ti
v
e
co
n
ta
ct

in
te
ra
ct
io
n
L
a
g
ra
n
g
ia
n
s
re
p
re
se
n
t
a
co
n
v
en
ie
n
t
th
eo
re
ti
ca
l
to
o
l
to

p
h
y
si
ca
ll
y

p
a
ra
m
et
er
iz
e
th
e
eff

ec
ts

o
f
th
e
a
b
ov
e-
m
en
ti
o
n
ed

n
o
n
-s
ta
n
d
a
rd

in
te
ra
ct
io
n
s
a
n
d
,
in

p
a
rt
ic
u
la
r,

to
te
st

th
e

co
rr
es
p
o
n
d
in
g
v
ir
tu
a
l
h
ig
h
-m

a
ss

ex
ch
a
n
g
es
.
T
h
er
e
a
re

m
a
n
y
v
er
y
d
iff
er
en
t
N
P

sc
en
a
ri
o
s
th
a
t
p
re
d
ic
t
n
ew

p
a
rt
ic
le

ex
ch
a
n
g
es

w
h
ic
h
ca
n
le
a
d
to

co
n
ta
ct

in
te
ra
ct
io
n
s
(C

I)
w
h
ic
h
m
ay

sh
ow

u
p
b
el
ow

d
ir
ec
t
p
ro
d
u
ct
io
n

th
re
sh
o
ld
s.

T
h
es
e
a
re

co
m
p
o
si
te
n
es
s
[1
],
a
Z

′ b
o
so
n
fr
o
m

m
o
d
el
s
w
it
h
a
n
ex
te
n
d
ed

g
a
u
g
e
se
ct
o
r
[2
–5
],
sc
a
la
r

o
r
v
ec
to
r
le
p
to
q
u
a
rk
s
[6
],

R
-p
a
ri
ty

v
io
la
ti
n
g
sn
eu
tr
in
o
(ν̃
)
ex
ch
a
n
g
e
[7
,8
],
b
i-
le
p
to
n
b
o
so
n
ex
ch
a
n
g
es

[9
],

a
n
o
m
a
lo
u
s
g
a
u
g
e
b
o
so
n
co
u
p
li
n
g
s
(A

G
C
)
[1
0
],
v
ir
tu
a
l
K
a
lu
za
–
K
le
in

(K
K
)
g
ra
v
it
o
n
ex
ch
a
n
g
e
in

th
e
co
n
te
x
t

o
f
g
ra
v
it
y
p
ro
p
a
g
a
ti
n
g
in

la
rg
e
ex
tr
a
d
im

en
si
o
n
s,

ex
ch
a
n
g
e
o
f
K
K

g
a
u
g
e
b
o
so
n
to
w
er
s
o
r
st
ri
n
g
ex
ci
ta
ti
o
n
s

[1
1
–1
6
],
et
c.

O
f
co
u
rs
e,

th
is

li
st

is
n
o
t
ex
h
a
u
st
iv
e,

b
ec
a
u
se

o
th
er

k
in
d
s
o
f
co
n
ta
ct

in
te
ra
ct
io
n
s
m
ay

b
e
a
t

p
la
y.

4
0

5

If
R
-p
a
ri
ty

is
v
io
la
te
d
it

is
p
o
ss
ib
le

th
a
t
th
e
ex
ch
a
n
g
e
o
f
sp
a
rt
ic
le
s
ca
n
co
n
tr
ib
u
te

si
g
n
ifi
ca
n
tl
y
to

S
M

p
ro
ce
ss
es

a
n
d
m
ay

ev
en

p
ro
d
u
ce

p
ea
k
s
o
r
b
u
m
p
s
[7
,8
]
in

cr
o
ss

se
ct
io
n
s
if
th
ey

a
re

k
in
em

a
ti
ca
ll
y
a
cc
es
si
b
le
.

B
el
ow

th
re
sh
o
ld
,
th
es
e
n
ew

sp
in
-0

ex
ch
a
n
g
es

m
ay

m
a
k
e
th
ei
r
m
a
n
if
es
ta
ti
o
n
k
n
ow

n
v
ia

in
d
ir
ec
t
eff

ec
ts

o
n

o
b
se
rv
a
b
le
s
(c
ro
ss

se
ct
io
n
s
a
n
d
a
sy
m
m
et
ri
es
),

in
cl
u
d
in
g
sp
ec
ta
cu

la
r
d
ec
ay

s
[1
7
].

H
er
e
w
e
w
il
l
a
d
d
re
ss

th
e

q
u
es
ti
o
n
o
f
w
h
et
h
er

th
e
eff

ec
ts

o
f
th
e
ex
ch
a
n
g
e
o
f
sc
a
la
r
(s
p
in
-0
)
sp
a
rt
ic
le
s
ca
n
b
e
d
iff
er
en
ti
a
te
d
a
t
li
n
ea
r

co
ll
id
er
s
fr
o
m

th
o
se

a
ss
o
ci
a
te
d
w
it
h
th
e
w
id
e
cl
a
ss

o
f
o
th
er

co
n
ta
ct

in
te
ra
ct
io
n
s
m
en
ti
o
n
ed

a
b
ov
e.

F
o
r
a
sn
eu
tr
in
o
in

a
n
R
-p
a
ri
ty
-v
io
la
ti
n
g
th
eo
ry
,
w
e
ta
k
e
th
e
b
a
si
c
co
u
p
li
n
g
s
to

le
p
to
n
s
a
n
d
q
u
a
rk
s
to

b
e

g
iv
en

b
y

λ
ij
k
L
iL

j
Ē

k
+
λ
′ ij
k
L
iQ

j
D̄

k
.

(1
)

H
er
e,

L
(Q

)
a
re

th
e
le
ft
-h
a
n
d
ed

le
p
to
n
(q
u
a
rk
)
d
o
u
b
le
t
su
p
er
fi
el
d
s,

a
n
d
Ē

(D̄
)
a
re

th
e
co
rr
es
p
o
n
d
in
g
le
ft
-

h
a
n
d
ed

si
n
g
le
t
fi
el
d
s.

If
ju
st

th
e
R
-p
a
ri
ty

v
io
la
ti
n
g
λ
L
L
Ē

te
rm

s
o
f
th
e
su
p
er
p
o
te
n
ti
a
l
a
re

p
re
se
n
t
it
is
cl
ea
r

th
a
t
o
b
se
rv
a
b
le
s
a
ss
o
ci
a
te
d
w
it
h
le
p
to
n
ic

p
ro
ce
ss
es

e+
+
e−

→
μ
+
+
μ
−

(o
r
τ
−
+
τ
+
),

(2
)

w
il
l
b
e
a
ff
ec
te
d
b
y
th
e
ex
ch
a
n
g
e
o
f
ν̃
’s
in

th
e
t-
o
r
s-
ch
a
n
n
el
s
[7
,8
].
F
o
r
in
st
a
n
ce
,
in

th
e
ca
se

o
n
ly

o
n
e
n
o
n
ze
ro

Y
u
ka
w
a
co
u
p
li
n
g
is
p
re
se
n
t,
ν̃
’s
m
ay

co
n
tr
ib
u
te

to
,
e.
g
.
e+

e−
→

μ
+
μ
−
v
ia

t-
ch
a
n
n
el
ex
ch
a
n
g
e.

In
p
a
rt
ic
u
la
r,

if
λ
1
2
1
,
λ
1
2
2
,
λ
1
3
2
,
o
r
λ
2
3
1
a
re

n
o
n
ze
ro
,
th
e
μ
+
μ
−
p
a
ir
p
ro
d
u
ct
io
n
p
ro
ce
ed

s
v
ia

a
d
d
it
io
n
a
l
t-
ch
a
n
n
el
sn
eu
tr
in
o

ex
ch
a
n
g
e
m
ec
h
a
n
is
m
.
H
ow

ev
er
,
if
o
n
ly

th
e
p
ro
d
u
ct

o
f
Y
u
ka
w
a
,
e.
g
.
λ
1
3
1
λ
2
3
2
,
is

n
o
n
ze
ro

th
e
s-
ch
a
n
n
el

ν̃ τ
ex
ch
a
n
g
e
w
o
u
ld

co
n
tr
ib
u
te

to
th
e
μ
+
μ
−
p
a
ir
fi
n
a
l
st
a
te
.
B
el
ow

w
e
d
en
o
te

b
y
λ
th
e
re
le
va
n
t
Y
u
ka
w
a
co
u
p
li
n
g

fr
o
m

th
e
su
p
er
p
o
te
n
ti
a
l
(1
)
o
m
it
ti
n
g
th
e
su
b
sc
ri
p
ts
.

In
th
is

n
o
te
,
w
e
d
is
cu
ss

th
e
d
ev
ia
ti
o
n
s
in
d
u
ce
d
b
y
th
e
s-
ch
a
n
n
el

sn
eu
tr
in
o
ex
ch
a
n
g
e
a
n
d
co
n
ta
ct

in
te
r-

a
ct
io
n
s
in

el
ec
tr
o
n
–
p
o
si
tr
o
n
a
n
n
ih
il
a
ti
o
n
in
to

le
p
to
n
p
a
ir
s
(2
)
a
t
th
e
p
la
n
n
ed

IL
C
.
In

p
a
rt
ic
u
la
r,

w
e
u
se

a
s

a
b
a
si
c
o
b
se
rv
a
b
le

a
d
o
u
b
le

p
o
la
ri
za
ti
o
n
a
sy
m
m
et
ry

th
a
t
w
il
l
u
n
a
m
b
ig
u
o
u
sl
y
id
en
ti
fy

s-
ch
a
n
n
el

sn
eu
tr
in
o

ex
ch
a
n
g
e
eff

ec
ts

in
th
e
d
a
ta
,
re
ly
in
g
o
n
it
s
sp
in
-0

ch
a
ra
ct
er

a
n
d
b
y
fi
lt
er
in
g
o
u
t
co
n
tr
ib
u
ti
o
n
s
o
f
o
th
er

N
P

in
te
ra
ct
io
n
s.
1

T
h
e
av
a
il
a
b
il
it
y
o
f
b
o
th

b
ea
m
s
b
ei
n
g
p
o
la
ri
ze
d
p
la
y
s
a
cr
u
ci
a
l
rô
le

in
id
en
ti
fy
in
g
th
a
t
n
ew

p
h
y
si
cs

sc
en
a
ri
o
[1
8
].

O
n
th
e
o
th
er

h
a
n
d
,
w
e
n
o
te

th
a
t
if
o
n
ly

si
n
g
le

(e
le
ct
ro
n
)
b
ea
m

p
o
la
ri
za
ti
o
n
is

av
a
il
-

a
b
le
,
th
e
le
ft
-r
ig
h
t
a
sy
m
m
et
ry

d
o
es

n
o
t
h
el
p
to

u
n
a
m
b
ig
u
o
u
sl
y
id
en
ti
fy

a
n
s-
ch
a
n
n
el

sn
eu
tr
in
o
ex
ch
a
n
g
e

si
g
n
a
tu
re
.2

T
h
e
R
-p
a
ri
ty

v
io
la
ti
n
g
s-
ch
a
n
n
el

sn
eu
tr
in
o
ex
ch
a
n
g
e
in

th
e
p
ro
ce
ss

(2
)
re
q
u
ir
es

a
n
o
n
-z
er
o
co
u
p
li
n
g
λ
1
3
1

(λ
1
2
1
).

T
h
is
w
o
u
ld

n
ec
es
sa
ri
ly

in
d
u
ce

n
o
n
-s
ta
n
d
a
rd

co
n
tr
ib
u
ti
o
n
s
to

B
h
a
b
h
a
sc
a
tt
er
in
g
,

e+
+
e−

→
e+

+
e−

,
(3
)

w
h
ic
h
w
e
a
ls
o
st
u
d
y,

in
o
rd
er

to
co
m
p
a
re

th
e
se
n
si
ti
v
it
ie
s
in

th
es
e
ch
a
n
n
el
s.

W
e
a
ls
o
co
m
p
a
re

th
e
ca
p
a
b
il
it
y
o
f
th
e
IL
C

to
d
is
ti
n
g
u
is
h
eff

ec
ts

o
f
s-
ch
a
n
n
el

sn
eu
tr
in
o
ex
ch
a
n
g
e
in

th
e

le
p
to
n
p
a
ir
p
ro
d
u
ct
io
n
p
ro
ce
ss

fr
o
m

o
th
er

N
P
in
te
ra
ct
io
n
s
w
it
h
th
e
co
rr
es
p
o
n
d
in
g
p
o
te
n
ti
a
l
o
f
th
e
D
re
ll
-Y
a
n

p
ro
ce
ss

(l
=

e,
μ
)
[1
9
]

p
+
p
→

l+
+
l−

+
X

(4
)

a
t
th
e
L
H
C
.

F
o
r
co
m
p
le
te
n
es
s,
w
e
w
il
l
in

S
ec
.
2
re
ca
ll
a
m
in
im

u
m

o
f
re
le
va
n
t
fo
rm

u
la
e
d
efi
n
in
g
th
e
b
a
si
c
o
b
se
rv
a
b
le
s

u
se
d
in

o
u
r
a
n
a
ly
si
s.

In
S
ec
.
3
w
e
p
er
fo
rm

th
e
n
u
m
er
ic
a
l
a
n
a
ly
si
s,

ev
a
lu
a
ti
n
g
d
is
co
v
er
y
a
n
d
id
en
ti
fi
ca
ti
o
n

re
a
ch
es

o
n
sn
eu
tr
in
o
s.

F
in
a
ll
y,

S
ec
.
4
co
n
ta
in
s
so
m
e
co
n
cl
u
d
in
g
re
m
a
rk
s.

2
O
b
se
rv
a
b
le
s
a
n
d

N
P

p
a
ra

m
e
tr
iz
a
ti
o
n

W
e
co
n
ce
n
tr
a
te

o
n
th
e
p
ro
ce
ss

e+
+
e−

→
μ
+
+
μ
−
.
W

it
h
P

−
a
n
d
P

+
d
en
o
ti
n
g
th
e
lo
n
g
it
u
d
in
a
l
p
o
la
ri
za
ti
o
n
s

o
f
th
e
el
ec
tr
o
n
s
a
n
d
p
o
si
tr
o
n
s,
re
sp
ec
ti
v
el
y,

a
n
d
θ
th
e
a
n
g
le

b
et
w
ee
n
th
e
in
co
m
in
g
el
ec
tr
o
n
a
n
d
th
e
o
u
tg
o
in
g

m
u
o
n
in

th
e
c.
m
.
fr
a
m
e,

th
e
d
iff
er
en
ti
a
l
cr
o
ss

se
ct
io
n
in

th
e
p
re
se
n
ce

o
f
co
n
ta
ct

in
te
ra
ct
io
n
s
ca
n
b
e
ex
p
re
ss
ed

a
s
(z

≡
co
s
θ)

[2
0
,2
1
]:

d
σ
C
I

d
z

=
3 8

[ (1
+
z
)2
σ
C
I

+
+
(1

−
z
)2
σ
C
I −
] .

(5
)

1
T
h
is

a
p
p
ro
a
ch

w
a
s
ea
rl
ie
r
ex

p
lo
it
ed

fo
r
th
e
d
is
cr
im

in
a
ti
o
n
a
g
a
in
st

Z
′
ex

ch
a
n
g
e
[8
].

2
F
o
r
th
e
ca
se

o
f
si
n
g
le

b
ea
m

p
o
la
ri
za
ti
o
n
,
A

L
R

is
a
n
a
n
a
lo
g
u
e
o
f
A

d
o
u
b
le

d
efi

n
ed

b
y
E
q
.
(1
6
).

4
0

6



M
o
d
el

Δ
α
β

co
m
p
o
si
te

fe
rm

io
n
s
[1
]

±
s

α
e
m

1

Λ
2 α
β

ex
tr
a
g
a
u
g
e
b
o
so
n
Z

′ [
2
–
5
]

g
′ α
e
g
′ β
f
χ
Z

′

A
G
C

(f
=

�)
[1
0
]

Δ
L
L
=

s

( f̃ D
W

2
s2 W

+
2
f̃ D

B

c2 W

) ,
Δ

R
R

2
=

Δ
L
R
=

Δ
R
L
=

s
4
f̃ D

B

c2 W

T
eV

-s
ca
le

ex
tr
a
d
im

.
[1
5
,1
6
]

−(
Q

e
Q

f
+
g
e α
g
f β
)
π
2
s

3
M

2 C

A
D
D

m
o
d
el

[1
1
,1
3
]

Δ
L
L
=

Δ
R
R
=

f G
(1

−
2
z
),
Δ

L
R
=

Δ
R
L
=

−f
G
(1

+
2
z
)

R
-p
a
ri
ty

v
io
la
ti
n
g
S
U
S
Y

[7
,8
]

Δ
L
L
=

Δ
R
R
=

0
,
Δ

L
R
=

Δ
R
L
=

1 2
C

t ν̃
χ
t ν̃

(ν̃
ex
ch
a
n
g
e
in

t-
ch
a
n
n
el
)

T
a
b
le

1
:
P
a
ra
m
et
ri
za
ti
o
n
o
f
th
e
Δ

α
β
fu
n
ct
io
n
s
in

d
iff
er
en
t
N
P
m
o
d
el
s
(α

,β
=

L
,R

).
F
o
r
th
e
ex
p
la
n
a
ti
o
n
o
f

n
o
ta
ti
o
n
se
e
te
x
t.

In
te
rm

s
o
f
th
e
h
el
ic
it
y
cr
o
ss

se
ct
io
n
s
σ
C
I

α
β
(w

it
h
α
,β

=
L
,R

),
d
ir
ec
tl
y
re
la
te
d
to

th
e
in
d
iv
id
u
a
l
C
I
co
u
p
li
n
g
s

Δ
α
β
(s
ee

E
q
.
(1
0
))
:

σ
C
I

+
=

1 4

[ (1
−
P

−
)(
1
+
P

+
)
σ
C
I

L
L
+
(1

+
P

−
)(
1
−
P

+
)
σ
C
I

R
R

]
=

D 4

[ (1
−
P
e
ff
)
σ
C
I

L
L
+
(1

+
P
e
ff
)
σ
C
I

R
R

] ,
(6
)

σ
C
I −

=
1 4

[ (1
−
P

−
)(
1
+
P

+
)
σ
C
I

L
R
+
(1

+
P

−
)(
1
−
P

+
)
σ
C
I

R
L

]
=

D 4

[ (1
−
P
e
ff
)
σ
C
I

L
R
+
(1

+
P
e
ff
)
σ
C
I

R
L

] ,
(7
)

w
h
er
e
th
e
fi
rs
t
(s
ec
o
n
d
)
su
b
sc
ri
p
t
re
fe
rs

to
th
e
ch
ir
a
li
ty

o
f
th
e
el
ec
tr
o
n
(m

u
o
n
)
cu

rr
en
t.

F
u
rt
h
er
m
o
re
,

P
e
ff
=

P
−
−
P

+

1
−
P

−
P

+
(8
)

is
th
e
eff

ec
ti
v
e
p
o
la
ri
za
ti
o
n
,
|P

e
ff
|≤

1
,
a
n
d
D

=
1
−

P
−
P

+
.

F
o
r
u
n
p
o
la
ri
ze
d
p
o
si
tr
o
n
s
P
e
ff

→
P

−
a
n
d

D
→

1
,
b
u
t
w
it
h
P

+
=

0
,
|P

e
ff
|c

a
n
b
e
la
rg
er

th
a
n
|P

−
|.
M
o
re
ov
er
,
in

E
q
s.
(6
)
a
n
d
(7
):

σ
C
I

α
β
=

σ
p
t
|M

C
I

α
β
|2 ,

(9
)

w
h
er
e
σ
p
t
≡

σ
(e

+
e−

→
γ
∗
→

μ
+
μ
−
)
=

(4
π
α
2 e
m
)/
(3
s)
.
T
h
e
h
el
ic
it
y
a
m
p
li
tu
d
es

M
C
I

α
β
ca
n
b
e
w
ri
tt
en

a
s

M
C
I

α
β
=

M
S
M

α
β
+
Δ

α
β
=

Q
e
Q

μ
+
g
e α
g
μ β
χ
Z
+
Δ

α
β
,

(1
0
)

w
h
er
e

χ
Z
=

s

s
−
M

2 Z
+
iM

Z
Γ
Z

(1
1
)

re
p
re
se
n
ts

th
e
Z

p
ro
p
a
g
a
to
r,

g
l L
=

(I
l 3
L
−

Q
ls

2 W
)/
s W

c W
a
n
d
g
l R

=
−Q

ls
2 W
/
s W

c W
a
re

th
e
S
M

le
ft
-
a
n
d

ri
g
h
t-
h
a
n
d
ed

le
p
to
n
(l

=
e,
μ
)
co
u
p
li
n
g
s
o
f
th
e
Z

w
it
h
s2 W

=
1
−

c2 W
≡

si
n
2
θ W

a
n
d
Q

l
th
e
le
p
to
n
ic

el
ec
tr
ic

ch
a
rg
e.

T
h
e
Δ

α
β
fu
n
ct
io
n
s
re
p
re
se
n
t
th
e
co
n
ta
ct

in
te
ra
ct
io
n
co
n
tr
ib
u
ti
o
n
s
co
m
in
g
fr
o
m

T
eV

-s
ca
le

p
h
y
si
cs
.

T
h
e
st
ru
ct
u
re

o
f
th
e
d
iff
er
en
ti
a
l
cr
o
ss

se
ct
io
n
(5
)
is
p
a
rt
ic
u
la
rl
y
in
te
re
st
in
g
in

th
a
t
it
is

eq
u
a
ll
y
va
li
d
fo
r

a
w
id
e
va
ri
et
y
o
f
N
P

m
o
d
el
s
li
st
ed

in
T
a
b
le

1
.
N
o
te

th
a
t
o
n
ly

g
ra
v
it
o
n
a
n
d
t-
ch
a
n
n
el

sn
eu
tr
in
o
ex
ch
a
n
g
es

in
d
u
ce

a
m
o
d
ifi
ed

a
n
g
u
la
r
d
ep

en
d
en
ce

to
th
e
d
iff
er
en
ti
a
l
cr
o
ss

se
ct
io
n
v
ia

th
e
z
-d
ep

en
d
en

ce
o
f
Δ

α
β
.

In
T
a
b
le

1
Λ
α
β
d
en

o
te

co
m
p
o
si
te
n
es
s
sc
a
le
s;

χ
Z

′
a
n
d
χ
t ν̃
p
a
ra
m
et
ri
ze

th
e
Z

′
a
n
d
sn
eu
tr
in
o
p
ro
p
a
g
a
to
rs

d
efi
n
ed

a
n
a
lo
g
o
u
sl
y
to

E
q
.
(1
1
),

w
it
h
su
p
er
sc
ri
p
t
t
re
fe
rr
in
g
to

th
e
t-
ch
a
n
n
el
,
e.
g
.,
χ
t ν̃
=

s/
(t
−

M
2 ν̃
),

w
h
er
e

M
ν̃
is
th
e
sn
eu
tr
in
o
m
a
ss
.
F
o
r
th
e
t-
ch
a
n
n
el

ν̃
sn
eu
tr
in
o
ex
ch
a
n
g
e
C

t ν̃
=

λ
2
/
4
π
α
e
m
w
it
h
λ
b
ei
n
g
th
e
re
le
va
n
t

4
0

7

Y
u
ka
w
a
co
u
p
li
n
g
.
g
′ α
f
p
a
ra
m
et
ri
ze
s
th
e
Z

′
co
u
p
li
n
g
s
to

th
e
f

cu
rr
en
t
o
f
ch
ir
a
li
ty

α
.
F
u
rt
h
er
m
o
re
,
f̃ D

W

a
n
d
f̃ D

B
a
re

re
la
te
d
to

f D
W

a
n
d
f D

B
o
f
re
f.
[1
0
]
b
y
f̃
=

f
/
m

2 t
(f

D
W

a
n
d
f D

B
p
a
ra
m
et
ri
ze

n
ew

-p
h
y
si
cs

eff
ec
ts

a
ss
o
ci
a
te
d
w
it
h
th
e
S
U
(2
)
a
n
d
h
y
p
er
ch
a
rg
e
cu

rr
en
ts
,
re
sp
ec
ti
v
el
y
);
M

C
is
th
e
co
m
p
a
ct
ifi
ca
ti
o
n
sc
a
le
;

f G
=

±s
2
/
(4
π
α
e
m
M

4 H
)
p
a
ra
m
et
ri
ze
s
th
e
st
re
n
g
th

a
ss
o
ci
a
te
d
w
it
h
m
a
ss
iv
e
g
ra
v
it
o
n
ex
ch
a
n
g
e
w
it
h
M

H
th
e

cu
t-
o
ff
sc
a
le

in
th
e
K
K

g
ra
v
it
o
n
to
w
er

su
m
.

T
h
e
d
o
u
b
ly

p
o
la
ri
ze
d
to
ta
l
cr
o
ss

se
ct
io
n
ca
n
b
e
o
b
ta
in
ed

fr
o
m

E
q
.
(5
)
a
ft
er

in
te
g
ra
ti
o
n
ov
er

z
w
it
h
in

th
e

in
te
rv
a
l
−1

≤
z
≤

1
.
In

th
e
li
m
it

o
f
s,

t
sm

a
ll
co
m
p
a
re
d
to

th
e
C
I
m
a
ss

sc
a
le
s,
th
e
re
su
lt
ta
k
es

th
e
fo
rm

σ
C
I
=

σ
C
I

+
+
σ
C
I −
=

1 4

[ (1
−
P

−
)(
1
+
P

+
)
(σ

C
I

L
L
+
σ
C
I

L
R
)
+

(1
+
P

−
)(
1
−
P

+
)
(σ

C
I

R
R
+
σ
C
I

R
L
)] .

(1
2
)

It
is
cl
ea
r
th
a
t
th
e
fo
rm

u
la

in
th
e
S
M

h
a
s
th
e
sa
m
e
fo
rm

w
h
er
e
o
n
e
sh
o
u
ld

re
p
la
ce

th
e
su
p
er
sc
ri
p
t
C
I
→

S
M

in
E
q
.
(1
2
).

S
in
ce

th
e
ν̃
ex
ch
a
n
g
ed

in
th
e
s-
ch
a
n
n
el

d
o
es

n
o
t
in
te
rf
er
e
w
it
h
th
e
s-
ch
a
n
n
el

S
M

γ
a
n
d
Z

ex
ch
a
n
g
es
,
th
e

d
iff
er
en
ti
a
l
cr
o
ss

se
ct
io
n
w
it
h
b
o
th

el
ec
tr
o
n
a
n
d
p
o
si
tr
o
n
b
ea
m
s
p
o
la
ri
ze
d
ca
n
b
e
w
ri
tt
en

a
s
[8
,2
2
]

d
σ
ν̃

d
z

=
3 8

[ (1
+
z
)2
σ
S
M

+
+
(1

−
z
)2
σ
S
M −
+
2
1
+
P

−
P

+

2
(σ

ν̃ R
L
+
σ
ν̃ L
R
)] .

(1
3
)

H
er
e,

σ
ν̃ R
L
(=

σ
ν̃ L
R
)
=

σ
p
t
|M

ν̃ R
L
|2 ,

M
ν̃ R
L
=

M
ν̃ L
R

=
1 2
C

s ν̃
χ
s ν̃
,
a
n
d
C

s ν̃
a
n
d
χ
s ν̃
d
en
o
te

th
e
p
ro
d
u
ct

o
f
th
e
R
-

p
a
ri
ty

v
io
la
ti
n
g
co
u
p
li
n
g
s
a
n
d
th
e
p
ro
p
a
g
a
to
r
o
f
th
e
ex
ch
a
n
g
ed

sn
eu

tr
in
o
.
F
o
r
th
e
s-
ch
a
n
n
el

ν̃ τ
sn
eu
tr
in
o

ex
ch
a
n
g
e
th
ey

re
a
d

C
s ν̃
χ
s ν̃
=

λ
1
3
1
λ
2
3
2

4
π
α
e
m

s

s
−
M

2 ν̃
τ
+
iM

ν̃
τ
Γ
ν̃
τ

(1
4
)

B
el
ow

w
e
w
il
l
u
se

th
e
a
b
b
re
v
ia
ti
o
n
λ
2
=

λ
1
3
1
λ
2
3
2
.

A
s
se
en

fr
o
m

E
q
.
(1
3
)
th
e
p
o
la
ri
ze
d
d
iff
er
en
ti
a
l
cr
o
ss

se
ct
io
n
p
ic
k
s
u
p
a
z
-i
n
d
ep

en
d
en
t
te
rm

in
a
d
d
it
io
n

to
th
e
S
M

p
a
rt
.
T
h
e
co
rr
es
p
o
n
d
in
g
to
ta
l
cr
o
ss

se
ct
io
n
ca
n
b
e
w
ri
tt
en

a
s

σ
ν̃

=
1 4
(1

−
P

−
)(
1
+
P

+
)
(σ

S
M

L
L
+
σ
S
M

L
R
)
+

1 4
(1

+
P

−
)(
1
−
P

+
)
(σ

S
M

R
R
+
σ
S
M

R
L
)

+
3 2

1
+
P

−
P

+

2
(σ

ν̃ R
L
+
σ
ν̃ L
R
).

(1
5
)

It
is

p
o
ss
ib
le

to
u
n
iq
u
el
y
id
en
ti
fy

th
e
eff

ec
t
o
f
th
e
s-
ch
a
n
n
el

sn
eu
tr
in
o
ex
ch
a
n
g
e
ex
p
lo
it
in
g
th
e
d
o
u
b
le

b
ea
m

p
o
la
ri
za
ti
o
n
a
sy
m
m
et
ry

d
efi

n
ed

a
s
[8
,2
2
]

A
d
o
u
b
le
=

σ
(P

1
,−

P
2
)
+
σ
(−

P
1
,P

2
)
−

σ
(P

1
,P

2
)
−
σ
(−

P
1
,−

P
2
)

σ
(P

1
,−

P
2
)
+
σ
(−

P
1
,P

2
)
+

σ
(P

1
,P

2
)
+
σ
(−

P
1
,−

P
2
)
,

(1
6
)

w
h
er
e
P
1
=

|P
−
|,
P
2
=

|P
+
|.

It
ca
n
ea
si
ly

b
e
ch
ec
k
ed

fo
r
th
e
w
h
o
le

se
t
o
f
co
n
ta
ct

in
te
ra
ct
io
n
s
li
st
ed

in
T
a
b
le

1
,
w
it
h
th
e
ex
ce
p
ti
o
n
o
f
th
e
s-
ch
a
n
n
el

sn
eu
tr
in
o
ex
ch
a
n
g
e,

th
a
t
fr
o
m

(1
2
)
a
n
d
(1
6
)
o
n
e
fi
n
d
s

A
S
M

d
o
u
b
le
=

A
C
I

d
o
u
b
le
=

P
1
P
2
=

0
.4
8
,

(1
7
)

w
h
er
e
th
e
n
u
m
er
ic
a
l
va
lu
e
co
rr
es
p
o
n
d
s
to

el
ec
tr
o
n
a
n
d
p
o
si
tr
o
n
d
eg
re
es

o
f
p
o
la
ri
za
ti
o
n
:
P
1
=

0
.8
,
P
2
=

0
.6
.

T
h
is

is
b
ec
a
u
se

th
es
e
co
n
ta
ct

in
te
ra
ct
io
n
s
co
n
tr
ib
u
te

to
th
e
sa
m
e
a
m
p
li
tu
d
es

a
s
sh
ow

n
in

(1
0
).

E
q
.
(1
7
)

d
em

o
n
st
ra
te
s
th
a
t
A

S
M

d
o
u
b
le
a
n
d
A

C
I

d
o
u
b
le
a
re

in
d
is
ti
n
g
u
is
h
a
b
le

fo
r
a
n
y
va
lu
es

o
f
th
e
co
n
ta
ct

in
te
ra
ct
io
n
p
a
ra
m
-

et
er
s,
Δ

α
β
,
i.
e.

Δ
A

d
o
u
b
le
=

A
C
I

d
o
u
b
le
−
A

S
M

d
o
u
b
le
=

0
.

O
n
th
e
co
n
tr
a
ry
,
th
e
ν̃
ex
ch
a
n
g
e
in

th
e
s-
ch
a
n
n
el
w
il
l
fo
rc
e
th
is
o
b
se
rv
a
b
le
to

a
sm

a
ll
er

va
lu
e,

Δ
A

d
o
u
b
le
=

A
ν̃ d
o
u
b
le
−

A
S
M

d
o
u
b
le
∝

−P
1
P
2
|C

s ν̃
χ
s ν̃
|2

<
0
.
T
h
e
va
lu
e
o
f
A

d
o
u
b
le
b
el
ow

P
1
P
2
ca
n
p
ro
v
id
e
a
si
g
n
a
tu
re

o
f
sc
a
la
r

ex
ch
a
n
g
e
in

th
e
s-
ch
a
n
n
el
.
A
ll
th
o
se

fe
a
tu
re
s
in

th
e
A

d
o
u
b
le
b
eh
av

io
r
a
re

sh
ow

n
in

F
ig
.
1
.

T
h
e
n
o
n
-z
er
o
va
lu
e
o
f
th
e
λ
1
3
1
co
u
p
li
n
g
im

p
li
es

th
a
t
th
e
B
h
a
b
h
a
sc
a
tt
er
in
g
p
ro
ce
ss

w
il
l
re
ce
iv
e
ν̃ τ

co
n
tr
ib
u
ti
o
n
s
fr
o
m

b
o
th

th
e
s-

a
n
d
t-
ch
a
n
n
el

ex
ch
a
n
g
es
.
T
h
e
d
iff
er
en
ti
a
l
cr
o
ss

se
ct
io
n
ca
n
b
e
w
ri
tt
en

in
th
is

4
0

8
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F
ig
u
re

1
:
D
o
u
b
le

b
ea
m

p
o
la
ri
za
ti
o
n
a
sy
m
m
et
ry

A
ν̃ d
o
u
b
le

a
s
a
fu
n
ct
io
n
o
f
sn
eu

tr
in
o
m
a
ss

M
ν̃
fo
r
d
iff
er
en
t

ch
o
ic
es

o
f
λ
(d
a
sh
ed

li
n
es
)
a
t
th
e
IL
C

w
it
h
√ s

=
0
.5

T
eV

(l
ef
t
p
a
n
el
)
a
n
d
√ s

=
1
.0

T
eV

(r
ig
h
t
p
a
n
el
),

L i
n
t
=

0
.5

a
b
−
1
.

F
ro
m

le
ft

to
ri
g
h
t,

λ
va
ri
es

fr
o
m

0
.2

to
1
.0

in
st
ep
s
o
f
0
.2
.

T
h
e
so
li
d
h
o
ri
zo
n
ta
l
li
n
e

co
rr
es
p
o
n
d
s
to

A
S
M

d
o
u
b
le
=

A
C
I

d
o
u
b
le
.
T
h
e
y
el
lo
w

b
a
n
d
s
in
d
ic
a
te

th
e
ex
p
ec
te
d
u
n
ce
rt
a
in
ty

in
th
e
S
M

ca
se
.

ca
se

a
s

d
σ
ν̃

d
z

=
π
α
2 e
m

8
s

[ (1
+
z
)2
{(
1
−
P

−
)(
1
+
P

+
)
|f

s L
L
+
f
t L
L
|2
+
(1

+
P

−
)(
1
−
P

+
)
|f

s R
R
+
f
t R
R
|2 }

+
(1

−
z
)2
{(
1
−
P

−
)(
1
+
P

+
)
|f

s L
R
|2
+
(1

+
P

−
)(
1
−
P

+
)
|f

s R
L
|2 }

+
4
(1

+
P

−
P

+
){
|f

t L
R
|2
+
|f

t R
L
|2 }

]
(1
8
)

w
h
er
e3

f
s L
L
=

1
+
(g

e L
)2
χ
Z
,

f
s R
R
=

1
+
(g

e R
)2
χ
Z
,

f
s L
R
=

1
+
g
e L
g
e R
χ
Z
+

1 2
C

ν̃
χ
t ν̃
,

f
s R
L
=

1
+
g
e R
g
e L
χ
Z
+

1 2
C

ν̃
χ
t ν̃
,

f
t L
L
=

s t
+

(g
e L
)2
χ
t Z
,

f
t R
R
=

s t
+
(g

e R
)2
χ
t Z
,

f
t L
R
=

s t
+

g
e L
g
e R
χ
t Z
+

1 2
C

ν̃
χ
s ν̃
,

f
t R
L
=

s t
+
g
e R
g
e L
χ
t Z
+

1 2
C

ν̃
χ
s ν̃
,

(1
9
)

w
h
er
e
χ
t i
=

s/
(t
−
M

2 i
)
N
o
te

th
a
t
w
e
u
se

th
e
sa
m
e
n
o
ta
ti
o
n
a
s
in

E
q
.
(1
4
)
fo
r
th
e
re
d
u
ce
d
sn
eu

tr
in
o
co
u
p
li
n
g

C
ν̃
.
H
ow

ev
er
,
si
n
ce

n
ow

th
e
sa
m
e
le
p
to
n
g
en

er
a
ti
o
n
is
p
re
se
n
t
in

th
e
in
it
ia
l
a
n
d
fi
n
a
l
st
a
te
s,
co
n
se
q
u
en
tl
y
in

E
q
.
(1
9
)
w
e
h
av
e

C
ν̃
=

λ
2 1
3
1

4
π
α
e
m

(2
0
)

fo
r
b
o
th

s-
a
n
d
t-
ch
a
n
n
el

sn
eu
tr
in
o
ex
ch
a
n
g
es
.

3
N
u
m
e
ri
ca

l
a
n
a
ly
si
s

In
th
e
n
u
m
er
ic
a
l
a
n
a
ly
si
s,
cr
o
ss

se
ct
io
n
s
a
re

ev
a
lu
a
te
d
in
cl
u
d
in
g
in
it
ia
l-
a
n
d
fi
n
a
l-
st
a
te

ra
d
ia
ti
o
n
b
y
m
ea
n
s
o
f

th
e
p
ro
g
ra
m

Z
F
IT

T
E
R

[2
3
],
to
g
et
h
er

w
it
h
Z
E
F
IT

[2
4
],
w
it
h
m

to
p
=

1
7
5
G
eV

a
n
d
m

H
=

1
2
5
G
eV

.
O
n
e-
lo
o
p

S
M

el
ec
tr
ow

ea
k
co
rr
ec
ti
o
n
s
a
re

a
cc
o
u
n
te
d
fo
r
b
y
im

p
ro
v
ed

B
o
rn

a
m
p
li
tu
d
es

[2
5
],
su
ch

th
a
t
th
e
fo
rm

s
o
f
th
e

3
N
o
te

th
a
t
R
ef
.
[7
],
fo
r
ex

a
m
p
le
,
u
se
s
a
d
iff
er
en

t
co
n
v
en

ti
o
n
fo
r
th
e
ch

ir
a
li
ty

o
f
th
e
fi
n
a
l
st
a
te

cu
rr
en

t.

4
0

9

p
re
v
io
u
s
fo
rm

u
la
e
re
m
a
in

th
e
sa
m
e.

C
o
n
ce
rn
in
g
in
it
ia
l-
st
a
te

ra
d
ia
ti
o
n
,
a
cu
t
o
n
th
e
en
er
g
y
o
f
th
e
em

it
te
d

p
h
o
to
n
Δ

=
E

γ
/
E

b
e
a
m

=
0
.9

is
a
p
p
li
ed

in
o
rd
er

to
av
o
id

th
e
ra
d
ia
ti
v
e
re
tu
rn

to
th
e
Z

p
ea
k
a
n
d
en

h
a
n
ce

th
e
si
g
n
a
l
o
ri
g
in
a
ti
n
g
fr
o
m

th
e
n
o
n
st
a
n
d
a
rd

p
h
y
si
cs

co
n
tr
ib
u
ti
o
n
[2
1
].

A
s
n
u
m
er
ic
a
l
in
p
u
ts
,
w
e
sh
a
ll
a
ss
u
m
e
th
e
id
en
ti
fi
ca
ti
o
n
effi

ci
en
ci
es

o
f
ε
=

9
5
%

fo
r
μ
+
μ
−

fi
n
a
l
st
a
te
s,

in
te
g
ra
te
d
lu
m
in
o
si
ty

o
f
L i

n
t
=

0
.5

a
b
−
1
w
it
h
u
n
ce
rt
a
in
ty

δL
in
t
/
L i

n
t
=

0
.5
%
,
a
n
d
a
fi
d
u
ci
a
l
ex
p
er
im

en
ta
l

a
n
g
u
la
r
ra
n
g
e
|c
o
s
θ|

≤
0
.9
9
.
A
ls
o
,
re
g
a
rd
in
g
el
ec
tr
o
n
a
n
d
p
o
si
tr
o
n
d
eg
re
es

o
f
p
o
la
ri
za
ti
o
n
,
w
e
sh
a
ll
co
n
si
d
er

th
e
fo
ll
ow

in
g
va
lu
es
:
P

−
=

±0
.8
;
P

+
=

±0
.6
,
w
it
h
δP

−
/
P

−
=

δP
+
/
P

+
=

0
.5
%
.

D
is
co
v
er
y
a
n
d
id
en
ti
fi
ca
ti
o
n
re
a
ch
es

o
n
th
e
sn
eu
tr
in
o
m
a
ss

M
ν̃
(9
5
%

C
.L
.)
p
lo
tt
ed

in
F
ig
.
2
a
re

o
b
ta
in
ed

fr
o
m

co
n
v
en
ti
o
n
a
l
χ
2
a
n
a
ly
si
s.

T
h
e
d
is
co
v
er
y
li
m
it

(D
is
c)

is
o
b
ta
in
ed

fr
o
m

a
co
m
b
in
ed

a
n
a
ly
si
s
o
f
th
e

p
o
la
ri
ze
d
d
iff
er
en
ti
a
l
cr
o
ss

se
ct
io
n
s,

d
σ
/
d
z
,
in

1
0
eq
u
a
l-
si
ze

z
-b
in
s
in

th
e
ra
n
g
e
[−

0
.9
9
,0
.9
9
],
w
it
h

b
ea
m

p
o
la
ri
za
ti
o
n
s
o
f
th
e
sa
m
e
si
g
n
,
(P

−
,P

+
)
=

(+
0
.8
,+

0
.6
);
(−

0
.8
,−

0
.6
).

T
h
is

p
ro
ce
d
u
re

p
ro
v
id
es

th
e
b
es
t

se
n
si
ti
v
it
y
to

sn
eu
tr
in
o
p
a
ra
m
et
er
s,

w
h
er
ea
s
th
e
id
en
ti
fi
ca
ti
o
n
re
a
ch

(I
D
)
is

d
er
iv
ed

fr
o
m

A
d
o
u
b
le
.
In

th
e

la
tt
er

ca
se

th
e
χ
2
fu
n
ct
io
n

is
co
n
st
ru
ct
ed

a
s
fo
ll
ow

s:
χ
2
=

(Δ
A

d
o
u
b
le
/
δA

d
o
u
b
le
)2

w
h
er
e
δA

d
o
u
b
le

is
th
e

ex
p
ec
te
d
ex
p
er
im

en
ta
l
u
n
ce
rt
a
in
ty

a
cc
o
u
n
ti
n
g
fo
r
b
o
th

st
a
ti
st
ic
a
l
a
n
d
sy
st
em

a
ti
c
co
m
p
o
n
en
ts
.

F
o
r
co
m
p
a
ri
so
n
,
cu

rr
en
t
li
m
it
s
fr
o
m

lo
w
-e
n
er
g
y
d
a
ta

a
re

a
ls
o
sh
ow

n
[2
6
,2
7
].
F
ro
m

F
ig
.
2
o
n
e
ca
n
se
e
th
a
t

id
en
ti
fi
ca
ti
o
n
o
f
sn
eu
tr
in
o
ex
ch
a
n
g
e
eff

ec
ts

in
th
e
s-
ch
a
n
n
el
w
it
h
A

d
o
u
b
le
is
fe
a
si
b
le
in

th
e
re
g
io
n
o
f
p
a
ra
m
et
er

a
n
d
m
a
ss

sp
a
ce

fa
r
b
ey
o
n
d
th
e
cu

rr
en
t
li
m
it
s.

0.
2

0.
4

0.
6

0.
8

1.
0

246810

Λ

MΝ��TeV�

IL
C
�0

.5
T

eV
�,
L i

nt
�

0.
5

ab
�

1 .

EX
CL
U
D
ED

Cu
rr
.li
m
.

ID
Di
sc

0.
2

0.
4

0.
6

0.
8

1.
0

246810

Λ

MΝ��TeV�

IL
C
�1

T
eV
�,
L i

nt
�

0.
5

ab
�

1 . EX
CL
U
D
ED

Cu
rr
.li
m
.

ID

Di
sc

F
ig
u
re

2
:
D
is
co
v
er
y
a
n
d

id
en
ti
fi
ca
ti
o
n
re
a
ch
es

o
n

sn
eu

tr
in
o
m
a
ss

M
ν̃
(9
5
%

C
.L
.)

a
s
a
fu
n
ct
io
n

o
f
λ

fo
r

th
e
p
ro
ce
ss

e+
e−

→
μ
+
μ
−

a
t
th
e
IL
C

w
it
h
√ s

=
0
.5

T
eV

(l
ef
t
p
a
n
el
)
a
n
d
√ s

=
1
.0

T
eV

(r
ig
h
t
p
a
n
el
),

L i
n
t
=

0
.5

a
b
−
1
.
F
o
r
co
m
p
a
ri
so
n
,
cu

rr
en
t
li
m
it
s
fr
o
m

lo
w

en
er
g
y
d
a
ta

a
re

a
ls
o
d
is
p
la
y
ed
.

A
s
w
a
s
d
em

o
n
st
ra
te
d
in

R
ef
.
[1
9
]
th
e
re
so
n
a
n
t
s-
ch
a
n
n
el
p
ro
d
u
ct
io
n
o
f
sn
eu
tr
in
o
ν̃
w
it
h
th
ei
r
su
b
se
q
u
en
t

d
ec
ay

in
to

p
u
re
ly

le
p
to
n
ic

fi
n
a
l
st
a
te
s
v
ia

R
-p
a
ri
ty

v
io
la
ti
n
g
co
u
p
li
n
g
s
ca
n
b
e
o
b
se
rv
ed

ov
er

a
w
id
e
ra
n
g
e

o
f
p
a
ra
m
et
er
s
(c
o
u
p
li
n
g
s
a
n
d
m
a
ss
es
)
in

h
a
d
ro
n
ic

co
ll
is
io
n
s
(4
).

T
h
is

p
ro
ce
ss

p
ro
v
id
es

a
cl
ea
n
a
n
d
p
ow

er
fu
l

p
ro
b
e
o
f
R
-p
a
ri
ty

v
io
la
ti
n
g
su
p
er
sy
m
m
et
ri
c
p
a
ra
m
et
er

sp
a
ce

a
n
d
th
e
co
rr
es
p
o
n
d
in
g
L
H
C

se
a
rc
h
re
a
ch
es

in
th
e
p
a
ra
m
et
er

p
la
n
e
sp
a
n
n
ed

b
y
th
e
sn
eu
tr
in
o
m
a
ss

a
n
d
th
e
R
-p
a
ri
ty
-v
io
la
ti
n
g
co
u
p
li
n
g
w
er
e
o
b
ta
in
ed

th
er
e.

S
p
ec
ifi
ca
ll
y,

in
th
e
d
il
ep
to
n
p
ro
ce
ss

(4
)
o
f
in
te
re
st

h
er
e,

a
sp
in
-0

sn
eu

tr
in
o
ca
n
b
e
ex
ch
a
n
g
ed

th
ro
u
g
h
th
e

su
b
p
ro
ce
ss

d
d̄
→

ν̃
→

l+
l−

a
n
d
m
a
n
if
es
t
it
se
lf
a
s
a
p
ea
k
in

th
e
d
il
ep
to
n
in
va
ri
a
n
t
m
a
ss

d
is
tr
ib
u
ti
o
n
a
n
d

a
ls
o
w
it
h
a
fl
a
t
a
n
g
u
la
r
d
is
tr
ib
u
ti
o
n
.
T
h
e
cr
o
ss

se
ct
io
n
is

p
ro
p
o
rt
io
n
a
l
to

th
e
R
-p
a
ri
ty

v
io
la
ti
n
g
p
ro
d
u
ct

X
=

(λ
′ )
2
B

l
w
h
er
e
B

l
is

th
e
sn
eu
tr
in
o
le
p
to
n
ic

b
ra
n
ch
in
g
ra
ti
o
a
n
d
λ
′
th
e
re
le
va
n
t
sn
eu
tr
in
o
co
u
p
li
n
g
to

th
e
d
d̄
q
u
a
rk
s.

T
h
e
ex
p
er
im

en
ta
l
9
5
%

C
L
lo
w
er

li
m
it
s
o
n
M

ν̃
ra
n
g
e
fr
o
m

3
9
7
G
eV

(f
o
r
X

=
1
0
−
4
)
to

8
6
6

4
1

0



G
eV

(f
o
r
X

=
1
0
−
2
)
[2
8
].

If
th
is
si
g
n
a
tu
re

is
o
b
se
rv
ed

,
th
e
le
p
to
n
ic

ce
n
te
r-
ed

g
e
in
te
g
ra
te
d
a
sy
m
m
et
ry

[2
9
]
ca
n
b
e
su
cc
es
sf
u
ll
y
u
se
d

to
d
is
ti
n
g
u
is
h
sl
ep
to
n
re
so
n
a
n
ce
s
fr
o
m

th
o
se

a
ss
o
ci
a
te
d
w
it
h
n
ew

sp
in
-1

Z
′
g
a
u
g
e
b
o
so
n
s
a
n
d
th
e
R
a
n
d
a
ll
-

S
u
n
d
ru
m

g
ra
v
it
o
n
re
so
n
a
n
ce

(s
p
in
-2
).

O
n
ce

la
rg
e
in
te
g
ra
te
d
lu
m
in
o
si
ti
es

o
f
o
rd
er

∼
1
0
0
fb

−
1
a
re

o
b
ta
in
ed

a
t
th
e
L
H
C
,
th
es
e
n
ew

sc
a
la
r
re
so
n
a
n
ce
s
sh
o
u
ld

b
e
v
is
ib
le

fo
r
m
a
ss
es

a
s
la
rg
e
a
s
∼

1
.5
−
5
.5

T
eV

d
ep

en
d
in
g

o
n
th
e
sp
ec
ifi
c
d
et
a
il
s
o
f
th
e
m
o
d
el

(c
o
u
p
li
n
g
s
a
n
d
le
p
to
n
ic

b
ra
n
ch
in
g
ra
ti
o
s)
.

A
cc
o
rd
in
g
ly
,
th
e
a
n
a
ly
si
s

p
er
fo
rm

ed
in

[1
9
]
in
d
ic
a
te
s
th
a
t
th
e
id
en
ti
fi
ca
ti
o
n
o
f
th
e
sn
eu

tr
in
o
a
g
a
in
st

th
e
R
S
g
ra
v
it
o
n
a
n
d
Z

′ b
o
so
n
s
b
y

ce
n
te
r-
ed

g
e
a
sy
m
m
et
ry

is
p
o
ss
ib
le

a
t
th
e
L
H
C

fo
r
M

ν̃
≤

4
.5

T
eV

fo
r
X

in
th
e
ra
n
g
e
o
f
1
0
−
5
<

X
<

1
0
−
1
.

A
s
m
en
ti
o
n
ed

a
b
ov
e,

fu
tu
re

e+
e−

co
ll
id
er
s
o
p
er
a
ti
n
g
in

th
e
T
eV

en
er
g
y
ra
n
g
e
ca
n
in
d
ir
ec
tl
y
p
ro
b
e
fo
r

n
ew

p
h
y
si
cs

eff
ec
ts

b
y
ex
p
lo
ri
n
g
co
n
ta
ct
-i
n
te
ra
ct
io
n
-l
ik
e
d
ev
ia
ti
o
n
s
fr
o
m

th
e
cr
o
ss

se
ct
io
n
s
a
n
d
a
sy
m
m
et
ri
es

p
re
d
ic
te
d
b
y
th
e
S
M
.
F
o
r
lu
m
in
o
si
ty

ex
p
ec
te
d
a
t
IL
C
,
∼

0
.5

a
b
−
1
,
a
n
d
w
it
h
b
o
th

el
ec
tr
o
n
a
n
d
p
o
si
tr
o
n

b
ea
m
s
p
o
la
ri
ze
d
,
fr
o
m

F
ig
.
2
w
e
se
e
th
a
t
th
is

im
p
li
es

th
a
t
th
e
p
a
ra
m
et
er

sp
a
ce

re
g
io
n
λ
/M

ν̃
>

0
.1
7
(0
.1
0
)

(M
ν̃
in

T
eV

u
n
it
)
w
o
u
ld

ce
rt
a
in
ly

b
e
p
ro
b
ed

a
t
√ s

=
0
.5

(1
)
T
eV

b
y
su
ch

m
ea
su
re
m
en
ts

w
h
il
e
id
en
ti
fi
ca
ti
o
n

p
a
ra
m
et
er

sp
a
ce

p
o
p
u
la
te
s
th
e
re
g
io
n
0
.2
1
(0
.1
3
)
<

λ
/M

ν̃
<
0
.5
.

F
o
r
B
h
a
b
h
a
sc
a
tt
er
in
g
,
th
e
a
n
g
u
la
r
ra
n
g
e
|c
o
s
θ|

<
0
.9
0
is
d
iv
id
ed

in
to

n
in
e
eq
u
a
l-
si
ze

b
in
s.

W
e
co
m
b
in
e

th
e
cr
o
ss

se
ct
io
n
s
w
it
h
th
e
fo
ll
ow

in
g
in
it
ia
l
el
ec
tr
o
n
a
n
d
p
o
si
tr
o
n
lo
n
g
it
u
d
in
a
l
p
o
la
ri
za
ti
o
n
s:

(P
−
,P

+
)
=

(|P
−
|,−

|P
+
|);

(−
|P

−
|,|
P

+
|;

(|P
−
|,|
P

+
|);

(−
|P

−
|,−

|P
+
|).

T
h
e
a
ss
u
m
ed

re
co
n
st
ru
ct
io
n
effi

ci
en

ci
es
,
th
a
t

d
et
er
m
in
e
th
e
ex
p
ec
te
d

st
a
ti
st
ic
a
l
u
n
ce
rt
a
in
ti
es
,
a
re

1
0
0
%

fo
r
e+

e−
fi
n
a
l
p
a
ir
s.

C
o
n
ce
rn
in
g
th
e
O(

α
e
m
)

Q
E
D

co
rr
ec
ti
o
n
s,

th
e
(n
u
m
er
ic
a
ll
y
d
o
m
in
a
n
t)

eff
ec
ts

fr
o
m

in
it
ia
l-
st
a
te

ra
d
ia
ti
o
n
fo
r
B
h
a
b
h
a
sc
a
tt
er
in
g
a
re

a
g
a
in

a
cc
o
u
n
te
d
fo
r
b
y
a
st
ru
ct
u
re

fu
n
ct
io
n
a
p
p
ro
a
ch

in
cl
u
d
in
g
b
o
th

h
a
rd

a
n
d
so
ft
p
h
o
to
n
em

is
si
o
n
[3
0
],
a
n
d

b
y
a
fl
u
x
fa
ct
o
r
m
et
h
o
d
[3
1
],
re
sp
ec
ti
v
el
y.

O
n
e
ca
n
p
a
ra
m
et
ri
ze

th
e
b
o
u
n
d
s
d
ep
ic
te
d
in

F
ig
.
2
(i
n
th
e
p
la
n
e
(M

ν̃
,
λ
))

a
p
p
ro
x
im

a
te
ly

a
s
a
st
ra
ig
h
t

li
n
e,

M
ν̃
=

k
μ
λ

(M
ν̃
is

ta
k
en

in
T
eV

u
n
it
s)
,
λ

=
√ λ

1
3
1
·λ

2
3
2
a
n
d
k
μ
is

th
e
sl
o
p
e
o
f
th
e
th
es
e
li
n
es

fo
r

th
e
p
ro
ce
ss

e+
e−

→
μ
+
μ
−
.
F
o
r
in
st
a
n
ce
,
fo
r
th
e
d
is
co
v
er
y
re
a
ch

w
e
h
av
e
k
μ
≈

5
.9

(1
0
)
fo
r
√ s

=
0
.5

(1
)

T
eV

.
In

o
rd
er

to
co
n
v
er
t
th
e
b
o
u
n
d
s
sh
ow

n
in

F
ig
.
2
in
to

li
m
it
s
o
n
M

ν̃
v
s
λ
1
3
1
o
n
e
sh
o
u
ld

fi
x
λ
2
3
2
.
F
o
r

th
a
t
p
u
rp
o
se

o
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D

6
5
,
0
7
6
0
0
3
(2
0
0
2
)
[h
ep

-p
h
/
0
1
1
0
3
4
6
].

[1
7
]
N
.-
E
.
B
o
m
a
rk
,
D
.
C
h
o
u
d
h
u
ry
,
S
.
L
o
la

a
n
d
P
.
O
sl
a
n
d
,
J
H
E
P

1
1
0
7
,
0
7
0
(2
0
1
1
)
[a
rX

iv
:1
1
0
5
.4
0
2
2
[h
ep

-
p
h
]]
.

[1
8
]
G
.
M
o
o
rt
g
a
t-
P
ic
k
et

a
l.
,
P
h
y
s.
R
ep
t.
4
6
0
,
1
3
1
(2
0
0
8
)
[a
rX

iv
:h
ep

-p
h
/
0
5
0
7
0
1
1
].

[1
9
]
P
.
O
sl
a
n
d
,

A
.
A
.
P
a
n
k
ov

,
N
.
P
av
er

a
n
d

A
.
V
.
T
sy
tr
in
ov

,
P
h
y
s.

R
ev
.
D

8
2
,

1
1
5
0
1
7

(2
0
1
0
)

[a
rX

iv
:1
0
0
8
.1
3
8
9
[h
ep

-p
h
]]
.

[2
0
]
B
.
S
ch
re
m
p
p
,
F
.
S
ch
re
m
p
p
,
N
.
W
er
m
es

a
n
d
D
.
Z
ep
p
en

fe
ld
,
N
u
cl
.
P
h
y
s.
B

2
9
6
,
1
(1
9
8
8
).

[2
1
]
A
.
D
jo
u
a
d
i,
A
.
L
ei
k
e,

T
.
R
ie
m
a
n
n
,
D
.
S
ch
a
il
e
a
n
d
C
.
V
er
ze
g
n
a
ss
i,
Z
.
P
h
y
s.

C
5
6
,
2
8
9
(1
9
9
2
).

[2
2
]
P
.
O
sl
a
n
d
,
A
.
A
.
P
a
n
k
ov

a
n
d
N
.
P
av
er
,
P
h
y
s.
R
ev
.
D

6
8
,
0
1
5
0
0
7
(2
0
0
3
)
[a
rX

iv
:h
ep

-p
h
/
0
3
0
4
1
2
3
].

[2
3
]
D
.
Y
.
B
a
rd
in
,
P
.
C
h
ri
st
ov
a
,
M
.
J
a
ck
,
L
.
K
a
li
n
ov

sk
ay
a
,
A
.
O
lc
h
ev
sk
i,

S
.
R
ie
m
a
n
n
a
n
d
T
.
R
ie
m
a
n
n
,

C
o
m
p
u
t.

P
h
y
s.
C
o
m
m
u
n
.
1
3
3
,
2
2
9
(2
0
0
1
)
[h
ep

-p
h
/
9
9
0
8
4
3
3
].

[2
4
]
S
.
R
ie
m
a
n
n
,
F
O
R
T
R
A
N

p
ro
g
ra
m

Z
E
F
IT

,
V
er
si
o
n
4
.2
.

[2
5
]
M
.
C
o
n
so
li
,
W

.
H
o
ll
ik

a
n
d
F
.
J
eg
er
le
h
n
er
,
C
E
R
N
-T

H
-5
5
2
7
-8
9
,
p
re
se
n
te
d
a
t
th
e
W
o
rk
sh
o
p
o
n
Z
P
h
ys
ic
s

a
t
L
E
P
;

G
.
A
lt
a
re
ll
i,
R
.
C
a
sa
lb
u
o
n
i,
D
.
D
o
m
in
ic
i,
F
.
F
er
u
g
li
o
a
n
d
R
.
G
a
tt
o
,
N
u
cl
.
P
h
y
s.
B

3
4
2
,
1
5
(1
9
9
0
).

[2
6
]
Y
.
K
a
o
a
n
d
T
.
T
a
k
eu

ch
i,
a
rX

iv
:0
9
1
0
.4
9
8
0
[h
ep

-p
h
].

[2
7
]
G
.
B
h
a
tt
a
ch
a
ry
y
a
,
H
.
P
a
s
a
n
d
D
.
P
id
t,
P
h
y
s.

R
ev
.
D

8
4
,
1
1
3
0
0
9
(2
0
1
1
)
[a
rX

iv
:1
1
0
9
.6
1
8
3
[h
ep

-p
h
]]
.

[2
8
]
T
.
A
a
lt
o
n
en

et
a
l.
[C
D
F
C
o
ll
a
b
o
ra
ti
o
n
],
P
h
y
s.
R
ev
.
L
et
t.
1
0
2
,
0
9
1
8
0
5
(2
0
0
9
)
[a
rX

iv
:0
8
1
1
.0
0
5
3
[h
ep

-e
x
]]
.

4
1

3

[2
9
]
E
.
W

.
D
v
er
g
sn
es
,
P
.
O
sl
a
n
d
,
A
.
A
.
P
a
n
k
ov

a
n
d

N
.
P
av
er
,
P
h
y
s.

R
ev
.
D

6
9
,
1
1
5
0
0
1
(2
0
0
4
)
[h
ep

-
p
h
/
0
4
0
1
1
9
9
].

[3
0
]
F
o
r
re
v
ie
w
s
se
e,

e.
g
.,
O
.
N
ic
ro
si
n
i
a
n
d
L
.
T
re
n
ta
d
u
e,

in
R
a
d
ia
ti
ve

C
o
rr
ec
ti
o
n
s
fo
r
e+

e−
C
o
ll
is
io
n
s,

ed
.

J
.
H
.
K
ü
h
n
2
5
(S
p
ri
n
g
er
,
B
er
li
n
,
1
9
8
9
),
p
.
2
5
;
in

Q
E
D

S
tr
u
ct
u
re

F
u
n
ct
io
n
s,

A
n
n
A
rb
o
r,

M
I,

1
9
8
9
,
ed
.

G
.
B
o
n
v
ic
in
i,
A
IP

C
o
n
f.
P
ro
c.

N
o
.
2
0
1
(A

IP
,
N
ew

Y
o
rk
,
1
9
9
0
),
p
.
1
2
.

[3
1
]
F
o
r
a
re
v
ie
w

se
e,

e.
g
.,
W

.
B
ee
n
a
k
k
er

a
n
d
F
.
A
.
B
er
en

d
s:

P
ro
c.

o
f
th
e
W
o
rk
sh
o
p
o
n
P
h
ys
ic
s
a
t
L
E
P
2
,

C
E
R
N

9
6
-0
1
,
v
o
l.
1
,
p
.
7
9
a
n
d
re
fe
re
n
ce
s
th
er
ei
n
.

[3
2
]
A
.
A
.
P
a
n
k
ov

,
N
.
P
av
er

a
n
d
A
.
V
.
T
sy
tr
in
ov

,
P
h
y
s.
R
ev
.
D

7
3
,
1
1
5
0
0
5
(2
0
0
6
)
[h
ep

-p
h
/
0
5
1
2
1
3
1
].

4
1

4



D
E
S
Y

12
-2
07

O
n
e
-l
o
o
p

e
ff
e
ct
s
o
n

M
S
S
M

p
a
ra

m
e
te
r
d
e
te
rm

in
a
ti
o
n

v
ia

ch
a
rg

in
o
p
ro

d
u
ct
io
n

a
t
th

e
L
C

A
o
i
f
e
B
h
a
r
u
c
h
a
∗,
1
,
J
a
n
K
a
l
i
n
o
w
s
k
i
†,2
,
G
u
d
r
i
d

M
o
o
r
t
g
a
t
-
P
i
c
k
‡,1

,3
,
K
r
z
y
s
z
t
o
f
R
o
l
b
i
e
c
k
i
§,3

,4
a
n
d

G
e
o
r
g

W
e
i
g
l
e
i
n
¶,

3

1
II
.
In
st
it
u
t
fü
r
T
h
eo
re
ti
sc
h
e
P
h
ys
ik
,
U
n
iv
er
si
ty

o
f
H
a
m
bu
rg
,
L
u
ru
pe
r
C
h
a
u
ss
ee

1
4
9
,
D
-2
2
7
6
1
H
a
m
bu
rg
,
G
er
m
a
n
y

2
F
a
cu
lt
y
o
f
P
h
ys
ic
s,

U
n
iv
er
si
ty

o
f
W
a
rs
a
w
,
0
0
6
8
1
W
a
rs
a
w
,
P
o
la
n
d

3
D
E
S
Y
,
D
eu
ts
ch
es

E
le
kt
ro
n
en

-S
yn

ch
ro
tr
o
n
,
N
o
tk
es
tr
.
8
5
,
D
-2
2
6
0
7
H
a
m
bu
rg
,

G
er
m
a
n
y

4
In
st
it
u
to

d
e
F́
ıs
ic
a
T
eó
ri
ca
,
IF

T
-U

A
M
/
C
S
IC

,
2
8
0
4
9
M
a
d
ri
d
,
S
pa
in
.

A
b
st
ra

ct

A
t
a
fu
tu
re

li
n
ea
r
co
ll
id
er

ve
ry

p
re
ci
se

m
ea
su
re
m
en
ts
,
ty
p
ic
al
ly

w
it
h
er
ro
rs

of
<

1%
,
ar
e
ex
p
ec
te
d
to

b
e
ac
h
ie
va
b
le
.
S
u
ch

an
ac
cu
ra
cy

gi
ve
s
se
n
si
ti
v
it
y

to
th
e
q
u
an

tu
m

co
rr
ec
ti
on

s,
w
h
ic
h
th
er
ef
or
e
m
u
st

b
e
in
co
rp
or
at
ed

in
th
eo
-

re
ti
ca
l
ca
lc
u
la
ti
on

s
in

or
d
er

to
d
et
er
m
in
e
th
e
u
n
d
er
ly
in
g
n
ew

p
h
y
si
cs

p
ar
am

-
et
er
s
fr
om

p
ro
sp
ec
ti
ve

li
n
ea
r
co
ll
id
er

m
ea
su
re
m
en
ts
.
In

th
e
co
n
te
x
t
of

th
e

ch
ar
gi
n
o–
n
eu
tr
al
in
o
se
ct
or

of
th
e
m
in
im

al
su
p
er
sy
m
m
et
ri
c
st
an

d
ar
d
m
o
d
el
,

th
is
in
vo
lv
es

fi
tt
in
g
on

e-
lo
op

p
re
d
ic
ti
on

s
to

p
ro
sp
ec
ti
ve

m
ea
su
re
m
en
ts

of
th
e

cr
os
s
se
ct
io
n
s,
fo
rw

ar
d
-b
ac
k
w
ar
d
as
y
m
m
et
ri
es

an
d
of

th
e
ac
ce
ss
ib
le

ch
ar
gi
n
o

an
d
n
eu
tr
al
in
o
m
as
se
s.

T
ak

in
g
re
ce
n
t
re
su
lt
s
fr
om

L
H
C

S
U
S
Y

an
d
H
ig
gs

se
ar
ch
es

in
to

ac
co
u
n
t
w
e
co
n
si
d
er

th
re
e
p
h
en
om

en
ol
og
ic
al

sc
en
ar
io
s,

ea
ch

w
it
h
ch
ar
ac
te
ri
st
ic

fe
at
u
re
s.

O
u
r
an

al
y
si
s
sh
ow

s
h
ow

an
ac
cu
ra
te

d
et
er
m
in
a-

ti
on

of
th
e
d
es
ir
ed

p
ar
am

et
er
s
is
p
os
si
b
le
,
p
ro
v
id
in
g
in

ad
d
it
io
n
ac
ce
ss

to
th
e

st
op

m
as
se
s
an

d
m
ix
in
g
an

gl
e.

∗ a
o
if
e.
b
h
a
ru
ch
a
@
d
es
y.
d
e

† j
a
n
.k
al
in
ow

sk
i@

fu
w
.e
d
u
.p
l

‡ g
u
d
ri
d
.m

o
or
tg
a
t-
p
ic
k
@
d
es
y.
d
e

§ k
rz
y
sz
to
f.
ro
lb
ie
ck
i@

d
es
y.
d
e

¶ g
eo
rg
.w
ei
g
le
in
@
d
es
y.
d
e

4
1

5

1
In

tr
o
d
u
ct
io
n

A
li
n
ea
r
co
ll
id
er

(L
C
)
[1
–5
]
w
il
l
b
e
an

id
ea
l
en
v
ir
on

m
en
t
fo
r
h
ig
h

p
re
ci
-

si
on

st
u
d
ie
s
of

p
h
y
si
cs

b
ey
on

d
th
e
st
an

d
ar
d
m
o
d
el

(B
S
M
).

A
p
ar
ti
cu
la
rl
y

w
el
l-
m
ot
iv
at
ed

B
S
M

th
eo
ry

is
th
e
m
in
im

al
su
p
er
sy
m
m
et
ri
c
st
an

d
ar
d
m
o
d
el

(M
S
S
M
).
T
h
is
p
ro
v
id
es

th
e
li
gh

te
st

n
eu
tr
al
in
o
as

a
ca
n
d
id
at
e
to

ex
p
la
in

th
e

ev
id
en
ce

fo
r
d
ar
k
m
at
te
r
in

th
e
u
n
iv
er
se

[6
,7
].

F
u
rt
h
er
,
n
at
u
ra
ln
es
s
ar
gu

-
m
en
ts

(s
ee

e.
g.

re
f.
[8
])
su
p
p
or
t
li
gh

t
h
ig
gs
in
o-
li
ke

ch
ar
gi
n
os

an
d
n
eu
tr
al
in
os
,

as
al
so

p
re
d
ic
te
d
b
y
G
U
T
m
ot
iv
at
ed

S
U
S
Y

m
o
d
el
s
[9
].
D
u
e
to

th
e
ch
al
le
n
ge
s

in
vo
lv
ed

in
d
et
ec
ti
n
g
el
ec
tr
ow

ea
k
in
os

at
th
e
L
H
C
,
cu
rr
en
t
b
ou

n
d
s
co
m
in
g

fr
om

th
e
A
T
L
A
S
an

d
C
M
S
ex
cl
u
d
e
on

ly
sm

al
l
re
gi
on

s
of

p
ar
am

et
er

sp
ac
e,

se
e
e.
g.

re
fs
.
[1
0,
11
].
T
h
e
ch
ar
gi
n
os

an
d
n
eu
tr
al
in
os

co
u
ld

th
er
ef
or
e
b
e
w
it
h
in

re
ac
h
of

a
fi
rs
t
st
ag
e
li
n
ea
r
co
ll
id
er
.

O
n
e
ap

p
ro
ac
h
to

d
et
er
m
in
e
th
e
fu
n
d
am

en
ta
l
M
S
S
M

p
ar
am

et
er
s
is
to

co
n
-

si
d
er

co
n
st
ra
in
ed

m
o
d
el
s
su
ch

as
th
e
co
n
st
ra
in
ed

m
in
im

al
su
p
er
sy
m
m
et
ri
c

st
an

d
ar
d
m
o
d
el

(C
M
S
S
M
),

an
d
p
er
fo
rm

a
gl
ob

al
fi
t
of

th
is

re
d
u
ce
d
se
t
of

p
ar
am

et
er
s
to

al
l
re
le
va
n
t
ex
p
er
im

en
ta
l
re
su
lt
s
av
ai
la
b
le
,
se
e
e.
g.

re
f.
[1
2]
.

H
er
e
on

th
e
ot
h
er

h
an

d
,
in

or
d
er

to
p
re
ci
se
ly

d
et
er
m
in
e
th
e
n
at
u
re

of
th
e

u
n
d
er
ly
in
g
S
U
S
Y

m
o
d
el
,
w
e
w
is
h
to

d
et
er
m
in
e
th
e
fu
n
d
am

en
ta
l
p
ar
am

et
er
s

in
th
e
m
os
t
m
o
d
el
-i
n
d
ep

en
d
en
t
w
ay

p
os
si
b
le
.
T
h
e
d
et
er
m
in
at
io
n
of

th
e
U
(1
)

p
ar
am

et
er

M
1
,
th
e
S
U
(2
)
p
ar
am

et
er

M
2
,
th
e
h
ig
gs
in
o
p
ar
am

et
er

μ
an

d
ta
n
β
,

th
e
ra
ti
o
of

th
e
va
cu
u
m

ex
p
ec
ta
ti
on

va
lu
es

of
th
e
tw

o
n
eu
tr
al

H
ig
gs

d
ou

b
le
t

fi
el
d
s,

at
th
e
p
er
ce
n
t
le
ve
l
v
ia

ch
ar
gi
n
o
an

d
n
eu
tr
al
in
o
p
ai
r-
p
ro
d
u
ct
io
n
h
as

b
ee
n
sh
ow

n
to

b
e
p
os
si
b
le

at
L
O

(s
ee

re
f.
[1
3]

an
d
re
fe
re
n
ce
s
th
er
ei
n
).

D
u
e

to
th
e
ex
p
ec
te
d
h
ig
h
p
re
ci
si
on

of
m
as
s
an

d
co
u
p
li
n
g
m
ea
su
re
m
en
ts

at
th
e

L
C
,
as

w
el
l
as

th
e
fa
ct

th
at

on
e-
lo
op

eff
ec
ts

in
th
e
M
S
S
M

m
ay

b
e
si
ze
ab

le
,

h
ig
h
er

or
d
er

eff
ec
ts

h
av
e
to

b
e
co
n
si
d
er
ed
.
T
ak

in
g
th
es
e
co
rr
ec
ti
on

s
in
to

ac
-

co
u
n
t
ad

d
it
io
n
al

M
S
S
M

p
ar
am

et
er
s
b
ec
om

e
re
le
va
n
t,

su
ch

as
th
e
m
as
se
s
of

th
e
st
op

s
an

d
sl
ep
to
n
s,
w
h
ic
h
ar
e
al
so

so
fa
r
w
ea
k
ly

co
n
st
ra
in
ed

b
y
th
e
L
H
C
.

In
th
is

p
ap

er
w
e
sh
ow

h
ow

it
w
ou

ld
b
e
p
os
si
b
le

to
d
et
er
m
in
e
th
e
fu
n
d
a-

m
en
ta
l
p
ar
am

et
er
s
of

th
e
ch
ar
gi
n
o
an

d
n
eu
tr
al
in
o
se
ct
or

at
th
e
L
C
,
in
cl
u
d
in
g

th
e
co
m
p
li
ca
ti
on

s
ar
is
in
g
d
u
e
to

h
ig
h
er

or
d
er

eff
ec
ts
.
S
p
ec
ifi
ca
ll
y,

w
e
ca
lc
u
-

la
te

th
e
n
ex
t-
to
-l
ea
d
in
g
or
d
er

(N
L
O
)
co
rr
ec
ti
on

s
to

th
e
cr
os
s-
se
ct
io
n
(σ
)
an

d
fo
rw

ar
d
-b
ac
k
w
ar
d
as
y
m
m
et
ry

(A
F
B
)
fo
r
ch
ar
gi
n
o
p
ro
d
u
ct
io
n
,
an

d
al
so

to
th
e

ch
ar
gi
n
o
an

d
n
eu
tr
al
in
o
m
as
se
s.

A
n
u
m
b
er

of
n
ex
t-
to
-l
ea
d
in
g
or
d
er

(N
L
O
)

ca
lc
u
la
ti
on

s
of

ch
ar
gi
n
o
an

d
n
eu
tr
al
in
o
p
ai
r
p
ro
d
u
ct
io
n
at

th
e
L
C

ca
n
b
e

fo
u
n
d
in

th
e
li
te
ra
tu
re

[1
4–
18
].

W
e
p
er
fo
rm

ou
r
ca
lc
u
la
ti
on

s
in

th
e
on

-s
h
el
l

(O
S
)
sc
h
em

e
su
ch

th
at
,
as

fa
r
as

p
os
si
b
le
,
th
e
m
as
s
p
ar
am

et
er
s
ca
n
b
e
in
-

te
rp
re
te
d
as

th
e
p
h
y
si
ca
l
m
as
se
s.

R
ec
en
t
w
or
k
on

th
e
O
S
re
n
or
m
al
iz
at
io
n
of

th
e
ch
ar
gi
n
o-
n
eu
tr
al
in
o
se
ct
or

ca
n
b
e
fo
u
n
d
in

re
fs
.
[1
8–
24
].

B
y
fi
tt
in
g
lo
op

co
rr
ec
te
d
p
re
d
ic
ti
on

s
to

th
es
e
ex
p
er
im

en
ta
lr
es
u
lt
s
w
e
sh
ow

4
1
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th
at

it
is

p
os
si
b
le

to
ex
tr
ac
t
th
e
fu
n
d
am

en
ta
l
p
ar
am

et
er
s
of

th
e
M
S
S
M

L
a-

ga
n
gi
an

.
H
ow

ev
er

d
u
e
to

th
e
gr
ea
te
r
n
u
m
b
er

of
p
ar
am

et
er
s,
p
er
fo
rm

in
g
th
e

fi
t
is
m
or
e
in
vo
lv
ed

th
an

fo
r
th
e
L
O
an

al
y
si
s.

C
h
o
os
in
g
th
re
e
p
ot
en
ti
al
M
S
S
M

sc
en
ar
io
s,

w
e
as
se
ss

th
e
im

p
ac
t
of

th
e
lo
op

co
rr
ec
ti
on

s
an

d
th
e
fe
as
ib
il
it
y
of

su
ch

an
ex
tr
ac
ti
on

in
ea
ch
.
W
e
fu
rt
h
er

in
ve
st
ig
at
e
th
e
im

p
ac
t
of

ob
ta
in
in
g

m
as
se
s
of

th
e
ch
ar
gi
n
os

an
d
n
eu
tr
al
in
os

fr
om

th
re
sh
ol
d
sc
an

s
ra
th
er

th
an

th
e

co
n
ti
n
u
u
m

(s
ee

re
f.
[1
])
on

th
e
re
su
lt
in
g
ac
cu
ra
cy

of
th
e
p
ar
am

et
er
s
ob

ta
in
ed

fr
om

th
e
fi
t.

T
h
e
p
ap

er
is

or
ga
n
is
ed

as
fo
ll
ow

s.
In

se
c.

2
w
e
in
tr
o
d
u
ce

th
e
p
ro
ce
ss

st
u
d
ie
d
an

d
d
efi
n
e
n
ec
es
sa
ry

n
ot
at
io
n
.
W
e
th
en

p
ro
v
id
e
d
et
ai
ls
of

th
e
ca
lc
u
-

la
ti
on

of
th
e
lo
op

co
rr
ec
ti
on

s
in

se
c.
3,

in
cl
u
d
in
g
d
et
ai
ls
of

th
e
re
n
or
m
al
iz
at
io
n

sc
h
em

e
u
se
d
.
In

se
c.

4
w
e
fu
rt
h
er

d
is
cu
ss

th
e
m
et
h
o
d
em

p
lo
ye
d
in

or
d
er

to
fi
t
to

th
e
M
S
S
M

p
ar
am

et
er
s,
d
efi
n
e
th
e
sc
en
ar
io
s
co
n
si
d
er
ed
,
an

d
p
re
se
n
t
ou

r
re
su
lt
s.

F
in
al
ly

in
se
c.

5
w
e
d
is
cu
ss

th
e
im

p
li
ca
ti
on

s
of

th
e
re
su
lt
s
of

th
e
fi
ts
.

2
P
ro

ce
ss

st
u
d
ie
d

a
n
d

tr
e
e
-l
e
v
e
l
re
la
ti
o
n
s

In
th
is

p
ap

er
w
e
st
u
d
y
th
e
d
et
er
m
in
at
io
n
of

th
e
fu
n
d
am

en
ta
l
p
ar
am

et
er
s

in
th
e
ch
ar
gi
n
o–
n
eu
tr
al
in
o
se
ct
or

of
th
e
M
S
S
M
,
v
ia

ch
ar
gi
n
o
p
ro
d
u
ct
io
n
at

a
L
C
.
T
h
e
ch
ar
gi
n
os
,
χ̃
±
,
an

d
n
eu
tr
al
in
os
,
χ̃
0
,
ar
e
th
e
m
as
s
ei
ge
n
st
at
es

of
th
e
ga
u
gi
n
os

an
d
h
ig
gs
in
os
,
as

se
en

fr
om

th
e
re
le
va
n
t
p
ar
t
of

th
e
M
S
S
M

L
ag
ra
n
gi
an

[2
5]
,

L χ̃
=
χ̃
− i
(p

δ i
j
−

P
L
(U

∗ X
V

† )
ij
−

P
R
(V

X
† U

T
) i
j
)χ̃

− j

+
1 2
χ̃
0 i
(p

δ i
j
−

P
L
(N

∗ Y
N

† )
ij
−

P
R
(N

Y
† N

T
) i
j
)χ̃

0 j
,

(1
)

w
h
er
e
P
L
/
R
=

1/
2(
1
∓

γ
5
).

T
h
e
m
as
s
m
at
ri
x
fo
r
th
e
ch
ar
gi
n
os

is
gi
ve
n
b
y

X
=

(
M

2

√ 2M
W
s β

√ 2M
W
c β

μ

) ,
(2
)

w
h
er
e
s β
/c

β
≡

si
n
β
/
co
s
β
,
an

d
M

W
is
th
e
m
as
s
of

th
e
W

b
os
on

.
T
h
is
m
at
ri
x

is
d
ia
go
n
al
is
ed

v
ia

th
e
b
i-
u
n
it
ar
y
tr
an

sf
or
m
at
io
n
M

χ̃
+
=

U
∗ X

V
† ,

w
h
er
e
U

an
d
V

ar
e
co
m
p
le
x
u
n
it
ar
y
m
at
ri
ce
s.

T
h
e
m
as
s
m
at
ri
x
fo
r
th
e
n
eu
tr
al
in
os

in
th
e
(B̃

,W̃
,H̃

1
,H̃

2
)
b
as
is
is
gi
ve
n
b
y

Y
=

⎛ ⎜ ⎜ ⎝
M

1
0

−M
Z
c β
s W

M
Z
s β
s W

0
M

2
M

Z
c β
c W

−M
Z
s β
c W

−M
Z
c β
s W

M
Z
c β
c W

0
−μ

M
Z
s β
s W

−M
Z
s β
c W

−μ
0

⎞ ⎟ ⎟ ⎠,
(3
)
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1:
T
re
e-
le
ve
l
d
ia
gr
am

s
fo
r
th
e
p
ro
d
u
ct
io
n
of

ch
ar
gi
n
os

χ̃
+ 1
an

d
χ̃
− 1
at

th
e
L
C
.

w
h
er
e
s W

(c
W
)
is
th
e
si
n
(c
os
)
of

th
e
w
ea
k
m
ix
in
g
an

gl
e
θ W

.
S
in
ce

Y
is
co
m
p
le
x

sy
m
m
et
ri
c,
it
s
d
ia
go
n
al
is
at
io
n
re
q
u
ir
es

on
ly

on
e
u
n
it
ar
y
m
at
ri
x
N
,
v
ia
M

χ̃
0
=

N
∗ Y

N
† .

A
s
d
es
cr
ib
ed

in
d
et
ai
l
in

se
c.
4,

th
e
p
ar
am

et
er

d
et
er
m
in
at
io
n
re
li
es

on
th
e

m
ea
su
re
m
en
t
of

th
e
m
as
se
s
of

th
e
ch
ar
gi
n
os

an
d
n
eu
tr
al
in
os
,
th
e
p
ol
ar
is
ed

cr
os
s-
se
ct
io
n
fo
r
th
e
p
ai
r
p
ro
d
u
ct
io
n
of

ch
ar
gi
n
os
,
χ̃
− 1
,

σ
(e

+
e−

→
χ̃
+ 1
χ̃
− 1
),

(4
)

an
d
th
e
fo
rw

ar
d
-b
ac
k
w
ar
d
as
y
m
m
et
ry

d
efi
n
ed

b
y,

A
F
B
=

σ
(c
os

θ
>

0)
−

σ
(c
os

θ
<

0)

σ
(c
os

θ
>

0)
+
σ
(c
os

θ
<

0)
,

(5
)

fo
r
th
e
u
n
p
ol
ar
is
ed

cr
os
s-
se
ct
io
n
,
w
h
er
e
θ
is

th
e
an

gl
e
of

th
e
m
om

en
tu
m

of
th
e
ch
ar
gi
n
o
χ̃
− 1
w
it
h
re
sp
ec
t
to

th
e
m
om

en
tu
m

of
th
e
in
co
m
in
g
el
ec
tr
on

e−
.

N
eg
le
ct
in
g
th
e
el
ec
tr
on

-H
ig
gs

co
u
p
li
n
gs
,
th
is

p
ro
ce
ss

o
cc
u
rs

at
le
ad

in
g

or
d
er

v
ia

th
re
e
d
ia
gr
am

s,
as

se
en

in
fi
g.

1.
T
h
e
tr
an

si
ti
on

m
at
ri
x
el
em

en
t
ca
n
b
e
w
ri
tt
en

as
[2
6]
,

M
α
β
(e

+
e−

→
χ̃
+ i
χ̃
− j
)
=

e s
Q

α
β

[ v̄
(e

+
)γ

μ
P
α
u
(e

−
)][ ū

(χ̃
− j
)γ

μ
P
β
v
(χ̃

+ i
)] ,

(6
)

w
h
er
e
Q

α
β
d
en
ot
es

th
e
b
il
in
ea
r
ch
ar
ge
s,
α
=

L
,R

re
fe
rs

to
th
e
ch
ir
al
it
y
of

th
e

e+
e−

cu
rr
en
t
an

d
β
=

L
,R

to
th
at

of
th
e
χ̃
+ i
χ̃
− j
cu
rr
en
t.

T
h
e
su
m
m
at
io
n
ov
er

α
an

d
β
is

im
p
li
ed
.
T
h
e
b
il
in
ea
r
ch
ar
ge
s
ar
e
co
m
p
ri
se
d
of

th
e
p
ro
p
ag
at
or
s

an
d
co
u
p
li
n
gs

Q
L
L
=
C

L χ̃
+ i
χ̃
− j
γ
−

D
Z
G

L
C

L χ̃
+ i
χ̃
− j
Z
,

Q
R
L
=
C

L χ̃
+ i
χ̃
− j
γ
−

D
Z
G

R
C

L χ̃
+ i
χ̃
− j
Z
,

Q
L
R
=
C

R χ̃
+ i
χ̃
− j
γ
+
D

Z
G

L

( C
R χ̃
+ i
χ̃
− j
Z

) ∗ +
i 2
e
D

ν̃

( C
R ν̃
e
e+

χ̃
− i

) ∗ C
R ν̃
e
e+

χ̃
− j
,

Q
R
R
=
C

R χ̃
+ i
χ̃
− j
γ
+
D

Z
G

R

( C
R χ̃
+ i
χ̃
− j
Z

) ∗ ,
(7
)
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fo
r
w
h
ic
h
th
e
re
q
u
ir
ed

M
S
S
M

co
u
p
li
n
gs

fo
r
th
e
χ̃
+ i
χ̃
− j
γ
,
χ̃
+ i
χ̃
− j
Z

an
d
eν̃

e
χ̃
+ i

ve
rt
ic
es

ar
e
gi
ve
n
b
y

C
L
/
R

χ̃
+ i
χ̃
− j
γ
=
ie
δ i

j
,

C
L χ̃
+ i
χ̃
− j
Z
=

−
ie

c W
s W

( s2 W
δ i

j
−

U
∗ j1
U
i1
−

1 2
U

∗ j2
U
i2

) ,

C
R χ̃
+ i
χ̃
− j
Z
=
C

L χ̃
+ i
χ̃
− j
Z
(U

→
V

∗ )
,

C
R ν̃
e
e+

χ̃
− i
=
−

ie s W
V
i1
,

(8
)

an
d
G

L
,
G

R
,
D

Z
an

d
D

ν̃
ar
e
d
efi
n
ed

v
ia

G
L
=
s2 W

−
1 2

s W
c W

,
G

R
=
s W c W

,

D
Z
=

s

s
−

M
2 Z

,
D

ν̃
=

s

t
−

m
2 ν̃

.
(9
)

In
th
e
eq
u
at
io
n
s
ab

ov
e,

e
d
en
ot
es

th
e
el
ec
tr
ic

ch
ar
ge
,
m

e
an

d
M

Z
ar
e
th
e

m
as
se
s
of

th
e
el
ec
tr
on

an
d
Z

b
os
on

.
D

Z
an

d
D

ν̃
re
fe
r
to

th
e
p
ro
p
ag
at
or
s

of
th
e
Z

b
os
on

an
d
sn
eu
tr
in
o
(o
f
m
as
s
m

ν̃
),

in
te
rm

s
of

th
e
M
an

d
el
st
am

va
ri
ab

le
s
s
an

d
t.

O
n
e
ca
n
th
er
ef
or
e
ex
p
re
ss

th
e
tr
an

si
ti
on

m
at
ri
x
el
em

en
t
in

te
rm

s
of

M
2
,
μ

an
d
ta
n
β
,
in

ad
d
it
io
n
to

th
e
k
n
ow

n
S
M

p
ar
am

et
er
s.

H
ow

ev
er
,
th
e
ex
p
ec
te
d

ac
cu
ra
cy

of
th
e
m
ea
su
re
m
en
ts

at
th
e
li
n
ea
r
co
ll
id
er

is
su
ch

th
at

on
e-
lo
op

co
rr
ec
ti
on

s
b
ec
om

e
re
le
va
n
t,

an
d
w
e
sh
al
l
se
e
in

th
e
fo
ll
ow

in
g
se
ct
io
n
h
ow

th
e
h
ig
h
er

or
d
er

ex
p
re
ss
io
n
s
d
ep

en
d
on

m
an

y
ad

d
it
io
n
al

M
S
S
M

p
ar
am

et
er
s.

3
N
L
O

co
n
tr
ib
u
ti
o
n
s
a
n
d

re
n
o
rm

a
li
za

ti
o
n

W
e
h
av
e
ca
lc
u
la
te
d
th
e
fu
ll
on

e-
lo
op

co
rr
ec
ti
on

s
to

th
e
fo
rw

ar
d
-b
ac
k
w
ar
d

as
y
m
m
et
ry

fo
r
p
ro
ce
ss

e+
e−

→
χ̃
+ 1
χ̃
− 1
,
w
it
h
in

th
e
co
m
p
le
x
M
S
S
M
;
th
e
co
rr
e-

sp
on

d
in
g
co
rr
ec
ti
on

s
to

th
e
cr
os
s
se
ct
io
n
w
er
e
ca
lc
u
la
te
d
in

re
f.
[1
8]
.
E
x
am

-
p
le
s
fo
r
th
e
co
n
tr
ib
u
ti
n
g
se
lf
-e
n
er
gy
,
ve
rt
ex

an
d

b
ox

d
ia
gr
am

s
ar
e
sh
ow

n
in

fi
g.

2.
A
s
in

re
f.

[1
8]
,
fo
r
th
e
ca
lc
u
la
ti
on

w
e
h
av
e
u
se
d

th
e
p
ro
gr
am

F
e
y
n
A
r
t
s
[2
7–
31
],
w
h
ic
h
al
lo
w
ed

an
au

to
m
at
ed

ge
n
er
at
io
n
of

th
e
F
ey
n
m
an

d
ia
gr
am

s
an

d
am

p
li
tu
d
es
.

T
og
et
h
er

w
it
h

th
e
p
ac
ka
ge
s
F
o
r
m
C
a
l
c
[3
2–
34
]

an
d
L
o
o
p
T
o
o
l
s
[3
2]

w
e
d
er
iv
ed

th
e
fi
n
al

m
at
ri
x
el
em

en
ts

an
d
lo
op

in
te
gr
al
s.

W
e
as
su
m
e
a
u
n
it

C
K
M

m
at
ri
x
.

W
e
re
gu

la
ri
se

u
si
n
g
d
im

en
si
on

al
re
d
u
c-

ti
on

[3
5–
37
],
w
h
ic
h
en
su
re
s
th
at

S
U
S
Y

is
p
re
se
rv
ed
,
v
ia

th
e
im

p
le
m
en
ta
ti
on

d
es
cr
ib
ed

in
re
fs
.
[3
2,
38
].
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2:
E
x
am

p
le
s
of

on
e-
lo
op

se
lf
-e
n
er
gy

(u
p
p
er
),
ve
rt
ex

(m
id
d
le
)
an

d
b
ox

(l
ow

er
)
d
ia
gr
am

s
fo
r
th
e
p
ro
d
u
ct
io
n
of

ch
ar
gi
n
os

χ̃
+ 1
an

d
χ̃
− 1
at

th
e
L
C
.

A
n
u
m
b
er

of
on

e-
lo
op

ca
lc
u
la
ti
on

s
in

th
e
ga
u
gi
n
o-
h
ig
gs
in
o
se
ct
or

ca
n
b
e

fo
u
n
d
in

th
e
li
te
ra
tu
re
,
m
ai
n
ly

in
th
e
C
P
-c
on

se
rv
in
g
M
S
S
M

[1
4,
39
–4
6]
,
b
u
t

so
m
e
of

w
h
ic
h
ap

p
ly

a
re
n
or
m
al
iz
at
io
n
sc
h
em

e
th
at

is
al
so

ap
p
li
ca
b
le

fo
r

co
m
p
le
x
p
ar
am

et
er
s
[1
4,
45
].

C
P
-o
d
d
ob

se
rv
ab

le
s
h
av
e
al
so

b
ee
n
ca
lc
u
la
te
d

at
th
e
on

e-
lo
op

le
ve
l,
fo
r
in
st
an

ce
in

re
fs
.
[4
7–
49
],
b
u
t
n
o
d
ed
ic
at
ed

re
n
or
m
al
-

iz
at
io
n
sc
h
em

e
w
as

re
q
u
ir
ed

in
th
es
e
ca
se
s
as

th
e
ob

se
rv
ab

le
s
st
u
d
ie
d
w
er
e

U
V
-fi
n
it
e.

S
in
ce

w
e
in
te
n
d
to

ex
te
n
d
th
e
cu
rr
en
t
st
u
d
y
to

th
e
ca
se

of
co
m
p
le
x

p
ar
am

et
er
s,
h
er
e
w
e
fo
ll
ow

th
e
ap

p
ro
ac
h
of

re
fs
.
[1
8,
20
]
cl
os
el
y,
w
h
er
e
a
d
ed
i-

ca
te
d
on

-s
h
el
l
re
n
or
m
al
iz
at
io
n
sc
h
em

e
fo
r
th
e
ch
ar
gi
n
o
an

d
n
eu
tr
al
in
o
se
ct
or

of
th
e
M
S
S
M

w
it
h
co
m
p
le
x
p
ar
am

et
er
s
w
as

d
ev
el
op

ed
.
In

th
e
fo
ll
ow

in
g
w
e

w
il
l
th
er
ef
or
e
on

ly
d
is
cu
ss

th
e
p
ar
am

et
er

re
n
or
m
al
iz
at
io
n
of

th
e
ch
ar
gi
n
o
an

d
n
eu
tr
al
in
o
se
ct
or
,
re
le
va
n
t
fo
r
th
e
d
efi
n
it
io
n
s
of

th
e
p
ar
am

et
er
s
at

lo
op

le
ve
l,

b
ri
efl
y
an

d
fo
r
fu
rt
h
er

d
et
ai
ls

ab
ou

t
th
e
ch
ar
gi
n
o
fi
el
d
re
n
or
m
al
iz
at
io
n
an

d
th
e
re
n
or
m
al
iz
at
io
n
of

ot
h
er

se
ct
or
s
w
e
re
fe
r
th
e
re
ad

er
to

re
fs
.
[1
8,
20
,2
1,
24
].

T
h
e
m
as
s
m
at
ri
x
in

th
e
ch
ar
gi
n
o
se
ct
or
,
eq
.
(2
),
is
re
n
or
m
al
iz
ed

v
ia

X
→

X
+
δX

,
(1
0)

4
2

0



w
h
er
e
δX

is
d
efi
n
ed

b
y

δX
=

(
δM

2

√ 2δ
(M

W
s β
)

√ 2δ
(M

W
c β
)

δμ

) ,
(1
1)

co
n
ta
in
in
g
th
e
re
n
or
m
al
iz
at
io
n
co
n
st
an

ts
δM

2
an

d
δμ

,
as

w
el
l
as

re
n
or
m
al
iz
a-

ti
on

co
n
st
an

ts
(R

C
s)

fr
om

ot
h
er

se
ct
or
s,
δc

β
,
δs

β
(w

h
ic
h
ca
n
b
e
ex
p
re
ss
ed

in
te
rm

s
of

δ
ta
n
β
),
an

d
δM

W
,
d
efi
n
ed

in
re
f.
[1
8]
.
T
h
e
n
eu
tr
al
in
o
m
as
s
m
at
ri
x
,

eq
.
(3
),
is
si
m
il
ar
ly

re
n
or
m
al
iz
ed

v
ia

Y
→

Y
+
δY

,
(1
2)

w
h
er
e
δY

is
d
efi
n
ed

an
al
og
ou

sl
y
to

δX
in

eq
.
(1
1)

an
d
co
n
ta
in
s
th
e
ad

d
it
io
n
al

R
C

δM
1
,
cf
.
eq
.
(3
).

F
ol
lo
w
in
g
e.
g.

re
f.

[2
0]
,
δM

1
,
δM

2
an

d
δμ

ar
e
d
et
er
m
in
ed

b
y
ch
o
os
in
g

th
re
e
ou

t
of

th
e
to
ta
l
si
x
p
h
y
si
ca
l
m
as
se
s
of

th
e
ch
ar
gi
n
os

an
d
n
eu
tr
al
in
os

to
b
e
on

-s
h
el
l,

i.
e.

th
e
tr
ee
-l
ev
el

m
as
se
s,

m
χ̃
i
,
co
in
ci
d
e
w
it
h

th
e
on

e-
lo
op

re
n
or
m
al
iz
ed

m
as
se
s,
M

χ̃
i
=

m
χ̃
i
+
Δ
m

χ̃
i
,

Δ
m

χ̃
i
≡

−
m

χ̃
i

2
R
e[
Σ̂

L ii
(m

2 χ̃
i
)
+
Σ̂

R ii
(m

2 χ̃
i
)]
−

1 2
R
e[
Σ̂

S
L

ii
(m

2 χ̃
i
)
+
Σ̂

S
R

ii
(m

2 χ̃
i
)]

=
0.

(1
3)

W
e
d
efi
n
e
th
e
co
effi

ci
en
ts

Σ
L
/
R

ij
(p

2
)
an

d
Σ

S
L
/
S
R

ij
(p

2
)
of

th
e
se
lf
en
er
gy

v
ia

Σ
ij
(p

2
)
=

pP
L
Σ

L ij
(p

2
)
+
pP

R
Σ

R ij
(p

2
)
+
P
L
Σ

S
L

ij
(p

2
)
+
P
R
Σ

S
R

ij
(p

2
),

(1
4)

an
d
d
efi
n
e
th
e
le
ft
an

d
ri
gh

t
h
an

d
ed

ve
ct
or

an
d
sc
al
ar

co
effi

ci
en
ts
of

th
e
re
n
or
-

m
al
iz
ed

se
lf
-e
n
er
gy

an
al
og
ou

sl
y
v
ia

Σ̂
L
/
R

ij
(p

2
)
an

d
Σ̂

S
L
/
S
R

ij
(p

2
)
re
sp
ec
ti
ve
ly
.

A
s
st
at
ed

ea
rl
ie
r,

w
e
co
n
si
d
er

th
e
p
ar
am

et
er

re
n
or
m
al
iz
at
io
n
as

fo
r
th
e

co
m
p
le
x
M
S
S
M
,
su
ch

th
at

ou
r
se
tu
p
is
ea
si
ly

ad
ap

ta
b
le
fo
r
fu
tu
re

ex
te
n
si
on

s.
In

re
f.
[1
8,
21
],
it
w
as

sh
ow

n
th
at

in
th
e
C
P
v
io
la
ti
n
g
ca
se
,
th
e
1-
lo
op

co
rr
ec
-

ti
on

s
to

th
e
p
h
as
es

of
M

1
an

d
μ
,
i.
e.

φ
M

1
an

d
φ
μ
re
sp
ec
ti
ve
ly

1
ar
e
U
V

fi
n
it
e.

T
h
er
ef
or
e
w
e
ta
ke

th
e
ap

p
ro
ac
h
th
at

th
es
e
p
h
as
es

ca
n
b
e
le
ft
u
n
re
n
or
m
al
iz
ed
.

W
e
ca
n
th
en

d
et
er
m
in
e
th
e
n
ec
es
sa
ry

co
n
d
it
io
n
s
to

ob
ta
in

th
e
ab

so
lu
te

va
lu
es

|M
1
|,
|M

2
|a

n
d
|μ|

,
d
ep

en
d
in
g
on

w
h
ic
h
th
re
e
p
h
y
si
ca
l
m
as
se
s
ar
e
ch
os
en

to
b
e
on

-s
h
el
l.
A
s
w
e
h
av
e
tw

o
ex
te
rn
al

ch
ar
gi
n
os
,
an

d
in

or
d
er

to
ea
si
ly

ex
te
n
d

ou
r
se
tu
p
to

th
e
ca
se

of
χ̃
+ 1
χ̃
− 2
p
ro
d
u
ct
io
n
,
w
e
as
su
m
e
th
e
N
C
C

sc
h
em

e
w
it
h

χ̃
0 1
,
χ̃
± 1
an

d
χ̃
± 2
on

-s
h
el
l
[1
8,
20
–2
2]
,
su
ch

th
at

i′
=

1
an

d
i′′

=
1
an

d
2.

N
ot
e

th
at

in
ch
o
os
in
g
th
e
sc
h
em

e,
it
is
d
es
ir
ab

le
th
at

th
e
on

-s
h
el
l
p
ar
ti
cl
es

sh
ou

ld
co
n
ta
in

si
gn

ifi
ca
n
t
b
in
o,

w
in
o
an

d
h
ig
gs
in
o
co
m
p
on

en
ts
,
in

or
d
er

th
at

th
e

1
W
e
a
d
o
p
t
th
e
co
n
ve
n
ti
o
n
th
a
t
M

2
is

re
a
l.

4
2

1

M
1
,
M

2
an

d
μ
p
ar
am

et
er
s
ar
e
ac
ce
ss
ib
le

[1
8,
20
–2
2]
.
F
or

th
e
ab

ov
e
ch
oi
ce
,

th
es
e
co
n
d
it
io
n
s
ar
e
sa
ti
sfi
ed

fo
r
al
l
th
e
sc
en
ar
io
s
d
efi
n
ed

in
se
c.

4,
in

w
h
ic
h

th
e
li
gh

te
st

n
eu
tr
al
in
o
al
w
ay
s
h
as

a
si
ze
ab

le
b
in
o-
li
ke

co
m
p
on

en
t.

T
h
e
p
a-

ra
m
et
er
s
in

q
u
es
ti
on

of
th
e
ch
ar
gi
n
o
m
as
s
m
at
ri
x
ca
n
th
en

b
e
re
n
or
m
al
iz
ed

v
ia

ex
p
re
ss
io
n
s
gi
ve
n
in

re
fs
.
[1
8,
21
,2
4]
,
w
h
ic
h
w
e
li
st

h
er
e
fo
r
co
m
p
le
te
n
es
s,

δ|M
1
|=

−
1

R
e
(e

−i
φ
M

1
N

2 i1
)F

( (2
R
e
(e

−i
φ
μ
N

i3
N

i4
)R

e
(U

j1
V
j1
)
+
R
e
N

2 i2
R
e
(e

−i
φ
μ
U
j2
V
j2
))
C

k

+
(R

e
(U

j1
V
j1
)R

e
(e

−i
φ
μ
U
k
2
V
k
2
)
−

R
e
(e

−i
φ
μ
U
j2
V
j2
)R

e
(U

k
1
V
k
1
))
N

i

−
(R

e
N

2 i2
R
e
(e

−i
φ
μ
U
k
2
V
k
2
)
+
2R

e
(e

−i
φ
μ
N

i3
N

i4
)
R
e
(U

k
1
V
k
1
))
C

j

) ,
(1
5)

δ|M
2
|=

1 F

( R
e
(e

−i
φ
μ
U
j2
V
j2
)C

k
−

R
e
(e

−i
φ
μ
U
k
2
V
k
2
)C

j

) ,
(1
6)

δ|μ
|=

−
1 F

( R
e
(U

j1
V
j1
)C

k
−

R
e
(U

k
1
V
k
1
)C

j

) .
(1
7)

F
,
C

i
an

d
N

i
ar
e
d
efi
n
ed

b
y

F
=
2( R

e
(U

k
1
V
k
1
)R

e
(e

−i
φ
μ
U
j2
V
j2
)
−

R
e
(U

j1
V
j1
)
R
e
(e

−i
φ
μ
U
k
2
V
k
2
)) ,

(1
8)

C
i
=
R
e
[ m

χ̃
+ i
[Σ

L ±,
ii
(m

2 χ̃
+ i
)
+
Σ

R ±,
ii
(m

2 χ̃
+ i
)]
+
Σ

S
L ±,
ii
(m

2 χ̃
+ i
)
+
Σ

S
R ±,
ii
(m

2 χ̃
+ i
)]

−
∑ j
=

1
,2

k
=

1
,2

2δ
X

jk
R
e
(U

ij
V
ik
),

(1
9)

N
i
=
R
e
[ m

χ̃
0 i
[Σ

L 0
,i
i(
m

2 χ̃
0 i
)
+
Σ

R 0
,i
i(
m

2 χ̃
0 i
)]
+
Σ

S
L

0
,i
i(
m

2 χ̃
0 i
)
+
Σ

S
R

0
,i
i(
m

2 χ̃
0 i
)]

−
∑ j
=

1
,2

k
=

3
,4

4δ
Y
jk
R
e
(N

ij
N

ik
),

(2
0)

an
d
th
e
su
b
sc
ri
p
ts

±
an

d
0
id
en
ti
fy

th
e
co
effi

ci
en
ts

of
th
e
ch
ar
gi
n
o
an

d
n
eu
-

tr
al
in
o
se
lf
-e
n
er
gy

re
sp
ec
ti
ve
ly
.2

F
in
it
e
re
su
lt
s
fo
r
th
e
p
ro
ce
ss
of

in
te
re
st
at

on
e-
lo
op

ar
e
ob

ta
in
ed

b
y
ad

d
in
g

th
e
co
u
n
te
rt
er
m

d
ia
gr
am

s
sh
ow

n
in

fi
g.

3.
A
lt
h
ou

gh
F
e
y
n
A
r
t
s
ge
n
er
at
es

th
es
e
d
ia
gr
am

s,
ex
p
re
ss
io
n
s
fo
r
th
e
co
u
n
te
rt
er
m
s
w
h
ic
h
re
n
or
m
al
iz
e
th
e
co
u
-

p
li
n
gs

d
efi
n
ed

at
tr
ee
-l
ev
el

in
eq
.
(6
),

ca
lc
u
la
te
d
in

re
f.
[1
8]
,
ar
e
re
q
u
ir
ed

as
in
p
u
t,
an

d
th
er
ef
or
e,
ag
ai
n
fo
r
co
m
p
le
te
n
es
s,
w
e
p
ro
v
id
e
ex
p
re
ss
io
n
s
fo
r
th
es
e

ex
p
li
ci
tl
y.

F
or

th
e
γ
χ̃
+ i
χ̃
− j
,
Z
χ̃
+ i
χ̃
− j
an

d
eν̃

e
χ̃
+ i
ve
rt
ic
es
,
th
es
e
ca
n
b
e
ex
p
re
ss
ed

as
fo
ll
ow

s,

δC
L χ̃
+ i
χ̃
− j
γ
=

C
L χ̃
+ i
χ̃
− j
γ

( δZ
e
+

δZ
γ
γ

2

) +
C

L χ̃
+ i
χ̃
− j
Z

δZ
Z
γ

2
+

ie 2

( δZ
L ±,

ij
+
δZ̄

L ±,
ij

) ,

2
H
er
e
N

i
sh
o
u
ld

n
o
t
b
e
co
n
fu
se
d
w
it
h
th
e
n
eu
tr
a
li
n
o
m
a
ss

m
a
tr
ix

N
ij
.

4
2

2



F
ig
u
re

3:
C
ou

n
te
rt
er
m

d
ia
gr
am

s
in

th
e
M
S
S
M

fo
r
th
e
p
ro
d
u
ct
io
n
of

ch
ar
gi
n
os

χ̃
+ 1
an

d
χ̃
− 1
at

th
e
L
C
.

δC
L χ̃
+ i
χ̃
− j
Z
=

C
L χ̃
+ i
χ̃
− j
Z

( δZ
e
−

δc
W

c W
−

δs
W

s W
+

δZ
Z
Z

2

) +
C

L χ̃
+ i
χ̃
− j
γ

δZ
γ
Z

2

−
2i
e
δs

W

c W
δ i

j
+

1 2

∑ n
=
1
,2

( δC
L χ̃
+ i
χ̃
− n
Z
Z

L ±,
n
j
+
C

L χ̃
+ n
χ̃
− j
Z
δZ̄

L ±,
in

) ,
(2
1)

w
h
er
e
th
e
an

al
og
ou

s
ri
gh

t-
h
an

d
ed

p
ar
ts

ar
e
ob

ta
in
ed

b
y
th
e
re
p
la
ce
m
en
t

L
→

R
,
an

d δC
R ν̃
e
e+

χ̃
− i
=

C
R ν̃
e
e+

χ̃
− i

( δZ
e
−

δs
W

s W
+

1 2

( δZ
ν̃
e
+
δZ

L
∗

e

))
+

1 2

( C
R ν̃
e
e+

χ̃
− 1
δZ

R ±,
1
i
+
C

R ν̃
e
e+

χ̃
− 2
δZ

R ±,
2
i) .

(2
2)

N
ot
e
th
at

th
e
re
n
or
m
al
iz
at
io
n
co
n
st
an

ts
of

th
e
S
M

fi
el
d
s,
i.
e.
Z

V
V
(V

=
γ
,Z

)
an

d
δZ

L e
fo
r
th
e
ve
ct
or

b
os
on

s
an

d
el
ec
tr
on

,
an

d
p
ar
am

et
er
s,

i.
e.

δZ
e
an

d
δc

W
(s

W
)
fo
r
th
e
el
ec
tr
ic

ch
ar
ge

an
d
co
s(
si
n
)
of

th
e
w
ea
k
m
ix
in
g
an

gl
e
re
-

sp
ec
ti
ve
ly
,
ca
n
b
e
fo
u
n
d
in

re
f.
[1
8]
.
T
h
e
re
n
or
m
al
iz
at
io
n
fo
r
th
e
ch
ar
gi
n
o

fi
el
d
s
is
p
er
fo
rm

ed
in

th
e
m
os
t
ge
n
er
al

m
an

n
er
,
m
ak

in
g
u
se

of
se
p
ar
at
e
R
C
s

fo
r
th
e
in
co
m
in
g
an

d
ou

tg
oi
n
g
fi
el
d
s,

i.
e.

co
effi

ci
en
ts

δZ
L
/
R

±,
ij

an
d
δZ̄

L
/
R

±,
ij

re
-

sp
ec
ti
ve
ly

fo
r
le
ft

an
d
ri
gh

t-
h
an

d
ed

ch
ar
gi
n
os

as
gi
ve
n
in

re
f.
[1
8]
.
F
in
al
ly
,

th
e
co
u
n
te
rt
er
m

fo
r
th
e
sn
eu
tr
in
o
se
lf
en
er
gy

ta
ke
s
th
e
fo
rm

δC
ν̃
i
ν̃
j
=

iδ
ij

( 1 2
(δ
Z

ν̃
i
+
δZ

∗ ν̃
i
)p

2
−

δm
2 ν̃
i
−

m
2 ν̃
i

2
(δ
Z

ν̃
i
+
δZ

∗ ν̃
i
)) ,

(2
3)

fo
r
ν̃ i

=
ν̃ e
,
ν̃ μ
,
ν̃ τ
,
w
h
er
e
th
e
sn
eu
tr
in
o
fi
el
d
an

d
m
as
s
R
C
s,

δZ
∗ ν̃
i
an

d
δm

ν̃
i
,

ar
e
al
so

d
efi
n
ed

fo
ll
ow

in
g
re
f.
[1
8]
.

4
2

3

In
it
al

an
d
fi
n
al

st
at
e
so
ft

ra
d
ia
ti
on

m
u
st

al
so

b
e
in
cl
u
d
ed

to
ob

ta
in

an
in
fr
a-
re
d
fi
n
it
e
re
su
lt

as
th
e
in
co
m
in
g
an

d
ou

tg
oi
n
g
p
ar
ti
cl
es

ar
e
ch
ar
ge
d
,

an
d

th
is

is
d
on

e
as

d
es
cr
ib
ed

in
d
et
ai
l
in

re
f.

[1
8]
,
u
si
n
g
th
e
p
h
as
e-
sp
ac
e

sl
ic
in
g
m
et
h
o
d
to

d
efi
n
e
th
e
si
n
gu

la
r
so
ft

an
d
co
ll
in
ea
r
co
n
tr
ib
u
ti
on

s
in

th
e

re
gi
on

s
E

<
Δ
E

an
d
θ
<

Δ
θ
re
sp
ec
ti
ve
ly
.
In

th
e
so
ft

an
d
co
ll
in
ea
r
li
m
it
,

th
e
re
su
lt
s
ar
e
re
gu

la
ri
se
d
u
si
n
g
el
ec
tr
on

an
d
p
h
ot
on

m
as
se
s,

re
sp
ec
ti
ve
ly
,

an
d

fa
ct
or
is
ed

in
to

an
al
y
ti
ca
ll
y
in
te
gr
ab

le
ex
p
re
ss
io
n
s
p
ro
p
or
ti
on

al
to

th
e

tr
ee
-l
ev
el

cr
os
s-
se
ct
io
n
σ
tr
ee
(e

+
e
−

→
χ̃
+ 1
χ̃
− 1
).

H
ow

ev
er

th
e
re
su
lt

is
cu
t-
off

d
ep

en
d
en
t
(i
.e
.
on

Δ
E

an
d
Δ
θ)
,
an

d
re
m
ov
in
g
th
is

d
ep

en
d
en
ce

re
q
u
ir
es

a
ca
lc
u
la
ti
on

of
th
e
cr
os
s
se
ct
io
n
fo
r
th
e
th
re
e
b
o
d
y
fi
n
al

st
at
e,

ex
cl
u
d
in
g
th
e

so
ft

an
d
co
ll
in
ea
r
re
gi
on

s,
w
h
ic
h
w
e
p
er
fo
rm

u
si
n
g
F
e
y
n
A
r
t
s
an

d
F
o
r
m
C
a
l
c
.

W
e
fu
rt
h
er

re
q
u
ir
e
th
at

so
ft
p
h
ot
on

ra
d
ia
ti
on

is
in
cl
u
d
ed

in
th
e
cr
os
s-
se
ct
io
n

ob
ta
in
ed

fr
om

F
o
r
m
C
a
l
c
.
F
in
al
ly

w
e
ob

ta
in

a
co
m
p
le
te

IR
fi
n
it
e
an

d
cu
t-
off

in
d
ep

en
d
en
t
re
su
lt
b
y
ad

d
in
g
th
e
co
ll
in
ea
r
co
n
tr
ib
u
ti
on

,
w
h
ic
h
is
ca
lc
u
la
te
d

fo
ll
ow

in
g
th
e
p
ro
ce
d
u
re

ou
tl
in
ed

in
re
f.
[1
4]
.

4
F
it

st
ra

te
g
y
a
n
d

n
u
m
e
ri
c
a
l
re
su

lt
s

4
.1

O
b
ta
in
in
g
M

S
S
M

p
a
ra

m
e
te
rs

fr
o
m

th
e
fi
t

W
it
h
th
e
lo
op

co
rr
ec
ti
on

s
ca
lc
u
la
te
d
as

in
se
ct
io
n
3,

w
e
ca
n
d
et
er
m
in
e
th
e

fu
n
d
am

en
ta
l
p
ar
am

et
er
s
of

th
e
M
S
S
M

at
N
L
O
.
F
ro
m

n
ow

on
,
w
e
w
il
l
re
st
ri
ct

ou
r
st
u
d
y
to

th
e
ca
se

of
re
al

p
ar
am

et
er
s.

In
th
e
ch
ar
gi
n
o
an

d
n
eu
tr
al
in
o

se
ct
or
s
th
er
e
ar
e
fo
u
r
re
al

p
ar
am

et
er
s,
se
e
se
c.

2,
w
h
ic
h
w
e
fi
t
to
,

M
1
,

M
2
,

μ
,

ta
n
β
.

(2
4)

W
e
ad

d
it
io
n
al
ly

fi
t
to

th
e
sn
eu
tr
in
o
m
as
s,

as
th
is

en
te
rs

at
tr
ee

le
ve
l
an

d
w
il
l
th
er
ef
or
e
si
gn

ifi
ca
n
tl
y
aff

ec
t
cr
os
s
se
ct
io
n
s
an

d
fo
rw

ar
d
-b
ac
k
w
ar
d
as
y
m
-

m
et
ri
es
.
H
ow

ev
er

in
th
os
e
sc
en
ar
io
s
w
h
er
e
th
e
sn
eu
tr
in
o
w
ou

ld
al
re
ad

y
h
av
e

b
ee
n
ob

se
rv
ed

at
th
e
L
C
,
it
s
m
as
s
is

as
su
m
ed

to
b
e
k
n
ow

n
.

A
t
th
e
lo
op

le
ve
l,
a
la
rg
e
n
u
m
b
er

of
M
S
S
M

p
ar
am

et
er
s
w
il
l
co
n
tr
ib
u
te
.
D
ep

en
d
in
g
on

th
e
sc
en
ar
io
,
on

ly
li
m
it
ed

k
n
ow

le
d
ge

ab
ou

t
so
m
e
of

th
es
e
m
ay

b
e
av
ai
la
b
le
.

In
p
ar
ti
cu
la
r
L
H
C

d
at
a
m
ay

on
ly

p
ro
v
id
e
li
m
it
ed

in
fo
rm

at
io
n
ab

ou
t
th
e
p
a-

ra
m
et
er
s
of

th
e
st
op

se
ct
or
,
an

d
d
ir
ec
t
p
ro
d
u
ct
io
n
at

th
e
L
C

m
ig
h
t
n
ot

b
e

p
os
si
b
le
.
H
ow

ev
er
,
ou

r
an

al
y
si
s
al
so

off
er
s
go

o
d
se
n
si
ti
v
it
y
to

th
es
e
p
ar
am

e-
te
rs

at
th
e
L
C
,
as

st
op

s
co
u
ld

si
gn

ifi
ca
n
tl
y
co
n
tr
ib
u
te

to
ch
ar
gi
n
o/
n
eu
tr
al
in
o

ob
se
rv
ab

le
s
at

N
L
O
.

A
t
th
e
L
C
,
m
as
se
s
ar
e
ex
p
ec
te
d
to

b
e
m
ea
su
re
d
w
it
h
h
ig
h
p
re
ci
si
on

u
si
n
g

d
iff
er
en
t
m
et
h
o
d
s
[1
].

In
th
e
fo
ll
ow

in
g
w
e
ad

op
t
th
e
ex
p
er
im

en
ta
l
p
re
ci
si
on

w
h
ic
h
co
u
ld

b
e
ac
h
ie
ve
d
u
si
n
g
th
e
th
re
sh
ol
d
sc
an

m
et
h
o
d
,
h
ow

ev
er

w
e
al
so

4
2
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in
ve
st
ig
at
e
h
ow

th
e
fi
t
p
re
ci
si
on

w
ou

ld
ch
an

ge
if
th
e
m
as
se
s
w
er
e
ob

ta
in
ed

fr
om

th
e
co
n
ti
n
u
u
m
.
In

ca
se

of
th
e
cr
os
s
se
ct
io
n
s,

th
e
ex
p
er
im

en
ta
l
u
n
ce
r-

ta
in
ty

is
d
om

in
at
ed

b
y
th
e
st
at
is
ti
ca
l
u
n
ce
rt
ai
n
ty

[5
0]
,

Δ
σ σ
=

√ S
+
B

S
,

(2
5)

w
h
er
e
S

an
d
B

ar
e
th
e
si
gn

al
an

d
b
ac
k
gr
ou

n
d
co
n
tr
ib
u
ti
on

s,
re
sp
ec
ti
ve
ly
.

In
ad

d
it
io
n
,
w
e
as
su
m
e
th
at

th
e
st
at
is
ti
ca
l
u
n
ce
rt
ai
n
ti
es

fo
r
th
e
cr
os
s
se
c-

ti
on

s
co
rr
es
p
on

d
to

an
in
te
gr
at
ed

lu
m
in
os
it
y
of

L
=

20
0
fb

−1
p
er

p
ol
ar
is
a-

ti
on

as
su
m
in
g
th
e
effi

ci
en
cy

of
ε
=

15
%
,
w
h
ic
h
in
cl
u
d
es

b
ra
n
ch
in
g
ra
ti
os

fo
r

se
m
il
ep
to
n
ic

fi
n
al

st
at
es

an
d
a
se
le
ct
io
n
effi

ci
en
cy

of
50
%

[5
0]
.
S
im

il
ar
ly
,
fo
r

th
e
fo
rw

ar
d
-b
ac
k
w
ar
d
as
y
m
m
et
ry

w
e
h
av
e

δA
st
a
t

F
B

=

√ 1
−

A
2 F
B

N
,

(2
6)

an
d
th
e
to
ta
l
n
u
m
b
er

of
ev
en
ts

N
=

N
+
+
N

−
[5
0]
.

In
or
d
er

to
es
ti
m
at
e
th
e
th
eo
re
ti
ca
l
u
n
ce
rt
ai
n
ty

on
th
e
m
as
se
s,

cr
os
s-

se
ct
io
n
s
an

d
fo
rw

ar
d
b
ac
k
w
ar
d
as
y
m
m
et
ri
es
,
w
e
co
n
si
d
er

th
e
si
ze

of
p
os
si
b
le

eff
ec
ts

d
u
e
to

n
eg
le
ct
ed

h
ig
h
er

or
d
er

co
rr
ec
ti
on

s
as

w
el
l
as

u
n
k
n
ow

n
M
S
S
M

p
ar
am

et
er
s
n
ot

in
cl
u
d
ed

in
th
e
fi
t.

N
N
L
O
co
rr
ec
ti
on

s
ar
e
an

im
p
or
ta
n
t
so
u
rc
e

of
th
eo
re
ti
ca
l
u
n
ce
rt
ai
n
ty
,
h
ow

ev
er
,
at

p
re
se
n
t,

co
rr
ec
ti
on

s
of

th
is

k
in
d
ar
e

on
ly

k
n
ow

n
fo
r
ch
ar
gi
n
o
an

d
n
eu
tr
al
in
o
m
as
se
s,
fo
r
w
h
ic
h
th
e
le
ad

in
g
S
U
S
Y
-

Q
C
D

N
N
L
O

co
rr
ec
ti
on

s
w
er
e
ca
lc
u
la
te
d
in

re
f.
[4
6]
.
B
as
ed

on
th
es
e
re
su
lt
s

w
e
es
ti
m
at
e
th
e
u
n
ce
rt
ai
n
ty

on
th
e
m
as
se
s
d
u
e
to

N
N
L
O

co
rr
ec
ti
on

s
to

b
e

of
th
e
or
d
er

of
0.
5
G
eV

,
i.
e.

co
m
p
ar
ab

le
to

th
e
ex
p
ec
te
d
ex
p
er
im

en
ta
l
u
n
-

ce
rt
ai
n
ty
.
N
ot
e
th
at

th
e
m
as
se
s
ch
os
en

on
-s
h
el
l
ar
e
as
si
gn

ed
n
o
th
eo
re
ti
ca
l

u
n
ce
rt
ai
n
ty
.

W
e
fu
rt
h
er

n
eg
le
ct

th
e
cu
rr
en
tl
y
u
n
k
n
ow

n
u
n
ce
rt
ai
n
ti
es

ar
is
-

in
g
d
u
e
to

N
N
L
O

co
rr
ec
ti
on

s
to

th
e
cr
os
s-
se
ct
io
n
s
an

d
fo
rw

ar
d
b
ac
k
w
ar
d

as
y
m
m
et
ri
es
,
as
su
m
in
g
th
at

in
th
e
fu
tu
re

N
N
L
O

re
su
lt
s
fo
r
th
es
e
co
u
ld

b
e

in
co
rp
or
at
ed
.
H
ow

ev
er
,
w
e
d
o
in
cl
u
d
e
th
e
ad

d
it
io
n
al

u
n
ce
rt
ai
n
ty

ar
is
in
g
d
u
e

to
an

y
u
n
k
n
ow

n
M
S
S
M

p
ar
am

et
er
s
w
h
ic
h
ar
e
n
ot

in
cl
u
d
ed

in
th
e
fi
t,

d
om

-
in
at
ed

b
y
th
e
co
n
tr
ib
u
ti
on

fr
om

th
e
h
ea
v
y
p
se
u
d
os
ca
la
r
H
ig
gs

b
os
on

m
as
s

m
A

0
.
W
e
p
er
fo
rm

a
m
u
lt
i-
d
im

en
si
on

al
χ
2
fi
t
u
si
n
g
M
i
n
u
i
t
[5
1,
52
]

χ
2
=
∑ i

∣ ∣ ∣ ∣O i
−

Ō i
δO

i

∣ ∣ ∣ ∣2

,
(2
7)

w
h
er
e
th
e
su
m

ru
n
s
ov
er

th
e
in
p
u
t
ob

se
rv
ab

le
s
O i

,
d
ep

en
d
in
g
on

th
e
sc
en
ar
io
,

w
it
h
th
ei
r
co
rr
es
p
on

d
in
g
ex
p
er
im

en
ta
l
u
n
ce
rt
ai
n
ti
es

δO
i.

4
2

5

4
.2

S
ce

n
a
ri
o
s
st
u
d
ie
d

a
n
d

m
o
ti
v
a
ti
o
n

W
e
ca
rr
y
ou

t
th
e
fi
t
fo
r
th
re
e
sc
en
ar
io
s,

S
1,

S
2
an

d
S
3,

sh
ow

n
in

ta
b
.
1,

ch
os
en

in
or
d
er

to
re
al
is
ti
ca
ll
y
as
se
ss

th
e
se
n
si
ti
v
it
y
to

th
e
d
es
ir
ed

p
ar
am

et
er
s

in
a
n
u
m
b
er

of
p
os
si
b
le

si
tu
at
io
n
s.

D
u
e
to

th
e
cu
rr
en
t
st
at
u
s
of

d
ir
ec
t
L
H
C

se
ar
ch
es

[5
3,
54
],
in

al
l
sc
en
ar
io
s
w
e
re
q
u
ir
e
h
ea
v
y
fi
rs
t
an

d
se
co
n
d
ge
n
er
at
io
n

sq
u
ar
k
s
an

d
gl
u
in
os
,
w
h
il
e
th
e
st
op

se
ct
or

is
as
su
m
ed

to
b
e
re
la
ti
ve
ly

li
gh

t.
3

In
S
1
an

d
S
2
w
e
ta
ke

th
e
m
as
se
s
of

th
e
st
op

s,
m

t̃ 1
an

d
m

t̃ 2
,
to

b
e
40
0
G
eV

an
d

80
0
G
eV

re
sp
ec
ti
ve
ly
,
an

d
th
e
m
ix
in
g
an

gl
e
to

b
e
co
s
θ t

=
0.

T
h
e
sb
ot
to
m

se
ct
or

ca
n
th
en

b
e
ob

ta
in
ed

b
y
d
efi
n
in
g
m

b̃ 1
=

40
0
G
eV

an
d
co
s
θ b

=
0.

O
n

th
e
ot
h
er

h
an

d
in

S
3,

in
or
d
er

to
ob

ta
in

m
h
=

12
5
G
eV

,
ca
lc
u
la
te
d
u
si
n
g

F
e
y
n
H
i
g
g
s

2
.
9
.
1
[5
5–
58
],
su
ch

th
at

it
is

co
m
p
at
ib
le

w
it
h
th
e
re
ce
n
t
H
ig
gs

re
su
lt
s
fr
om

th
e
L
H
C

[5
9,
60
],
th
e
st
op

se
ct
or

p
ar
am

et
er
s
ar
e
ch
os
en

to
b
e

m
u
3
=

45
0
G
eV

,
m

q 3
=

15
00

G
eV

an
d
A

t
=

−1
85
0
G
eV

,
en
su
ri
n
g
la
rg
e

m
ix
in
g
b
et
w
ee
n
th
e
st
op

s,
su
ch

th
at

co
s
θ t

=
0.
14
8.

T
h
e
sb
ot
to
m

se
ct
or

is
th
en

ob
ta
in
ed

b
y
d
efi
n
in
g
m

b̃ 1
=

45
0
G
eV

an
d
co
s
θ b

=
0.

In
fi
g.

4,
fo
r
ea
ch

of
th
es
e
sc
en
ar
io
s,
th
e
m
as
s
co
rr
ec
ti
on

s
fo
r
n
eu
tr
al
in
os

χ̃
0 2
an

d
χ̃
0 3
ar
e
se
en

to
b
e
se
n
si
ti
ve

to
th
e
st
op

m
ix
in
g
an

gl
e.

A
s
a
re
su
lt
of

in
d
ir
ec
t
li
m
it
s
(c
h
ec
ke
d
u
si
n
g
m
i
c
r
O
m
e
g
a
s

2
.
4
.
1
[6
1,
62
])
,

w
e
h
av
e
ch
os
en

m
ix
ed

ga
u
gi
n
o
h
ig
gs
in
o
sc
en
ar
io
s
fa
vo
u
re
d
b
y
th
e
re
li
c
d
en
si
ty

m
ea
su
re
m
en
ts

[6
3]

an
d
re
la
ti
ve
ly

h
ig
h
p
se
u
d
os
ca
la
r
H
ig
gs

m
as
se
s
in

li
gh

t
of

fl
av
ou

r
p
h
y
si
cs

co
n
st
ra
in
ts
,
e.
g.

th
e
b
ra
n
ch
in
g
ra
ti
o
of

B(
B

s
→

μ
+
μ
−
)
[6
4]
.

W
e
al
so

ch
ec
k
th
at

ou
r
sc
en
ar
io
s
ag
re
e
w
it
h

th
e
ex
p
er
im

en
ta
l
re
su
lt
s
fo
r

b
ra
n
ch
in
g
ra
ti
o
B(

b
→

sγ
)
an

d
th
e
an

om
al
ou

s
m
ag
n
et
ic

m
om

en
t
of

th
e

m
u
on

Δ
(g

μ
−
2)
/2
.
F
u
rt
h
er
,
in

S
2
w
e
st
u
d
y
th
e
se
n
si
ti
v
it
y
of

th
e
fi
t
to

la
rg
e

va
lu
es

of
M

2
,
su
ch

th
at

th
e
w
in
o-
li
ke

ch
ar
gi
n
o
an

d
n
eu
tr
al
in
o
ar
e
h
ea
v
y
an

d
d
ec
ou

p
le
d
fr
om

th
e
b
in
o
an

d
h
ig
gs
in
o-
li
ke

p
ar
ti
cl
es
.

F
in
al
ly
,
in

S
1/
S
2
w
e

co
n
si
d
er

th
e
ca
se

th
at

th
e
sl
ep
to
n
s
(w

it
h
th
e
ex
ce
p
ti
on

of
th
e
li
gh

t
st
au

)
an

d
p
se
u
d
os
ca
la
r
H
ig
gs

b
os
on

s
ar
e
at

th
e
T
eV

sc
al
e,

an
d
in

S
3
th
e
ca
se

th
at

th
ey

ar
e
re
la
ti
ve
ly

li
gh

t.
T
h
er
ef
or
e,

w
h
il
e
S
1/
S
2
ar
e
n
ot

in
ke
ep
in
g
w
it
h
th
e
12
5

G
eV

H
ig
gs

b
os
on

,
th
ey

p
ro
v
id
e
il
lu
st
ra
ti
ve

ex
am

p
le
s
of

th
e
p
ot
en
ti
al

of
th
e

L
C

in
sc
en
ar
io
s
co
m
p
le
m
en
ta
ry

to
S
3.

4

3
N
o
te

th
a
t
in

li
g
h
t
o
f
cu
rr
en
t
L
H
C

li
m
it
s,
th
e
va
lu
e
M

3
=
7
0
0
G
eV

in
S
1
a
n
d
S
2
m
ea
n
s

th
a
t
th
e
gl
u
in
o
m
a
ss

is
ra
th
er

lo
w
,
h
ow

ev
er

o
u
r
re
su
lt
s
ar
e
la
rg
el
y
in
d
ep

en
d
en
t
o
f
th
is

ch
o
ic
e
a
s
M

3
o
n
ly

en
te
rs

o
u
r
ca
lc
u
la
ti
o
n
s
v
ia

tw
o
lo
o
p
co
rr
ec
ti
o
n
s
to

m
h
.

4
N
o
te

th
a
t
in

S
1
(S
2
)
a
H
ig
g
s
m
a
ss

o
f
m

h
=

1
2
5
G
eV

ca
n
a
ls
o
b
e
a
ch
ie
ve
d
b
y
a
d
o
p
ti
n
g

co
s
θ t

=
−0

.4
(−

0.
5
).

4
2
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S
ce
n
ar
io

1/
2

M
1

12
5

M
2

25
0/
20
00

μ
18
0

M
A

0
10
00

M
3

70
0

ta
n
β

10
M

q 1
,2

15
00

A
q 1

,2
65
0

M
l/
e 1

,2
15
00

A
l i

65
0

M
l 3

80
0

M
e 3

40
0

S
ce
n
ar
io

3

M
1

10
6

M
2

21
2

μ
18
0

M
A

0
50
0

M
3

15
00

ta
n
β

12
M

q 1
,2

15
00

A
q 1

,2
-1
85
0

M
l i

18
0

A
l i

-1
85
0

M
e 1

,2
12
5

M
e 3

10
6

T
ab

le
1:

P
ar
am

et
er
s
fo
r
sc
en
ar
io
s
1/
2
an

d
3
(S
1/
S
2
an

d
S
3)
,
in

G
eV

w
it
h
th
e

ex
ce
p
ti
on

of
ta
n
β
.
H
er
e
M

(l
/
q
) i
(M

(e
/
u
/
d
) i
)
re
p
re
se
n
ts

th
e
le
ft
(r
ig
h
t)

h
an

d
ed

m
as
s
p
ar
am

et
er

fo
r
a
sl
ep
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at
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0
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b
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p
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b
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.
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.
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P
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.
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b
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eó
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d
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b
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p
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b
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p
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p
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p
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p
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en
ts
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s
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m
p
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,
C
P
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v
e
tr
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p
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d
u
ct

a
sy
m
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ri
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tr
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o

p
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d
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ct
io
n
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b
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u
en
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n
ic
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o
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d
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ec
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→
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�,
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→
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0 1
�,
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r
�
=

e,
μ
,
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st
u
d
ie
d
w
it
h
in

th
e
M
in
im

a
l
S
u
p
er
sy
m
m
et
ri
c

S
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n
d
a
rd

M
o
d
el
.
A

fu
ll
IL

D
d
et
ec
to
r
si
m
u
la
ti
o
n
h
a
s
b
ee
n
p
er
fo
rm
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a
t
a
ce
n
te
r
o
f
m
a
ss

en
er
g
y
o
f
√ s

=
5
0
0
G
eV

,
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cl
u
d
in
g
th
e
re
le
va

n
t
S
ta
n
d
a
rd

M
o
d
el

b
a
ck
g
ro
u
n
d
p
ro
ce
ss
es
,

a
re
a
li
st
ic

b
ea
m

en
er
g
y
sp

ec
tr
u
m
,
b
ea
m

b
a
ck
g
ro
u
n
d
s
a
n
d
a
b
ea
m

p
o
la
ri
za
ti
o
n
o
f
8
0
%

a
n
d
−6

0
%

fo
r
th
e
el
ec
tr
o
n
a
n
d
p
o
si
tr
o
n
b
ea
m
s,

re
sp

ec
ti
v
el
y.

A
ss
u
m
in
g
a
n
in
te
g
ra
te
d

lu
m
in
o
si
ty

o
f
5
0
0
fb

−
1
co
ll
ec
te
d
b
y
th
e
ex

p
er
im

en
t
a
n
d
th
e
p
er
fo
rm

a
n
ce

o
f
th
e
cu

rr
en

t
IL

D
d
et
ec
to
r,

a
re
la
ti
v
e
m
ea
su
re
m
en

t
a
cc
u
ra
cy

o
f
1
0
%

fo
r
th
e
C
P
-s
en

si
ti
v
e
a
sy
m
m
et
ry

ca
n
b
e
a
ch

ie
v
ed

in
th
e
ch

o
se
n
sc
en

a
ri
o
.

1
In

tr
o
d
u
ct
io
n

χ̃
0 1

e− e+

χ̃
0 i


 N


̃


 F

χ̃
0 1

F
ig
u
re

1
:
S
ch
em

a
ti
c
p
ic
tu
re

o
f
n
eu
-

tr
a
li
n
o
p
ro
d
u
ct
io
n
a
n
d
d
ec
ay
.

S
u
p
er
sy
m
m
et
ry

(S
U
S
Y
)

[1
]

is
a
m
o
n
g

th
e

m
o
st

fa
v
o
u
re
d
a
n
d

m
o
st

st
u
d
ie
d

ex
te
n
si
o
n
s
o
f
th
e
S
ta
n
-

d
a
rd

M
o
d
el

(S
M
)
a
n
d
is

ca
p
a
b
le

o
f
so
lv
in
g
m
a
n
y
o
f

it
s
p
ro
b
le
m
s.

O
n
e
o
f
it
s
fe
a
tu
re
s
is

th
a
t
th
e
M
in
i-

m
a
l
S
u
p
er
sy
m
m
et
ri
c
S
ta
n
d
a
rd

M
o
d
el

(M
S
S
M
)
p
ro
-

v
id
es

a
n
u
m
b
er

o
f
co
m
p
le
x

p
a
ra
m
et
er
s
w
h
ic
h

ca
n

se
rv
e
a
s
so
u
rc
es

o
f
C
P

v
io
la
ti
o
n
.
T
h
ey

a
re

co
n
v
en
-

ti
o
n
a
ll
y
ch
o
se
n
to

b
e
th
e
H
ig
g
si
n
o
m
a
ss

p
a
ra
m
et
er
,

μ
=

|μ
|ei

φ
μ
,
th
e
U
(1
)
a
n
d
S
U
(3
)
g
a
u
g
in
o
m
a
ss

p
a
-

ra
m
et
er
s,
M

1
=

|M
1
|ei

φ
1
a
n
d
M

3
=

|M
3
|ei

φ
3
,
re
sp
ec
-

ti
v
el
y,

a
n
d
th
e
tr
il
in
ea
r
sc
a
la
r
co
u
p
li
n
g
p
a
ra
m
et
er
s,

A
f

=
|A

f
|ei

φ
A

f
,
o
f
th
e
th
ir
d

g
en
er
a
ti
o
n
sf
er
m
io
n
s

(f
=

b,
t,
τ
).

C
P
p
h
a
se
s
ca
n
g
iv
e
ri
se

to
C
P
-v
io
la
ti
n
g

si
g
n
a
ls
in

co
ll
id
er

ex
p
er
im

en
ts

[2
],
w
h
ic
h
h
av
e
to

b
e
m
ea
su
re
d
to

d
et
er
m
in
e
o
r
co
n
st
ra
in

th
e

p
h
a
se
s
in
d
ep

en
d
en
tl
y
o
f
m
ea
su
re
m
en
ts

o
f
el
ec
tr
ic

d
ip
o
le

m
o
m
en
ts

(E
D
M
).

A
lt
h
o
u
g
h
a
ls
o

C
P
-e
v
en

o
b
se
rv
a
b
le
s,

su
ch

a
s
m
a
ss
es

o
r
b
ra
n
ch
in
g
ra
ti
o
s,

a
re

se
n
si
ti
v
e
to

th
e
C
P

p
h
a
se
s,

C
P
-o
d
d
o
b
se
rv
a
b
le
s
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re
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ee
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ed

fo
r
d
ir
ec
t
ev
id
en

ce
o
f
C
P

v
io
la
ti
o
n
.

In
th
is
re
p
o
rt

n
eu
tr
a
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n
o
p
a
ir
p
ro
d
u
ct
io
n
e+

e−
→

χ̃
0 i
χ̃
0 1
,
fo
r
i
=

2
,3
,
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n
d
th
e
su
b
se
q
u
en
t
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p
to
n
ic

tw
o
-b
o
d
y
d
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ay

o
f
o
n
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o
f
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e
n
eu

tr
a
li
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s
χ̃
0 i
→

�̃ R
�
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ow

ed
b
y
�̃ R

→
χ̃
0 1
�,

fo
r

�
=

e,
μ
,
a
t
th
e
IL
C

is
st
u
d
ie
d
[3
].

F
ig
u
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1
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s
a
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h
em
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c
p
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o
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e
p
ro
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.
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v
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e
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p
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n
p
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to
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b
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o
m
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p
a
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et
er

μ
a
n
d
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e
g
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u
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p
a
ra
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M
1
[4
].

4
4
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A
fu
ll

IL
D

[5
]
d
et
ec
to
r
si
m
u
la
ti
o
n

is
p
er
fo
rm

ed
in

o
rd
er

to
in
v
es
ti
g
a
te

in
d
et
a
il

th
e

p
ro
sp
ec
ts

to
m
ea
su
re

C
P
-s
en

si
ti
v
e
o
b
se
rv
a
b
le
s
a
t
th
e
IL
C
.
A
ll

re
le
va
n
t
S
M

b
a
ck
g
ro
u
n
d

is
ta
k
en

in
to

a
cc
o
u
n
t,

si
m
u
la
te
d
w
it
h
a
re
a
li
st
ic

b
ea
m

en
er
g
y
sp
ec
tr
u
m

a
n
d
b
ea
m

b
a
ck
-

g
ro
u
n
d
s
[6
].

2
C
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d
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o
b
se
rv
a
b
le
s
a
n
d

b
e
n
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m
a
rk
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e
n
a
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o

In
n
eu
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p
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d
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n
,
eff

ec
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m

C
P
-v
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la
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n
g
p
h
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s
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o
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r
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o
d
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n
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p
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d
.

C
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a
sy
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n
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b
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efi
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p
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u
e
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th
e
sp
in

co
rr
el
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e
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m
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r
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p
h
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ea
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a
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ee
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.
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p
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b
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b
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d
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]

T
=

(p
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�−
.

(1
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d
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<
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p
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.
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b
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F
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e
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m
u
la
ti
o
n
st
u
d
y
a
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m
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b
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u
g
in
o

p
h
a
se
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=
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π
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p
o
n
d
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a
m
a
x
im

a
l
C
P

a
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m
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ry
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n
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e
H
ig
g
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n
o
p
h
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se
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ro
,
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n
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ro
n
g
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n
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ra
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ed

b
y
E
D
M

b
o
u
n
d
s.

T
h
e
o
th
er

p
a
ra
m
et
er
s
in

th
e
n
eu
tr
a
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n
o
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o
r
a
re

M
2
=

3
0
0
G
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,
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1
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1
5
0
G
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,
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1
6
5
G
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a
n
d
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n
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=

1
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h
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a
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e

n
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a
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n
o
m
a
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m
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=

1
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G
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,
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0 2
=

1
6
9
G
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,
m
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0 3
=

1
8
1
G
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a
n
d
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=

3
3
0
G
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,
w
h
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e
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e
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n
m
a
ss
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m
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1
6
6
G
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n
d
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=

2
8
0
G
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.
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h
e
n
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a
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n
o
p
a
ir

p
ro
d
u
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n
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o
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io
n
s
a
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u
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to

b
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+
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=
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n
d
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=
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4
3
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p
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n
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io
n
s
a
re

σ
(e

+
e−

→
ẽ+ R

ẽ− R
)
=

3
0
4
fb

a
n
d
σ
(e

+
e−

→
μ̃
+ R
μ̃
− R
)
=

9
7
fb
.
T
h
e
sl
ep
to
n
p
a
ir
p
ro
d
u
ct
io
n
is
th
e
m
a
in

b
a
ck
g
ro
u
n
d
,

si
n
ce

th
er
e
a
re

tw
o
li
g
h
te
st

n
eu

tr
a
li
n
o
s
a
n
d
tw

o
o
p
p
o
si
te
-s
ig
n
el
ec
tr
o
n
s
o
r
m
u
o
n
s
in

th
e
fi
n
a
l

st
a
te

a
s
in

th
e
ca
se

o
f
th
e
n
eu

tr
a
li
n
o
χ̃
0 1
χ̃
0 i
p
ro
d
u
ct
io
n
.
F
u
rt
h
er
m
o
re
,
b
ea
m

p
o
la
ri
za
ti
o
n
s
o
f

(P
e
−
,P

e
+
)
=

(0
.8
,−

0
.6
)
h
av
e
b
ee
n
ch
o
se
n
,
w
h
ic
h
en
h
a
n
ce

sl
ig
h
tl
y
th
e
S
U
S
Y

cr
o
ss

se
ct
io
n

a
n
d

th
e
a
sy
m
m
et
ri
es
,
w
h
il
e
th
e
b
a
ck
g
ro
u
n
d
fr
o
m

W
W

-
a
n
d

ch
a
rg
in
o
-p
a
ir

p
ro
d
u
ct
io
n

is
su
p
p
re
ss
ed
.
In

th
is

sc
en
a
ri
o
th
e
C
P

a
sy
m
m
et
ri
es

a
re

A(
T)

χ̃
0 1
χ̃
0 2
=

−9
.2
%

a
n
d
A(

T)
χ̃
0 1
χ̃
0 3
=

7
.7
%
.

3
D
e
te
c
to

r
si
m
u
la
ti
o
n

st
u
d
y
a
n
d

p
a
ra

m
e
te
r
fi
t

T
h
e
IL
D

is
a
co
n
ce
p
t
u
n
d
er

st
u
d
y
fo
r
a
m
u
lt
ip
u
rp
o
se

p
a
rt
ic
le

d
et
ec
to
r
fo
r
th
e
IL
C
.
It

is
d
es
ig
n
ed

fo
r
a
n
ex
ce
ll
en
t
p
re
ci
si
o
n
in

m
o
m
en
tu
m

a
n
d
en
er
g
y
m
ea
su
re
m
en
t
ov
er

a
la
rg
e
so
li
d

a
n
g
le
.
A

d
et
a
il
ed

d
es
cr
ip
ti
o
n
ca
n
b
e
fo
u
n
d
in

[5
].

In
th
e
si
m
u
la
ti
o
n
a
ll
a
ct
iv
e
el
em

en
ts

a
n
d

a
ls
o
ca
b
le
s,
co
o
li
n
g
sy
st
em

s,
su
p
p
o
rt

st
ru
ct
u
re
s
a
n
d
d
ea
d
re
g
io
n
s
a
re

ta
k
en

in
to

a
cc
o
u
n
t
[6
].

T
h
e
ra
d
ia
ti
o
n
h
a
rd

b
ea
m

ca
lo
ri
m
et
er

is
u
se
d
to

su
p
p
re
ss

b
a
ck
g
ro
u
n
d
fr
o
m

γ
γ
ev
en
ts

a
t
lo
w

a
n
g
le
s.

A
ll
re
le
va
n
t
S
M

b
a
ck
g
ro
u
n
d
s
a
n
d
S
U
S
Y

p
ro
ce
ss
es

a
re

g
en

er
a
te
d
u
si
n
g
W
h
i
z
a
r
d
[7
].

4
4

1

in
it
ia
l
se
le
ct
io
n

n
o
si
g
n
ifi
ca
n
t
a
ct
iv
it
y
in

B
C
A
L

n
u
m
b
er

o
f
a
ll
tr
a
ck
s
N

tr
a
ck

s
≤

7

le
p
to
n
se
le
ct
io
n

�+
�−

p
a
ir
w
it
h
�
=

e,
μ

|c
o
s
θ|

<
0
.9
9
,
m
in
.
en

er
g
y
E

>
3
G
eV

lo
w
er

en
er
g
et
ic

�
w
it
h
E

<
1
8
G
eV

,
o
r

h
ig
h
er

en
er
g
et
ic

�
w
it
h
E

>
3
8
G
eV

h
ig
h
er

en
er
g
et
ic

�
w
it
h
E

∈
[1
5
,1
5
0
]
G
eV

θ a
c
o
p
>

0
.2
π
,
θ a

c
o
l
>

0
.2
π

fi
n
a
l
p
re
se
le
ct
io
n

p
m
is
s

T
>

2
0
G
eV

E
v
is
<

1
5
0
G
eV

m
��
<

5
5
G
eV

T
a
b
le

1
:
P
re
se
le
ct
io
n
cu

ts
,
se
e
R
ef
.
[3
]
fo
r
d
et
a
il
s.

3
.1

E
v
e
n
t
se
le
c
ti
o
n

a
n
d

m
e
a
su

re
d

a
sy

m
m
e
tr
y

A
cl
ea
n

sa
m
p
le

o
f
si
g
n
a
l
ev
en
ts

is
n
ee
d
ed

in
o
rd
er

to
cl
ea
rl
y
m
ea
su
re

th
e
C
P
-v
io
la
ti
n
g

eff
ec
ts

in
n
eu

tr
a
li
n
o
p
ro
d
u
ct
io
n
.
O
th
er
w
is
e
th
e
a
sy
m
m
et
ry

w
il
l
b
e
re
d
u
ce
d
b
y
th
e
C
P
-e
v
en

b
a
ck
g
ro
u
n
d
ev
en
ts
.
T
h
er
ef
o
re
,
p
re
se
le
ct
io
n
cu

ts
a
s
li
st
ed

in
T
a
b
.
1
a
re

a
p
p
li
ed

to
re
je
ct

a
s

m
u
ch

b
a
ck
g
ro
u
n
d
a
s
p
o
ss
ib
le
,
w
h
il
e
p
re
se
rv
in
g
g
o
o
d
si
g
n
a
l
effi

ci
en

cy
.
E
le
ct
ro
n
s
a
n
d
m
u
o
n
s

a
re

id
en
ti
fi
ed

u
si
n
g
th
e
P
a
rt
ic
le

F
lo
w
a
p
p
ro
a
ch

[3
].
T
h
e
cu
ts

ex
p
lo
it
th
e
en
er
g
y
a
n
d
a
n
g
u
la
r

d
is
tr
ib
u
ti
o
n
s
o
f
th
e
fi
n
a
l
st
a
te

le
p
to
n
s,

a
s
w
el
l
a
s
th
e
h
ig
h
m
is
si
n
g
tr
a
n
sv
er
se

m
o
m
en
tu
m

p
m
is
s

T
d
u
e
to

th
e
es
ca
p
in
g
n
eu

tr
a
li
n
o
s.

A
d
d
it
io
n
a
l
cu

ts
o
n
th
e
to
ta
l
v
is
ib
le
en
er
g
y
E

v
is
a
s
w
el
l

a
s
o
n
th
e
in
va
ri
a
n
t
m
a
ss

m
��

d
is
tr
ib
u
ti
o
n
s
fu
rt
h
er

re
d
u
ce

th
e
b
a
ck
g
ro
u
n
d
co
n
ta
m
in
a
ti
o
n
.

F
ig
u
re

2
(a
)
sh
ow

s
th
e
p
m
is
s

T
d
is
tr
ib
u
ti
o
n
o
f
th
e
S
M

a
n
d
S
U
S
Y

b
a
ck
g
ro
u
n
d
a
s
w
el
l
a
s

o
f
th
e
si
g
n
a
l
a
ft
er

th
e
le
p
to
n

se
le
ct
io
n
.

It
ca
n

b
e
se
en

th
a
t
m
o
st

o
f
th
e
b
a
ck
g
ro
u
n
d

is
re
m
ov
ed

w
it
h
th
e
cu
t
p
m
is
s

T
>

2
0
G
eV

.
F
ig
u
re

2
(b
)
sh
ow

s
th
e
d
is
tr
ib
u
ti
o
n
o
f
th
e
in
va
ri
a
n
t

d
i-
le
p
to
n
m
a
ss

a
ft
er

a
ll
cu

ts
ex
ce
p
t
th
e
o
n
e
o
n
m

��
.
T
h
e
si
g
n
a
l
le
p
to
n
p
a
ir

fr
o
m

χ̃
0 3
(χ̃

0 2
)

d
ec
ay

s
h
a
s
a
sh
a
rp

en
d
p
o
in
t
a
t
5
1
G
eV

(2
2
G
eV

),
w
h
ic
h
ca
n
a
ls
o
b
e
ex
p
lo
it
ed

fo
r
m
a
ss

m
ea
su
re
m
en
ts
.
T
h
e
in
va
ri
a
n
t
m
a
ss

cu
t
a
ls
o
re
m
ov
es

S
M

b
a
ck
g
ro
u
n
d
s
fr
o
m

Z
Z

a
n
d
W

W
p
ro
d
u
ct
io
n
.
T
h
e
re
m
a
in
in
g
ev
en
t
sa
m
p
le

co
n
si
st
s
o
f
2
8
0
3
9
χ̃
0 1
χ̃
0 2
→

χ̃
0 1
χ̃
0 1
��

(�
=

τ
)
ev
en
ts
,

4
5
9
6
6
χ̃
0 1
χ̃
0 3
→

χ̃
0 1
χ̃
0 1
��

(�
=

τ
)
ev
en
ts

a
n
d
3
4
2
2
3
�̃�̃

→
χ̃
0 1
χ̃
0 1
��

(�
=

τ
)
ev
en
ts
.
A
ll
o
th
er

S
M

a
n
d
S
U
S
Y

b
a
ck
g
ro
u
n
d
p
ro
ce
ss
es

su
m

u
p
to

a
b
o
u
t
6
0
0
0
ev
en
ts
.

In
o
rd
er

to
d
is
ti
n
g
u
is
h
th
e
χ̃
0 1
χ̃
0 2
ev
en
ts

fr
o
m

th
e
χ̃
0 1
χ̃
0 3
ev
en
ts
,
a
n
d
to

fu
rt
h
er

cl
ea
n
th
e

ev
en
t
sa
m
p
le
,
a
k
in
em

a
ti
c
se
le
ct
io
n
p
ro
ce
d
u
re

is
a
p
p
li
ed

,
a
s
d
es
cr
ib
ed

in
[3
].

A
n
u
m
b
er

o
f

k
in
em

a
ti
c
co
n
st
ra
in
ts

d
er
iv
ed

fr
o
m

th
e
fi
n
a
l
st
a
te

m
o
m
en
ta

a
re

u
se
d
to

cl
a
ss
if
y
ev
en
ts

a
s

si
g
n
a
l
o
r
b
a
ck
g
ro
u
n
d
.
A
n
ev
en
t
is

se
le
ct
ed

o
n
ly

if
it

is
cl
a
ss
ifi
ed

ex
cl
u
si
v
el
y
a
s
si
g
n
a
l-
li
k
e.

F
o
u
r
ev
en
t
cl
a
ss
es

a
re

co
n
si
d
er
ed

:
χ̃
0 1
χ̃
0 2
,
χ̃
0 1
χ̃
0 3
,
�̃+ R

�̃− R
a
n
d
W

+
W

−
.
T
a
b
le
2
sh
ow

s
th
e
n
u
m
b
er

o
f
ev
en
ts

th
a
t
a
re

cl
a
ss
ifi
ed

ex
cl
u
si
v
el
y
a
s
o
n
e
o
f
th
e
fo
u
r
ev
en
t
cl
a
ss
es
.
It

ca
n
b
e
o
b
se
rv
ed

th
a
t
th
e
la
rg
e
co
n
ta
m
in
a
ti
o
n
o
f
th
e
ev
en
t
sa
m
p
le

b
y
�̃+ R

�̃− R
ev
en
ts

ca
n
b
e
d
ra
st
ic
a
ll
y
re
d
u
ce
d
.

T
h
e
C
P
a
sy
m
m
et
ry

ca
n
n
ow

b
e
ca
lc
u
la
te
d
fr
o
m

E
q
.
(2
)
to

b
e
A(

T)
χ̃
0 1
χ̃
0 2
=

−1
1
.3
%
±0

.7
%

a
n
d
A(

T)
χ̃
0 1
χ̃
0 3
=

+
1
0
.9
%

±
0
.7
%
.

T
h
e
a
b
so
lu
te

va
lu
es

a
re

sl
ig
h
tl
y
h
ig
h
er

th
a
n
th
e
o
n
es

4
4

2
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]
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4
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(a
)

 [G
eV

]
ll

m
0

50
10

0
15

0
20

0

number of events/5 GeV

2
10

3
10

4
10

SM
 B

G

SU
SY

 B
G

SU
SY

 S
ig

na
l

(b
)

F
ig
u
re

2
:

(a
)
M
is
si
n
g
tr
a
n
sv
er
se

m
o
m
en
tu
m

p
m
is
s

T
d
is
tr
ib
u
ti
o
n
o
f
S
M

b
a
ck
g
ro
u
n
d
,
S
U
S
Y

b
a
ck
g
ro
u
n
d
a
n
d
S
U
S
Y

si
g
n
a
l
a
ft
er

th
e
le
p
to
n
se
le
ct
io
n
.
(b
)
In
va
ri
a
n
t
m
a
ss

m
��

d
is
tr
ib
u
ti
o
n

o
f
th
e
le
p
to
n
p
a
ir
a
ft
er

a
ll
p
re
se
le
ct
io
n
cu

ts
ex
ce
p
t
th
e
cu
t
o
n
m

��
.
T
h
e
ev
en
ts

a
re

si
m
u
la
te
d

fo
r
L
=

5
0
0
fb

−
1
,
b
ea
m

p
o
la
ri
za
ti
o
n
(P

e
−
,P

e
+
)
=

(0
.8
,−

0
.6
)
a
t
√ s

=
5
0
0
G
eV

,
a
n
d
M
S
S
M

p
a
ra
m
et
er
s
a
s
in

th
e
b
en

ch
m
a
rk

sc
en

a
ri
o
d
is
cu

ss
ed

in
S
ec
.
2.

cl
a
ss

o
n
ly

χ̃
0 1
χ̃
0 2

o
n
ly

χ̃
0 1
χ̃
0 3

o
n
ly

�̃+ R
�̃− R

o
n
ly

W
+
W

−

χ̃
0 1
χ̃
0 2
→

χ̃
0 1
χ̃
0 1
��

(�
=

τ
)

1
8
3
4
3

6
1
5

5
1

8
5
5

χ̃
0 1
χ̃
0 3
→

χ̃
0 1
χ̃
0 1
��

(�
=

τ
)

2
9
0

2
0
1
3
2

3
7
2

6
3
5

a
ll
S
U
S
Y

b
a
ck
g
ro
u
n
d

1
1
5
3

3
0
5
5

5
6
2
6

9
5
1

a
ll
S
M

b
a
ck
g
ro
u
n
d

8
7

2
5
6

4
4

8
1

T
a
b
le
2
:
N
u
m
b
er

o
f
p
re
se
le
ct
ed

ev
en
ts
,
th
a
t
fu
lfi
ll
th
e
re
q
u
ir
em

en
ts

o
f
th
e
k
in
em

a
ti
c
se
le
ct
io
n

p
ro
ce
d
u
re
,
fo
r
L
=

5
0
0
fb

−
1
.

ca
lc
u
la
te
d
in

th
e
b
en

ch
m
a
rk

sc
en

a
ri
o
,
si
n
ce

th
e
a
sy
m
m
et
ry

d
ep

en
d
s
n
o
n
-t
ri
v
ia
ll
y
o
n
th
e
cu
t

va
lu
es
.
T
h
is

h
a
s
b
ee
n
st
u
d
ie
d
in

[3
]
a
n
d
ca
n
b
e
ta
k
en

in
to

a
cc
o
u
n
t
in

a
p
a
ra
m
et
er

fi
t.

3
.2

F
it

o
f
th

e
p
a
ra

m
e
te
rs

in
th

e
n
e
u
tr
a
li
n
o
se
c
to

r

In
th
e
fi
n
a
l
st
ep

o
f
th
e
a
n
a
ly
si
s,
th
e
a
cc
u
ra
cy

to
d
et
er
m
in
e
th
e
p
a
ra
m
et
er
s
in

th
e
n
eu
tr
a
li
n
o

se
ct
o
r
o
f
th
e
M
S
S
M

is
es
ti
m
a
te
d
.

T
h
es
e
a
re

th
e
si
x

fr
ee

p
a
ra
m
et
er
s
o
f
th
e
n
eu
tr
a
li
n
o

m
a
ss

m
a
tr
ix

|M
1
|,
M

2
,
|μ
|,
ta
n
β
,
φ
1
a
n
d
φ
μ
.
A
s
in
p
u
t
fo
r
th
e
fi
t
a
n
u
m
b
er

o
f
C
P
-e
v
en

o
b
se
rv
a
b
le
s
is
u
se
d
to
g
et
h
er

w
it
h
th
e
m
ea
su
re
d
a
sy
m
m
et
ri
es

(s
ee

R
ef
.
[3
]
fo
r
d
et
a
il
s)
:
m

χ̃
0 1
=

1
1
7
.3

±
0
.2

G
eV

,
m

χ̃
0 2
=

1
6
8
.5

±
0
.5

G
eV

,
m

χ̃
0 3
=

1
8
0
.8

±
0
.5

G
eV

,
σ
(χ̃

0 1
χ̃
0 2
)
×

B
R
(χ̃

0 2
→

�̃ R
�)

=
1
3
0
.9

±
1
.4

fb
,
σ
(χ̃

0 1
χ̃
0 3
)
×

B
R
(χ̃

0 3
→

�̃ R
�)

=
1
5
5
.7

±
1
.6

fb
,
σ
(χ̃

0 2
χ̃
0 2
)
×

B
R
(χ̃

0 2
→

�̃ R
�)

2
=

4
.8

±
0
.3

fb
,
σ
(χ̃

0 3
χ̃
0 3
)
×

B
R
(χ̃

0 3
→

�̃ R
�)

2
=

2
6
.3

±
0
.7

fb
a
n
d
σ
(χ̃

0 2
χ̃
0 3
)
×

B
R
(χ̃

0 2
→

�̃ R
�)

×
B
R
(χ̃

0 3
→

�̃ R
�)

=
2
8
.9
±
0
.7

fb
.
T
h
e
fi
tt
ed

va
lu
es

o
f
th
e
p
a
ra
m
et
er
s
o
f
th
e
n
eu
tr
a
li
n
o

m
a
ss

m
a
tr
ix

a
re

li
st
ed

in
T
a
b
.
3
.
It

is
re
m
a
rk
a
b
le

th
a
t
th
e
m
o
d
u
li
o
f
th
e
p
h
a
se
s
φ
1
,
φ
μ
ca
n

a
ls
o
b
e
d
et
er
m
in
ed

w
it
h
h
ig
h
p
re
ci
si
o
n
,
u
si
n
g
th
e
C
P
-e
v
en

o
b
se
rv
a
b
le
s
a
lo
n
e.

H
ow

ev
er
,
o
n
ly

a
n
in
cl
u
si
o
n
o
f
C
P
-o
d
d
a
sy
m
m
et
ri
es

in
th
e
fi
t
a
ll
ow

s
to

re
so
lv
e
th
e
si
g
n
a
m
b
ig
u
it
ie
s
o
f
th
e

4
4

3

|M
1
|

M
2

|μ
|

ta
n
β

φ
1

φ
μ

1
5
0
.0
±
0
.7

G
eV

3
0
0
±
5
G
eV

1
6
5
.0
±
0
.3

G
eV

1
0
.0
±
1
.6

0
.6
3
±
0
.0
5

0
.0
±
0
.2

T
a
b
le

3
:
R
es
u
lt
s
o
f
th
e
p
a
ra
m
et
er

fi
t.

p
h
a
se
s.

W
it
h
o
u
t
th
e
C
P
-o
d
d
a
sy
m
m
et
ri
es

in
th
e
fi
t
th
er
e
is
a
tw

o
fo
ld

a
m
b
ig
u
it
y,
φ
1
=

±0
.6
,

a
n
d
ev
en

fo
u
rf
o
ld

if
φ
μ
=

0
.
T
h
u
s,
th
e
tr
ip
le

p
ro
d
u
ct

a
sy
m
m
et
ri
es

a
re

n
o
t
o
n
ly

a
d
ir
ec
t
te
st

o
f
C
P

v
io
la
ti
o
n
,
b
u
t
a
re

a
ls
o
es
se
n
ti
a
l
to

d
et
er
m
in
e
th
e
co
rr
ec
t
va
lu
es

o
f
th
e
p
h
a
se
s.

4
S
u
m
m
a
ry

a
n
d

c
o
n
cl
u
si
o
n
s

T
h
e
fi
rs
t
fu
ll
d
et
ec
to
r
si
m
u
la
ti
o
n
st
u
d
y
to

m
ea
su
re

S
U
S
Y

C
P

p
h
a
se
s
a
t
th
e
IL
C

h
a
s
b
ee
n

p
re
se
n
te
d
.

T
ri
p
le

p
ro
d
u
ct
s
o
f
th
e
fi
n
a
l
st
a
te

le
p
to
n

m
o
m
en
ta

in
n
eu
tr
a
li
n
o
d
ec
ay

s
h
av
e

b
ee
n

u
se
d
a
s
C
P
-o
d
d
o
b
se
rv
a
b
le
s.

R
ea
li
st
ic

co
ll
id
er

co
n
d
it
io
n
s
h
av
e
b
ee
n
si
m
u
la
te
d
a
n
d

a
ll
re
le
va
n
t
S
M

b
a
ck
g
ro
u
n
d
s
h
av
e
b
ee
n
ta
k
en

in
to

a
cc
o
u
n
t.

A
d
et
a
il
ed

cu
t
fl
ow

a
n
a
ly
si
s

h
a
s
b
ee
n
p
er
fo
rm

ed
,
in
cl
u
d
in
g
th
e
d
ev
el
o
p
m
en
t
o
f
a
k
in
em

a
ti
c
se
le
ct
io
n
p
ro
ce
d
u
re

th
a
t
w
a
s

u
se
d
to

o
b
ta
in

a
v
er
y
cl
ea
n
si
g
n
a
l
sa
m
p
le

a
n
d
to

d
is
ti
n
g
u
is
h
ev
en
ts

fr
o
m

d
iff
er
en
t
n
eu
tr
a
li
n
o

d
ec
ay

s.
In

th
e
ch
o
se
n
b
en

ch
m
a
rk

sc
en

a
ri
o
th
e
a
sy
m
m
et
ry

co
u
ld

b
e
m
ea
su
re
d
w
it
h
a
re
la
ti
v
e

p
re
ci
si
o
n
o
f
1
0
%

w
it
h
5
0
0
fb

−
1
o
f
d
a
ta
.
F
in
a
ll
y,

th
e
p
a
ra
m
et
er
s
o
f
th
e
n
eu
tr
a
li
n
o
m
ix
in
g

m
a
tr
ix

h
av
e
b
ee
n
fi
tt
ed

to
C
P
-e
v
en

a
n
d
C
P
-o
d
d
o
b
se
rv
a
b
le
s
a
n
d
th
e
co
m
p
le
x
p
h
a
se
s
co
u
ld

b
e
d
et
er
m
in
ed

w
it
h
a
p
re
ci
si
o
n
o
f
a
b
o
u
t
1
0
%
.

A
ck

n
o
w
le
d
g
m
e
n
ts

W
e
w
o
u
ld

li
k
e
to

th
a
n
k

S
te
v
e
A
p
li
n
,
M
ik
a
el

B
er
g
g
re
n
,
J
a
n

E
n
g
el
s,

F
ra
n
k
G
a
ed
e,

N
in
a

H
er
d
er
,
J
en
n
y
L
is
t,
a
n
d
M
a
rk

T
h
o
m
so
n
fo
r
v
er
y
u
se
fu
l
d
is
cu
ss
io
n
s
a
n
d
h
el
p
w
it
h
th
e
d
et
ec
to
r

si
m
u
la
ti
o
n
s.

R
e
fe
re
n
c
e
s

[1
]
H
.
E
.
H
a
b
er

a
n
d
G
.
L
.
K
a
n
e,

P
h
y
s.

R
ep

t.
1
1
7
(1
9
8
5
)
7
5
-2
6
3
;
H
.
P
.
N
il
le
s,

P
h
y
s.

R
ep

t.
1
1
0
(1
9
8
4
)
1
-1
6
2
.

[2
]
S
.
K
ra
m
l,
C
P

vi
o
la
ti
o
n
in

S
U
S
Y
,
a
rX

iv
:0
7
1
0
.5
1
1
7
.

[3
]
O
.
K
it
te
l
et

a
l.
,
M
ea
su

re
m
en

t
o
f
C
P

a
sy
m
m
et
ri
es

in
n
eu

tr
a
li
n
o
p
ro
d
u
ct
io
n
a
t
th
e
IL

C
,
a
rX

iv
:1
1
0
8
.3
2
2
0
.

[4
]
A
.
B
a
rt
l
et

a
l.
,
C
P

a
sy
m
m
et
ri
es

in
n
eu

tr
a
li
n
o
p
ro
d
u
ct
io
n

in
e+

e−
co
ll
is
io
n
s,

P
h
y
s.

R
ev

.
D
6
9
(2
0
0
4
)

0
3
5
0
0
7
,
a
rX

iv
:h
ep

-p
h
/
0
3
0
8
1
4
1
.

[5
]
IL

D
C
o
n
ce
p
t
G
ro
u
p
,
T
h
e
In

te
rn

a
ti
o
n
a
l
L
a
rg
e
D
et
ec
to
r:

L
et
te
r
o
f
In

te
n
t,
a
rX

iv
:1
0
0
6
.3
3
9
6
.

[6
]
P
.
B
ec
h
tl
e
et

a
l.
,
P
ro
sp
ec
ts

fo
r
th
e
st
u
d
y
o
f
th
e
τ̃
-s
y
st
em

in
S
P
S
1
a
’
a
t
th
e
IL

C
,
P
h
y
s.

R
ev

.
D
8
2
(2
0
1
0
)

0
5
5
0
1
6
,
a
rX

iv
:0
9
0
8
.0
8
7
6
.

[7
]
W

.
K
il
ia
n
et

a
l.
,
W

H
IZ

A
R
D
:
S
im

u
la
ti
n
g
M
u
lt
i-
P
a
rt
ic
le

P
ro
ce
ss
es

a
t
L
H
C

a
n
d
IL

C
,
E
u
r.

P
h
y
s.

J
.
C
7
1

(2
0
1
1
)
1
7
4
2
,
a
rX

iv
:0
7
0
8
.4
2
3
3
.

4
4
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C
P

V
io
la
ti
n
g
E
ff
e
c
ts

in
S
to

p
D
e
c
a
y

K
ia
n
S
a
li
m
k
h
a
n
i1
,
J
a
m
ie

T
a
tt
er
sa
ll
1
,
G
u
d
ri
d
M
o
o
rt
g
a
t-
P
ic
k
2
,3

1
B
et
h
e
C
en
te
r
fo
r
T
h
eo
re
ti
ca
l
P
h
y
si
cs

&
P
h
y
si
ka
li
sc
h
es

In
st
it
u
t,
U
n
iv
er
si
tä
t
B
o
n
n
,
D
-5
3
1
1
5
B
o
n
n
,
G
er
m
a
n
y

2
D
E
S
Y
,
D
-2
2
6
0
7
H
a
m
b
u
rg
,
G
er
m
a
n
y

3
U
n
iv
er
si
tä
t
H
a
m
b
u
rg
,
D
-2
2
7
6
1
H
a
m
b
u
rg
,
G
er
m
a
n
y

L
C
-R

E
P
-2
0
1
2
-0
6
7

W
e
st
u
d
y
th
e
d
is
co
v
er
y
p
o
te
n
ti
a
l
o
f
n
ew

C
P

v
io
la
ti
n
g
p
h
a
se
s
in

a
t̃ 1

ca
sc
a
d
e
d
ec
ay

v
ia

χ̃
0 2
a
t
a
fu
tu
re

li
n
ea
r
el
ec
tr
o
n
-p
o
si
tr
o
n
co
ll
id
er

o
f
1
T
eV

ce
n
te
r-
o
f-
m
a
ss

en
er
g
y.

A
s
o
b
se
rv
a
b
le
s
w
e
d
is
cu

ss
tr
ip
le

p
ro
d
u
ct

a
sy
m
m
et
ri
es
.
W
e
fi
n
d
th
a
t
a
ss
u
m
in
g
su
cc
es
sf
u
l
m
o
m
en

tu
m

re
co
n
st
ru
ct
io
n
a
m
a
x
im

a
l
a
sy
m
m
et
ry

ca
n
b
e

o
b
se
rv
ed

w
it
h
a
t
le
a
st

1
0
0
0
fb

−
1
co
ll
ec
te
d
d
a
ta
.

1
In

tr
o
d
u
ct
io
n

A
lt
h
o
u
g
h
th
e
S
ta
n
d
a
rd

M
o
d
el
v
er
y
su
cc
es
sf
u
ll
y
d
es
cr
ib
es

th
e
el
em

en
ta
ry

p
a
rt
ic
le
s
a
n
d
th
ei
r
in
te
ra
ct
io
n
s
a
p
a
rt

fr
o
m

g
ra
v
it
y,

th
e
m
o
d
el

n
o
t
o
n
ly

fa
il
s
to

g
iv
e
a
d
es
cr
ip
ti
o
n
of

a
ll
m
a
tt
er

in
th
e
u
n
iv
er
se
,
b
u
t
fu
rt
h
er
m
o
re

ca
n
n
o
t
il
lu
m
in
a
te

th
o
ro
u
g
h
ly

w
h
y
m
a
tt
er

ex
is
ts

a
t
a
ll
.

T
o
a
n
sw

er
th
is

q
u
es
ti
o
n

w
e
k
n
ow

th
a
t
a
p
ro
p
er

u
n
d
er
st
a
n
d
in
g
o
f
C
P
-v
io
la
ti
o
n

is
cr
u
ci
a
l
[1
].

U
n
fo
rt
u
n
a
te
ly
,
th
e
si
n
g
le

C
P

v
io
la
ti
n
g
p
h
a
se

in
th
e
C
K
M

m
a
tr
ix

o
f
th
e
S
ta
n
d
a
rd

M
o
d
el

th
a
t
h
a
s
b
ee
n
d
et
er
m
in
ed

b
y
B
-m

es
o
n
ex
p
er
im

en
ts

[2
]
is

n
o
t
su
ffi
ci
en
t
[1
].

T
h
u
s,
w
e
n
ee
d
a
d
d
it
io
n
a
l
so
u
rc
es

o
f
C
P
-v
io
la
ti
o
n
to

d
es
cr
ib
e
th
e
o
b
se
rv
ed

b
a
ry
o
n
a
sy
m
m
et
ry

in
th
e
u
n
iv
er
se
.

S
u
ch

n
ew

C
P
v
io
la
ti
n
g
p
h
a
se
s
a
re

in
tr
o
d
u
ce
d
in

th
e
M
S
S
M
.
G
iv
en

th
a
t
th
ey

ca
n
ch
a
n
g
e
m
a
ss
es

[3
],
to
ta
l

cr
o
ss

se
ct
io
n
s
[4
]
a
n
d
b
ra
n
ch
in
g
ra
ti
o
s
[5
],
th
er
e
a
re

in
p
ri
n
ci
p
le

va
ri
o
u
s
w
ay

s
to

d
et
ec
t
th
em

a
t
co
ll
id
er
s.

H
ow

ev
er
,
th
es
e
a
ll

a
re

C
P
-e
v
en

o
b
se
rv
a
b
le
s.

T
h
is

m
ea
n
s
th
a
t
o
n
e
ca
n
n
o
t
b
e
su
re

a
b
o
u
t
th
ei
r
d
efi
n
it
e

C
P

v
io
la
ti
n
g
n
a
tu
re
,
b
ec
a
u
se

p
a
rt
ic
le

a
n
d
a
n
ti
p
a
rt
ic
le

b
o
th

ex
h
ib
it

th
e
sa
m
e
d
ep

en
d
en
ce
.
T
h
is
is
es
p
ec
ia
ll
y

p
ro
b
le
m
a
ti
c
in

a
m
o
d
el
th
a
t
h
a
s
a
s
m
a
n
y
fr
ee

p
a
ra
m
et
er
s
a
s
th
e
M
S
S
M
.
A
p
o
te
n
ti
a
l
w
ay

to
fa
k
e
a
C
P
v
io
la
ti
n
g

eff
ec
t
o
n
th
e
st
o
p
m
a
ss
,
fo
r
ex
a
m
p
le
,
is
to

a
rr
a
n
g
e
th
e
so
ft

b
re
a
k
in
g
sc
a
la
r
q
u
a
rk

m
a
ss
es

w
it
h
n
o
n
-u
n
iv
er
sa
l

va
lu
es
.
A
d
d
it
io
n
a
ll
y,

p
o
te
n
ti
a
ll
y
la
rg
e
lo
o
p
co
rr
ec
ti
o
n
s
ca
n
co
m
p
li
ca
te

C
P
-v
io
la
ti
o
n
st
u
d
ie
s
b
y
a
ls
o
ch
a
n
g
in
g

th
es
e
o
b
se
rv
a
b
le
s.

T
h
er
ef
o
re

o
n
e
w
o
u
ld

li
k
e
to

w
o
rk

w
it
h
C
P
-o
d
d
o
b
se
rv
a
b
le
s,
w
h
ic
h
ca
n
n
o
t
b
e
m
im

ic
k
ed

b
y

o
th
er

p
a
ra
m
et
er
s
o
f
th
e
th
eo
ry

a
n
d
th
u
s
a
re

a
d
efi

n
it
e
si
g
n
a
tu
re

o
f
C
P
-v
io
la
ti
o
n
.
H
ow

ev
er
,
th
e
p
ro
b
le
m

w
it
h

m
a
n
y
o
f
th
es
e
o
b
se
rv
a
b
le
s,
li
k
e
ra
te

a
sy
m
m
et
ri
es

o
f
b
ra
n
ch
in
g
ra
ti
o
s
[6
],
ra
te

a
sy
m
m
et
ri
es

o
f
cr
o
ss

se
ct
io
n
s
[7
]

o
r
a
n
g
u
la
r
d
is
tr
ib
u
ti
o
n
s
[8
],
is

th
a
t
th
ey

a
re

a
ct
u
a
ll
y
lo
o
p
eff

ec
ts
.
T
h
u
s,

o
b
v
io
u
s
p
ro
b
le
m
s
a
ri
se

co
n
ce
rn
in
g

th
e
m
ea
su
ra
b
il
it
y,

si
n
ce

o
n
e
d
o
es

n
o
t
ex
p
ec
t
la
rg
e
si
g
n
a
ls

fr
o
m

lo
o
p
eff

ec
ts
.
F
o
rt
u
n
a
te
ly

th
e
C
P
T
-t
h
eo
re
m

co
n
n
ec
ts

C
P
-
a
n
d
T
-v
io
la
ti
o
n
.
C
o
m
b
in
ed

w
it
h
a
d
d
it
io
n
a
l
a
ss
u
m
p
ti
o
n
s
o
n
e
ca
n
th
en

co
n
st
ru
ct

so
-c
a
ll
ed

T
N
-

o
d
d
o
b
se
rv
a
b
le
s
th
a
t
a
re

u
se
fu
l
to

ex
a
m
in
e
tr
ee
-l
ev
el

C
P
-v
io
la
ti
o
n
a
t
co
ll
id
er
s
[9
,
1
0]
.
If
re
-s
ca
tt
er
in
g
eff

ec
ts

a
re

a
b
se
n
t,

a
n
o
n
-v
a
n
is
h
in
g
ex
p
ec
ta
ti
o
n
va
lu
e
o
f
a
T

N
-o
d
d

o
b
se
rv
a
b
le

in
d
ic
a
te
s
C
P
-v
io
la
ti
o
n
.

T
h
er
ef
o
re

w
e
m
u
st

a
ls
o
p
ro
b
e
th
e
ch
a
rg
e
co
n
ju
g
a
te
d
p
ro
ce
ss

to
ex
cl
u
d
e
th
e
p
o
ss
ib
il
it
y
o
f
re
-s
ca
tt
er
in
g
.
F
o
r
fu
rt
h
er

in
fo
rm

a
ti
o
n
w
e
re
co
m
m
en
d
[1
1]

w
h
ic
h
re
v
ie
w

C
P
-v
io
la
ti
o
n
in

th
e
co
n
te
x
t
o
f
su
p
er
sy
m
m
et
ry
.

2
S
tu

d
y
in
g
C
P
-V

io
la
ti
o
n

in
S
to
p

D
e
ca

y

2
.1

F
o
rm

a
li
sm

a
n
d

C
h
o
se
n

S
ce

n
a
ri
o

W
e
st
u
d
y
th
e
d
is
co
v
er
y
p
o
te
n
ti
a
l
o
f
n
ew

C
P
v
io
la
ti
n
g
p
h
a
se
s
in

th
e
fo
ll
ow

in
g
tw

o
-b
o
d
y
ca
sc
a
d
e
d
ec
ay

o
f
th
e

st
o
p
a
t
a
fu
tu
re

li
n
ea
r
el
ec
tr
o
n
-p
o
si
tr
o
n
co
ll
id
er

o
f
1
T
eV

ce
n
te
r-
o
f-
m
a
ss

en
er
g
y,

t̃ 1
→

χ̃
0 2
+
t
,

t
→

W
+
+
b
,

χ̃
0 2
→

l̃± R
+
l∓ 1

,
l̃± R

→
χ̃
0 1
+
l± 2

.

4
4

5

T
h
e
st
o
p
a
n
d
n
eu
tr
a
li
n
o
se
ct
o
r
co
n
ta
in

th
re
e
p
h
a
se
s,

n
a
m
el
y
a
p
h
a
se

o
f
th
e
tr
il
in
ea
r
to
p
q
u
a
rk

co
u
p
li
n
g
,

φ
A

t
,
a
p
h
a
se

o
f
th
e
h
ig
g
si
n
o
m
a
ss

p
a
ra
m
et
er
,
φ
μ
,
a
n
d
co
n
v
en
ti
o
n
a
ll
y
a
p
h
a
se

o
f
th
e
fi
rs
t
g
a
u
g
in
o
m
a
ss
,
φ
M

1
.

H
ow

ev
er
,
th
e
la
tt
er

tw
o
(e
sp
ec
ia
ll
y
φ
μ
)
a
re

h
ea
v
il
y
co
n
st
ra
in
ed

b
y
ex
p
er
im

en
t
[1
2]
.
T
h
er
ef
o
re

w
e
d
o
n
o
t

co
n
si
d
er

th
em

a
n
d
fo
cu

s
o
n
φ
A

t
in

th
is

st
u
d
y.

S
in
ce

w
e
w
a
n
t
to

te
st

th
e
ca
p
a
b
il
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1
2
.3
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1
1
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A
t
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e
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p
b
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ra
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o
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B
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1
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0 2
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d
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p
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1
1
.9
9
%
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5
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6
%
,
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d
u
e
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e
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n
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p
m
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n
d
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n
g
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g
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n
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a
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b
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p
ro
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e
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l
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w
h
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h
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g
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b
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b
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.
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b
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a
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u
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o
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su
lt
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r
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e
p
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d
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n
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n
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e
H
e
r
w
i
g
+
+
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u
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b
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n
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ra
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.
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e
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b
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ra
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e
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p
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b
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ra
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p
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r
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φ
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=
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a
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p
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b
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p
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b
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p
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p
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b
li
sh

th
e
p
la
n
e
in

o
u
r
tr
ip
le
p
ro
d
u
ct
,

w
e
n
o
te

th
a
t
th
e
tr
ip
le

p
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b
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p
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e
sy
st
em

re
su
lt
s
in

a
sm

a
ll
er

a
n
g
le

a
s
a
ll
m
o
m
en
ta

a
re

b
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p
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p
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b
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b
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p
ro
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b
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b
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p
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p
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p
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p
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b
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d
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b
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p
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p
ro
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b
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b
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.
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p
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b
e
ca
u
se
d
b
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e
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n
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p
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b
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b
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n
b
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b
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b
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A
s
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b
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s
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d
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%
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e
m
a
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m

a
n
d
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b
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3
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n
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W
e
o
b
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t
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r
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e
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n
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e
C
P
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n
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p
h
a
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A
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e
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ea
r
to
p
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u
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n
g
a
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o
u
n
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d
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r
a
m
a
x
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l
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p
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d
u
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a
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m
m
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f
a
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p
ro
x
im

a
te
ly

1
5
.5

%
.

U
n
d
er

th
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u
m
p
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u
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m
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n
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n
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a
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m
m
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u
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b
e
m
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d
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2
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0
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−
1
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d
d
a
ta
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e
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g
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n

o
f
a
m
a
x
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a
l
C
P

v
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n
g
a
n
g
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,
1
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0
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<
φ
A
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1
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.
W

it
h
a
n
in
te
g
ra
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d
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m
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o
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o
f
1
0
0
0
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−
1
th
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a
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m
m
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u
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l
b
e
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o
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d
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e
m
a
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u
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<

1
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A
s
a
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n
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u
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o
n
w
e
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p
h
a
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a
t
a
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n
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r
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ll
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er
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n
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a
l
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r
a
p
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ra
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p
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p
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u
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u
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u
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b
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n
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b
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.
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e.

g.
v
ia

ch
a
rg
in
o
s,

m
ay

re
su
lt
in

a
h
ig
h
er

cr
o
ss

se
ct
io
n
a
n
d
h
en

ce
a
b
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h
/
0
7
0
9
.2
6
7
9
(2
0
0
7
).

[1
2
]
C
.A

.
B
a
k
er

et
a
l.
,
P
h
y
s.

R
ev

.
L
et
t.

9
7
1
3
1
8
0
1
(2
0
0
6
);

B
.C

.
R
eg
a
n
,
E
.D

.
C
o
m
m
in
s,

C
.J
.
S
ch

m
id
t
a
n
d
D
.
D
eM

il
le
,

P
h
y
s.

R
ev

.
L
et
t.

8
8
0
7
1
8
0
5
(2
0
0
2
);

W
.C

.
G
ri
ffi
th

et
a
l.
,
P
h
y
s.

R
ev

.
L
et
t.

1
0
2
1
0
1
6
0
1
(2
0
0
9
);

Y
.
L
i,

S
.
P
ro
fu
m
o
a
n
d

M
.
R
a
m
se
y
-M

u
so
lf
,
J
H
E
P

1
0
0
8

0
6
2
(2
0
1
0
).

S
.
A
b
el
,
S
.
K
h
a
li
l
a
n
d
O
.
L
eb

ed
ev

,
N
u
cl
.
P
h
y
s.

B
6
0
6
1
5
1
-1
8
2
(2
0
0
1
);

M
.
P
o
sp

el
ov

a
n
d

A
.
R
it
z,

A
n
n
a
ls

P
h
y
s.

3
1
8

1
1
9
-1
6
9

(2
0
0
5
);

T
.
F
a
lk

a
n
d
K
.A

.
O
li
v
e,

P
h
y
s.

L
et
t.

B
3
7
5
1
9
6
-2
0
2
(1
9
9
6
);

P
h
y
s.

L
et
t.

B
4
3
9
7
1
-8
0
(1
9
9
8
);

T
.
Ib
ra
h
im

a
n
d
P
.
N
a
th
,
P
h
y
s.

R
ev

.
D
5
8

1
1
1
3
0
1
(1
9
9
8
);

P
h
y
s.

R
ev

.
D
6
1
0
9
3
0
0
4
(2
0
0
0
).

[1
3
]
M
.
B
a
h
r
et

a
l.
,
a
rX

iv
:h
ep

-p
h
/
0
8
0
3
.0
8
8
3
v
3
;

S
.
G
ie
se
k
e
et

a
l.
,
a
rX

iv
:h
ep

-p
h
/
1
1
0
2
.1
6
7
2
.

4
4

9

N
e
u
tr
a
li
n
o
s
fr
o
m

C
h
a
rg

in
o
D
e
c
a
y
s
in

th
e
C
o
m
p
le
x
M

S
S
M

S
.
H
ei
n
em

ey
er

1
,
F
.
v
.
d
.
P
a
h
le
n
1
a
n
d
C
.
S
ch
a
p
p
a
ch
er

2
∗

1
-I
n
st
it
u
to

d
e
F́
ıs
ic
a
d
e
C
a
n
ta
b
ri
a
(C

S
IC

-U
C
)

E
–
3
9
0
0
5
S
a
n
ta
n
d
er
,
S
p
a
in

2
-I
n
st
it
u
t
fü
r
T
h
eo
re
ti
sc
h
e
P
h
y
si
k
,
K
a
rl
sr
u
h
e
In
st
it
u
te

o
f
T
ec
h
n
o
lo
g
y,

D
–
7
6
1
2
8
K
a
rl
sr
u
h
e,

G
er
m
a
n
y

W
e
re
v
ie
w
th
e
ev
a
lu
a
ti
o
n
o
f
tw

o
-b
o
d
y
d
ec
ay

m
o
d
es

o
f
ch

a
rg
in
o
s
in

th
e
M
in
im

a
l
S
u
p
er
sy
m
m
et
ri
c
S
ta
n
d
a
rd

M
o
d
el

w
it
h
co
m
p
le
x
p
a
ra
m
et
er
s
(c
M
S
S
M
).
A
ss
u
m
in
g
h
ea
v
y
sc
a
la
r
q
u
a
rk
s
w
e
ta
k
e
in
to

a
cc
o
u
n
t
a
ll
d
ec
ay

ch
a
n
n
el
s
in
v
o
lv
in
g
ch

a
rg
in
o
s,

n
eu

tr
a
li
n
o
s,

(s
ca
la
r)

le
p
to
n
s,

H
ig
g
s
b
o
so
n
s
a
n
d

S
M

g
a
u
g
e
b
o
so
n
s.

T
h
e

ev
a
lu
a
ti
o
n

o
f
th
e
d
ec
ay

w
id
th
s
is

b
a
se
d

o
n

a
fu
ll

o
n
e-
lo
o
p

ca
lc
u
la
ti
o
n

in
cl
u
d
in
g
h
a
rd

a
n
d

so
ft

Q
E
D

ra
d
ia
ti
o
n
.
H
er
e
w
e
fo
cu

s
o
n
th
e
d
ec
ay

s
in
v
o
lv
in
g
th
e
L
ig
h
te
st

S
u
p
er
sy
m
m
et
ri
c
P
a
rt
ic
le

(L
S
P
),

i.
e.

th
e

li
g
h
te
st

n
eu

tr
a
li
n
o
,
o
r
a
h
ea
v
ie
r
n
eu

tr
a
li
n
o
a
n
d
a
W

b
o
so
n
.
T
h
e
h
ig
h
er
-o
rd
er

co
rr
ec
ti
o
n
s
o
f
th
e
ch

a
rg
in
o

d
ec
ay

w
id
th
s
ca
n
ea
si
ly

re
a
ch

a
le
v
el

o
f
±1

0
%
,
tr
a
n
sl
a
ti
n
g
in
to

co
rr
ec
ti
o
n
s
o
f
si
m
il
a
r
si
ze

in
th
e
re
sp

ec
ti
v
e

b
ra
n
ch

in
g
ra
ti
o
s.

T
h
es
e
co
rr
ec
ti
o
n
s
a
re

im
p
o
rt
a
n
t
fo
r
th
e
co
rr
ec
t
in
te
rp
re
ta
ti
o
n

o
f
L
S
P

a
n
d

h
ea
v
ie
r

n
eu

tr
a
li
n
o
p
ro
d
u
ct
io
n
a
t
th
e
L
H
C

a
n
d
a
t
a
fu
tu
re

li
n
ea
r
e+

e−
co
ll
id
er
.

1
In

tr
o
d
u
ct
io
n

T
h
e
se
a
rc
h
fo
r
p
h
y
si
cs

eff
ec
ts

b
ey
o
n
d
th
e
S
ta
n
d
a
rd

M
o
d
el

(S
M
),

b
o
th

a
t
p
re
se
n
t
a
n
d
fu
tu
re

co
ll
id
er
s,

co
n
-

st
it
u
te
s
o
n
e
o
f
th
e
p
ri
o
ri
ti
es

o
f
cu
rr
en
t
h
ig
h
en
er
g
y
p
h
y
si
cs
,
w
h
er
e
th
e
M
in
im

a
l
S
u
p
er
sy
m
m
et
ri
c
S
ta
n
d
a
rd

M
o
d
el
(M

S
S
M
)
[1
]
is
o
n
e
o
f
th
e
le
a
d
in
g
ca
n
d
id
a
te
s.

A
re
la
te
d
im

p
o
rt
a
n
t
ta
sk

is
in
v
es
ti
g
a
ti
n
g
th
e
p
ro
d
u
ct
io
n

a
n
d
m
ea
su
re
m
en
t
o
f
th
e
p
ro
p
er
ti
es

o
f
C
o
ld

D
a
rk

M
a
tt
er

(C
D
M
).

T
h
e
M
S
S
M

o
ff
er
s
a
n
a
tu
ra
l
ca
n
d
id
a
te

o
f

C
D
M
,
th
e
L
ig
h
te
st

S
u
p
er
sy
m
m
et
ri
c
P
a
rt
ic
le

(L
S
P
),
i.
e.

th
e
li
g
h
te
st

n
eu
tr
a
li
n
o
,
χ̃
0 1
[2
].
H
av

in
g
a
st
a
b
le

L
S
P

a
ls
o
en
su
re
s
th
a
t
a
n
y
p
ro
d
u
ce
d
su
p
er
sy
m
m
et
ri
c
p
a
rt
ic
le

w
il
l
le
a
d
to

ca
sc
a
d
es

w
it
h
n
eu
tr
a
li
n
o
s
in

th
e
fi
n
a
l

st
a
te
,
m
o
ti
va
ti
n
g
ex
p
er
im

en
ta
l
a
n
d
p
h
en
o
m
en
o
lo
g
ic
a
l
a
n
a
ly
se
s
o
f
th
es
e
d
ec
ay

ch
a
in
s.

W
h
il
e
d
is
co
v
er
ie
s
o
f

su
p
re
sy
m
m
et
ri
c
p
a
rt
ic
le
s
w
il
l
p
o
ss
ib
ly

b
e
m
a
d
e
b
y
th
e
L
H
C
,
a
p
re
ci
se

d
et
er
m
in
a
ti
o
n
o
f
th
ei
r
p
ro
p
er
ti
es

is
ex
p
ec
te
d
a
t
th
e
IL
C

[3
–5
]
(o
r
a
n
y
o
th
er

fu
tu
re

e+
e−

co
ll
id
er

su
ch

a
s
C
L
IC

).

C
h
a
rg
in
o
s,

χ̃
± i
,
(i

=
1
,2
),
a
n
d
n
eu
tr
a
li
n
o
s,

χ̃
0 j
,
(j

=
1
,2
,3
,4
),
a
re
,
re
sp
ec
ti
v
el
y,

th
e
ch
a
rg
ed

a
n
d
n
eu

tr
a
l

su
p
er
sy
m
m
et
ri
c
p
a
rt
n
er
s
o
f
th
e
H
ig
g
s
a
n
d
g
a
u
g
e
b
o
so
n
s.

T
h
er
ef
o
re

m
a
ss
es

a
n
d
co
u
p
li
n
g
s
o
f
ch
a
rg
in
o
s
a
n
d

n
eu
tr
a
li
n
o
s
d
ep

en
d
o
n
co
m
m
o
n
p
a
ra
m
et
er
s,
a
n
d
a
n
a
n
a
ly
si
s
o
f
ch
a
rg
in
o
d
ec
ay

s
p
ro
v
id
es

d
ir
ec
t
a
n
d
in
d
ir
ec
t

in
fo
rm

a
ti
o
n
o
n
th
e
n
eu
tr
a
li
n
o
se
ct
o
r.

In
o
rd
er

to
y
ie
ld

a
su
ffi
ci
en
t
a
cc
u
ra
cy
,
o
n
e-
lo
o
p
co
rr
ec
ti
o
n
s
to

th
e
va
ri
o
u
s
ch
a
rg
in
o
d
ec
ay

m
o
d
es

h
av
e
to

b
e
co
n
si
d
er
ed

.
A

p
re
ci
se

ca
lc
u
la
ti
o
n
o
f
th
e
b
ra
n
ch
in
g
ra
ti
o
(B

R
)
a
t
th
e
o
n
e-
lo
o
p
le
v
el
re
q
u
ir
es

th
e
ca
lc
u
la
ti
o
n

o
f
a
ll
d
ec
ay

m
o
d
es

a
t
th
is

le
v
el

o
f
p
re
ci
si
o
n
.
H
er
e
w
e
re
v
ie
w

th
e
re
su
lt
s
fo
r
th
e
ev
a
lu
a
ti
o
n
o
f
th
es
e
d
ec
ay

m
o
d
es

(a
n
d
B
R
s)

o
b
ta
in
ed

in
th
e
M
S
S
M

w
it
h
co
m
p
le
x
p
a
ra
m
et
er
s
(c
M
S
S
M
)
[6
]
(o
ri
g
in
a
l
re
su
lt
s
fo
r
th
e

tr
ee
-l
ev
el

d
ec
ay

s
w
er
e
p
re
se
n
te
d
in

[7
])
.
W
e
sh
ow

re
su
lt
s
fo
r

Γ
(χ̃

± 2
→

χ̃
0 j
W

±
),

j
=

1
,2
,3

.
(1
)

T
h
e
to
ta
l
d
ec
ay

w
id
th

is
d
efi
n
ed

a
s
th
e
su
m

o
f
a
ll
th
e
p
a
rt
ia
l
tw

o
-b
o
d
y
d
ec
ay

w
id
th
s,

a
ll
ev
a
lu
a
te
d
a
t
th
e

o
n
e-
lo
o
p
le
v
el
.
D
et
a
il
ed

re
fe
re
n
ce
s
to

ex
is
ti
n
g
ca
lc
u
la
ti
o
n
s
o
f
th
es
e
d
ec
ay

w
id
th
s,
b
ra
n
ch
in
g
ra
ti
o
s,
a
s
w
el
l
a
s

a
b
o
u
t
th
e
ex
tr
a
ct
io
n
o
f
co
m
p
le
x
p
h
a
se
s
ca
n
b
e
fo
u
n
d
in

R
ef
.
[6
].

O
u
r
re
su
lt
s
w
il
l
b
e
im

p
le
m
en
te
d
in
to

th
e

F
o
rt
ra
n
co
d
e
F
e
y
n
H
i
g
g
s
[8
–1
1
].
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A
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P
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2
R
e
n
o
rm

a
li
za

ti
o
n

o
f
th

e
cM

S
S
M

A
ll
th
e
re
le
va
n
t
tw

o
-b
o
d
y
d
ec
ay

ch
a
n
n
el
s
h
av
e
b
ee
n
ev
a
lu
a
te
d
a
t
th
e
o
n
e-
lo
o
p
le
v
el
,
in
cl
u
d
in
g
h
a
rd

Q
E
D

ra
d
ia
ti
o
n
.
T
h
is

re
q
u
ir
es

th
e
si
m
u
lt
a
n
eo
u
s
re
n
o
rm

a
li
za
ti
o
n
o
f
se
v
er
a
l
se
ct
o
rs

o
f
th
e
cM

S
S
M
:
th
e
g
a
u
g
e
a
n
d

H
ig
g
s
se
ct
o
r,
th
e
ch
a
rg
in
o
/
n
eu

tr
a
li
n
o
se
ct
o
r,
a
n
d
th
e
le
p
to
n
a
n
d
sl
ep

to
n
se
ct
o
r.

T
h
e
o
n
-s
h
el
l
re
n
o
rm

a
li
za
ti
o
n

co
n
d
it
io
n
s
fo
r
th
e
ch
a
rg
in
o
/
n
eu

tr
a
li
n
o
se
ct
o
r
a
re

fi
x
ed

re
q
u
ir
in
g
th
a
t
th
e
m
a
ss
es

o
f
th
e
tw

o
ch
a
rg
in
o
s
a
n
d

o
f
th
e
li
g
h
te
st

n
eu
tr
a
li
n
o
a
re

n
o
t
re
n
o
rm

a
li
ze
d
.

A
n

a
n
a
ly
si
s
o
f
va
ri
o
u
s
re
n
o
rm

a
li
za
ti
o
n
sc
h
em

es
fo
r
th
e

ch
a
rg
in
o
/
n
eu
tr
a
li
n
o
se
ct
o
r
w
a
s
re
ce
n
tl
y
p
u
b
li
sh
ed

in
R
ef
.
[1
2
].
F
u
rt
h
er

d
et
a
il
s
a
b
o
u
t
o
u
r
n
o
ta
ti
o
n
a
n
d
a
b
o
u
t

th
e
re
n
o
rm

a
li
za
ti
o
n
o
f
th
e
cM

S
S
M

ca
n
b
e
fo
u
n
d
in

R
ef
s.

[6
,1
3
,1
4
].

In
o
rd
er

to
h
ig
h
li
g
h
t
th
e
im

p
o
rt
a
n
t
ro
le

o
f
th
e
a
b
so
rp
ti
v
e
co
n
tr
ib
u
ti
o
n
s
in

th
e
p
re
se
n
ce

o
f
co
m
p
le
x

co
u
p
li
n
g
s,

w
e
a
ls
o
ev
a
lu
a
te
d
fo
r
co
m
p
a
ri
so
n
th
e
d
ec
ay

w
id
th
s
n
eg
le
ct
in
g
th
e
im

a
g
in
a
ry

p
a
rt
s
o
f
se
lf
-e
n
er
g
y

ty
p
e
co
rr
ec
ti
o
n
s
to

ex
te
rn
a
l
(o
n
-s
h
el
l)
p
a
rt
ic
le
s.

T
h
es
e
im

a
g
in
a
ry

co
n
tr
ib
u
ti
o
n
s,
in

p
ro
d
u
ct

w
it
h
a
n
im

a
g
in
a
ry

p
a
rt

o
f
a
co
m
p
le
x
co
u
p
li
n
g
(s
u
ch

a
s
M

1
in

o
u
r
ca
se
),

ca
n
g
iv
e
a
n
a
d
d
it
io
n
a
l
re
a
l
co
n
tr
ib
u
ti
o
n
to

th
e
d
ec
ay

w
id
th
.
T
h
is

co
n
tr
ib
u
ti
o
n
is

o
d
d
u
n
d
er

ch
a
rg
e
co
n
ju
g
a
ti
o
n
a
n
d
le
a
d
s
to

a
d
iff
er
en

ce
in

th
e
d
ec
ay

w
id
th
s
fo
r

th
e
ch
a
rg
in
o
a
n
d
it
s
a
n
ti
p
a
rt
ic
le
.
T
h
e
re
su
lt
in
g
C
P
-a
sy
m
m
et
ry
,
h
ow

ev
er
,
is

o
n
e-
lo
o
p
su
p
p
re
ss
ed

(a
n
d
w
il
l

n
o
t
b
e
a
n
a
ly
ze
d
h
er
e)
.

T
h
e
d
ia
g
ra
m
s
a
n
d
co
rr
es
p
o
n
d
in
g
a
m
p
li
tu
d
es

h
av
e
b
ee
n
o
b
ta
in
ed

w
it
h
F
e
y
n
A
r
t
s
[1
5
].

T
h
e
m
o
d
el

fi
le
,

in
cl
u
d
in
g
th
e
M
S
S
M

co
u
n
te
r
te
rm

s,
is
b
a
se
d
la
rg
el
y
o
n
R
ef
.
[1
6
]
a
n
d
is
d
is
cu

ss
ed

in
m
o
re

d
et
a
il
in

R
ef
.
[1
3
].

T
h
e
fu
rt
h
er

ev
a
lu
a
ti
o
n
h
a
s
b
ee
n
p
er
fo
rm

ed
w
it
h
F
o
r
m
C
a
l
c
(a
n
d
L
o
o
p
T
o
o
l
s
)
[1
7
].
A
s
re
g
u
la
ri
za
ti
o
n
sc
h
em

e
fo
r
th
e
U
V
-d
iv
er
g
en
ce
s
w
e
h
av
e
u
se
d
co
n
st
ra
in
ed

d
iff
er
en
ti
a
l
re
n
o
rm

a
li
za
ti
o
n
[1
8
],
w
h
ic
h
h
a
s
b
ee
n
sh
ow

n
to

b
e
eq
u
iv
a
le
n
t
to

d
im

en
si
o
n
a
l
re
d
u
ct
io
n
[1
9
]
a
t
th
e
o
n
e-
lo
o
p
le
v
el

[1
7
].

T
h
u
s
th
e
em

p
lo
y
ed

re
g
u
la
ri
za
ti
o
n

p
re
se
rv
es

S
U
S
Y

[2
0
,2
1
].

A
ll
U
V
-d
iv
er
g
en
ce
s
ca
n
ce
l
in

th
e
fi
n
a
l
re
su
lt
.
(A

ls
o
th
e
IR

-d
iv
er
g
en

ce
s
ca
n
ce
l
in

th
e
o
n
e-
lo
o
p
re
su
lt
a
s
re
q
u
ir
ed

.)

3
N
u
m
e
ri
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a
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e−
→

τ̃
+
τ̃
−

re
a
ct
io
n

is
id
en

ti
fi
ed

u
si
n
g
th
e
o
n
e-
p
ro
n
g
d
ec
ay

o
f
th
e
ta
u

le
p
to
n
.

T
h
e
m
a
in

b
a
ck
g
ro
u
n
d

p
ro
ce
ss
es

a
re

id
en

ti
fi
ed

to
b
e
e+

e−
→

V
V

→
l+

l−
ν
ν
w
h
er
e
V

=
W

±
o
r
Z

0
,
e+

e−
→

τ
+
τ
−
,
γ
γ
,
eγ

,
a
n
d
B
h
a
b
h
a
sc
a
tt
er
in
g
ev
en
ts
.
T
h
e
p
re
ci
si
o
n
o
f
th
e
st
a
u
m
a
ss

is
es
ti
m
a
te
d
to

b
e
Δ
m
/
m

=
0
.6
%

fr
o
m

th
e
th
re
sh
o
ld

sc
a
n
a
t
√ s

=
2
5
0
G
eV

w
it
h
a
n
in
te
g
ra
te
d
lu
m
in
o
si
ty

o
f
1
0
0
fb

−
1
,
w
h
il
e
w
it
h
th
e

d
et
ec
ti
o
n
o
f
k
in
em

a
ti
c
ed

g
e
o
f
th
e
ta
u
d
ec
ay

p
ro
d
u
ct
s
a
t
√ s

=
5
0
0
G
eV

a
ss
u
m
in
g
a
n
in
te
g
ra
te
d

lu
m
in
o
si
ty

o
f
5
0
0
fb

−
1
o
ff
er
s
a
p
re
ci
si
o
n
o
f
Δ
m
/
m

=
1
.4
%
.
T
h
e
p
re
ci
si
o
n
o
f
th
e
st
a
u
li
fe
ti
m
e
a
t

5
0
0
fb

−
1
is

es
ti
m
a
te
d
to

b
e
Δ
τ
/
τ
=

1
.4
%
,
co
rr
es
p
o
n
d
in
g
to

th
e
p
re
ci
si
o
n
o
f
th
e
g
ra
v
it
in
o
m
a
ss

o
f

2
%

w
h
en

co
m
b
in
in
g
w
it
h
th
e
th
re
sh
o
ld

sc
a
n
,
o
r
4
%

w
h
en

co
m
b
in
in
g
w
it
h
th
e
k
in
em

a
ti
c
ed

g
e
fi
t.

I.
IN

T
R
O
D
U
C
T
IO

N

A
m
o
n
g
m
a
n
y
n
ew

th
eo
ri
es

b
ey
o
n
d
th
e
st
a
n
d
a
rd

m
o
d
el
,

su
p
er
sy
m
m
et
ry

(S
U
S
Y
)
is
a
p
ro
m
is
in
g
ca
n
d
id
a
te

in
th
a
t

it
ca
n
n
a
tu
ra
ll
y
so
lv
e
th
e
h
ie
ra
rc
h
y
p
ro
b
le
m

b
y
ca
n
ce
l-

in
g

th
e
q
u
a
d
ra
ti
c
d
iv
er
g
en

ce
s
in

th
e
ra
d
ia
ti
v
e
co
rr
ec
-

ti
o
n
s
to

th
e
H
ig
g
s
m
a
ss

p
a
ra
m
et
er

w
it
h

th
e
in
tr
o
d
u
c-

ti
o
n
of

su
p
er
sy
m
m
et
ri
c
p
a
rt
ic
le
s
w
h
o
se

co
u
p
li
n
g
s
a
re

d
e-

te
rm

in
ed

b
y
g
a
u
g
e
p
ri
n
ci
p
le
s.

M
o
re
ov
er
,
g
ra
n
d
u
n
ifi
ca
-

ti
o
n
co
u
ld

b
e
a
ch
ie
v
ed

b
y
im

p
o
si
n
g
S
U
S
Y
.
N
ew

so
u
rc
es

o
f
C
P

v
io
la
ti
o
n
an

d
fl
av
o
r-
ch
a
n
g
in
g
n
eu

tr
a
l
cu
rr
en
t
m
ay

a
ri
se

d
u
e
to

th
e
p
re
se
n
ce

o
f
a
d
d
it
io
n
a
l
S
U
S
Y

p
a
rt
ic
le
s,

k
n
ow

n
a
s
th
e
S
U
S
Y

fl
av
o
r
p
ro
b
le
m
,
m
a
n
y
S
U
S
Y

m
o
d
-

el
s
in
co
rp
or
a
te

ex
p
li
ci
t
m
ec
h
a
n
is
m
s
to

su
p
p
re
ss

su
ch

ef
-

fe
ct
s.

T
h
e
g
a
u
g
e-
m
ed
ia
te
d
S
U
S
Y

b
re
a
k
in
g
(G

M
S
B
)
sc
e-

n
a
ri
o
s
[2
]
n
a
tu
ra
ll
y
so
lv
e
th
e
S
U
S
Y
fl
av
o
r
p
ro
b
le
m

b
y
g
en

-
er
a
ti
n
g
S
U
S
Y

b
re
a
k
in
g
so
ft
m
a
ss

te
rm

s
at

th
e
m
es
se
n
g
er

sc
a
le

b
el
ow

th
e
g
ra
n
d
u
n
ifi
ca
ti
o
n
sc
a
le
.

In
G
M
S
B

sc
en

a
ri
o
s
w
it
h

R
-p
a
ri
ty

co
n
se
rv
a
ti
o
n
,
th
e

g
ra
v
it
in
o
a
p
p
ea
rs

a
s
th
e
li
g
h
te
st

su
p
er
sy
m
m
et
ri
c
p
a
rt
ic
le

(L
S
P
).

T
a
k
in
g
in
to

a
cc
o
u
n
t
th
e
co
sm

o
lo
g
ic
a
l
d
a
ta
,
th
e

g
ra
v
it
in
o
m
a
ss

ca
n

b
e
cl
a
ss
ifi
ed

in
to

tw
o
re
g
io
n
s
[3
,
4
]:

th
e
so
-c
a
ll
ed

lo
w
-s
ca
le

re
g
io
n

co
rr
es
p
o
n
d
s
to

th
e
g
ra
v
-

it
in
o
m
a
ss

o
f
a
ro
u
n
d
m

3
/
2
≈

1
–
1
0
eV

,w
h
il
e
th
e
h
ig
h
-s
ca
le

re
g
io
n
co
rr
es
p
o
n
d
s
to

m
3
/
2
≈
10

6
–1
09

eV
.
T
h
e
lo
w
-s
ca
le

re
g
io
n
is
n
o
t
co
n
st
ra
in
ed

b
y
co
n
si
d
er
a
ti
o
n
s
o
f
th
e
re
h
ea
t-

in
g
te
m
p
er
a
tu
re
,
w
h
ic
h

m
a
k
es

th
er
m
a
l
le
p
to
g
en
es
is

v
i-

a
b
le
.
T
h
is

is
in

co
n
tr
a
st

to
th
e
h
ig
h
-s
ca
le

re
g
io
n
w
h
ic
h

re
q
u
ir
es

lo
w

re
h
ea
ti
n
g
te
m
p
er
a
tu
re
s.

T
h
e
h
ig
h
-s
ca
le

re
-

g
io
n
is

ex
p
ec
te
d
to

b
e
ev
en
tu
a
ll
y
co
v
er
ed

b
y
L
H
C

d
a
ta
,

w
h
il
e
th
e
lo
w
-s
ca
le
re
g
io
n
w
il
l
re
m
a
in

la
rg
el
y
u
n
ex
p
lo
re
d
.

P
re
ci
si
o
n
m
ea
su
re
m
en
ts

o
f
th
e
g
ra
v
it
in
o
m
a
ss
,
su
ch

a
s

th
o
se

a
t
th
e
In
te
rn
a
ti
o
n
a
l
L
in
ea
r
C
o
ll
id
er

(I
L
C
),
ca
n
h
el
p

co
n
st
ra
in

th
e
S
U
S
Y

b
re
a
k
in
g
sc
a
le
.

In
th
is

st
u
d
y,

w
e

es
ti
m
a
te

th
e
se
n
si
ti
v
it
y
o
f
th
e
IL
C

to
a
v
er
y
li
g
h
t
g
ra
v
-

it
in
o
m
a
ss

in
th
e
G
M
S
B
sc
en

a
ri
o
,
a
ss
u
m
in
g
th
a
t
th
e
n
ex
t

li
g
h
te
st

su
p
er
sy
m
m
et
ri
c
p
a
rt
ic
le

(N
L
S
P
)
is
th
e
st
a
u
.
W
e

st
u
d
y
th
e
st
a
u

p
a
ir

p
ro
d
u
ct
io
n

p
ro
ce
ss

e+
e−

→
τ̃
+
τ̃
−

w
it
h
th
e
su
b
se
q
u
en
t
st
a
u
d
ec
ay

τ̃
→

τ
G̃
,
w
h
o
se

d
ia
g
ra
m

is
sh
ow

n
in

F
ig
.
1.

T
h
e
st
a
u
li
fe
ti
m
e
τ τ̃

ca
n
b
e
ex
p
re
ss
ed

γ
∗
,Z

∗

τ̃
−

τ̃
+

e
−e
+

τ
−G̃G̃τ
+

F
IG

.
1
.

F
ey

n
m
a
n

d
ia
g
ra
m

fo
r
th
e
e+

e−
→

τ̃
+
τ̃
−

re
a
ct
io
n

in
cl
u
d
in
g
th
e
st
a
u
d
ec
ay

τ̃
→

τ
G̃
.

in
te
rm

s
of

th
e
st
a
u
m
a
ss

m
τ̃
a
n
d
th
e
g
ra
v
it
in
o
m
a
ss

m
3
/
2

a
s
fo
ll
ow

s
[5
]:

τ τ̃
=

48
π
M

P
l2
m

3
/
2
2
/m

τ̃
5

(1
)

w
h
er
e
M

P
l
is
th
e
P
la
n
ck

sc
a
le
.
In

th
is
st
u
d
y,
w
e
a
d
o
p
t
th
e

fo
ll
ow

in
g
b
en
ch
m
a
rk

p
o
in
t:

st
a
u
m
a
ss

o
f
m

τ̃
=

1
2
0
G
eV

,
a
n
d
st
a
u
li
fe
ti
m
e
of

1
0
0
μ
m
.
T
h
is
co
rr
es
p
o
n
d
s
to

a
g
ra
v
-

it
in
o
m
a
ss

o
f
3.
7
eV

.
S
in
ce

th
e
o
b
se
rv
ed

p
a
rt
ic
le
s
w
il
l
b
e

th
e
d
ec
ay

p
ro
d
u
ct
s
o
f
th
e
ta
u
,
w
h
ic
h
it
se
lf
d
ec
ay

s
fr
o
m

th
e
st
a
u
,
th
e
ch
a
ll
en
g
e
im

p
o
se
d

o
n

th
e
d
et
ec
to
r
is

to
d
is
cr
im

in
a
te

th
e
ta
u
d
ec
ay

p
ro
d
u
ct
s
w
h
o
se

d
is
p
la
ce
m
en
t

fr
o
m

th
e
p
ri
m
a
ry

in
te
ra
ct
io
n
p
o
in
t
is

sl
ig
h
tl
y
en

h
a
n
ce
d

b
y
th
e
fl
ig
h
t
o
f
th
e
st
a
u
.
In

th
is
st
u
d
y,
on

ly
th
e
o
n
e-
p
ro
n
g

d
ec
ay

o
f
th
e
ta
u
is
co
n
si
d
er
ed

.
T
h
u
s
o
u
r
p
ri
m
a
ry

o
b
se
rv
-

4
5

6



2

a
b
le

in
th
e
li
fe
ti
m
e
m
ea
su
re
m
en
t
w
il
l
b
e
th
e
im

p
a
ct

p
a
-

ra
m
et
er

o
f
th
e
ta
u
d
ec
ay

p
ro
d
u
ct
s.

O
u
r
a
n
a
ly
si
s
st
ra
te
g
y

is
su
m
m
a
ri
ze
d
a
s
fo
ll
ow

s.
F
ir
st
,
w
e
d
et
er
m
in
e
th
e
p
re
ci
-

si
o
n
o
f
th
e
st
a
u
m
a
ss

fr
o
m

th
e
cr
o
ss

se
ct
io
n
sc
a
n
n
ea
r
th
e

st
a
u

p
a
ir

p
ro
d
u
ct
io
n

th
re
sh
o
ld

ar
o
u
n
d
√ s

≈
2
5
0
G
eV

.
T
h
en

w
e
p
er
fo
rm

th
e
a
n
a
ly
si
s
a
t
√ s

=
5
0
0
G
eV

fo
r

a
n
a
lt
er
n
a
ti
v
e
d
et
er
m
in
a
ti
o
n
of

th
e
st
a
u
m
a
ss

p
re
ci
si
o
n

th
ro
u
g
h
th
e
u
se

o
f
k
in
em

a
ti
c
ed
g
es
,
a
s
w
el
l
a
s
th
e
st
a
u

li
fe
ti
m
e
m
ea
su
re
m
en
t
fr
o
m

th
e
im

p
a
ct

p
a
ra
m
et
er

d
is
tr
i-

b
u
ti
o
n
.

F
in
a
ll
y,

w
e
p
ro
p
a
g
a
te

th
e
es
ti
m
a
te
d

p
re
ci
si
o
n

in
to

th
e
g
ra
v
it
in
o
m
a
ss

v
ia

E
q
.
(1
).

T
h
e
p
a
p
er

is
o
rg
a
n
iz
ed

a
s
fo
ll
ow

s.
In

S
ec
.I
I,
th
e
si
g
n
a
l

a
n
d
b
a
ck
g
ro
u
n
d
p
ro
ce
ss
es

a
re

d
es
cr
ib
ed

,
al
o
n
g
w
it
h
th
e

si
m
u
la
ti
o
n
fr
a
m
ew

o
rk
.
W
e
d
es
cr
ib
e
th
e
st
a
u
m
a
ss

m
ea
-

su
re
m
en
t
th
ro
u
g
h
th
e
cr
o
ss

se
ct
io
n
sc
a
n
in

S
ec
.I
II

an
d

th
e
st
a
u

m
a
ss

m
ea
su
re
m
en
t
fr
o
m

k
in
em

a
ti
c
ed
g
es

a
n
d

th
e
li
fe
ti
m
e
m
ea
su
re
m
en
t
in

S
ec
.I
V
.
W
e
su
m
m
a
ri
ze

th
e

p
re
ci
si
o
n
es
ti
m
a
te
s
in

S
ec
.V

.

II
.

S
IG

N
A
L

A
N
D

B
A
C
K
G
R
O
U
N
D

P
R
O
C
E
S
S
E
S

T
h
e
si
g
n
a
l
p
ro
ce
ss

is
st
a
u

p
a
ir

p
ro
d
u
ct
io
n

e+
e−

→
τ̃
+
τ̃
−

→
τ
+
τ
−
G̃
G̃
.

T
h
e
le
ft
-h
a
n
d
ed

st
a
u

is
a
ss
u
m
ed

to
b
e
h
ea
v
y.

T
h
u
s
th
e
p
ro
d
u
ct
io
n
is

d
o
m
in
a
te
d
b
y
th
e

ri
g
h
t-
h
a
n
d
ed

st
a
u
.
In

th
is
st
u
d
y,

th
e
ta
u
le
p
to
n
is
re
co
n
-

st
ru
ct
ed

in
th
e
o
n
e-
p
ro
n
g
m
o
d
e,

w
h
ic
h

co
rr
es
p
o
n
d
s
to

8
5
%

o
f
it
s
d
ec
ay
.
W
e
ta
k
e
a
d
va
n
ta
g
e
o
f
th
e
b
ea
m

p
ol
a
r-

iz
a
ti
o
n
s
a
t
th
e
IL
C
b
y
ch
o
o
si
n
g
th
e
ri
g
h
t-
h
a
n
d
ed

el
ec
tr
o
n

a
n
d
le
ft
-h
a
n
d
ed

p
o
si
tr
o
n
co
n
fi
g
u
ra
ti
o
n
(P

e
−
=

+
0
.8

a
n
d

P
e
+
=

−0
.3
)
in

o
rd
er

to
re
d
u
ce

b
a
ck
g
ro
u
n
d
co
n
tr
ib
u
ti
o
n
s

fr
o
m

S
M

p
ro
ce
ss
es
.
T
h
e
fo
ll
ow

in
g
p
ro
ce
ss
es

a
re

id
en
ti
fi
ed

a
s
p
o
ss
ib
le

b
a
ck
g
ro
u
n
d
so
u
rc
es
:

•
e+

e−
→

τ
+
τ
−

•
e+

e−
→

V
V

→
l+
l−
ν
ν
,
w
h
er
e
V

=
W

±
or

Z
0

•
e+

e−
→

e+
e−

(B
h
a
b
h
a
sc
a
tt
er
in
g
)

•
eγ

,γ
γ
→

l+
l−
X
,
qq

T
h
e
e+

e−
→

τ
+
τ
−

b
a
ck
g
ro
u
n
d
ca
n
b
e
re
d
u
ce
d
b
y
re
-

q
u
ir
in
g
th
a
t
th
e
ta
u
p
a
ir

is
b
a
ck
-t
o
-b
a
ck
.
T
h
e
e+

e−
→

V
V

→
l+
l−
ν
ν
p
ro
ce
ss
es

ca
n
b
e
a
so
u
rc
e
o
f
b
a
ck
g
ro
u
n
d

if
th
e
fi
n
a
l
st
a
te

co
n
ta
in
s
ta
u

le
p
to
n
s.

In
p
a
rt
ic
u
la
r,

th
e
fo
rm

er
is

a
n

ir
re
d
u
ci
b
le

b
a
ck
g
ro
u
n
d

b
ec
a
u
se

o
f
it
s

ev
en
t
to
p
o
lo
g
y
is
si
m
il
a
r
to

th
a
t
o
f
th
e
si
g
n
a
l.
W

h
il
e
th
e

b
ea
m
-r
el
a
te
d

b
a
ck
g
ro
u
n
d
s
γ
γ

→
l+
l−
,
qq

a
n
d

B
h
a
b
h
a

sc
a
tt
er
in
g
re
a
ct
io
n
s
h
av
e
d
iff
er
en
t
ev
en
t
to
p
ol
o
g
ie
s,
th
ei
r

b
a
ck
g
ro
u
n
d
co
n
tr
ib
u
ti
o
n
is

n
ev
er
th
el
es
s
in
ve
st
ig
a
te
d
b
e-

ca
u
se

th
ei
r
cr
o
ss

se
ct
io
n
s
a
re

la
rg
e.

T
h
e
cr
o
ss

se
ct
io
n
s

a
t
√ s

=
2
5
0
G
eV

an
d
5
0
0
G
eV

fo
r
th
e
si
g
n
a
l
a
n
d
b
a
ck
-

g
ro
u
n
d
p
ro
ce
ss
es

a
re

su
m
m
a
ri
ze
d
in

T
a
b
.I
.

S
ig
n
a
l
ev
en
ts

ar
e
g
en

er
a
te
d
u
si
n
g
P
H
Y
S
S
IM

[6
],
w
h
ic
h

ca
lc
u
la
te
s

th
e

sc
a
tt
er
in
g

a
m
p
li
tu
d
e

u
si
n
g

H
E
L
A
S
[7
].

p
ro
p
er
ly

ta
k
in
g
in
to

a
cc
o
u
n
t
th
e
a
n
g
u
la
r
d
is
tr
ib
u
ti
o
n
s

o
f
th
e
d
ec
ay

p
ro
d
u
ct
s.

B
a
ck
g
ro
u
n
d
sa
m
p
le
s
ar
e
g
en
er
-

a
te
d
u
si
n
g
W
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=
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γ
x
)
θ(
β
−
x
)

(4
)
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ra
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b
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p
o
si
ti
v
it
y
al
o
n
g
th
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d
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p
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p
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.
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ra
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p
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ra
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a
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n
se
rv
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n
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a
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N
L
S
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,
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k
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g
w
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h
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e
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u
m
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1
2
0
G
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d
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m
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0
μ
m

a
s
a
b
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m
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p
o
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T
h
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u
g
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o
u
t
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u
d
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e
b
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m

p
o
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o
n
s
a
re
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u
m
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b
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+
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8
0
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3
0
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T
h
e
p
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o
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o
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u
m
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d
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o
n
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p
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n
g
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u
d
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s
a
t
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d
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2
5
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5
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0
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.
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e
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e
m
a
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is
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et
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ed
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u
g
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e
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f
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ti
o
n
n
ea
r
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e
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;
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s
p
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o
n
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u
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b
e
0.
6%

w
it
h
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n
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g
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m
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o
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5
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−
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.
In
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e
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tt
er

ca
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,
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e
k
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em
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c
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g
e
o
f
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e
d
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p
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d
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u
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th
e
p
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o
n
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u
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b
e
1
.4
%

w
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h
a
n
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g
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o
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5
0
0
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−
1
.
T
h
e
p
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o
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o
f
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e
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u
li
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d
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e
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p
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p
a
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d
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t

√ s
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5
0
0
G
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u
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b
e
1.
4
%

w
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h
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g
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m
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o
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.
T
h
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tr
a
n
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a
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e
p
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o
n

o
f
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e
g
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v
it
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m
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b
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m
e
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n
w
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h
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e
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.
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h
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m
b
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s
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u
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n
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.
T
h
e
d
et
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m
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f
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e
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e
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b
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S
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h
e
a
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rs

w
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.
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b
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e
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h
y
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u
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r
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4
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b
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b
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a
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.
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b
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t.

G
ra
v
.

2
4
,
S
7
4
1
(2
0
0
7
).

[2
]
M
.
D
in
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N
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s.

R
ev
.
D

5
1
,
1
3
6
2
(1
9
9
5
);

M
.
D
in
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.
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n
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0
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.
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ra
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.
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.
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.
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ra
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.
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5
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0
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.
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a
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0
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1

P
re
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n
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d
y
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e
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l
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−
L
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d
e
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n
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e

S
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S
Y
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o
l
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O
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P
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h
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S
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n
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,
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1
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t
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r
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eo
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p
h
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b
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2
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n
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t
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P
h
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4
F
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,
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3
P
h
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h
es
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it
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t
d
er

U
n
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tä
t
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o
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,
5
3
1
1
5
B
o
n
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,
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m
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n
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D
O
I:

w
il
l
b
e
a
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n
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W
e
d
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a
C
M
S
S
M
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a
n
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o
f
th
e
m
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a
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p
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m
m
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c
B
−
L
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n
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o
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o
f
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e
m
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l
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p
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c
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d
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d
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o
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a
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b
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b
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ra
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e
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U
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b
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m
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d
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p
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h
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f
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e
p
o
ss
ib
il
it
y
p
er
fo
rm

in
g
ex
h
a
u
st
iv
e

co
ll
id
er

st
u
d
ie
s
d
u
e
to

a
fu
ll
-fl
ed

g
ed

im
p
le
m
en

ta
ti
o
n

in
w
el
l-
te
st
ed

M
o
n
te
-C

a
rl
o
to
o
ls

li
k
e
W
H
I
Z
A
R
D
o
r

C
a
l
c
H
e
p
.
In

a
d
d
it
io
n
,
ch
ec
k
s
o
f
H
ig
g
s
a
n
d
d
a
rk

m
a
tt
er

co
n
st
ra
in
ts

ca
n
b
e
a
p
p
li
ed

u
si
n
g
H
i
g
g
s
B
o
u
n
d
s

a
n
d
M
i
c
r
O
m
e
g
a
s
.
T
h
is

to
o
l-
ch
a
in

is
b
a
se
d
o
n
th
e
ea
sy

im
p
le
m
en

ta
ti
o
n
o
f
n
ew

m
o
d
el
s
in

th
e
S
A
R
A
H
.

1
In

tr
o
d
u
ct
io
n

M
o
d
el
s
w
it
h
a
n
a
d
d
it
io
n
a
l
U
(1
) B

−
L
g
a
u
g
e
sy
m
m
et
ry

at
th
e
T
eV

sc
a
le

h
av
e
re
ce
n
tl
y
re
ce
iv
ed

co
n
si
d
er
a
b
le

a
tt
en
ti
o
n
:
th
ey

ca
n
ex
p
la
in

n
eu
tr
in
o
d
a
ta
,
th
ey

m
ig
h
t
h
el
p
to

u
n
d
er
st
a
n
d
th
e
or
ig
in

of
R
-p
a
ri
ty

an
d
it
s

p
os
si
b
le
sp
on

ta
n
eo
u
s
v
io
la
ti
o
n
in

su
p
er
sy
m
m
et
ri
c
m
o
d
el
s
[1
,
2
,
3
]
a
s
w
el
l
a
s
th
e
m
ec
h
a
n
is
m

o
f
le
p
to
g
en
es
is
[4
,

5
]
a
n
d
th
ey

p
ro
v
id
e
a
ri
ch

p
h
en
o
m
en
o
lo
g
y
b
y
in
tr
o
d
u
ci
n
g
n
ew

st
a
te
s
in

th
e
H
ig
g
s,

th
e
n
eu
tr
a
li
n
o
an

d
th
e

n
eu
tr
in
o
/
sn
eu
tr
in
o
se
ct
o
r.

T
h
is

h
a
s
al
re
a
d
y
o
b
se
rv
a
b
le

co
n
se
q
u
en
ce
s
a
t
th
e
L
H
C

[6
,
7,

8,
9]
,
w
h
ic
h
w
il
l
b
e

m
o
st

li
ke
ly

m
u
ch

m
o
re

p
ro
n
o
u
n
ce
d
a
t
a
li
n
ea
r
co
ll
id
er

(L
C
).

A
n
ex
te
n
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d
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ra
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p
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9
],
H
i
g
g
s
B
o
u
n
d
s
[2
0
,

2
1
],
M
i
c
r
O
m
e
g
a
s
[2
2
],
S
A
R
A
H
[2
3
,
2
4
,
25

],
S
P
h
e
n
o
[2
6
,
2
7
],
S
S
P
a
n
d
W
H
I
Z
A
R
D
[2
8
,
2
9
].
In

ad
d
it
io
n
,
it
gi
ve
s
th
e

p
os
si
b
il
it
y
fo
r
a
on

e-
st
ep

im
p
le
m
en
ta
ti
o
n
o
f
n
ew

S
U
S
Y

m
o
d
el
s
in

a
ll
p
a
ck
a
g
es

b
a
se
d
o
n
th
e
im

p
le
m
en
ta
ti
o
n

in
S
A
R
A
H
.W

e
d
is
cu
ss

th
e
im

p
le
m
en
ta
ti
o
n
of

th
e
m
o
d
el

p
re
se
n
te
d
in

[1
,
3
]
in

S
A
R
A
H
a
n
d
p
re
se
n
t
re
su
lt
s
of

ou
r

d
et
a
il
ed

an
a
ly
si
s
co
n
ce
rn
in
g
th
e
m
a
ss

sp
ec
tr
u
m

u
si
n
g
S
P
h
e
n
o
[1
1
].

In
p
a
rt
ic
u
la
r
w
e
w
il
l
d
em

o
n
st
ra
te

th
a
t

g
a
u
g
e
k
in
et
ic

m
ix
in
g
eff

ec
ts

a
re

p
a
rt
ic
u
la
rl
y
im

p
o
rt
a
n
t
in

th
e
H
ig
g
s
a
n
d
n
eu
tr
a
li
n
o
se
ct
o
rs
.
T
h
es
e
eff

ec
ts

d
o

n
o
t
on

ly
ch
a
n
g
e
th
e
m
a
ss
es

of
th
es
e
p
a
rt
ic
le
s
b
u
t
h
av
e
q
u
it
e
so
m
e
im

p
a
ct

o
f
th
ei
r
n
a
tu
re
,
e.
g.

th
ey

in
d
u
ce

tr
ee
-l
ev
el

m
ix
in
g
w
h
ic
h
w
ou

ld
b
e
ab

se
n
t
if
th
es
e
eff

ec
ts

w
er
e
to

b
e
n
eg
le
ct
ed
.
T
h
er
ef
o
re
,
it

sh
o
u
ld

b
e
n
o

lo
n
g
er

n
eg
le
ct
ed

in
th
e
an

a
ly
si
s
of

th
is
an

d
si
m
il
a
r
m
o
d
el
s,
es
p
ec
ia
ll
y
w
it
h
re
g
a
rd

to
th
e
p
re
ci
si
o
n
n
ec
es
sa
ry

fo
r
a
L
C
.

W
e
w
il
l
sh
ow

th
a
t
n
ew

li
gh

t
H
ig
gs

st
a
te
s
ar
e
p
o
ss
ib
le
w
it
h
o
u
t
b
ei
n
g
in

co
n
fl
ic
t
w
it
h
cu
rr
en
t
d
a
ta

w
h
il
e
h
av
in
g

4
6

2



S
u
p
er
fi
el
d

S
p
in

0
S
p
in

1 2
G
en
er
a
ti
o
n
s

(U
(1
) Y

⊗
S
U
(2
) L

⊗
S
U
(3
) C

⊗
U
(1
) B

−
L
)

Q̂
Q̃

Q
3

(
1 6
,2

,3
,
1 6
)

D̂
d̃
c

d
c

3
(
1 3
,1

,3
,−

1 6
)

Û
ũ
c

u
c

3
(−

2 3
,1

,3
,−

1 6
)

L̂
L̃

L
3

(−
1 2
,2

,1
,−

1 2
)

Ê
ẽc

ec
3

(1
,1

,1
,
1 2
)

ν̂
ν̃
c

ν
c

3
(0
,1

,1
,
1 2
)

Ĥ
d

H
d

H̃
d

1
(−

1 2
,2

,1
,0
)

Ĥ
u

H
u

H̃
u

1
(
1 2
,2

,1
,0
)

η̂
η

η̃
1

(0
,1

,1
,−

1)
ˆ̄ η

η̄
˜̄ η

1
(0
,1

,1
,1
)

T
ab

le
1:

C
h
ir
a
l
su
p
er
fi
el
d
s
an

d
th
ei
r
q
u
a
n
tu
m

n
u
m
b
er
s.

m
a
tt
er

a
sp
ec
ts

u
si
n
g
M
i
c
r
O
m
e
g
a
s
:
w
e
sh
ow

th
a
t
in

ou
r
m
o
d
el

th
e
n
a
tu
re

o
f
li
g
h
te
st

su
p
er
sy
m
m
et
ri
c
p
a
rt
ic
le

(L
S
P
)
ca
n
b
e
q
u
it
e
d
iff
er
en
t
in

co
m
p
a
ri
so
n
to

th
e
m
in
im

a
l
su
p
er
sy
m
m
et
ri
c
st
a
n
d
a
rd

m
o
d
el

(M
S
S
M
).

W
e

id
en
ti
fy

re
g
io
n
s
w
h
er
e
it
is
ei
th
er

m
a
in
ly

a
S
U
(2
) L
-d
o
u
b
le
t
H
ig
g
si
n
o
,
a
U
(1
) B

−
L
-g
a
u
g
in
o
w
h
ic
h
w
e
d
u
b
th
e

B
L
in
o
,
o
r
a
fe
rm

io
n
ic

p
a
rt
n
er

of
th
e
U
(1
) B

−
L
-b
re
a
k
in
g
sc
a
la
r
w
h
ic
h
w
e
d
u
b
th
e
b
il
ep
ti
n
o
.
It

tu
rn
s
ou

t
th
a
t

th
e
B
L
in
o
a
n
d
th
e
b
il
ep
ti
n
o
ca
n
h
av
e
th
e
co
rr
ec
t
a
b
u
n
d
a
n
ce

fo
r
b
ei
n
g
va
li
d
d
a
rk

m
a
tt
er

ca
n
d
id
a
te
s
[3
0
].

2
T
h
e
M

o
d
e
l

2
.1

P
a
rt
ic
le

co
n
te
n
t
a
n
d

su
p
e
rp

o
te
n
ti
a
l

T
h
e
m
o
d
el

u
n
d
er

co
n
si
d
er
a
ti
o
n
,
ca
ll
ed

B
−

L
S
S
M

in
th
e
fo
ll
ow

in
g
,
ex
te
n
d
s
th
e
M
S
S
M

m
a
tt
er

co
n
te
n
t
b
y

th
re
e
ge
n
er
a
ti
o
n
s
o
f
ri
g
h
t-
h
a
n
d
ed

n
eu
tr
in
o
su
p
er
fi
el
d
s.

M
o
re
ov
er
,
b
el
ow

th
e
G
U
T

sc
a
le

th
e
u
su
a
l
M
S
S
M

H
ig
g
s
d
o
u
b
le
ts

a
re

p
re
se
n
t
a
s
w
el
l
a
s
tw

o
fi
el
d
s
η

a
n
d

η̄
re
sp
o
n
si
b
le

fo
r
th
e
b
re
a
k
in
g
of

th
e
U
(1
) B

−
L
.

F
u
rt
h
er
m
o
re
,
η
is
re
sp
o
n
si
b
le

fo
r
g
en
er
a
ti
n
g
a
M
a
jo
ra
n
a
m
a
ss

te
rm

fo
r
th
e
ri
g
h
t-
h
a
n
d
ed

n
eu
tr
in
o
s
a
n
d
th
u
s

w
e
ca
ll
th
is

fi
el
d
a
b
il
ep
to
n
.
W
e
su
m
m
a
ri
ze

th
e
q
u
a
n
tu
m

n
u
m
b
er
s
of

th
e
ch
ir
a
l
su
p
er
fi
el
d
s
w
it
h
re
sp
ec
t
to

U
(1
) Y

×
S
U
(2
) L

×
S
U
(3
) C

×
U
(1
) B

−
L
in

T
ab

le
1.

T
h
e
su
p
er
p
ot
en
ti
a
l
is

g
iv
en

b
y

W
=
Y

ij u
Û
i
Q̂

j
Ĥ

u
−

Y
ij d
D̂

i
Q̂

j
Ĥ

d
−
Y

ij e
Ê

i
L̂
j
Ĥ

d
+

μ
Ĥ

u
Ĥ

d
+
Y

ij ν
L̂
i
Ĥ

u
ν̂ j

−
μ
′ η̂

ˆ̄ η
+
Y

ij x
ν̂ i
η̂
ν̂ j

(2
)

a
n
d
w
e
h
av
e
th
e
a
d
d
it
io
n
a
l
so
ft

S
U
S
Y
-b
re
a
k
in
g
te
rm

s:

L
S
B
=
L
M

S
S
M

−
λ
B̃
λ
B̃

′M
B
B

′
−

1 2
λ
B̃

′λ
B̃

′M
B

′
−
m

2 η
|η|

2
−
m

2 η̄
|η̄|

2
−

m
2 ν
,i
j
(ν̃

c i
)∗
ν̃
c j

−
η
η̄
B

μ
′
+
T

ij ν
H

u
ν̃
c i
L̃
j
+
T

ij x
η
ν̃
c i
ν̃
c j

(3
)

i,
j
a
re

ge
n
er
a
ti
o
n
in
d
ic
es
.
T
h
e
ex
te
n
d
ed

g
a
u
g
e
g
ro
u
p
b
re
a
k
s
to

S
U
(3
) C

⊗
U
(1
) e

m
a
s
th
e
H
ig
g
s
fi
el
d
s
an

d
b
il
ep
to
n
s
re
ce
iv
e
va
cu
u
m

ex
p
ec
ta
ti
o
n
va
lu
es

(V
E
V
s)
:

H
0 d
=

1 √ 2
(σ

d
+
v d

+
iφ

d
)
,

H
0 u
=

1 √ 2
(σ

u
+
v u

+
iφ

u
)

(4
)

η
=

1 √ 2
(σ

η
+

v η
+

iφ
η
)
,

η̄
=

1 √ 2
(σ

η̄
+
v η̄

+
iφ

η̄
)

(5
)

W
e
d
efi
n
e
ta
n
β
′ =

v
η

v
η̄
in

a
n
a
lo
g
y
to

th
e
ra
ti
o
o
f
th
e
M
S
S
M

V
E
V
s
(t
a
n
β
=

v
u

v
d
).

2
.2

G
a
u
g
e
k
in
e
ti
c
m
ix
in
g

A
s
al
re
ad

y
m
en
ti
o
n
ed

in
th
e
in
tr
o
d
u
ct
io
n
,
th
e
p
re
se
n
ce

of
tw

o
A
b
el
ia
n
ga
u
ge

gr
o
u
p
s
in

co
m
b
in
a
ti
o
n
w
it
h

4
6

3

o
n
e
A
b
el
ia
n
g
a
u
g
e
g
ro
u
p
:
th
e
g
a
u
g
e
k
in
et
ic

m
ix
in
g
.
T
h
is

ca
n
b
e
se
en

m
o
st

ea
si
ly

b
y
in
sp
ec
ti
n
g
th
e
m
a
tr
ix

o
f
th
e
an

o
m
a
lo
u
s
d
im

en
si
o
n
,
w
h
ic
h
at

on
e
lo
o
p
is

g
iv
en

b
y
γ
a
b
=

1
1
6
π
2
T
rQ

a
Q

b
,
w
h
er
e
th
e
in
d
ic
es

a
a
n
d
b

ru
n
ov
er

al
l
U
(1
)
gr
o
u
p
s
a
n
d
th
e
tr
a
ce

ru
n
s
ov
er

a
ll
fi
el
d
s
ch
a
rg
ed

u
n
d
er

th
e
co
rr
es
p
o
n
d
in
g
U
(1
)
gr
o
u
p
.
F
or

o
u
r
m
o
d
el

w
e
o
b
ta
in

γ
=

1

16
π
2
N

( 11
4

4
6

) N
.

(6
)

a
n
d
w
e
se
e
th
a
t
th
er
e
ar
e
si
za
b
le
off

-d
ia
g
o
n
a
l
el
em

en
ts
.
N

co
n
ta
in
s
th
e
G
U
T
n
o
rm

a
li
za
ti
o
n
of

th
e
tw

o
A
b
el
ia
n

g
a
u
g
e
g
ro
u
p
s.

W
e
w
il
l
ta
ke

a
s
in

re
f.
[3
]
√ 3 5

fo
r
U
(1
) Y

a
n
d
√ 3 2

fo
r
U
(1
) B

−
L
,
i.
e.

N
=

d
ia
g
(√ 3 5

,√ 3 2
).

In
p
ra
ct
ic
e
it

tu
rn
s
ou

t
th
a
t
it

is
ea
si
er

to
w
or
k
w
it
h

n
o
n
-c
a
n
o
n
ic
a
l
co
va
ri
a
n
t
d
er
iv
at
iv
es

in
st
ea
d

o
f
o
ff
-

d
ia
g
o
n
a
l
fi
el
d
-s
tr
en
g
th

te
n
so
rs

su
ch

a
s
in

E
q
.
(1
).

H
ow

ev
er
,
b
o
th

ap
p
ro
a
ch
es

ar
e
eq
u
iv
al
en
t
[3
1
].

H
en
ce

in
th
e
fo
ll
ow

in
g
,
w
e
co
n
si
d
er

co
va
ri
a
n
t
d
er
iv
at
iv
es

of
th
e
fo
rm

D
μ
=

∂
μ
−
iQ

T φ
G
A

(7
)

w
h
er
e
Q

φ
is

a
ve
ct
o
r
co
n
ta
in
in
g
th
e
ch
a
rg
es

of
th
e
fi
el
d
φ
w
it
h
re
sp
ec
t
to

th
e
tw

o
A
b
el
ia
n
g
a
u
g
e
g
ro
u
p
s,

G
is

th
e
g
a
u
g
e
co
u
p
li
n
g
m
a
tr
ix

G
=

( g Y
Y

g Y
B

g B
Y

g B
B

)
(8
)

a
n
d
A

co
n
ta
in
s
th
e
g
a
u
g
e
b
os
o
n
s
A

=
(A

Y μ
,A

B μ
)T

.

A
s
lo
n
g
a
s
th
e
tw

o
A
b
el
ia
n
g
a
u
g
e
g
ro
u
p
s
a
re

u
n
b
ro
ke
n
,
w
e
h
av
e
st
il
l
th
e
fr
ee
d
o
m

to
p
er
fo
rm

a
ch
a
n
g
e
o
f

b
a
si
s.

T
h
is
fr
ee
d
o
m

ca
n
b
e
u
se
d
to

ch
o
o
se

a
b
a
si
s
su
ch

th
a
t
el
ec
tr
ow

ea
k
p
re
ci
si
o
n
d
a
ta

ca
n
b
e
ac
co
m
m
o
d
a
te
d

in
a
n
ea
sy

w
ay
.
A

co
n
ve
n
ie
n
t
ch
o
ic
e
is

th
e
b
a
si
s
w
h
er
e
g B

Y
=

0.
T
h
er
ef
o
re

w
e
ch
o
os
e
th
e
fo
ll
ow

in
g
b
a
si
s
at

th
e
el
ec
tr
ow

ea
k
sc
a
le

[3
2
]:

g
′ Y
Y
=
g Y

Y
g B

B
−

g Y
B
g B

Y
√ g

2 B
B
+
g
2 B
Y

=
g 1

,
g
′ B
B
=

√ g
2 B
B
+

g
2 B
Y
=

g B
L

(9
)

g
′ Y
B
=
g Y

B
g B

B
+
g B

Y
g Y

Y
√ g

2 B
B
+
g
2 B
Y

=
g̃
,

g
′ B
Y
=

0
(1
0)

Im
m
ed
ia
te

co
n
se
q
u
en
ce
s
o
f
th
is

k
in
et
ic

m
ix
in
g
ar
e:

(i
)
it

in
d
u
ce
s
m
ix
in
g
a
t
tr
ee

le
ve
l
b
et
w
ee
n
th
e
H

u
,
H

d

a
n
d

η
,
η̄
;
(i
i)

a
d
d
it
io
n
a
l
D
-t
er
m
s
co
n
tr
ib
u
te

to
th
e
m
a
ss

m
a
tr
ic
es

o
f
th
e
sq
u
a
rk
s
an

d
sl
ep
to
n
s;

(i
ii
)
o
ff
-

d
ia
g
o
n
a
l
so
ft
-S
U
S
Y

b
re
a
k
in
g
te
rm

s
fo
r
th
e
g
a
u
g
in
o
s
ar
e
in
d
u
ce
d
v
ia

R
G
E

ev
o
lu
ti
o
n
[3
1
,
33

]
w
it
h
im

p
or
ta
n
t

co
n
se
q
u
en
ce
s
fo
r
th
e
n
eu
tr
a
li
n
o
se
ct
o
r,

ev
en

if
a
t
so
m
e
fi
x
ed

sc
a
le

M
a
b
=

0
fo
r
a
=

b.

2
.3

T
a
d
p
o
le

e
q
u
a
ti
o
n
s

W
e
so
lv
e
th
e
m
in
im

u
m

co
n
d
it
io
n
s
at

tr
ee
-l
ev
el

w
it
h
re
sp
ec
t
to

μ
,B

μ
,μ

′ a
n
d
B

μ
′
a
s
th
es
e
p
a
ra
m
et
er
s
d
o
n
o
t

en
te
r
an

y
o
f
th
e
R
G
E
s
of

th
e
o
th
er

p
a
ra
m
et
er
s.

U
si
n
g
x
2
=

v
2 η
+
v
2 η̄
a
n
d
v
2
=

v
2 d
+
v
2 u
w
e
fi
n
d
a
n
a
p
p
ro
x
im

a
te

re
la
ti
o
n
b
et
w
ee
n
M

′ Z
a
n
d
μ
′

M
2 Z
′
�

−2
|μ

′ |2
+

4(
m

2 η̄
−
m

2 η
ta
n
2
β
′ )
−
v
2
g̃
g B

L
co
s
β
(1

+
ta
n
β
′ )

2
(t
a
n
2
β
′ −

1)
(1
1)

A
cl
o
se
r
in
sp
ec
ti
o
n
o
f
th
e
sy
st
em

sh
ow

s
th
a
t
ei
th
er

m
2 η̄
or

m
2 η
h
a
s
to

b
ec
o
m
e
n
eg
a
ti
ve

to
b
re
a
k
U
(1
) B

−
L
.

B
ec
a
u
se

of
th
e
st
ru
ct
u
re

o
f
th
e
R
G
E
s
[1
1
],
m

η̄
w
il
l
al
w
ay
s
b
e
p
os
it
iv
e
w
h
er
ea
s
m

2 η
ca
n
b
ec
o
m
e
n
eg
a
ti
ve

fo
r

su
ffi
ci
en
t
la
rg
e
Y
x
a
n
d
T
x
.
In

ad
d
it
io
n
,
w
e
ex
p
ec
t
th
a
t
la
rg
e
va
lu
es

of
m

0
a
n
d
A

0
w
il
l
b
e
p
re
fe
rr
ed
,
im

p
ly
in
g

h
ea
v
y
sf
er
m
io
n
s.

M
o
re
ov
er
,
ta
n
β
′
h
a
s
to

b
e
sm

a
ll
a
n
d
of

O
(1
)
in

or
d
er

to
g
et

a
sm

a
ll
d
en
o
m
in
a
to
r
in

th
e

se
co
n
d
te
rm

of
E
q
.
1
1
.

F
or

th
e
n
u
m
er
ic
a
l
re
su
lt
s
w
e
in
cl
u
d
e
o
n
e-
lo
o
p

co
rr
ec
ti
o
n
s
to

th
e
ta
d
p
o
le

eq
u
a
ti
o
n
s
as

w
el
l
as

fo
r
a
ll

m
a
ss
es
.
T
h
is
is
d
o
n
e
b
y
u
si
n
g
th
e
D
R

sc
h
em

e
a
n
d
ex
te
n
d
in
g
th
e
M
S
S
M

re
su
lt
s
gi
ve
n
in

re
f.
[3
4
]
in

a
si
m
il
a
r

4
6

4



2
.4

G
a
u
g
e
b
o
so

n
m
ix
in
g

D
u
e
to

th
e
p
re
se
n
ce

o
f
th
e
k
in
et
ic

m
ix
in
g
te
rm

s,
th
e
B

′ b
os
o
n
m
ix
es

a
t
tr
ee

le
ve
l
w
it
h
th
e
B

a
n
d
W

3
b
os
on

s.
R
eq
u
ir
in
g
th
e
co
n
d
it
io
n
s
of

E
q
s.

(9
)-
(1
0
)
m
ea
n
s
th
a
t
th
e
co
rr
es
p
on

d
in
g
m
a
ss

m
a
tr
ix

re
a
d
s,

in
th
e
b
a
si
s

(B
,W

3
,B

′ )
,

⎛ ⎝
1 4
g
2 1
v
2

−
1 4
g 1
g 2
v
2

1 4
g 1
g̃
v
2

−
1 4
g 1
g 2
v
2

1 4
g
2 2
v
2

−
1 4
g̃
g 2
v
2

1 4
g 1
g̃
v
2

−
1 4
g̃
g 2
v
2

(g
2 B
L
x
2
+

1 4
g̃
2
v
2
)

⎞ ⎠
(1
2)

In
th
e
li
m
it

g̃
→

0
b
o
th

se
ct
o
rs

d
ec
o
u
p
le

an
d
th
e
u
p
p
er

2
×

2
b
lo
ck

is
ju
st

th
e
st
a
n
d
a
rd

m
a
ss

m
a
tr
ix

o
f
th
e

n
eu
tr
a
l
g
a
u
g
e
b
os
o
n
s
in

E
W

S
B
.
T
h
is

m
a
ss

m
a
tr
ix

ca
n
b
e
d
ia
g
o
n
a
li
ze
d
b
y
a
u
n
it
a
ry

m
ix
in
g
m
a
tr
ix

to
g
et

th
e
p
h
y
si
ca
l
m
a
ss

ei
g
en
st
a
te
s
γ
,
Z

a
n
d
Z

′ .
E
x
p
a
n
d
in
g
th
e
ei
g
en
va
lu
es

in
p
ow

er
s
o
f
v
2
/x

2
,
w
e
fi
n
d
u
p
to

fi
rs
t

o
rd
er
:

M
Z
=

1 4

( g
2 1
+
g
2 2

) v
2
,

M
Z

′
=

g
2 B
L
x
2
+

1 4
g̃
2
v
2

(1
3)

A
ll
p
a
ra
m
et
er
s
so

fa
r
a
s
w
el
l
a
s
in

th
e
fo
ll
ow

in
g
m
a
ss

m
a
tr
ic
es

a
re

u
n
d
er
st
o
o
d
a
s
ru
n
n
in
g
p
a
ra
m
et
er
s
at

a
g
iv
en

re
n
o
rm

a
li
za
ti
o
n
sc
a
le

Q
.

2
.5

T
h
e
H
ig
g
s
se
ct
o
r

In
th
is
se
ct
io
n
w
e
p
re
se
n
t
th
e
tr
ee
-l
ev
el

fo
rm

u
la
s
fo
r
th
e
H
ig
g
s
se
ct
o
r
an

d
w
e
b
ri
efl
y
d
is
cu
ss

th
e
m
a
in

st
ep
s
to

in
cl
u
d
e
th
e
on

e-
lo
o
p
co
rr
ec
ti
o
n
s.

T
h
e
on

e-
lo
o
p
fo
rm

u
la
s
a
n
d
fu
rt
h
er

d
et
a
il
s
w
il
l
b
e
p
re
se
n
te
d
el
se
w
h
er
e
[3
6
].

2
.5
.1

P
se
u
d
o
sc
a
la
r
H
ig
g
s
b
o
so

n
s

It
tu
rn
s
ou

t
th
a
t
in

th
is
se
ct
o
r
th
er
e
is
n
o
m
ix
in
g
b
et
w
ee
n
th
e
S
U
(2
)
d
o
u
b
le
ts

a
n
d
th
e
b
il
ep
to
n
s
at

tr
ee

le
ve
l

a
n
d
w
e
ob

ta
in

in
th
e
b
a
si
s
(φ

d
,φ

u
,φ

η
,φ

η̄
):

m
2 A
,T

=

⎛ ⎜ ⎜ ⎝B
μ
ta
n
β

B
μ

0
0

B
μ

B
μ
co
t
β

0
0

0
0

B
μ
′
ta
n
β
′

B
μ
′

0
0

B
μ
′

B
μ
′
co
t
β
′

⎞ ⎟ ⎟ ⎠.
(1
4)

O
b
v
io
u
sl
y,

b
ot
h
se
ct
o
rs

d
ec
o
u
p
le

at
tr
ee

le
ve
l.

O
n
e
o
b
ta
in
s
tw

o
p
h
y
si
ca
l
st
a
te
s
A

0
a
n
d
A

0 η
w
it
h
m
a
ss
es

m
2 A

0
=

2B
μ

si
n
2β

,
m

2 A
0 η
=

2B
μ
′

si
n
2β

′
.

(1
5)

2
.5
.2

S
c
a
la
r
H
ig
g
s
b
o
so

n
s

In
th
e
sc
a
la
r
se
ct
o
r
th
e
g
a
u
g
e
k
in
et
ic

te
rm

s
d
o
in
d
u
ce

a
m
ix
in
g
b
et
w
ee
n
th
e
S
U
(2
)
d
o
u
b
le
t
H
ig
g
s
fi
el
d
s
an

d
th
e
b
il
ep
to
n
s.

T
h
e
m
a
ss

m
a
tr
ix

re
a
d
s
a
t
tr
ee

le
ve
l
in

th
e
b
a
si
s
(σ

d
,σ

u
,σ

η
,σ

η̄
):

m
2 h
,T

=
⎛ ⎜ ⎜ ⎜ ⎝

m
2 A

0
s2 β

+
ḡ
2
v
2 u

−m
2 A

0
c β
s β

−
ḡ
2
v d
v u

g̃
g
B

L

2
v d
v η

−
g̃
g
B

L

2
v d
v η̄

−m
2 A

0
c β
s β

−
ḡ
2
v d
v u

m
2 A

0
c2 β

+
ḡ
2
v
2 d

−
g̃
g
B

L

2
v u

v η
g̃
g
B

L

2
v u

v η̄
g̃
g
B

L

2
v d
v η

−
g̃
g
B

L

2
v u

v η
m

2 A
0 η
c2 β

′
+
g
2 B
L
v
2 η

−m
2 A

0 η
c β

′ s
β
′
−
g
2 B
L
v η
v η̄

−
g̃
g
B

L

2
v d
v η̄

g̃
g
B

L

2
v u

v η̄
−m

2 A
0 η
c β

′ s
β
′
−

g
2 B
L
v η
v η̄

m
2 A

0 η
s2 β

′
+
g
2 B
L
v
2 η̄

⎞ ⎟ ⎟ ⎟ ⎠ (1
6)

w
h
er
e
w
e
h
av
e
d
efi

n
ed

ḡ
2
=

1 4
(g

2 1
+
g
2 2
+
g̃
2
),
c x

=
co
s(
x
)
an

d
s x

=
si
n
(x
)
(x

=
β
,β

′ )
.
T
h
e
on

e-
lo
o
p
co
rr
ec
ti
o
n
s

a
re

in
cl
u
d
ed

b
y
ca
lc
u
la
ti
n
g
th
e
re
a
l
p
a
rt

of
th
e
p
ol
es

of
th
e
co
rr
es
p
o
n
d
in
g
p
ro
p
a
g
a
to
r
m
a
tr
ic
es

[3
4
,
3
6
]

4
6

5

w
h
er
e

m
2 h
,1
L
(p

2
)
=

m
2
,h

T
−
Π

h
h
(p

2
).

(1
8)

E
q
u
a
ti
o
n
(1
7
)
h
a
s
to

b
e
so
lv
ed

fo
r
ea
ch

ei
g
en
va
lu
e
p
2
=

m
2 i
w
h
ic
h
ca
n
b
e
a
ch
ie
ve
d
in

a
n
it
er
a
ti
ve

p
ro
ce
d
u
re
,

se
e
[3
5
].

2
.6

N
e
u
tr
a
li
n
o
s

In
th
e
n
eu
tr
a
li
n
o
se
ct
o
r
w
e
fi
n
d
th
a
t
th
e
g
a
u
g
e
k
in
et
ic

eff
ec
ts

le
a
d
to

a
m
ix
in
g
b
et
w
ee
n
th
e
u
su
a
l
M
S
S
M

n
eu
tr
a
li
n
o
s
w
it
h
th
e
ad

d
it
io
n
a
l
st
a
te
s,

si
m
il
a
r
to

th
e
m
ix
in
g
in

th
e
C
P
-e
ve
n
H
ig
g
s
se
ct
o
r.

T
h
e
m
a
ss

m
a
tr
ix

re
a
d
s
in

th
e
b
a
si
s
( λ

B̃
,W̃

0
,H̃

0 d
,H̃

0 u
,λ

B̃
′,
η̃
,
˜̄ η
)

m
χ̃
0
=

⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝

M
1

0
−

1 2
g 1
v d

1 2
g 1
v u

1 2
M

B
B

′
0

0
0

M
2

1 2
g 2
v d

−
1 2
g 2
v u

0
0

0
−

1 2
g 1
v d

1 2
g 2
v d

0
−μ

−
1 2
g̃
v d

0
0

1 2
g 1
v u

−
1 2
g 2
v u

−μ
0

1 2
g̃
v u

0
0

1 2
M

B
B

′
0

−
1 2
g̃
v d

1 2
g̃
v u

M
B

−g
B
L
v η

g B
L
v η̄

0
0

0
0

−g
B
L
v η

0
−μ

′

0
0

0
0

g B
L
v η̄

−μ
′

0

⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠
(1
9)

In
th
is
m
o
d
el
,
fo
r
th
e
ch
o
se
n
b
ou

n
d
a
ry

co
n
d
it
io
n
s,
th
e
li
g
h
te
st

su
p
er
sy
m
m
et
ri
c
p
a
rt
ic
le

(L
S
P
),
a
n
d
th
er
ef
o
re

th
e
d
a
rk

m
a
tt
er

ca
n
d
id
a
te
,
is

in
g
en
er
a
l
th
e
li
g
h
te
st

n
eu
tr
a
li
n
o
.
T
h
e
re
a
so
n
is

th
a
t
m

0
m
u
st

b
e
ve
ry

h
ea
v
y

in
o
rd
er

to
so
lv
e
th
e
ta
d
p
ol
e
eq
u
a
ti
o
n
s,

a
n
d
th
er
ef
o
re

a
ll
sf
er
m
io
n
s
a
re

h
ea
v
ie
r
th
a
n
th
e
li
g
h
te
st

n
eu
tr
a
li
n
o
.

H
ow

ev
er
,
u
n
d
er

sp
ec
ia
l
co
n
d
it
io
n
s
al
so

a
C
P

ev
en

o
r
o
d
d
sn
eu
tr
in
o
s
ca
n
b
e
th
e
li
g
h
te
st

S
U
S
Y

p
a
rt
ic
le
.
A

n
eu
tr
a
li
n
o
L
S
P

is
in

g
en
er
a
l
a
m
ix
tu
re

of
al
l
se
ve
n
g
a
u
g
e
ei
g
en
st
a
te
s.

H
ow

ev
er
,
n
o
rm

a
ll
y
th
e
ch
a
ra
ct
er

is
d
o
m
in
a
te
d
b
y
on

ly
on

e
o
r
tw

o
co
n
st
it
u
en
ts
.
In

th
a
t
co
n
te
x
t,
w
e
ca
n
d
is
ti
n
g
u
is
h
th
e
fo
ll
ow

in
g
ex
tr
em

e
ca
se
s:

(i
)
M

1
�

M
2
,μ

,M
B
,μ

′ :
B
in
o
-l
ik
e
L
S
P
,
(i
i)

M
2
�

M
1
,μ

,M
B
,μ

′ :
W

in
o
-l
ik
e
L
S
P
,
(i
ii
)
μ
�

M
1
,M

2
,M

B
,μ

′ :
H
ig
g
si
n
o
-l
ik
e
L
S
P
,
(i
v
)
M

B
�

M
1
,M

2
,μ

,μ
′ :

B
L
in
o
-l
ik
e
L
S
P
,
(v
)
μ
′ �

M
1
,M

2
,μ

,M
B
:
B
il
ep
ti
n
o
-l
ik
e
L
S
P
.

A
lt
h
o
u
g
h
th
e
g
a
u
g
e
k
in
et
ic

eff
ec
ts

d
o
le
a
d
to

si
za
b
le

eff
ec
ts

in
th
e
sp
ec
tr
u
m
,
th
ey

ar
e
n
o
t
la
rg
e
en
o
u
g
h
to

le
a
d
to

a
la
rg
e
m
ix
in
g
b
et
w
ee
n
th
e
u
su
a
l
M
S
S
M
-l
ik
e
st
a
te
s
a
n
d
th
e
n
ew

on
es
.
T
h
er
ef
o
re
,
w
e
fi
n
d
th
a
t
th
e

L
S
P

is
ei
th
er

m
a
in
ly

a
M
S
S
M
-l
ik
e
st
a
te

o
r
m
a
in
ly

a
n
a
d
m
ix
tu
re

b
et
w
ee
n
th
e
B
L
in
o
a
n
d
th
e
b
il
ep
ti
n
o
s.

2
.7

S
fe
rm

io
n
s
a
n
d

ch
a
rg

in
o
s

W
e
d
o
n
’t

co
n
si
d
er

h
er
e
th
e
th
e
ch
a
rg
in
o
an

d
sf
er
m
io
n
se
ct
o
r.

In
te
re
st
ed

re
a
d
er
s
ar
e
re
fe
rr
ed

to
[1
1
].

2
.8

B
o
u
n
d
a
ry

co
n
d
it
io
n
s
a
t
th

e
G
U
T

sc
a
le

W
e
w
il
l
st
u
d
y
in

th
e
fo
ll
ow

in
g
a
sc
en
a
ri
o
m
o
ti
va
te
d
b
y
m
in
im

a
l
su
p
er
g
ra
v
it
y
(m

S
U
G
R
A
).

T
h
is

m
ea
n
s
th
a
t

w
e
a
ss
u
m
e
a
G
U
T

u
n
ifi
ca
ti
o
n
of

al
l
so
ft
-b
re
a
k
in
g
sc
a
la
r
m
a
ss
es

as
w
el
l
as

a
u
n
ifi
ca
ti
o
n
of

al
l
g
a
u
g
in
o
m
a
ss

p
a
ra
m
et
er
s

m
2 0
=
m

2 H
d
=

m
2 H

u
=

m
2 η
=

m
2 η̄

(2
0)

m
2 0
δ i

j
=
m

2 D
δ i

j
=

m
2 U
δ i

j
=

m
2 Q
δ i

j
=

m
2 E
δ i

j
=

m
2 L
δ i

j
=

m
2 ν
δ i

j
(2
1)

M
1
/
2
=
M

1
=

M
2
=

M
3
=

M
B̃

′
(2
2)

A
ls
o
,
fo
r
th
e
tr
il
in
ea
r
so
ft
-b
re
a
k
in
g
co
u
p
li
n
g
,
th
e
or
d
in
a
ry

m
S
U
G
R
A

co
n
d
it
io
n
s
ar
e
a
ss
u
m
ed

T
i
=

A
0
Y
i,

i
=

e,
d
,u

,x
,ν

.
(2
3)

W
e
d
o
n
o
t
fi
x
th
e
p
a
ra
m
et
er
s
μ
,B

μ
,μ

′
a
n
d
B

μ
′
a
t
th
e
G
U
T

sc
a
le

b
u
t
d
et
er
m
in
e
th
em

fr
o
m

th
e
ta
d
p
ol
e

eq
u
a
ti
o
n
s.

In
a
d
d
it
io
n
,
w
e
co
n
si
d
er

th
e
m
a
ss

o
f
th
e
Z

′ a
n
d
ta
n
β
′ a

s
in
p
u
ts

an
d
u
se

th
e
fo
ll
ow

in
g
se
t
of

fr
ee

p
a
ra
m
et
er
s

4
6

6



Y
ν
is
co
n
st
ra
in
ed

b
y
n
eu
tr
in
o
d
a
ta

an
d
m
u
st

th
er
ef
o
re

b
e
ve
ry

sm
a
ll
in

co
m
p
a
ri
so
n
to

th
e
ot
h
er

co
u
p
li
n
g
s.

Y
x

ca
n
al
w
ay
s
b
e
ta
ke
n
d
ia
g
o
n
a
l
a
n
d
th
u
s
eff

ec
ti
ve
ly

w
e
h
av
e
9
fr
ee

p
a
ra
m
et
er
s
an

d
tw

o
si
g
n
s.

If
n
o
t
m
en
ti
o
n
ed

o
th
er
w
is
e,

w
e
w
il
l
a
lw
ay
s
ta
ke

p
os
it
iv
e
si
g
n
s
fo
r
μ
a
n
d
μ
′ .

F
in
a
ll
y,

w
e
as
su
m
e
th
a
t
th
er
e
ar
e
n
o
o
ff
-d
ia
g
o
n
a
l

g
a
u
g
e
co
u
p
li
n
g
s
o
r
g
a
u
g
in
o
m
a
ss

p
a
ra
m
et
er
s
p
re
se
n
t
a
t
th
e
G
U
T

sc
a
le

g B
Y
=

g Y
B
=

0
M

B
B

′
=

0
(2
5)

3
R
e
su

lt
s
o
b
ta
in
e
d

u
si
n
g
th

e
S
U
S
Y

to
o
lb
o
x

In
th
is
se
ct
io
n
w
e
d
is
cu
ss

th
e
im

p
le
m
en
ta
ti
o
n
o
f
th
e
B
−
L
S
S
M

in
th
e
S
U
S
Y
-
T
o
o
l
b
o
x
p
re
se
n
te
d
in

[1
7
].
T
h
e

S
U
S
Y
-
T
o
o
l
b
o
x
sc
ri
p
ts

ca
n
b
e
d
ow

n
lo
a
d
ed

fr
o
m

h
t
t
p
:
/
/
p
r
o
j
e
c
t
s
.
h
e
p
f
o
r
g
e
.
o
r
g
/
s
a
r
a
h
/
T
o
o
l
b
o
x
.
h
t
m
l

A
ft
er

th
e
in
st
a
ll
a
ti
o
n
o
f
a
ll
p
a
ck
a
g
es

v
ia

c
o
n
f
i
g
u
r
e
a
n
d
m
a
k
e
,
ea
ch

m
o
d
el

im
p
le
m
en
te
d
in

S
A
R
A
H
ca
n
b
e

a
d
d
ed

to
th
e
o
th
er

to
ol
s
d
u
e
to

>
.
/
b
u
t
l
e
r

M
O
D
E
L

3
.1

Im
p
le
m
e
n
ta
ti
o
n

o
f
th

e
B

−
L
S
S
M

in
S
A
R
A
H

S
A
R
A
H
is
a
p
ac
ka
ge

fo
r
M
a
t
h
e
m
a
t
i
c
a
ve
rs
io
n
5.
2
o
r
h
ig
h
er

a
n
d
h
a
s
b
ee
n
d
es
ig
n
ed

to
h
a
n
d
le
ev
er
y
N

=
1
S
U
S
Y

th
eo
ry

w
it
h
a
n
a
rb
it
ra
ry

d
ir
ec
t
p
ro
d
u
ct

of
S
U
(n
)
an

d
/o
r
U
(1
)
fa
ct
o
rs

a
s
g
a
u
g
e
g
ro
u
p
.
T
h
e
ch
ir
a
l
su
p
er
fi
el
d
s

ca
n
tr
a
n
sf
o
rm

u
n
d
er

ar
b
it
ra
ry
,
ir
re
d
u
ci
b
le

re
p
re
se
n
ta
ti
o
n
s
w
it
h
re
g
a
rd

to
th
is

g
a
u
g
e
g
ro
u
p
,
a
n
d
al
l
p
os
si
b
le

re
n
o
rm

a
li
za
b
le

su
p
er
p
o
te
n
ti
a
l
te
rm

s
a
re

su
p
p
o
rt
ed
.
T
h
er
e
a
re

n
o
re
st
ri
ct
io
n
s
on

ei
th
er

th
e
n
u
m
b
er

o
f
g
a
u
g
e

g
ro
u
p
fa
ct
o
rs
,
th
e
n
u
m
b
er

o
f
ch
ir
a
l
su
p
er
fi
el
d
s
o
r
th
e
n
u
m
b
er

of
su
p
er
p
ot
en
ti
a
l
te
rm

s.
F
u
rt
h
er
m
o
re
,
an

y
n
u
m
b
er

o
f
sy
m
m
et
ry

b
re
a
k
in
g
s
o
r
fi
el
d
ro
ta
ti
o
n
s
is

al
lo
w
ed
.

T
h
e
im

p
le
m
en
ta
ti
o
n
of

n
ew

m
o
d
el
s
in

S
A
R
A
H
is

st
ra
ig
h
tf
o
rw

a
rd
.
T
h
e
fa
st
es
t
an

d
ea
si
es
t
w
ay

is
u
su
a
ll
y
to

st
a
rt

w
it
h
th
e
m
o
d
el

fi
le
s
fo
r
th
e
M
S
S
M

a
n
d
ap

p
ly

th
e
ch
a
n
g
es

n
ec
es
sa
ry

fo
r
th
e
n
ew

m
o
d
e.

F
or

in
st
a
n
ce
,

to
cr
ea
te

a
n
ew

g
a
u
g
e
g
ro
u
p
ac
co
rd
in
g
to

U
(1
) B

−
L
,
on

ly
on

e
li
n
e
h
a
s
to

b
e
a
d
d
ed

to
th
e
a
rr
ay

G
a
u
g
e

G
a
u
g
e
[
[
1
]
]
=
{
B
,

U
[
1
]
,

h
y
p
e
r
c
h
a
r
g
e
,

g
1
,
F
a
l
s
e
}
;

G
a
u
g
e
[
[
2
]
]
=
{
W
B
,

S
U
[
2
]
,

l
e
f
t
,

g
2
,
T
r
u
e
}
;

G
a
u
g
e
[
[
3
]
]
=
{
G
,

S
U
[
3
]
,

c
o
l
o
r
,

g
3
,
F
a
l
s
e
}
;

G
a
u
g
e
[
[
4
]
]
=
{
B
p
,

U
[
1
]
,

B
m
i
n
u
s
L
,

g
1
p
,

F
a
l
s
e
}
;

a
n
d
af
te
rw

ar
d
s
th
e
co
rr
es
p
o
n
d
in
g
q
u
a
n
tu
m

n
u
m
b
er
s
fo
r
a
ll
M
S
S
M

fi
el
d
s
a
n
d
th
e
n
ew

B
−L

fi
el
d
s
ar
e
d
efi

n
ed

:

F
i
e
l
d
s
[
[
1
]
]

=
{
{
u
L
,

d
L
}
,

3
,
q
,

1
/
6
,

2
,
3
,
1
/
6
}
;

.
.
.

F
i
e
l
d
s
[
[
9
]
]

=
{
e
t
,

1
,
e
t
a
,

0
,
1
,

1
,
-
1
}
;

F
i
e
l
d
s
[
[
1
0
]
]

=
{
e
t
b
,

1
,
e
t
a
b
a
r
,

0
,
1
,
1
,

1
}
;

F
ir
st
,
th
e
ro
ot

of
th
e
n
a
m
es

is
gi
ve
n
,
at

se
co
n
d
p
os
it
io
n
th
e
n
u
m
b
er

of
ge
n
er
a
ti
o
n
s
is

d
efi
n
ed

an
d
th
e
th
ir
d

en
tr
y
is

th
e
n
a
m
e
o
f
th
e
en
ti
re

su
p
er
fi
el
d
.
T
h
e
re
m
a
in
in
g
en
tr
ie
s
a
re

th
e
tr
a
n
sf
o
rm

a
ti
o
n
p
ro
p
er
ti
es

w
it
h

re
sp
ec
t
to

th
e
d
iff
er
en
t
g
a
u
g
e
g
ro
u
p
s.

U
si
n
g
th
es
e
d
efi
n
it
io
n
s,

th
e
su
p
er
p
ot
en
ti
a
l
E
q
.
2
ca
n
b
e
d
efi
n
ed

as

S
u
p
e
r
P
o
t
e
n
t
i
a
l

=
{
{
{
1
,

Y
u
}
,
{
u
,
q
,
H
u
}
}
,

{
{
-
1
,
Y
d
}
,
{
d
,
q
,
H
d
}
}
,

{
{
-
1
,
Y
e
}
,
{
e
,
l
,
H
d
}
}
,

{
{
1
,
\
[
M
u
]
}
,
{
H
u
,
H
d
}
}
,

{
{
1
,
Y
v
}
,
{
l
,
H
u
,
v
R
}
}
,

{
{
-
1
,
M
u
P
}
,
{
e
t
a
,
e
t
a
b
a
r
}
}
,

{
{
1
,
Y
n
}
,
{
v
R
,
e
t
a
,
v
R
}
}

}
;

In
a
d
d
it
io
n
,
th
e
d
efi
n
it
io
n
o
f
g
a
u
g
e
sy
m
m
et
ry

b
re
a
k
in
g
,
th
e
ga

u
g
e
fi
x
in
g
te
rm

s,
th
e
m
ix
in
g
in

th
e
g
a
u
g
e
a
n
d

m
a
tt
er

se
ct
o
r
h
av
e
to

b
e
ad

ju
st
ed
.
A
ls
o
,
th
es
e
ch
a
n
g
es

a
re

in
tu
it
iv
e
to

u
n
d
er
st
a
n
d
a
n
d
th
e
en
ti
re

m
o
d
el

fi
le

is
g
iv
en

in
th
e
a
p
p
en
d
ix

of
[1
1
].
F
u
rt
h
er
m
o
re
,
th
e
m
o
d
el

fi
le
s
a
re

al
re
a
d
y
p
a
rt

o
f
th
e
p
u
b
li
c
ve
rs
io
n
of

S
A
R
A
H

a
n
d
ca
n
b
e
u
se
d
o
u
t
of

th
e
b
ox
.

U
si
n
g
th
is
m
o
d
el

fi
le
S
A
R
A
H
ca
lc
u
la
te
s
a
n
a
ly
ti
ca
ll
y
a
ll
m
a
ss

m
a
tr
ic
es
,
ve
rt
ic
es

a
s
w
el
l
a
s
th
e
tw

o-
lo
o
p
R
en
o
r-

m
a
li
za
ti
o
n
G
ro
u
p
E
q
u
a
ti
o
n
s
(R

G
E
s)

an
d
o
n
e-
lo
o
p
co
rr
ec
ti
o
n
s
to

se
lf
-e
n
er
g
ie
s
an

d
ta
d
p
o
le
s.

T
h
e
ca
lc
u
la
-

ti
on

of
th
e
lo
o
p
co
rr
ec
ti
o
n
s
is

p
er
fo
rm

ed
in

D
R

sc
h
em

e
a
n
d
’t

H
o
of
t
ga
u
ge
.
T
h
is

in
fo
rm

a
ti
o
n
ca
n
a
ft
er
-

4
6

7

O
M
E
G
A
/
W
H
I
Z
A
R
D
,
or

to
cr
ea
te

m
o
d
u
le
s
fo
r
S
P
h
e
n
o
o
r
ju
st

to
w
ri
te

a
LA
T
E
X

fi
le

co
n
ta
in
in
g
a
ll
in
fo
rm

a
ti
o
n
in

a
re
a
d
a
b
le

fo
rm

.

3
.2

S
p
e
ct
ru

m
ca

lc
u
la
ti
o
n

w
it
h
S
P
h
e
n
o

W
e
st
a
rt

th
e
ca
lc
u
la
ti
o
n
of

th
e
m
a
ss

sp
ec
tr
u
m

u
si
n
g
S
P
h
e
n
o
.
S
P
h
e
n
o
[2
6
,
2
7
]
is
a
F
9
5
p
ro
g
ra
m

d
es
ig
n
ed

fo
r

th
e
p
re
ci
se

ca
lc
u
la
ti
o
n
of

th
e
m
a
ss
es

of
su
p
er
sy
m
m
et
ri
c
p
a
rt
ic
le
s.

S
P
h
e
n
o
p
ro
v
id
es

fa
st

n
u
m
er
ic
a
ll
y
ro
u
ti
n
es

fo
r
th
e
ev
a
lu
a
ti
o
n
o
f
th
e
R
G
E
s,

ca
lc
u
la
ti
n
g
th
e
p
h
a
se

sp
a
ce

of
2-

an
d
3
-b
o
d
y
d
ec
ay
s
a
s
w
el
l
a
s
P
as
sa
ri
n
o

V
el
tm

a
n
in
te
g
ra
ls

a
n
d
m
u
ch

m
o
re
.
S
in
ce

th
es
e
ro
u
ti
n
es

a
re

m
o
d
el

in
d
ep

en
d
en
t,

th
ey

ca
n
b
e
u
se
d
fo
r
al
l

S
U
S
Y

m
o
d
el
s
im

p
le
m
en
te
d
in

S
A
R
A
H
.
A
s
m
en
ti
o
n
ed

a
b
ov
e
S
A
R
A
H
ca
lc
u
la
te
s
a
ll
an

a
ly
ti
ca
l
ex
p
re
ss
io
n
s
n
ee
d
ed

fo
r
a
co
m
p
le
te

a
n
a
ly
si
s
o
f
th
e
m
o
d
el
.
T
h
is

in
fo
rm

a
ti
o
n
is

ex
p
or
te
d
to

F
or
tr
a
n
co
d
e
in

a
w
ay

su
it
a
b
le

fo
r

in
cl
u
si
o
n
in

S
P
h
e
n
o
.
T
h
is
ge
n
er
a
te
s
a
fu
ll
y
fu
n
ct
io
n
a
l
ve
rs
io
n
of

S
P
h
e
n
o
fo
r
th
e
n
ew

m
o
d
el

w
it
h
o
u
t
an

y
n
ee
d

to
ch
a
n
g
e
th
e
so
u
rc
e
co
d
e
b
y
h
a
n
d
.
T
h
e
S
P
h
e
n
o
ve
rs
io
n
ge
n
er
a
te
d
b
y
S
A
R
A
H
ca
lc
u
la
te
s
th
e
co
m
p
le
te

m
a
ss

sp
ec
tr
u
m

u
si
n
g
2-
lo
o
p
R
G
E
s
a
n
d
1-
lo
o
p
co
rr
ec
ti
o
n
s
to

th
e
m
a
ss
es
,
in
cl
u
d
in
g
th
e
fu
ll
m
o
m
en
tu
m

d
ep

en
d
en
ce

o
f
a
ll
lo
op

in
te
g
ra
ls
.
In

ad
d
it
io
n
,
fo
r
M
S
S
M
-l
ik
e
H
ig
g
s
se
ct
o
rs
,
th
e
k
n
ow

n
tw

o
lo
op

co
rr
ec
ti
o
n
s
to

th
e
H
ig
g
s

m
a
ss
es

an
d
ta
d
p
o
le
s
ca
n
b
e
in
cl
u
d
ed
.
A
ll
ca
lc
u
la
ti
o
n
s
ar
e
p
er
fo
rm

ed
w
it
h
th
e
m
o
st

g
en
er
a
l
fl
av
o
r
st
ru
ct
u
re

a
n
d
al
lo
w

fo
r
th
e
in
cl
u
si
o
n
o
f
C
P

p
h
a
se
s
an

d
fu
ll
y
su
p
p
o
rt

k
in
et
ic

m
ix
in
g
.
T
o
sh
ow

th
e
im

p
o
rt
a
n
ce

of
th
e
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F
ig
u
re

1
:
M
a
ss

o
f
th
e
li
g
h
te
st

H
ig
g
s.

T
h
e
o
th
er

p
a
ra
m
et
er
s
h
av
e
b
ee
n
ta
n
(β

)
=

10
,
A

0
=

−1
00
0
G
eV

,
ta
n
(β

′ )
=

1.
07
,
M

Z
′
=

30
00

G
eV

,
Y

ii x
=

0.
4
1
.
L
ef
t:

w
it
h
k
in
et
ic

m
ix
in
g
,
ri
g
h
t:

w
it
h
o
u
t
k
in
et
ic

m
ix
in
g
.

k
in
et
ic
m
ix
in
g
w
e
gi
ve

in
F
ig
.
1
a
co
m
p
a
ri
so
n
b
et
w
ee
n
th
e
m
a
ss

an
d
b
il
ep
to
n
fr
a
ct
io
n
o
f
th
e
li
g
h
te
st

w
it
h
an

d
w
it
h
o
u
t
k
in
et
ic

m
ix
in
g
.
It

ca
n
b
e
se
en

th
a
t
th
e
m
a
ss
es

ar
e
o
n
ly

sl
ig
h
tl
y
sh
if
te
d
w
h
il
e,

of
co
u
rs
e,

th
er
e
is

a
h
u
g
e
d
iff
er
en
ce

of
se
ve
ra
l
o
rd
er
s
in

th
e
b
il
ep
to
n
fr
a
ct
io
n
b
et
w
ee
n
b
ot
h
ca
se
s.

W
h
il
e
th
e
b
il
ep
to
n
co
n
tr
ib
u
ti
o
n

fo
r
M
S
S
M
-l
ik
e
sc
a
la
rs

in
th
e
ca
se

w
it
h
o
u
t
k
in
et
ic

m
ix
in
g
is

so
le
ly

b
a
se
d
o
n
th
e
m
ix
in
g
at

on
e-
lo
o
p
le
ve
l,

th
e
off

-d
ia
g
o
n
a
l
g
a
u
g
e
co
u
p
li
n
g
s
in
tr
o
d
u
ce

al
re
a
d
y
a
tr
ee
-l
ev
el

m
ix
in
g
.
C
lo
se

to
th
e
b
o
rd
er

of
th
e
a
ll
ow

ed
re
g
io
n
s
in

th
e
(m

0
,M

1
/
2
)-
p
la
n
e
sh
ow

n
in

F
ig
.
1
,
th
e
li
g
h
te
st

H
ig
g
s
p
a
rt
ic
le
s
b
ec
o
m
e
b
il
ep
to
n
-l
ik
e.

T
h
is

ca
n

n
o
t
on

ly
b
e
ob

se
rv
ed

fo
r
a
va
ri
a
ti
o
n
o
f
m

0
a
n
d
M

1
/
2
b
u
t
a
ls
o
b
y
a
d
ju
st
in
g
ta
n
β
′ ,
as

sh
ow

n
in

F
ig
.
2
w
h
er
e

w
e
h
av
e
fi
x
ed

m
0
=

1
0
0
0
G
eV

an
d
M

1
/
2
=

5
0
0
G
eV

.
A
s
ca
n
b
e
se
en

in
F
ig
.
2
,
th
e
m
a
ss

of
th
e
M
S
S
M
-l
ik
e

H
ig
g
s
b
os
o
n
ge
ts

p
u
sh
ed

to
la
rg
er

va
lu
es

fo
r
ve
ry

li
g
h
t
b
il
ep
to
n
sc
a
la
rs
.
S
u
ch

a
b
eh
av
io
r
h
a
s
al
re
a
d
y
b
ee
n

o
b
se
rv
ed

in
th
e
li
te
ra
tu
re

w
h
en

co
n
si
d
er
in
g
m
o
d
el
s
w
it
h
ex
te
n
d
ed

g
a
u
g
e
sy
m
m
et
ri
es

[4
0
,
41
,
4
2
,
43
,
4
4
,
45
].

If
th
e
ve
ry

li
g
h
t
b
il
ep
to
n
s
ar
e
co
n
si
st
en
t
w
it
h
al
l
ex
p
er
im

en
ta
l
d
a
ta

w
il
l
b
e
d
is
cu
ss
ed

in
se
c.

3
.3
.
W
e
tu
rn

n
ow

to
th
e
n
eu
tr
a
li
n
o
se
ct
o
r.

S
im

il
a
rl
y
to

th
e
C
M
S
S
M
,
th
e
li
g
h
te
st

n
eu
tr
a
li
n
o
is

of
te
n
b
in
o
-l
ik
e
an

d
th
e

m
a
in

d
iff
er
en
ce

is
,
in

th
is
ca
se
,
th
a
t
th
e
re
la
ti
o
n
b
et
w
ee
n
th
e
p
a
ra
m
et
er
s
at

d
iff
er
en
t
sc
a
le
s
ge
ts

ch
a
n
ge
d
d
u
e

4
6

8



1.
07

1.
08

1.
09

1.
10

1.
11

8010
0

12
0

14
0

16
0

ta
n
β
′

mh1,2[GeV]

1.
07

1.
08

1.
09

1.
10

1.
11

�
2.

0

�
1.

5

�
1.

0

�
0.

5

0.
0

ta
n
β
′

log(Z
H,2
i,3+Z

H,2
i,4)

F
ig
u
re

2
:

a
)
m
a
ss
es

of
tw

o
li
g
h
te
st

sc
a
la
rs
.

b
)
d
o
u
b
le
t
(g
re
en
)
a
n
d

b
il
ep
to
n

(b
lu
e)

fr
a
ct
io
n

o
f
li
g
h
te
st

H
ig
gs

as
fu
n
ct
io
n
of

ta
n
β
′ .

T
h
e
o
th
er

in
p
u
t
p
a
ra
m
et
er
s
ar
e
m

0
=

1
T
eV

,
M

1
/
2
=

5
0
0
G
eV

,
ta
n
(β

)
=

20
,

A
0
=

−1
T
eV

,
M

Z
′
=

27
50

G
eV

,
Y

ii x
=

0.
43
.
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F
ig
u
re

3
:
a
)
μ
′ a

s
fu
n
ct
io
n
of

m
0
.
b
)
m
a
ss
es

of
al
l
n
eu
tr
a
li
n
o
s.

c)
co
n
te
n
t
of

th
e
li
g
h
te
st

n
eu
tr
a
li
n
o
:
g
a
u
g
in
o

fr
a
ct
io
n
(r
ed
),

H
ig
g
si
n
o
fr
a
ct
io
n
(g
re
en
),

B
L
in
o
fr
a
ct
io
n
(b
lu
e)

an
d
b
il
ep
ti
n
o
fr
a
ct
io
n
(b
la
ck
).

T
h
e
in
p
u
t

p
a
ra
m
et
er
s
w
er
e
M

1
/
2
=

10
00

G
eV

,
ta
n
β
=

40
,A

0
=

15
00

G
eV

,
ta
n
β
′ =

1.
20
,M

Z
′
=

2
T
eV

.

a
lw
ay
s
sm

a
ll
er

th
a
n
M

1
,
b
ec
a
u
se
,
a
t
o
n
e-
lo
o
p
le
ve
l
an

d
w
it
h
o
u
t
k
in
et
ic

m
ix
in
g
,
th
e
re
la
ti
o
n

M
1
/
2

g
2 G
U
T

=
M

1

g
2 Y

=
M

B
′

g
2 B
L

(2
6)

w
ou

ld
h
ol
d
an

d
g B

L
is
a
lw
ay
s
sm

a
ll
er

th
a
n
g Y

if
u
n
ifi
ca
ti
o
n
at

th
e
G
U
T

sc
a
le

is
a
ss
u
m
ed
,
a
s
ca
n
b
e
se
en

in
E
q
.
(6
).

H
ow

ev
er
,
u
su
a
ll
y
th
er
e
is

a
la
rg
e
m
ix
in
g
b
et
w
ee
n
th
e
B
L
in
o
w
it
h
th
e
b
il
ep
ti
n
o
s,

le
a
d
in
g
to

h
ea
v
y

st
a
te
s.

H
ow

ev
er
,
th
er
e
a
re

re
g
io
n
s
w
h
er
e
th
is
m
ix
in
g
is
sm

a
ll
a
n
d
th
e
B
L
in
o
b
ec
o
m
es

th
e
L
S
P
.
In

p
a
rt
ic
u
la
r

th
is

h
a
p
p
en
s
if

μ
′
	

g B
L
x
�

M
Z

′
w
h
ic
h
h
a
p
p
en
s
ei
th
er

fo
r
la
rg
e
|Y x

|o
r
la
rg
e
m

0
,
as

th
is

in
cr
ea
se
s
th
e

d
iff
er
en

ce
m

2 η̄
−

m
2 η
.
A
s
an

ex
a
m
p
le

w
e
sh
ow

in
F
ig
.
3
th
a
t
μ
′
g
ro
w
s
w
it
h
in
cr
ea
si
n
g
m

0
le
a
d
in
g
to

a
la
rg
er

m
a
ss

sp
li
tt
in
g
b
et
w
ee
n
th
e
b
il
ep
ti
n
o
-l
ik
e
n
eu
tr
a
li
n
o
s
a
n
d
th
e
o
th
er
s.

F
o
r
ve
ry

la
rg
e
va
lu
es

of
μ
′ ,
th
e
b
il
ep
to
n

fi
el
d
s
ar
e
n
ea
rl
y
d
ec
o
u
p
le
d
a
n
d
th
e
n
a
tu
re

o
f
th
e
L
S
P

b
ec
o
m
es

B
L
in
o
-l
ik
e.

F
in
a
ll
y,

w
e
n
o
te

th
a
t
al
so

a
b
il
ep
ti
n
o
-l
ik
e
L
S
P

ca
n
b
e
ob

ta
in
ed

in
th
is

m
o
d
el
.
T
h
e
n
ec
es
sa
ry

co
n
d
it
io
n
,
|μ

′ |
b
ei
n
g
sm

a
ll
er

th
a
n
|μ
|a

n
d

a
ll
g
a
u
g
in
o
m
a
ss

p
a
ra
m
et
er
s,

ca
n
b
e
ob

ta
in
ed

if
th
e
d
iff
er
en
ce

b
et
w
ee
n
m

2 η
a
n
d
m

2 η̄
b
ec
o
m
es

sm
a
ll
.
T
h
is

ca
n
b
e
ac
co
m
m
o
d
a
te
d
b
y
a
d
ju
st
in
g
th
e
en
tr
ie
s
of

Y
x
.
A
s
an

ex
a
m
p
le
,
w
e
sh
ow

in
F
ig
.
4
th
e
m
a
ss
es

of
al
l

n
eu
tr
a
li
n
o
s
a
s
w
el
l
a
s
th
e
co
m
p
os
it
io
n
o
f
th
e
li
g
h
te
st

n
eu
tr
a
li
n
o
as

fu
n
ct
io
n
o
f
Y
x
,1
1
w
h
il
e
ke
ep
in
g
al
l
o
th
er

va
lu
es

fi
x
ed
.
A
lr
ea
d
y
a
10

p
er
-c
en
t
d
ec
re
a
se

le
a
d
s
to

a
n
ea
rl
y
a
p
u
re

b
il
ep

ti
n
o
L
S
P

an
d
it
s
m
a
ss

d
ep

en
d
s

4
6

9
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4
:
L
S
P

w
it
h
la
rg
e
b
il
ep
ti
n
o
fr
a
ct
io
n
:
a)

m
a
ss

of
n
eu
tr
a
li
n
o
s,

b
)
n
eu
tr
a
li
n
o
co
n
te
n
t.

T
h
e
co
lo
r
co
d
e

o
n
th
e
ri
g
h
t
h
a
n
d
si
d
e
is
a
s
fo
ll
ow

s:
g
a
u
g
in
o
fr
a
ct
io
n
(r
ed
),
H
ig
g
si
n
o
fr
a
ct
io
n
(g
re
en
),
B
L
in
o
fr
a
ct
io
n
(b
lu
e)
,

b
il
ep
ti
n
o
fr
a
ct
io
n
(b
la
ck
).

T
h
e
ot
h
er

p
a
ra
m
et
er
s
h
av
e
b
ee
n
m

0
=

1
T
eV

,
M

1
/
2
=

1.
5
T
eV

ta
n
(β

)
=

20
,

A
0
=

−1
.5

T
eV

,
ta
n
(β

′ )
=

1.
15
,
M

Z
′
=

2.
5
T
eV

,
Y

2
2

x
=

Y
3
3

x
=

0.
40

��
�� ��
�� �� ��

��
��

	�


�

��
�

��
�

��
�

	�
�

��
�

��
�

��
�

	�
�

��
��

� �
��

��
��

�
�
�
��
�

���������

��
��

��
��

����
��

��
��

��
��

��
��

	 �
�

��
�


 �
�

��
��
��
��

� �
�

��
�

��
�

��
�

��
��

��
��

��
��

�
�
�
��
�

���������

50
0

60
0

70
0

80
0

0

20
0

40
0

60
0

80
0

10
00

12
00

14
00

m
0
[G

eV
]

M1/2[GeV]

F
ig
u
re

5
:
M
a
ss

o
f
th
e
tw

o
li
g
h
te
st

H
ig
g
s
fi
el
d
s
(fi
rs
t
ro
w
)
a
s
w
el
l
a
s
th
e
lo
g
a
ri
th
m

o
f
th
e
b
il
ep
to
n
fr
a
ct
io
n

(l
ef
t
p
lo
t
in

se
co
n
d
ro
w
)
in

th
e
(m

0
,M

1
/
2
)-
p
la
n
e.

T
h
e
ri
g
h
t
p
lo
t
in

th
e
se
co
n
d
ro
w

sh
ow

s
th
e
sa
tu
ra
ti
o
n
of

th
e
ti
g
h
te
st

b
o
u
n
d
(w

h
ic
h
is

a
ll
ca
se
s
e+

e−
→

Z
h
1
,h

1
→

bb̄
)
as

ca
lc
u
la
te
d
b
y
H
i
g
g
s
B
o
u
n
d
s
:
th
e
b
lu
e
a
re
a

is
a
ll
ow

ed
,
th
e
re
d
o
n
e
ex
cl
u
d
ed

b
y
H
ig
g
s
se
a
rc
h
es
:
T
h
e
m
o
st

se
n
si
ti
ve

ch
a
n
n
el
s
a
re

e+
e−

→
Z
h
2
,h

2
→

bb̄
,

p
p
→

A
0
→

τ
τ̄
a
n
d
p
p
→

h
2
→

W
+
W

−
.
T
h
e
o
th
er

p
a
ra
m
et
er
s
ar
e
th
o
se

of
F
ig
.
2
a
n
d
w
e
u
se
d
ta
n
(β

′ )
=

1.
07
5.

3
.3

C
h
e
ck

in
g
H
ig
g
s
co

n
st
ra

in
ts

w
it
h
H
i
g
g
s
B
o
u
n
d
s

A
s
sh
ow

in
F
ig
.
2
ve
ry

li
g
h
t
b
il
ep
to
n
st
a
te
s
ca
n
b
e
p
re
se
n
t.

H
en
ce
,
ex
is
ti
n
g
co
n
st
ra
in
ts

on
H
ig
g
s
m
a
ss
es

co
m
in
g

fr
o
m

co
ll
id
er

ex
p
er
im

en
ts

h
av
e
to

b
e
ch
ec
ke
d

ca
re
fu
ll
y.

T
h
is

ca
n

b
e
d
o
n
e
w
it
h

H
i
g
g
s
B
o
u
n
d
s
.

H
i
g
g
s
B
o
u
n
d
s
[2
0
,
2
1
]
is

a
to
o
l
to

te
st

th
e
n
eu
tr
a
l
a
n
d
ch
a
rg
ed

H
ig
g
s
se
ct
o
rs

a
g
a
in
st

th
e
cu
rr
en
t
ex
cl
u
si
o
n

b
ou

n
d
s
fr
o
m

th
e
H
ig
g
s
se
a
rc
h
es

a
t
th
e
L
E
P
,
T
ev
a
tr
o
n
an

d
L
H
C

ex
p
er
im

en
ts
.
T
h
e
re
q
u
ir
ed

in
p
u
t
co
n
si
st
s

o
f
th
e
m
a
ss
es
,
w
id
th

an
d
b
ra
n
ch
in
g
ra
ti
o
s
of

th
e
H
ig
g
s
fi
el
d
s.

In
a
d
d
it
io
n
,
it

is
ei
th
er

p
o
ss
ib
le

to
p
ro
v
id
e

fu
ll
in
fo
rm

a
ti
o
n
ab

ou
t
p
ro
d
u
ct
io
n
cr
o
ss

se
ct
io
n
s
in

e+
e−

a
n
d
p
p
co
ll
is
io
n
s,

or
to

w
o
rk

w
it
h
a
se
t
of

eff
ec
ti
ve

co
u
p
li
n
g
s.

A
lt
h
o
u
g
h
H
i
g
g
s
B
o
u
n
d
s
su
p
p
o
rt
s
th
e
L
es
H
o
u
ch
es

in
te
rf
a
ce
,
th
is

fu
n
ct
io
n
a
li
ty

is
re
st
ri
ct
ed

so
fa
r

to
a
t
m
o
st

5
n
eu
tr
a
l
H
ig
g
s
fi
el
d
s,

a
n
d
th
er
ef
o
re
,
w
e
d
o
n
’t

u
se

it
.
In
st
ea
d
,
S
P
h
e
n
o
m
o
d
u
le
s
g
en
er
a
te
d
b
y

S
A
R
A
H
ca
n
cr
ea
te

al
l
n
ec
es
sa
ry

in
p
u
t
fi
le
s
n
ee
d
ed

fo
r
a
ru
n
of

H
i
g
g
s
B
o
u
n
d
s
w
it
h
eff

ec
ti
ve

co
u
p
li
n
g
s
(o
p
ti
o
n

w
h
i
c
h
i
n
p
u
t
=
e
f
f
C
).
W
e
ch
ec
ke
d
th
a
t
ve
ry

li
g
h
t
b
il
ep
to
n
-l
ik
e
H
ig
g
s
sc
a
la
rs

ar
e
n
o
t
ru
le
d
o
u
t
b
y
ex
p
er
im

en
ta
l

d
a
ta

u
si
n
g
H
i
g
g
s
B
o
u
n
d
s

3
.
6
.
1
b
e
t
a
.
H
ow

ev
er
,
th
e
m
ix
in
g
b
et
w
ee
n
th
e
b
il
ep
to
n
a
n
d
th
e
M
S
S
M
-l
ik
e
H
ig
g
s

is
ra
th
er

sm
a
ll
an

d
th
u
s
th
e
b
ra
n
ch
in
g
ra
ti
o
h
2
→

h
1
h
1
is
a
t
m
o
st

a
fe
w

p
er
-c
en
t.

T
h
er
ef
o
re
,
th
e
m
a
in

d
ec
ay

4
7

0
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0
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�
1012

ta
n
(β

′ )

Ωh
2

�
60

0
�

40
0
�

20
0

0
20

0
40

0
60

0
80

0

�
2

�
10123

2
·m

χ̃
0 1
−

m
h
2
[G

eV
]

Ωh
2

F
ig
u
re

6
:

L
ef
t:

lo
g
(Ω

h
2
)
as

a
fu
n
ct
io
n

o
f
ta
n
(β

′ )
.

R
ig
h
t:

m
a
ss

d
iff
er
en
ce

b
et
w
ee
n

th
e
L
S
P

a
n
d

tw
ic
e

th
e
li
g
h
t
b
il
ep
to
n
sc
a
la
r.

T
h
e
o
th
er

p
a
ra
m
et
er
s
h
av
e
b
ee
n
m

0
∼

2.
8
T
eV

,
M

1
/
2
∼

65
0
G
eV

,
ta
n
β

∼
7,

A
0
∼

−2
.8

T
eV

,
M

Z
′
∼

3.
2
T
eV

,
Y

ii x
∼

0.
42
.

ta
n
(β

′ )
=

1.
07
5
an

d
va
ry

m
0
a
n
d
M

1
/
2
.
W
e
se
e
th
a
t
th
er
e
is
a
si
za
b
le

re
g
io
n
w
h
er
e
th
e
li
g
h
te
st

H
ig
g
s,
b
ei
n
g

es
se
n
ti
a
ll
y
a
b
il
ep
to
n
,
h
a
s
a
m
a
ss

of
le
ss

th
a
n
h
a
lf
of

th
e
se
co
n
d
li
g
h
te
st
,
w
h
ic
h
is

m
a
in
ly

li
ke

th
e
M
S
S
M

h
0
.
E
ve
n
th
o
u
g
h
th
e
b
il
ep
to
n
h
a
s
on

ly
a
sm

a
ll
ad

m
ix
tu
re

o
f
th
e
d
o
u
b
le
t
H
ig
g
s
b
os
o
n
s,

it
is
la
rg
e
en
o
u
g
h
to

d
et
er
m
in
e
it
s
m
a
in

d
ec
ay

p
ro
p
er
ti
es
,
w
h
ic
h
ar
e
m
a
in
ly

S
M
-l
ik
e
w
it
h
re
sp
ec
t
to

it
s
d
ec
ay

in
to

S
M

fe
rm

io
n
s.

3
.4

C
a
lc
u
la
ti
n
g
d
a
rk

m
a
tt
e
r
re
li
c
d
e
n
si
ty

w
it
h
M
i
c
r
O
m
e
g
a
s

It
h
a
s
b
ee
n
sh
ow

n
in

se
c.

3
.2

th
a
t
th
er
e
a
re

n
ew

p
os
si
b
il
it
ie
s
fo
r
L
S
P

co
m
in
g
fr
o
m

th
e
B

−
L
-s
ec
to
r.

T
h
e

q
u
es
ti
o
n
ar
is
es

if
a
B
L
in
o
-
o
r
a
B
il
ep
ti
n
o
-l
ik
e
n
eu
tr
a
li
n
o
ca
n
h
av
e
th
e
co
rr
ec
t
re
li
c
d
en
si
ty

fo
r
b
ei
n
g
th
e
d
a
rk

m
a
tt
er

in
th
e
u
n
iv
er
se
.
T
o
te
st

th
is
,
w
e
h
av
e
u
se
d
M
i
c
r
O
m
e
g
a
s
.
M
i
c
r
O
m
e
g
a
s
[2
2
]
is
a
w
el
l
k
n
ow

n
to
o
l
fo
r
th
e

ca
lc
u
la
ti
o
n
of

th
e
re
li
c
d
en
si
ty

of
a
d
a
rk

m
a
tt
er

ca
n
d
id
a
te
.
A
s
M
i
c
r
O
m
e
g
a
s

u
se
s
C
a
l
c
H
e
p
fo
r
th
e
ca
lc
u
la
ti
o
n

o
f
(c
o
-)
a
n
n
ih
il
a
ti
o
n
cr
o
ss

se
ct
io
n
s,
th
e
C
a
l
c
H
e
p
o
u
tp
u
t
o
f
S
A
R
A
H
is
su
ffi
ci
en
t
to

ca
lc
u
la
te

th
e
re
li
c
d
en
si
ty

fo
r

n
ew

m
o
d
el
s.

A
s
th
e
S
L
H
A
+

im
p
or
t
fu
n
ct
io
n
a
li
ty

of
C
a
l
c
H
e
p
[4
6
]
ca
n
al
so

b
e
u
se
d
w
it
h
M
i
c
r
O
m
e
g
a
s
,
it

is
su
ffi
ci
en
t
to

si
m
p
ly

co
p
y
th
e
sp
ec
tr
u
m

fi
le

w
ri
tt
en

b
y
S
P
h
e
n
o
to

th
e
d
ir
ec
to
ry

o
f
M
i
c
r
O
m
e
g
a
s
a
n
d
st
a
rt

th
e

ca
lc
u
la
ti
o
n
.
It

tu
rn
s
ou

t
th
a
t
it
is

in
d
ee
d
p
os
si
b
le

to
h
av
e
va
li
d
B
L
in
o
an

d
B
il
ep
ti
n
o
d
a
rk

m
a
tt
er

ca
n
d
id
a
te

[3
0
].

F
o
r
in
st
a
n
ce
,
w
e
g
iv
e
in

F
ig
.
6
th
e
re
li
c
d
en
si
ty

as
fu
n
ct
io
n
of

ta
n
(β

′ )
.
S
in
ce

th
e
m
a
in

a
n
n
ih
il
a
ti
o
n

co
m
es

fr
o
m

a
re
so
n
a
n
ce

w
it
h
th
e
li
g
h
te
st

b
il
ep
to
n
sc
a
la
r,

th
er
e
is

a
st
ro
n
g
d
ep

en
d
en
ce

on
ta
n
(β

′ )
:
n
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b
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b
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p
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b
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R
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b
u
t
I
w
il
l

su
m
m
a
ri
ze

th
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f
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p
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ra
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p
ro
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d
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R
D

p
ro
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ra
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R
D

2
:
(N

e
w
)
T
e
ch

n
ic
a
l
a
n
d

P
h
y
si
cs

F
e
a
tu

re
s

2
.1

S
tr
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b
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p
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a
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b
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f
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b
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p
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f
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R
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b
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R
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d
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b
ra
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b
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p
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l
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R
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b
ra
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v
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p
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p
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R
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p
ro
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p
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n
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ra
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a
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p
ro
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ra
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ra
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p
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w
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b
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c
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e
co
d
e
(i
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b
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p
ro
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ra
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e
m
a
tr
ix

el
em

en
t
g
en

er
a
to
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b
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ra
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b
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ra
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h
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.g
.
re
g
re
ss
io
n
s
et
c.
).

T
o
fu
rt
h
er

co
n
tr
o
l
th
e
li
n
e
o
f
d
ev
el
o
p
m
en
t,
th
e
re
v
is
io
n

co
n
tr
o
l
sy
st
em

(s
u
b
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b
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p
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ra
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ro
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b
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p
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p
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b
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b
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b
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p
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p
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p
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p
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p
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p
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p
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d
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p
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h
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d
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ra
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w
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ra
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p
o
la
r
a
n
g
le

5
d
eg
re
es

aw
ay

fr
o
m

th
e
b
ea
m

a
x
is

u
n
d
er

th
e
co
n
d
it
io
n
th
a
t
it
s
a
b
so
lu
te

ra
p
id
it
y
is

b
el
ow

so
m
e
p
re
d
efi
n
ed

cu
t
va
ri
a
b
le
.
T
h
e
se
co
n
d
li
n
e
se
le
ct
s
a
n
y

se
co
n
d
-h
a
rd
es
t
le
p
to
n
in

p
T

if
it
s
en

er
g
y
ex
ce
ed

s
tw

ic
e
th
e
W

m
a
ss
.
A
n
a
ly
si
s
ex
p
re
ss
io
n
s
a
n
d
h
is
to
g
ra
m
s

ca
n
b
e
d
efi
n
ed

in
th
e
sa
m
e
w
ay
.

W
H
IZ
A
R
D

2
u
se
s
p
ro
ce
ss

li
b
ra
ri
es
,
w
h
ic
h
a
ll
ow

s
th
e
u
sa
g
e
o
f
p
ro
ce
ss
es

fr
o
m

d
iff
er
en
t
B
S
M

m
o
d
el
s
in

p
a
ra
ll
el
.

A
s
n
o
t
th
e
m
u
lt
i-
le
g
m
a
tr
ix

el
em

en
ts
,
b
u
t
th
e
h
ig
h
-d
im

en
si
o
n
a
l
p
h
a
se

sp
a
ce

in
te
g
ra
ti
o
n
is

th
e

m
a
jo
r
b
o
tt
le
n
ec
k
fo
r
g
o
in
g
to

h
ig
h
er

a
n
d
h
ig
h
er

m
u
lt
ip
li
ci
ti
es
,
fa
ct
o
ri
zi
n
g
a
m
p
li
tu
d
es

in
to

p
ro
d
u
ct
io
n
a
n
d

su
b
se
q
u
en
t
d
ec
ay

s
is
(i
n
a
w
el
l-
d
efi
n
ed

a
p
p
ro
x
im

a
ti
o
n
)
n
o
t
to

b
a
d
a
n
id
ea
.
W

H
IZ
A
R
D

2
re
a
li
ze
s
th
is
fo
r
th
e

ev
en
t
g
en
er
a
ti
o
n
a
n
d
h
en
ce

d
is
tr
ib
u
ti
o
n
s
w
h
er
e
th
e
u
se
r
ca
n
sp
ec
if
y
w
h
et
h
er

h
e
w
a
n
ts

n
o
sp
in

co
rr
el
a
ti
o
n
s,

o
n
ly

cl
a
ss
ic
a
l
sp
in

co
rr
el
a
ti
o
n
s
(i
.e
.
th
e
d
ia
g
o
n
a
l
o
f
th
e
sp
in

d
en

si
ty

m
a
tr
ix
)
o
r
fu
ll
sp
in

co
rr
el
a
ti
o
n
s.

A
n

ex
a
m
p
le

fo
r
sq
u
a
rk

p
a
ir

p
ro
d
u
ct
io
n
w
h
er
e
o
n
e
o
f
th
e
tw

o
sq
u
a
rk
s
d
ec
ay

s
v
ia

a
sl
ep
to
n
in
to

je
t,

le
p
to
n
a
n
d

th
e
li
g
h
te
st

n
eu

tr
a
li
n
o
is

sh
ow

n
in

F
ig
.
3
.
O
n
e
is

a
b
le

to
d
efi

n
e
co
n
ta
in
er
s
o
f
p
a
rt
ic
le
s
fo
r
d
ec
ay

s
a
n
d
ca
n

th
er
ef
o
re

h
a
n
d
le

in
cl
u
si
v
e
p
ro
ce
ss
es

a
n
d
d
ec
ay

s.
W

it
h
re
sp
ec
t
to

W
H
IZ
A
R
D

1
.x
x
,
th
e
a
lg
o
ri
th
m
s
fo
r
th
e

fl
av
o
r
su
m
s
o
f
in
it
ia
l
a
n
d
fi
n
a
l
st
a
te

p
a
rt
ic
le
s
h
av
e
b
ee
n
g
re
a
tl
y
im

p
ro
v
ed

.
A

m
o
re

el
a
b
o
ra
te

el
im

in
a
ti
o
n
o
f

re
d
u
n
d
a
n
ci
es

fr
o
m

su
m
m
a
ti
o
n
ov
er

in
te
rn
a
l
a
n
d
ex
te
rn
a
l
co
m
b
in
a
ti
o
n
s
o
f
fl
av
o
u
rs

(p
a
rt
ic
u
la
rl
y
q
u
a
rk
s
in

je
ts
,
es
p
ec
ia
ll
y
fo
r
L
H
C

p
h
y
si
cs
)
w
il
l
b
e
av
a
il
a
b
le
so
o
n
a
n
d
is
ex
p
ec
te
d
to

fu
rt
h
er

im
p
ro
v
e
b
o
th

co
d
e
si
ze

a
n
d

sp
ee
d
.
F
o
r
th
e
a
n
a
ly
si
s,

th
e
g
ra
p
h
ic
a
l
p
a
ck
a
g
e
G
A
M
E
L
A
N

b
a
se
d
o
n
L
a
T
eX

a
n
d
M
et
a
P
o
st

h
a
s
b
ee
n
a
ls
o

im
p
ro
v
ed
.
A
g
a
in

o
n
th
e
te
ch
n
ic
a
l
si
d
e,

th
e
a
lg
o
ri
th
m

u
si
n
g
M
D
5
ch
ec
k
su
m
s
h
a
s
b
ee
n
re
v
is
it
ed
,
su
ch

th
a
t
is

n
ow

p
o
ss
ib
le

to
re
u
se

ev
er
y
b
it

a
n
d
p
ie
ce

o
f
th
e
st
ep

s:
th
e
co
d
e,

th
e
o
b
je
ct

fi
le
s,

th
e
p
h
a
se

sp
a
ce

se
tu
p
fi
le
,

th
e
in
te
g
ra
ti
o
n
g
ri
d
s
a
n
d
th
e
a
lr
ea
d
y
g
en

er
a
te
d
ev
en
ts
,
w
h
en
ev
er

th
o
se

th
in
g
s
a
re

st
il
l
co
m
p
a
ti
b
le

w
it
h
th
e

se
tu
p
in

th
e
in
p
u
t
fi
le
.
O
th
er

n
ew

fe
a
tu
re
s,
th
a
t
w
il
l
b
e
d
is
cu
ss
ed

in
m
o
re

d
et
a
il
b
el
ow

,
a
re

th
e
in
te
rf
a
ce

[1
8]

to
th
e
p
ro
g
ra
m

F
ey
n
R
u
le
s
[1
9]

w
h
ic
h
a
ll
ow

s
to

in
cl
u
d
e
a
n
ew

B
S
M

m
o
d
el

ju
st

b
y
sp
ec
if
y
in
g
it
s
L
a
g
ra
n
g
ia
n
,

a
n
d
th
e
in
it
ia
l
a
n
d
fi
n
a
l
st
a
te

p
a
rt
o
n
sh
ow

er
o
f
W

H
IZ
A
R
D

[2
0]

to
g
et
h
er

w
it
h
a
n
M
L
M

m
a
tc
h
in
g
p
ro
ce
d
u
re

b
et
w
ee
n
h
a
rd

m
a
tr
ix

el
em

en
ts

a
n
d
th
e
p
a
rt
o
n
sh
ow

er
.

4
7

6
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F
ig
u
re

3
:
F
a
ct
o
ri
za
ti
o
n
o
f
p
ro
ce
ss
es

in
d
is
tr
ib
u
ti
o
n
s:

th
e
je
t-
le
p
to
n
in
va
ri
a
n
t
m
a
ss

is
sh
ow

n
fo
r
sq
u
a
rk

p
a
ir

p
ro
d
u
ct
io
n
a
t
th
e
L
H
C
,
w
h
er
e
o
n
e
o
f
th
e
sq
u
a
rk
s
su
b
se
q
u
en
tl
y
d
ec
ay

s
in
to

a
je
t,

a
le
p
to
n
a
n
d
th
e
li
g
h
te
st

n
eu
tr
a
li
n
o
.
U
p
p
er

le
ft
:
fu
ll
m
a
tr
ix

el
em

en
t,

u
p
p
er

ri
g
h
t
fa
ct
o
ri
ze
d
w
it
h
fu
ll
sp
in

co
rr
el
a
ti
o
n
s,

lo
w
er

ro
w
:

fa
ct
o
ri
ze
d
w
it
h
cl
a
ss
ic
a
l
(l
ef
t)

a
n
d
n
o
sp
in

co
rr
el
a
ti
o
n
s
(r
ig
h
t)
,
re
sp
ec
ti
v
el
y.

2
.3

F
ie
ld
s,

B
e
a
m
s,

In
te
ra

ct
io
n
s,

M
o
d
e
ls

in
W

H
IZ

A
R
D

In
th
e
d
is
cu
ss
io
n
o
f
th
e
im

p
le
m
en
te
d
p
h
y
si
cs

co
n
te
n
t
in

W
H
IZ
A
R
D

(2
),
w
e
fi
rs
t
st
a
rt

w
it
h
th
e
h
a
rd

m
a
tr
ix

el
em

en
ts
,
p
a
rt
ic
le

ty
p
es
,
in
te
ra
ct
io
n
ty
p
es
,
L
o
re
n
tz

st
ru
ct
u
re
s
et
c.

T
h
e
p
o
ss
ib
le

p
a
rt
ic
le
ty
p
es

in
W

H
IZ
A
R
D

co
n
ta
in

sc
a
la
rs
,
sp
in

1
/
2
fe
rm

io
n
s
(b
o
th

D
ir
a
c
a
n
d
M
a
jo
ra
n
a
)
to
g
et
h
er

w
it
h
fe
rm

io
n
-n
u
m
b
er

v
io
la
ti
n
g
v
er
ti
ce
s

fo
ll
ow

in
g
th
e
ru
le
s
in

[2
1,

2
2]
,
sp
in

1
p
a
rt
ic
le
s
(b
o
th

m
a
ss
le
ss

a
n
d
m
a
ss
iv
e,
in

u
n
it
a
ri
ty

a
n
d
F
ey
n
m
a
n
g
a
u
g
e
a
s

w
el
l
a
s
in

p
ri
n
ci
p
le
fo
r
a
rb
it
ra
ry

R
ξ
g
a
u
g
es
),
sp
in

3
/
2
p
a
rt
ic
le
s
(o
n
ly

a
s
M
a
jo
ra
n
a
p
a
rt
ic
le
s
in

th
ei
r
in
ca
rn
a
ti
o
n

a
s
g
ra
v
it
in
o
s)
,
a
s
w
el
l
a
s
sp
in

2
p
a
rt
ic
le
s
(m

a
ss
le
ss

a
n
d
m
a
ss
iv
e)
.
P
a
rt
ic
le
s
co
u
ld

b
e
d
y
n
a
m
ic
(i
.e
.
p
ro
p
a
g
a
ti
n
g

p
a
rt
ic
le
s)

o
r
p
u
re

in
se
rt
io
n
s.

T
h
e
la
tt
er

ca
n
e.
g
.
b
e
u
se
d
a
s
sp
u
ri
o
n
fi
el
d
s
in

o
p
er
a
to
r
in
se
rt
io
n
s.

T
h
er
e
a
re

a
ls
o
u
n
p
h
y
si
ca
l
p
a
rt
ic
le
s
fo
r
te
st
in
g
p
u
rp
o
se
s
in
si
d
e
W
a
rd
-
a
n
d
S
la
v
n
oy

-T
ay

lo
r
id
en
ti
ti
es

(s
ee

e.
g
.
[2
3,

2
4]
).

N
o
te

th
a
t
fo
r
a
ll
th
e
p
a
rt
ic
le

ty
p
es

th
er
e
a
re

ro
u
ti
n
es

th
a
t
a
d
d
u
p
to

a
la
rg
e
te
st

su
it
e,

te
st
in
g
(e
sp
ec
ia
ll
y

n
u
m
er
ic
a
ll
y
)
eq
u
a
ti
o
n
s
o
f
m
o
ti
o
n
,
tr
a
n
sv
er
sa
li
ty
,
ir
re
d
u
ci
b
il
it
y
o
f
th
e
o
n
-s
h
el
l
fi
el
d
s
a
s
w
el
l
a
s
e.
g
.
M
a
jo
ra
n
a

p
ro
er
ti
es

o
f
d
iff
er
en
t
v
er
ti
ce
s.

F
o
r
th
e
v
er
ti
ce
s,
th
er
e
is
a
h
u
g
e
li
st

o
f
L
o
re
n
tz

st
ru
ct
u
re
s
th
a
t
a
re

su
p
p
o
rt
ed

b
y
W

H
IZ
A
R
D

ra
n
g
in
g
fr
o
m

p
u
re
ly

sc
a
la
r
co
u
p
li
n
g
s
ov
er

sc
a
la
r-
v
ec
to
r
co
u
p
li
n
g
s
(i
n
cl
.

d
im

en
si
o
n
5
o
p
er
a
to
rs
),

p
u
re

v
ec
to
r
co
u
p
li
n
g
s,

fe
rm

io
n
ic

co
u
p
li
n
g
s
to

sc
a
la
rs
,
to

v
ec
to
rs
,
to

te
n
so
rs

a
s
w
el
l
a
s
d
im

en
si
o
n
5
a
n
d
6
o
p
er
a
to
rs

th
a
t
a
p
p
ea
r

e.
g
.
in

th
e
co
n
te
x
t
o
f
su
p
er
sy
m
m
et
ri
c
W
a
rd

id
en
ti
ti
es
),

a
s
w
el
l
a
s
g
ra
v
it
in
o
co
u
p
li
n
g
s
o
f
d
im

en
si
o
n
s
5
a
n
d

6
.

C
o
m
p
le
te
ly

g
en

er
a
l
L
o
re
n
tz

st
ru
ct
u
re
s
th
a
t
w
il
l
a
ll
ow

a
n

a
u
to
m
a
ti
c
g
en

er
a
ti
o
n
o
f
a
li
b
ra
ry

w
it
h

th
e

co
rr
es
p
o
n
d
in
g
F
o
rt
ra
n
ro
u
ti
n
es

is
u
n
d
er

co
n
st
ru
ct
io
n
,
a
n
d
w
il
l
p
re
su
m
a
b
ly

b
e
re
a
d
y
b
y
th
e
en
d
o
f
th
e
y
ea
r.

C
o
lo
r
fl
ow

s
in

W
H
IZ
A
R
D

a
re

g
en

er
a
te
d
in

th
e
co
lo
r
fl
ow

fo
rm

a
li
sm

[2
5,

2
6
].
W

h
il
e
in

th
e
le
g
a
cy

v
er
si
o
n

W
H
IZ
A
R
D

1
.9
x
th
is
w
a
s
d
o
n
e
in

a
ra
th
er

sl
ow

a
p
p
ro
a
ch

w
it
h
th
e
h
el
p
o
f
a
P
E
R
L
sc
ri
p
t,
in

W
H
IZ
A
R
D

2
th
is

w
a
s
p
er
fo
rm

ed
d
ir
ec
tl
y
in
si
d
e
th
e
co
re

o
f
O
’M

eg
a
a
n
d
fi
n
a
ll
y
ev
en

m
o
re

re
fi
n
ed

a
s
a
co
lo
ri
zi
n
g
o
f
th
e
D
ir
ec
te
d

A
cy
cl
ic
a
l
G
ra
p
h
(D

A
G
)
a
s
a
re
p
re
se
n
ta
ti
o
n
o
f
th
e
co
lo
re
d
a
m
p
li
tu
d
e
[1
7]
.
T
h
o
u
g
h
in

p
ri
n
ci
p
le

ev
er
y
S
U
(N

)
g
a
u
g
e
g
ro
u
p
is

su
p
p
o
rt
ed
,
w
e
fo
cu

s
h
er
e
o
n
st
a
n
d
a
rd

S
U
(3
)
fo
r
Q
C
D
.
A
t
th
e
m
o
m
en
t,

th
e
fu
n
d
a
m
en
ta
l

a
n
d
a
n
ti
-f
u
n
d
a
m
en
ta
l
re
p
re
se
n
ta
ti
o
n
s
a
re

su
p
p
o
rt
ed
,
th
e
a
d
jo
in
t
re
p
re
se
n
ta
ti
o
n
,
w
h
ic
h
a
lr
ea
d
y
co
v
er
s
a
ll

st
a
n
d
a
rd

p
a
rt
ic
le
s
in

th
e
S
M
,
S
U
S
Y

a
n
d
ex
tr
a
-d
im

en
si
o
n
a
l
m
o
d
el
s.

In
p
re
p
a
ra
ti
o
n
a
re

g
en

er
a
li
ze
d
co
lo
r

st
ru
ct
u
re
s
in
cl
u
d
in
g
co
lo
r
se
x
te
ts

a
n
d
d
ec
u
p
le
ts

a
s
w
el
l
a
s
b
a
ry
o
n
-n
u
m
b
er

v
io
la
ti
n
g
v
er
ti
ce
s
a
s
in

ε i
j
k
φ
iφ

j
φ
k
.

4
7

7

b
e
a
m
s
=
p
,
p
=
>
l
h
a
p
d
f
{
$
l
h
a
p
d
f
_
f
i
l
e
=
"
c
t
e
q
5
l
.
L
H
g
r
i
d
"
}

b
e
a
m
s
=
p
,
p
=
>
p
d
f
_
b
u
i
l
t
i
n
{
$
p
d
f
_
b
u
i
l
t
i
n
_
s
e
t
=

"
m
s
t
w
2
0
0
8
n
l
o
"
}

b
e
a
m
s
=
e
1
,
E
1
=
>
c
i
r
c
e
1
=
>
i
s
r

b
e
a
m
s
=
A
,
A
=
>
c
i
r
c
e
2
{
$
c
i
r
c
e
2
_
f
i
l
e
=
"
t
e
s
l
a
g
g
_
5
0
0
.
c
i
r
c
e
"
}

b
e
a
m
s
=
e
1
,
E
1

=
>
b
e
a
m
_
e
v
e
n
t
s
{
$
b
e
a
m
_
e
v
e
n
t
s
_
f
i
l
e
=
"
u
n
i
f
o
r
m
_
s
p
r
e
a
d
_
2
.
5
%
.
d
a
t
"
}

b
e
a
m
s
=
e
1
,
E
1
=
>
u
s
e
r
_
s
t
r
f
u
n
(
"
e
s
c
a
n
"
)
,
n
o
n
e

F
ig
u
re

4
:
S
tr
u
ct
u
re
d
b
ea
m
s
in

W
H
IZ
A
R
D

2
a
s
th
ey

a
p
p
ea
r
in

S
IN

D
A
R
IN

co
m
m
a
n
d
s.

T
h
es
e
co
lo
r
st
ru
ct
u
re
s
a
re

fo
re
se
en

to
b
e
m
a
d
e
p
u
b
li
c
in

la
te

2
0
1
2
.

C
o
n
ce
rn
in
g
st
ru
ct
u
re
d
b
ea
m
s,

th
e
co
m
p
le
te

se
tu
p
fo
r
b
ea
m

st
ru
ct
u
re

re
le
va
n
t
fo
r
le
p
to
n
co
ll
id
er
s
fr
o
m

W
H
IZ
A
R
D

1
h
av
e
b
ee
n
ta
k
en

ov
er

in
o
r
re
-i
m
p
le
m
en
te
d
fo
r
W

H
IZ
A
R
D

2
,
w
h
il
e
th
e
su
p
p
o
rt

fo
r
st
ru
ct
u
re
d

b
ea
m
s
fo
r
h
a
d
ro
n
co
ll
id
er
s
h
a
s
b
ee
n
m
u
ch

en
la
rg
ed

a
n
d
m
o
d
er
n
iz
ed

.
E
x
a
m
p
le
s
fo
r
st
ru
ct
u
re
d
b
ea
m
s
a
s

S
IN

D
A
R
IN

co
m
m
a
n
d
s
a
re

sh
ow

n
in

F
ig
.
4

1
.
F
o
r
le
p
to
n
co
ll
id
er
s,
in
it
ia
l
st
a
te

ra
d
ia
ti
o
n
(I
S
R
)
is
im

p
le
m
en
te
d

a
cc
o
rd
in
g
to

th
e
ca
lc
u
la
ti
o
n
s
p
re
se
n
te
d
in

[2
8,

2
9]

w
h
ic
h
co
n
ta
in
s
th
e
re
su
m
m
ed

re
su
lt
s
fo
r
so
ft
-c
o
ll
in
ea
r

p
h
o
to
n
fr
o
m

[3
0,

3
1]

to
g
et
h
er

w
it
h
th
e
ex
p
li
ci
t
ca
lc
u
la
ti
o
n
o
f
h
a
rd
-c
o
ll
in
ea
r
p
h
o
to
n
s
u
p
to

th
ir
d
o
rd
er

in
p
er
tu
rb
a
ti
o
n
th
eo
ry
.
W

H
IZ
A
R
D

ca
n
a
ls
o
g
en

er
a
te

ex
p
li
ci
ty

th
e
p
T
d
is
tr
ib
u
ti
o
n
o
f
th
e
p
h
o
to
n
s
in

th
e
ev
en
t

a
s
w
el
l
a
s
o
f
th
e
el
ec
tr
o
n
b
ea
m

re
m
n
a
n
ts

fr
o
m

th
e
IS
R

re
co
il
.

P
o
la
ri
ze
d
b
ea
m
s
a
re

su
p
p
o
rt
ed
,
w
h
er
e
it

is
p
o
ss
ib
le

to
sp
ec
if
y
a
rb
it
ra
ry

p
o
la
ri
za
ti
o
n
st
a
te
s
(n
o
t
o
n
ly

li
n
ea
r
o
r
ci
rc
u
la
r
p
o
la
ri
za
ti
o
n
m
o
d
es
)
b
y
u
si
n
g
a
n
ex
p
li
ci
t
sp
in

d
en
si
ty

m
a
tr
ix

a
s
in
p
u
t.

B
ea
m
st
ra
h
lu
n
g
,

i.
e.

th
e
d
ef
o
rm

a
ti
o
n
o
f
th
e
b
ea
m

sp
ec
tr
u
m

d
u
e
to

m
a
cr
o
so
p
ic
(c
la
ss
ic
a
l)
el
ec
tr
o
m
a
g
n
et
ic

in
te
ra
ct
io
n
s
ca
n
b
e

si
m
u
la
te
d
v
ia

th
e
C
IR

C
E
m
o
d
u
le

[1
2]
,
w
h
il
e
p
h
o
to
n
co
ll
id
er

sp
ec
tr
a
fr
o
m

C
o
m
p
to
n
b
a
ck

sc
a
tt
er
in
g
a
re

co
n
-

ta
in
ed

in
th
e
C
IR

C
E
2
g
en
er
a
to
r
w
it
h
in

th
e
W

H
IZ
A
R
D

p
a
ck
a
g
e.

E
x
te
rn
a
l
b
ea
m

sp
ec
tr
a
w
h
ic
h
a
re

b
a
si
ca
ll
y

lo
n
g
li
st
s
o
f
en

er
g
y
ra
ti
o
(o
r
ex
p
li
ci
t
en

er
g
y
)
va
lu
es

ca
n
b
e
re
a
d
in
,
o
r
u
se
r-
d
efi
n
ed

co
d
e
ca
n
b
e
in
cl
u
d
ed
,

co
m
p
il
ed

a
n
d
li
n
k
ed

in
th
e
d
y
n
a
m
ic

se
tu
p
o
f
W

H
IZ
A
R
D

2
a
t
ru
n
ti
m
e.

W
h
a
t
is

a
t
th
e
m
o
m
en
t
n
o
t
(y
et
)

im
p
le
m
en
te
d
is

el
ec
tr
o
m
a
g
n
et
ic

fi
n
a
l
st
a
te

ra
d
ia
ti
o
n
(F

S
R
)
u
si
n
g
a
Y
en

n
ie
-F
ra
u
ts
ch
i-
S
u
u
ra

a
p
p
ro
a
ch

[3
2]
.

C
o
n
ce
rn
in
g
h
a
d
ro
n
ic

b
ea
m

en
v
ir
o
n
m
en
ts
,
th
e
su
p
p
o
rt

fo
r
P
D
F
L
IB

in
si
d
e
C
E
R
N
L
IB

fo
r
P
D
F
s
h
a
s
b
ee
n

a
b
a
n
d
o
n
ed

in
W

H
IZ
A
R
D

2
.
L
ik
e
W

H
IZ
A
R
D

1
,
W

H
IZ
A
R
D

2
n
ow

ex
cl
u
si
v
el
y
co
n
ta
in
s
a
n
in
te
rf
a
ce

to
th
e

L
H
A
P
D
F

ex
te
rn
a
l
li
b
ra
ry

[3
3]

su
p
p
o
rt
in
g
in

p
ri
n
ci
p
le

a
ll
(m

o
d
er
n
)
P
D
F

se
ts
,
in
cl
u
d
in
g
p
h
o
to
n
P
D
F

a
n
d

p
io
n
P
D
F
s.

T
o
b
e
in
d
ep

en
d
en
t
fr
o
m

in
st
a
ll
in
g
L
H
A
P
D
F
a
n
d
li
n
k
in
g
it
in
to

W
H
IZ
A
R
D
,
th
e
m
o
st

p
ro
m
in
en
t

a
n
d
re
ce
n
t
P
D
F
se
ts

h
av
e
b
ee
n
d
ir
ec
tl
y
in
cl
u
d
ed

in
to

W
H
IZ
A
R
D

to
g
et
h
er

w
it
h
th
e
ro
u
ti
n
es

fo
r
th
e
ru
n
n
in
g

st
ro
n
g
co
u
p
li
n
g
fr
o
m

th
e
P
D
F

co
ll
a
b
o
ra
ti
o
n
s.

H
a
d
ro
n
iz
a
ti
o
n
a
s
w
el
l
a
s
h
a
d
ro
n
ic

ev
en
ts

ca
n
b
e
si
m
u
la
te
d

th
ro
u
g
h
P
Y
T
H
IA

[1
1]

w
h
ic
h
sh
ip
s
w
it
h
th
e
m
a
in

W
H
IZ
A
R
D

d
is
tr
ib
u
ti
o
n
.
O
f
co
u
rs
e,

it
a
ls
o
p
o
ss
ib
le

to
w
ri
te

o
u
t
p
a
rt
o
n
le
v
el

ev
en
ts

in
to

so
m
e
ev
en
t
fi
le
,
re
a
d
th
em

in
in
to

a
d
iff
er
en
t
h
a
d
ro
n
iz
a
ti
o
n
p
ro
g
ra
m

a
n
d

th
en

re
a
d
th
e
h
a
d
ro
n
ic

ev
en
t
fi
le

b
a
ck

in
to

W
H
IZ
A
R
D

fo
r
a
n
a
n
a
ly
si
s.

2
.4

P
a
rt
o
n
S
h
o
w
e
r

P
a
rt
o
n
sh
ow

er
in
g
ca
n
b
e
d
o
n
e
a
s
in

W
H
IZ
A
R
D
1
w
it
h
a
n
ex
te
rn
a
l
p
ro
g
ra
m

th
a
t
is
ei
th
er

li
n
k
ed

to
W

H
IZ
A
R
D

o
r
v
ia

th
e
p
ip
e
ov
er

a
n
ex
te
rn
a
l
ev
en
t
fi
le
th
a
t
is
to

b
e
co
n
v
er
te
d
fr
o
m

p
a
rt
o
n
ic
to

h
a
d
ro
n
le
v
el
.
In

W
H
IZ
A
R
D

2
,
th
e
la
te
st

F
o
rt
ra
n
v
er
si
o
n
o
f
P
Y
T
H
IA

[1
1]

is
in
cl
u
d
ed

in
th
e
d
is
tr
ib
u
ti
o
n
ta
rb
a
ll
,
so

p
a
rt
o
n
sh
ow

er
in
g
v
ia

P
Y
T
H
IA

(l
ik
e
h
a
d
ro
n
za
ti
o
n
a
n
d
h
a
d
ro
n
ic

d
ec
ay

s)
ca
n
b
e
d
ir
ec
tl
y
st
ee
re
d
fr
o
m

th
e
S
IN

D
A
R
IN

in
p
u
t
fi
le
.

In
W

H
IZ
A
R
D

2
,
th
er
e
a
re

n
ow

tw
o
h
o
m
eb
re
w

p
a
rt
o
n
sh
ow

er
s,

o
n
e
a
lo
n
g
th
e
li
n
es

o
f
th
e
P
Y
T
H
IA

p
a
rt
o
n

sh
ow

er
a
s
k
T
-o
rd
er
ed

sh
ow

er
in
cl
u
d
in
g
a
n
g
u
la
r
o
rd
er
in
g
,
th
e
o
th
er

o
n
e
a
n
a
n
a
ly
ti
c
p
a
rt
o
n
sh
ow

er
.

T
h
e

d
et
a
il
s
o
f
th
is

la
tt
er

sh
ow

er
a
re

d
es
cr
ib
ed

in
fu
ll
d
et
a
il
in

[2
0]

(a
ls
o
cf
.

re
fe
re
n
ce
s
th
er
ei
n
).

C
o
n
ce
rn
in
g

th
e
o
ri
g
in
a
l
a
n
a
ly
ti
c
fi
n
a
l
st
a
te

p
a
rt
o
n
sh
ow

er
[3
4]
,
se
v
er
a
l
im

p
ro
v
em

en
ts

h
av
e
b
ee
n
m
a
d
e,

li
k
e
a
ru
n
n
in
g

sc
a
le

o
f
th
e
st
ro
n
g
co
u
p
li
n
g
co
n
st
a
n
t
a
n
d

co
lo
r
co
h
er
en

ce
b
y
im

p
o
si
n
g
a
n
g
u
la
r
o
rd
er
in
g
.

A
co
m
p
a
ri
so
n

to
ex
p
er
im

en
ta
l
re
su
lt
s
fr
o
m

th
e
L
E
P

co
ll
a
b
o
ra
ti
o
n
s
h
av
e
b
ee
n
m
a
d
e,

cf
.
F
ig
.
5.

T
h
e
m
a
in

n
ew

fe
a
tu
re
,

h
ow

ev
er
,
is
th
e
a
n
a
ly
ti
c
in
it
ia
l
st
a
te

sh
ow

er
,
w
h
ic
h
is
th
e
m
a
in

p
a
rt

o
f
[2
0]
.
T
h
er
e,

a
n
a
u
to
m
a
ti
c
M
L
M
-t
y
p
e

m
a
tc
h
in
g
p
ro
ce
d
u
re

[3
5]

h
a
s
b
ee
n
im

p
le
m
en
te
d
to

sm
o
o
th
ly

co
n
n
ec
t
h
ig
h
-p

T
ta
il
s
o
f
je
t
d
is
tr
ib
u
ti
o
n
s
e.
g
.
in

1
F
o
r
a
co
m
p
le
te

ov
er
v
ie
w

o
f
S
IN

D
A
R
IN

co
m
m
a
n
d
s,

cf
.
th
e
W

H
IZ

A
R
D

m
a
n
u
a
l
[2
7
].

4
7

8



M
O
D
E
L
T
Y
P
E

w
it
h
C
K
M

m
a
tr
ix

tr
iv
ia
l
C
K
M

Q
E
D

w
it
h
e,
μ
,τ
,γ

–
Q
E
D

Q
C
D

w
it
h
d
,u

,s
,c
,b
,t
,g

–
Q
C
D

S
ta
n
d
a
rd

M
o
d
el

S
M
C
K
M

S
M

S
M

w
it
h
a
n
o
m
a
lo
u
s
g
a
u
g
e
co
u
p
li
n
g
s

S
M
a
c
C
K
M

S
M
a
c

S
M

w
it
h
a
n
o
m
a
lo
u
s
to
p
co
u
p
li
n
g
s

S
M
t
o
p
C
K
M

S
M
t
o
p

S
M

w
it
h
K

m
a
tr
ix

—
S
M
K
M

M
S
S
M

M
S
S
M
C
K
M

M
S
S
M

M
S
S
M

w
it
h
g
ra
v
it
in
o
s

—
M
S
S
M
G
r
a
v

N
M
S
S
M

N
M
S
S
M
C
K
M

N
M
S
S
M

ex
te
n
d
ed

S
U
S
Y

m
o
d
el
s

—
P
S
S
S
M

L
it
tl
es
t
H
ig
g
s

—
L
i
t
t
l
e
s
t

L
it
tl
es
t
H
ig
g
s
w
it
h
u
n
g
a
u
g
ed

U
(1
)

—
L
i
t
t
l
e
s
t
E
t
a

L
it
tl
es
t
H
ig
g
s
w
it
h
T

p
a
ri
ty

—
L
i
t
t
l
e
s
t
T
p
a
r

S
im

p
le
st

L
it
tl
e
H
ig
g
s
(a
n
o
m
a
ly
-f
re
e)

—
S
i
m
p
l
e
s
t

S
im

p
le
st

L
it
tl
e
H
ig
g
s
(u
n
iv
er
sa
l)

—
S
i
m
p
l
e
s
t
u
n
i
v

3
-s
it
e
m
o
d
el

—
T
h
r
e
e
s
h
l

U
E
D

—
U
E
D

S
U
S
Y

X
d
im

.
(i
n
o
ff
.)

—
S
E
D

S
M

w
it
h
Z

′
—

Z
p
r
i
m
e

S
M

w
it
h
g
ra
v
it
in
o
a
n
d
p
h
o
ti
n
o

—
G
r
a
v
T
e
s
t

A
u
g
m
en
ta
b
le

S
M

te
m
p
la
te

—
T
e
m
p
l
a
t
e

T
a
b
le

1
:
L
is
t
o
f
im

p
le
m
en
te
d
B
S
M

m
o
d
el
s
in

W
H
IZ
A
R
D
.

D
re
ll
-Y
a
n
p
ro
ce
ss
es

w
it
h
th
e
lo
w
-p

T
re
g
im

e.
A
s
th
is

is
a
w
o
rk
sh
o
p
o
n
li
n
ea
r
co
ll
id
er
,
I
d
o
n
o
t
g
o
in
to

th
e

d
et
a
il
s
o
f
th
e
in
it
ia
l
st
a
te

sh
ow

er
,
w
h
ic
h
h
a
s
b
ee
n
co
m
p
a
re
d
to

T
ev
a
tr
o
n
a
n
d
L
H
C

d
a
ta

in
[2
0]
,
h
er
e.

2
.5

M
o
d
e
ls

a
n
d

B
S
M

p
h
y
si
cs

C
o
m
in
g
b
a
ck

to
h
a
rd

m
a
tr
ix

el
em

en
ts
,
m
a
n
y
B
S
M

m
o
d
el
s
h
av
e
b
ee
n
im

p
le
m
en
te
d
in

W
H
IZ
A
R
D

a
n
d
u
se
d
fo
r

L
H
C

a
n
d
IL
C

si
m
u
la
ti
o
n
s,
a
n
d
m
o
st

o
f
th
em

h
av
e
b
ee
n
va
li
d
a
te
d
w
it
h
th
e
h
el
p
o
f
th
e
F
ey
n
R
u
le
s
in
te
rf
a
ce

o
f

W
H
IZ
A
R
D
.
A
m
o
n
g
th
es
e
a
re
,
fi
rs
t
o
f
a
ll
,
S
U
S
Y

m
o
d
el
s
[3
6,

3
7]

h
av
e
b
ee
n
im

p
le
m
en
te
d
,
th
e
M
S
S
M

to
g
et
h
er

w
it
h
im

p
le
m
en
ta
ti
o
n
s
o
f
n
o
n
-m

in
im

a
l
m
o
d
el
s
li
k
e
th
e
N
M
S
S
M

[3
8]

o
r
ex
te
n
d
ed

S
U
S
Y

m
o
d
el
s
[3
9,

4
0,

4
1]
.

A
lr
ea
d
y
in

W
H
IZ
A
R
D

1
ex
is
te
d
a
n
in
te
rf
a
ce

to
o
th
er

co
d
es

fo
ll
ow

in
g
th
e
S
U
S
Y

L
es

H
o
u
ch
es

A
cc
o
rd

(S
L
H
A

1
/
2
)
[4
2,

4
3
,
4
4]
.
A
ls
o
so
m
e
p
io
n
ee
ri
n
g
w
o
rk

o
n
th
e
co
m
b
in
a
ti
o
n
o
f
S
U
S
Y

N
L
O

m
a
tr
ix

el
em

en
ts

w
it
h
th
e

el
ec
tr
o
m
a
g
n
et
ic

sh
ow

er
s
h
av
e
b
ee
n

d
o
n
e
[4
6,

4
5]
.

A
se
co
n
d
fo
cu
s
la
y
o
n
L
it
tl
e
H
ig
g
s
m
o
d
el
s
(w

it
h

a
n
d

w
it
h
o
u
t
T
-p
a
ri
ty
),

a
g
a
in

w
it
h
se
v
er
a
l
st
u
d
ie
s
fo
r
li
n
ea
r
co
ll
id
er

p
h
y
si
cs

[4
7,

4
8]
.
O
n
th
e
m
o
re

ex
o
ti
c
si
d
e,

m
o
d
el
s
b
a
se
d
o
n
n
o
n
co
m
m
u
ta
ti
v
e
sp
a
ce
ti
m
e
h
av
e
b
ee
n
st
u
d
ie
d
w
it
h
W

H
IZ
A
R
D

[4
9,

5
0,

5
1]
.
O
n
e
o
f
th
e

o
ri
g
in
a
l
m
o
ti
va
ti
o
n
s
w
a
s
th
e
st
u
d
y
o
n
a
st
ro
n
g
ly

in
te
ra
ct
in
g
se
ct
o
r
o
f
el
ec
tr
ow

ea
k
sy
m
m
et
ry

b
re
a
k
in
g
,
w
h
ic
h

h
a
s
b
ee
n
p
u
rs
u
ed

in
W

H
IZ
A
R
D

2
b
o
th

a
lo
n
g
th
e
li
n
es

o
f
a
n
o
m
a
lo
u
s
co
u
p
li
n
g
s
[5
2]

a
s
w
el
l
a
s
in

te
rm

s
o
f
n
ew

re
so
n
a
n
ce
s
in

th
e
el
ec
tr
ow

ea
k
se
ct
o
r
[5
3]
.
F
o
r
th
e
u
n
it
a
ri
za
ti
o
n
o
f
th
es
e
ch
a
n
n
el
s,
a
m
et
h
o
d
h
a
d
to

b
e
fo
u
n
d

to
d
is
ti
n
g
u
is
h
in

th
e
fr
a
m
ew

o
rk

o
f
th
e
D
A
G
s
o
f
th
e
m
a
tr
ix

el
em

en
t
g
en

er
a
ti
o
n
s-

fr
o
m

t-
/
u
-l
ik
e
ch
a
n
n
el
s.

T
a
b
le

1
g
iv
es

a
li
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b
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.
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T
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.
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st
.
of

T
he
or
.
P
hy
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cs
,
U
n
iv
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si
ty

of
H
am

bu
rg
,

L
u
ru
pe
r
C
ha

u
ss
ee

14
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22
76

1
H
am

bu
rg
,
G
er
m
an

y

b
D
E
S
Y
,
N
ot
ke
st
ra
ss
e
85

,
22

60
7
H
am

bu
rg
,
G
er
m
an

y

c
D
ep
ar
tm

en
t
of

P
hy
si
cs

an
d
T
ec
hn

ol
og
y,

U
n
iv
er
si
ty

of
B
er
ge
n
,
P
os
tb
ok
s
78

03
,
N
-5
02

0
B
er
ge
n
,
N
or
w
ay

d
T
he

A
bd
u
s
S
al
am

IC
T
P

A
ffi
li
at
ed

C
en

tr
e,

T
ec
hn

ic
al

U
n
iv
er
si
ty

of
G
om

el
,
24

67
46

G
om

el
,
B
el
ar
u
s

A
b
st
ra
ct

W
e
ex
p
lo
re

th
e
eff

ec
ts

of
n
eu

tr
in
o
an

d
el
ec
tr
o
n
m
ix
in
g
w
it
h
ex
o
ti
c
h
ea
v
y
le
p
to
n
s
in

th
e
p
ro
ce
ss

e+
e−

→
W

+
W

−
w
it
h
in

E
6
m
o
d
el
s.

W
e
ex
a
m
in
e
th
e
p
o
ss
ib
il
it
y
of

u
n
iq
u
el
y
d
is
ti
n
g
u
is
h
in
g
an

d

id
en
ti
fy
in
g
su
ch

eff
ec
ts

of
h
ea
v
y
n
eu
tr
a
l
le
p
to
n
ex
ch
a
n
g
e
fr
o
m

Z
-Z

′ m
ix
in
g
w
it
h
in

th
e
sa
m
e
cl
a
ss

o
f
m
o
d
el
s
a
n
d
al
so

fr
o
m

an
a
lo
g
o
u
s
on

es
d
u
e
to

co
m
p
et
it
o
r
m
o
d
el
s
w
it
h
a
n
o
m
a
lo
u
s
tr
il
in
ea
r
g
a
u
g
e

co
u
p
li
n
g
s
(A

G
C
)
th
a
t
ca
n
le
a
d
to

v
er
y
si
m
il
a
r
ex
p
er
im

en
ta
l
si
g
n
a
tu
re
s
at

th
e
e+

e−
In
te
rn
a
ti
o
n
a
l

L
in
ea
r
C
o
ll
id
er

(I
L
C
)
fo
r
√ s

=
3
5
0
,
5
0
0
G
eV

an
d
1
T
eV

.
S
u
ch

cl
ea
r
id
en
ti
fi
ca
ti
o
n
of

th
e
m
o
d
el

is

p
os
si
b
le

b
y
u
si
n
g
a
ce
rt
a
in

d
o
u
b
le

p
o
la
ri
za
ti
o
n
as
y
m
m
et
ry
.
T
h
e
av
ai
la
b
il
it
y
of

b
o
th

b
ea
m
s
b
ei
n
g

p
ol
a
ri
ze
d
p
la
y
s
a
cr
u
ci
a
l
ro
le
in

id
en
ti
fy
in
g
su
ch

ex
o
ti
c-
le
p
to
n
a
d
m
ix
tu
re
.
In

a
d
d
it
io
n
,
th
e
se
n
si
ti
v
it
y

o
f
th
e
IL
C

fo
r
p
ro
b
in
g
ex
o
ti
c-
le
p
to
n
ad

m
ix
tu
re

is
su
b
st
a
n
ti
a
ll
y
en
h
a
n
ce
d
w
h
en

th
e
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o
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n
of
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e
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d
W

±
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er
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I.
IN

T
R
O
D
U
C
T
IO

N

D
et
ai
le
d
ex
am

in
at
io
n
of

th
e
p
ro
ce
ss

e+
+
e−

→
W

+
+
W

−
(1
)

at
th
e
IL
C

is
a
cr
u
ci
al

on
e
fo
r
st
u
d
y
in
g
th
e
el
ec
tr
ow

ea
k
ga
u
ge

sy
m
m
et
ry
,
in

p
ar
ti
cu
la
r,

el
ec
tr
ow

ea
k
sy
m
m
et
ry

b
re
ak

in
g
an

d
th
e
st
ru
ct
u
re

of
th
e
ga
u
ge

se
ct
or

in
ge
n
er
al
,
an

d
al
lo
w
s

to
ob

se
rv
e
a
m
an

if
es
ta
ti
on

of
N
ew

P
h
y
si
cs

(N
P
)
th
at

m
ay

ap
p
ea
r
b
ey
on

d
th
e
S
ta
n
d
ar
d
M
o
d
el

(S
M
).
In

th
e
S
M
,
th
e
p
ro
ce
ss

(1
)
is
d
es
cr
ib
ed

b
y
th
e
am

p
li
tu
d
es

m
ed
ia
te
d
b
y
p
h
ot
on

an
d
Z

b
os
on

ex
ch
an

ge
in

th
e
s-
ch
an

n
el
an

d
b
y
n
eu
tr
in
o
ex
ch
an

ge
in

th
e
t-
ch
an

n
el
.
T
h
is
re
ac
ti
on

is

q
u
it
e
se
n
si
ti
ve

to
b
ot
h
th
e
le
p
to
n
ic
ve
rt
ic
es

an
d
th
e
tr
il
in
ea
r
co
u
p
li
n
gs

to
W

+
W

−
of

th
e
S
M

Z
an

d
of

an
y
n
ew

h
ea
v
y
n
eu
tr
al

b
os
on

or
a
n
ew

h
ea
v
y
le
p
to
n
th
at

ca
n
b
e
ex
ch
an

ge
d
in

th
e

s-
ch
an

n
el

or
t-
ch
an

n
el
,
re
sp
ec
ti
ve
ly
.
A

p
op

u
la
r
ex
am

p
le

in
th
is
re
ga
rd
,
is
re
p
re
se
n
te
d
b
y
E

6

m
o
d
el
s
[1
–6
].

In
p
ar
ti
cu
la
r,

an
eff

ec
ti
ve

S
U
(2
) L

×
U
(1
) Y

×
U
(1
) Y

′
m
o
d
el
,
w
h
ic
h
or
ig
in
at
es

fr
om

th
e
b
re
ak

in
g
of

th
e
ex
ce
p
ti
on

al
gr
ou

p
E

6
,
le
ad

s
to

ex
tr
a
ga
u
ge

b
os
on

s.
In
d
ee
d
,
in

th
e

b
re
ak

in
g
of

th
is
gr
ou

p
d
ow

n
to

th
e
S
M

sy
m
m
et
ry
,
tw

o
ad

d
it
io
n
al

n
eu
tr
al

ga
u
ge

b
os
on

s
co
u
ld

ap
p
ea
r
an

d
th
e
li
gh

te
st

Z
′ i
s
d
efi
n
ed

as

Z
′ =

Z
′ χ
co
s
β
+
Z

′ ψ
si
n
β

(2
)

an
d
ca
n
b
e
p
ar
am

et
ri
ze
d
in

te
rm

s
of

th
e
h
y
p
er
ch
ar
ge
s
of

th
e
tw

o
gr
ou

p
s
U
(1
) ψ

an
d
U
(1
) χ

w
h
ic
h
ar
e
in
vo
lv
ed

in
th
e
b
re
ak

in
g
of

th
e
E

6
gr
ou

p
in
to

a
lo
w
-e
n
er
gy

gr
ou

p
of

ra
n
k
6:

E
6
→

S
O
(1
0)

×
U
(1
) ψ

→
S
U
(5
)
×

U
(1
) χ

×
U
(1
) ψ

→
S
U
(3
) c
×

S
U
(2
) L

×
U
(1
) Y

×
U
(1
) ψ

×
U
(1
) χ
.

(3
)

F
or

a
su
ffi
ci
en
tl
y
la
rg
e
va
cu
u
m

ex
p
ec
ta
ti
on

va
lu
e
of

th
e
H
ig
gs

fi
el
d
an

eff
ec
ti
ve

ra
n
k
-5

m
o
d
el
,

w
h
ic
h
le
ad

s
to

th
e
d
ec
om

p
os
it
io
n
(s
ee
,
fo
r
ex
am

p
le
R
ef
.[
7]
)
S
U
(3
) c
×S

U
(2
) L
×U

(1
) Y
×U

(1
) Y

′

ca
n
b
e
d
ed
u
ce
d
fr
om

th
e
ra
n
k
-6

m
o
d
el

(s
ee

b
el
ow

)
so

th
at

on
e
of

th
e
n
ew

ga
u
ge

b
os
on

s

d
ec
ou

p
le
s
fr
om

lo
w

en
er
gy

p
h
en
om

en
ol
og
y.

T
h
e
re
m
ai
n
in
g
(l
ig
h
te
r)

n
ew

ga
u
ge

b
os
on

s
Z

′

is
in

ge
n
er
al

a
m
ix
tu
re

of
Z

ψ
an

d
Z

χ
an

d
is

as
su
m
ed

to
le
ad

to
m
ea
su
ra
b
le

eff
ec
ts

at
th
e

co
ll
id
er
,
an

d
an

an
gl
e
β

sp
ec
ifi
es

th
e
or
ie
n
ta
ti
on

of
th
e
U
(1
)′

ge
n
er
at
or

in
th
e
E

6
gr
ou

p

sp
ac
e,

w
h
er
e
th
e
va
lu
es

β
=

0
an

d
β
=

π
/2

w
ou

ld
co
rr
es
p
on

d
,
re
sp
ec
ti
ve
ly
,
to

p
u
re

Z
′ χ
an

d

Z
′ ψ
b
os
on

s,
w
h
il
e
th
e
va
lu
e
β
=

−
ar
ct
an

√ 5/
3
w
ou

ld
co
rr
es
p
on

d
to

a
Z

′ η
b
os
on

or
ig
in
at
in
g

fr
om

th
e
d
ir
ec
t
b
re
ak

in
g
of

E
6
to

a
ra
n
k
-5

gr
ou

p
in

su
p
er
st
ri
n
g
in
sp
ir
ed

m
o
d
el
s.

2

5
1

9

A
n
ot
h
er

ch
ar
ac
te
ri
st
ic

of
ex
te
n
d
ed

m
o
d
el
s,

ap
ar
t
fr
om

th
e
Z

′ ,
is

th
e
ex
is
te
n
ce

of
n
ew

m
at
te
r,

n
ew

h
ea
v
y
le
p
to
n
s
an

d
q
u
ar
k
s.

In
E

6
m
o
d
el
s
th
e
fe
rm

io
n
se
ct
or

is
en
la
rg
ed
,
si
n
ce

th
e
m
at
te
r
m
u
lt
ip
le
ts

ar
e
in

la
rg
er

re
p
re
se
n
ta
ti
on

s
(t
h
e
27

fu
n
d
am

en
ta
l
re
p
re
se
n
ta
ti
on

),

th
at

co
n
ta
in
s,

in
p
ar
ti
cu
la
r,

a
ve
ct
or

d
ou

b
le
t
of

le
p
to
n
s.

F
ro
m

th
e
p
h
en
om

en
ol
og
ic
al

p
oi
n
t

of
v
ie
w
it
is
co
n
ve
n
ie
n
t
to

cl
as
si
fy

th
e
fe
rm

io
n
s
p
re
se
n
t
in

E
6
in

te
rm

s
of

th
ei
r
tr
an

sf
or
m
at
io
n

p
ro
p
er
ti
es

u
n
d
er

S
U
(2
).

W
e
d
en
ot
e
th
e
p
ar
ti
cl
es

w
it
h
u
n
co
n
ve
n
ti
on

al
is
os
p
in

as
si
gn

m
en
ts

(r
ig
h
t-
h
an

d
ed

d
ou

b
le
ts
)
as

ex
ot
ic

fe
rm

io
n
s.

W
e
h
er
e
co
n
si
d
er

tw
o
h
ea
v
y
le
ft
-
an

d
ri
gh

t-

h
an

d
ed

S
U
(2
)
ex
ot
ic

le
p
to
n
d
ou

b
le
ts

[8
,
9]

⎛ ⎝N E
−

⎞ ⎠ L

,

⎛ ⎝N E
−

⎞ ⎠ R

,
(4
)

an
d
on

e
Z

′ b
os
on

,
w
it
h
m
as
se
s
la
rg
er

th
an

M
Z
an

d
co
u
p
li
n
g
co
n
st
an

ts
th
at

m
ay

b
e
d
iff
er
en
t

fr
om

th
os
e
of

th
e
S
M
.
T
h
es
e
le
p
to
n
s
ar
e
ca
ll
ed

ve
ct
or

le
pt
on

s
b
ec
au

se
b
ot
h
th
e
le
ft
-
an

d

ri
gh

t-
h
an

d
ed

co
m
p
on

en
ts

tr
an

sf
or
m

id
en
ti
ca
ll
y
u
n
d
er

S
U
(2
).

W
e
al
so

as
su
m
e
th
at

th
e
n
ew

,

“e
x
ot
ic
”
fe
rm

io
n
s
on

ly
m
ix

w
it
h
th
e
st
an

d
ar
d
on

es
w
it
h
in

th
e
sa
m
e
fa
m
il
y
(t
h
e
el
ec
tr
on

an
d

it
s
n
eu
tr
in
o
b
ei
n
g
th
e
on

es
re
le
va
n
t
to

p
ro
ce
ss

(1
))
,
w
h
ic
h
as
su
re
s
th
e
ab

se
n
ce

of
tr
ee
-l
ev
el

ge
n
er
at
io
n
-c
h
an

gi
n
g
n
eu
tr
al

cu
rr
en
ts

[1
0]
.

C
u
rr
en
t
lo
w
er

li
m
it
s
on

M
Z

′
ob

ta
in
ed

fr
om

d
il
ep
to
n
p
ai
r
p
ro
d
u
ct
io
n
at

th
e
L
H
C

w
it
h

√ s
=

8
T
eV

an
d
L i

n
t
≈

20
fb

−1
[1
1,

12
]
ra
n
ge

in
th
e
in
te
rv
al

∼
2.
6
−
2.
9
T
eV

,
d
ep

en
d
in
g
on

th
e
p
ar
ti
cu
la
r
Z

′ m
o
d
el
b
ei
n
g
te
st
ed
.
A
lr
ea
d
y
th
es
e
m
as
se
s
ar
e
to
o
h
ig
h
fo
r
a
Z

′ t
o
b
e
d
ir
ec
tl
y

se
en

at
th
e
IL
C
.
H
ow

ev
er
,
ev
en

at
su
ch

h
ig
h
m
as
se
s,
Z

′ e
x
ch
an

ge
s
ca
n
m
an

if
es
t
th
em

se
lv
es

in
d
ir
ec
tl
y
vi
a
d
ev
ia
ti
on

s
of

cr
os
s
se
ct
io
n
s,

an
d
in

ge
n
er
al

of
th
e
re
ac
ti
on

ob
se
rv
ab

le
s,

fr
om

th
e
S
M

p
re
d
ic
ti
on

s.

In
th
is

p
ap

er
,
w
e
st
u
d
y
th
e
in
d
ir
ec
t
eff

ec
ts

in
d
u
ce
d
b
y
h
ea
v
y
le
p
to
n
ex
ch
an

ge
in

W
±

p
ai
r
p
ro
d
u
ct
io
n
(1
)
at

th
e
IL
C
,
w
it
h
a
ce
n
te
r
of

m
as
s
en
er
gy

√ s
=

0.
5
−

1
T
eV

an
d
ti
m
e-

in
te
gr
at
ed

lu
m
in
os
it
y
of

L i
n
t
=

0.
5
−
1
ab

−1
.
W
e
al
so

p
re
se
n
t
re
su
lt
s
fo
r
a
lo
w
er

en
er
gy

ru
n

at
√ s

=
35
0
G
eV

.
F
or

ea
rl
y
p
ap

er
s
on

th
es
e
eff

ec
ts
,
se
e
R
ef
s.
[1
3–
15
].

W
e
al
lo
w

fo
r
eff

ec
ts

d
u
e
to

ex
tr
a
Z

′
ga
u
ge

b
os
on

ex
ch
an

ge
.
In
d
ir
ec
t
eff

ec
ts

m
ay

b
e
q
u
it
e
su
b
tl
e,

b
ot
h
w
h
en

it

co
m
es

to
d
is
ti
n
gu

is
h
in
g
an

eff
ec
t
fr
om

th
e
S
M
,
an

d
al
so

as
fa
r
as

th
e
id
en
ti
fi
ca
ti
on

of
th
e

so
u
rc
e
of

an
ob

se
rv
ed

d
ev
ia
ti
on

is
co
n
ce
rn
ed
,
b
ec
au

se
a
pr
io
ri

d
iff
er
en
t
N
P

sc
en
ar
io
s
m
ay

le
ad

to
th
e
sa
m
e
or

si
m
il
ar

ex
p
er
im

en
ta
l
si
gn

at
u
re
s.

C
le
ar
ly
,
th
en
,
th
e
d
is
cr
im

in
at
io
n
of

on
e

N
P

m
o
d
el

(i
n
ou

r
ca
se

th
e
E

6
)
fr
om

ot
h
er

p
os
si
b
le

on
es

n
ee
d
s
an

ap
p
ro
p
ri
at
e
st
ra
te
gy

fo
r

an
al
y
zi
n
g
th
e
d
at
a.

3

5
2

0



R
ec
en
tl
y,

th
e
p
ro
b
le
m

of
d
is
ti
n
gu

is
h
in
g
th
e
Z

′ e
ff
ec
ts
,
on

ce
ob

se
rv
ed

in
p
ro
ce
ss

(1
),
fr
om

th
e
an

om
al
ou

s
ga
u
ge

co
u
p
li
n
gs
,
h
as

b
ee
n
st
u
d
ie
d
in

[1
6]
.
In

th
e
A
G
C

m
o
d
el
s,

th
er
e
is

n
o

n
ew

ga
u
ge

b
os
on

ex
ch
an

ge
,
b
u
t
th
e
W

W
γ
,
W

W
Z

co
u
p
li
n
gs

ar
e
m
o
d
ifi
ed

w
it
h
re
sp
ec
t
to

th
e
S
M

va
lu
es
,
th
is

v
io
la
te
s
th
e
S
M

ga
u
ge

ca
n
ce
ll
at
io
n
to
o
an

d
le
ad

s
to

d
ev
ia
ti
on

s
of

th
e

cr
os
s
se
ct
io
n
s.

W
e
co
n
si
d
er

th
e
C
P
-c
on

se
rv
in
g
se
t
of

su
ch

co
u
p
li
n
gs
,
of
te
n
re
fe
rr
ed

to
as

κ
γ
,

κ
Z
,
λ
γ
,
λ
Z
an

d
δ Z

[1
7,

18
].

A
n
al
te
rn
at
iv
e
eff

ec
ti
ve
-fi
el
d
-t
h
eo
ry

ap
p
ro
ac
h
to

th
es
e
eff

ec
ts

w
as

re
ce
n
tl
y
p
re
se
n
te
d
[1
9]
.

In
th
is

n
ot
e,

w
e
ex
te
n
d
th
e
an

al
y
si
s
of

R
ef
.
[1
6]
,
co
n
si
d
er
in
g
th
e
p
os
si
b
il
it
y
of

u
n
iq
u
el
y

id
en
ti
fy
in
g
th
e
eff

ec
ts

of
h
ea
v
y
n
eu
tr
al

le
p
to
n
ex
ch
an

ge
fr
om

Z
-Z

′ m
ix
in
g
w
it
h
in

th
e
sa
m
e

cl
as
s
of

E
6
m
o
d
el
s.

T
h
is

is
re
le
va
n
t,

si
n
ce

in
th
is

cl
as
s
of

m
o
d
el
s
le
p
to
n
m
ix
in
g
an

d
Z
-Z

′

m
ix
in
g
ca
n
b
e
si
m
u
lt
an

eo
u
sl
y
p
re
se
n
t.

W
e
al
so

d
is
ti
n
gu

is
h
th
em

fr
om

an
al
og
ou

s
on

es
d
u
e
to

co
m
p
et
it
or

m
o
d
el
s
w
it
h
an

om
al
ou

s
tr
il
in
ea
r
ga
u
ge

co
u
p
li
n
gs

in
th
e
p
ro
ce
ss

(1
)
b
y
ex
p
lo
it
in
g

a
d
ou

b
le

p
ol
ar
iz
at
io
n
as
y
m
m
et
ry

th
at

w
il
l
u
n
am

b
ig
u
ou

sl
y
id
en
ti
fy

th
e
h
ea
v
y
ex
ot
ic
-l
ep
to
n

m
ix
in
g
eff

ec
ts

1
an

d
is

on
ly

ac
ce
ss
ib
le

w
it
h
th
e
av
ai
la
b
il
it
y
of

b
ot
h
b
ea
m
s
b
ei
n
g
p
ol
ar
iz
ed

[2
1]
. W
h
il
e
th
e
h
ig
h

p
re
ci
si
on

ob
se
rv
ab

le
s
d
et
er
m
in
ed

at
L
E
P

se
ve
re
ly

co
n
st
ra
in

th
e
el
ec
-

tr
ow

ea
k
se
ct
or

[2
2]
,
th
ey

le
av
e
ro
om

fo
r
eff

ec
ts

at
th
e
en
er
gi
es

th
at

ar
e
d
is
cu
ss
ed

h
er
e.

T
h
e
p
ap

er
is
or
ga
n
iz
ed

as
fo
ll
ow

s.
In

S
ec
ti
on

II
,
w
e
b
ri
efl
y
re
v
ie
w
th
e
E

6
m
o
d
el
s
in
vo
lv
in
g

ad
d
it
io
n
al

Z
′
b
os
on

s
an

d
n
ew

h
ea
v
y
ch
ar
ge
d
an

d
n
eu
tr
al

le
p
to
n
s
an

d
em

p
h
as
iz
e
th
e
ro
le

of
th
e
h
ea
v
y
n
eu
tr
al

le
p
to
n
an

d
b
os
on

m
ix
in
gs

in
th
e
p
ro
ce
ss

(1
).

T
h
en
,
in

S
ec
t.

II
I
w
e

re
v
ie
w

th
e
st
ru
ct
u
re

of
th
e
p
ol
ar
iz
ed

cr
os
s
se
ct
io
n
.
In

S
ec
t.
IV

w
e
d
et
er
m
in
e
th
e
d
is
co
ve
ry

re
ac
h
on

th
e
N
W

e
co
u
p
li
n
g
co
n
st
an

ts
,
an

d
in

S
ec
t.
V

w
e
d
et
er
m
in
e
th
e
id
en
ti
fi
ca
ti
on

re
ac
h
,

i.
e.
,
d
ow

n
to

w
h
at

co
u
p
li
n
g
st
re
n
gt
h
su
ch

a
h
ea
v
y
n
eu
tr
al

le
p
to
n
ca
n
b
e
d
is
ti
n
gu

is
h
ed

fr
om

ot
h
er

n
ew

-p
h
y
si
cs

eff
ec
ts
.
T
h
en
,
in

S
ec
t.

V
I
w
e
co
m
m
en
t
on

th
e
35
0
G
eV

op
ti
on

,
b
ef
or
e

co
n
cl
u
d
in
g
in

S
ec
t.
V
II
.

1
T
h
is

a
p
p
ro
a
ch

w
a
s
re
ce
n
tl
y
ex
p
lo
it
ed

fo
r
u
n
iq
u
el
y
id
en
ti
fy
in
g
th
e
in
d
ir
ec
t
eff

ec
ts

of
s-
ch
a
n
n
el

sn
eu
tr
in
o

ex
ch
a
n
g
e
a
g
a
in
st

ot
h
er

n
ew

p
h
y
si
cs

sc
en
a
ri
o
s
d
es
cr
ib
ed

b
y
co
n
ta
ct
-l
ik
e
eff

ec
ti
ve

in
te
ra
ct
io
n
s
in

h
ig
h
-e
n
er
g
y

e+
e−

a
n
n
ih
il
a
ti
o
n
in
to

le
p
to
n
p
a
ir
s
[2
0
].

4

5
2

1

II
.

L
E
P
T
O
N

A
N
D

Z
−

Z
′
M

IX
IN

G

A
.

W
e
a
k
b
a
si
s

T
o
d
es
cr
ib
e
th
e
fo
rm

al
is
m

fo
r
m
ix
in
g
am

on
g
ex
ot
ic

an
d
or
d
in
ar
y
le
p
to
n
s,

w
e
st
ar
t
fr
om

th
e
le
p
to
n
ic

S
U
(2
)
×

U
(1
)
×

U
(1
)′
in
te
ra
ct
io
n
:2

−
L
=

e
( J̃

μ em
A

μ
+
J̃
μ Z
Z

μ
+
J̃
μ Z
′Z

′ μ

) +
g √ 2

( J̃
μ W
W

μ
+
h
.c
.) ,

(5
)

w
h
er
e,

in
th
e
w
ea
k
-e
ig
en
st
at
e
b
as
is
,
an

d
w
it
h
V

=
γ
,
Z
,
Z

′ ,
th
e
cu
rr
en
ts

in
E
q
.
(5
)
ca
n
b
e

w
ri
tt
en

as
:

J̃
μ V
=
∑ a

ε̄0 a
γ
μ
Q

ε0 a
ε0 a
,

J̃
μ W
=
∑ a

η̄
0 a
γ
μ
G

η
0

a
ε0 a
,

(6
)

w
h
er
e
th
e
co
u
p
li
n
g
m
at
ri
ce
s
Q

ε0 a
an

d
G

η
0

a
of

th
e
n
eu
tr
al

an
d
ch
ar
ge
d
cu
rr
en
ts

ar
e
d
efi
n
ed

b
y

E
q
s.
(8
)
an

d
(1
1)

b
el
ow

.
T
h
e
su
p
er
sc
ri
p
t
“0

′′
la
b
el
s
th
e
w
ea
k
-e
ig
en
st
at
e
b
as
is
.
F
u
rt
h
er
m
or
e,

in
E
q
.
(5
)
w
e
ad

op
t
th
e
fo
ll
ow

in
g
n
ot
at
io
n
s:

e
=

√ 4π
α
em
,
g
=

e/
s W

,
s W

=
si
n
θ W

.
In

E
q
.
(6
),

w
e
h
av
e
in
tr
o
d
u
ce
d
,
w
it
h
a
=

(L
,
R
)
th
e
le
ft
-
an

d
ri
gh

t-
h
an

d
ed

h
el
ic
it
ie
s,

th
e

ch
ar
ge
d
an

d
n
eu
tr
al

le
p
to
n
s
b
y
m
ea
n
s
of

th
e
n
ot
at
io
n
:

ε0 a
=

⎛ ⎝e0 a

E
0 a

⎞ ⎠ ,
η
0 a
=

⎛ ⎝ν
0 a

N
0 a

⎞ ⎠ ,
(7
)

w
h
er
e
e
an

d
ν
ar
e
th
e
or
d
in
ar
y
S
M

el
ec
tr
on

an
d
n
eu
tr
in
o,

an
d
E

an
d
N

ar
e
th
e
ex
ot
ic

ch
ar
ge
d

an
d

n
eu
tr
al

h
ea
v
y
le
p
to
n
s,

w
h
ic
h

w
e
as
su
m
e
to

b
e
d
ou

b
le
ts

u
n
d
er

el
ec
tr
ow

ea
k

S
U
(2
).

F
u
rt
h
er
m
or
e,

th
e
n
eu
tr
al

cu
rr
en
t
co
u
p
li
n
gs

ar
e
re
p
re
se
n
te
d
b
y
th
e
m
at
ri
ce
s
Q

ε0 a
=

Q
ε0 em

,a
;
g
ε0 a
;
g
′ε0 a
,
w
it
h
:

Q
ε0 em

,a
=

⎛ ⎝−
1

0

0
−1

⎞ ⎠ ,
g
ε0 a
=

⎛ ⎝ge
0

a
0

0
g
E

0

a

⎞ ⎠ ,
g
′ε0 a

=

⎛ ⎝g′e
0

a
0

0
g
′E

0

a

⎞ ⎠ ,
(8
)

fo
r
th
e
γ
,
Z

an
d
Z

′ ,
re
sp
ec
ti
ve
ly
,
w
h
er
e
(ε

0
=

e0
,
E

0
)

g
ε0 a
=

(T
ε0 3
a
−

Q
ε0 em

,a
s2 W

)g
Z
,

(9
)

an
d
T

ε0 3
a
is
th
e
th
ir
d
is
os
p
in

co
m
p
on

en
t.

F
u
rt
h
er
m
or
e,

g Z
=

1/
s W

c W
,
w
it
h
c W

=
co
s
θ W

.

2
T
h
e
n
ee
d
ed

fe
rm

io
n
m
ix
in
g
fo
rm

a
li
sm

h
a
s
b
ee
n
in
tr
o
d
u
ce
d
a
ls
o
,
e.
g
.,
in

[1
5
].

5
2

2



F
or

th
e
Z

′ c
ou

p
li
n
gs

to
fe
rm

io
n
s
in

E
6
m
o
d
el
s,
w
e
fo
ll
ow

th
e
n
ot
at
io
n
of

[1
5]
:

g
′e0 L

=
(3
A
+
B
)g

Z
′ ,

g
′e0 R

=
(A

−
B
)g

Z
′ ,

g
′E

0

L
=

(−
2A

−
2B

)g
Z

′ ,
g
′E

0

R
=

(−
2A

+
2B

)g
Z

′ ,
(1
0)

w
h
er
e
g Z

′
=

1/
c W

,
A

=
co
s
β
/(
2√ 6)

,
B

=
√ 10

si
n
β
/1
2.

T
h
e
ch
ar
ge
d
cu
rr
en
t
co
u
p
li
n
gs

re
ad

:

G
η
0

a
=

⎛ ⎝G
ν
0

a
0

0
G

N
0

a

⎞ ⎠
(1
1)

w
it
h
G

ν
0

L
=

1,
G

ν
0

R
=

0,
G

N
0

a
=

−2
T

E 3
a
.

B
.

F
e
rm

io
n

m
a
ss

b
a
si
s

W
e
in
tr
o
d
u
ce

m
as
s
ei
ge
n
st
at
es

in
th
e
sa
m
e
n
ot
at
io
n
as

(7
):

ε a
=

⎛ ⎝e a E
a

⎞ ⎠ ,
η a

=

⎛ ⎝ν a N
a

⎞ ⎠ .
(1
2)

T
h
es
e
st
at
es

ar
e
re
la
te
d
to

th
e
w
ea
k
ei
ge
n
st
at
es

(7
)
b
y
th
e
fo
ll
ow

in
g
tr
an

sf
or
m
at
io
n
s:

ε a
=

U
(ψ

1
a
)ε

0 a
;

η a
=

U
(ψ

2
a
)η

0 a
,

(1
3)

w
h
er
e
th
e
u
n
it
ar
y
m
ix
in
g
m
at
ri
ce
s
U
(ψ

1
a
)
an

d
U
(ψ

2
a
)
d
ia
go
n
al
iz
e,

re
sp
ec
ti
ve
ly
,
th
e
ch
ar
ge
d

an
d
n
eu
tr
al

fe
rm

io
n
m
as
s
m
at
ri
ce
s.

U
(ψ

1
a
)
an

d
U
(ψ

2
a
)
ca
n
b
e
w
ri
tt
en

as
:

U
(ψ

1
a
)
=

⎛ ⎝c
os

ψ
1
a

si
n
ψ
1
a

−
si
n
ψ
1
a
co
s
ψ
1
a

⎞ ⎠ ≡
⎛ ⎝c

1
a

s 1
a

−s
1
a
c 1

a

⎞ ⎠ ,
(1
4)

U
(ψ

2
a
)
=

⎛ ⎝c
os

ψ
2
a

si
n
ψ
2
a

−
si
n
ψ
2
a
co
s
ψ
2
a

⎞ ⎠ ≡
⎛ ⎝c

2
a

s 2
a

−s
2
a
c 2

a

⎞ ⎠ .
(1
5)

P
re
se
n
t
li
m
it
s
on

s2 1
a
an

d
s2 2

a
ar
e
in

ge
n
er
al

le
ss

th
an

1-
2%

[9
,
23
,
24
]
an

d
m

N
>

10
0
G
eV

[1
0]
.
In

th
e
fe
rm

io
n
-m

as
s-
ei
ge
n
st
at
e
b
as
is
on

e
ca
n
re
w
ri
te

th
e
in
te
ra
ct
io
n
L
ag
ra
n
gi
an

(5
)
as
:

−
L
=

e
( J

μ em
A

μ
+
J
μ Z
Z

μ
+
J
μ Z
′Z

′ μ

) +
g √ 2

(J
μ W
W

μ
+
h
.c
.)
,

(1
6)

w
h
er
e

J
μ V
=
∑ a

ε̄ a
γ
μ
Q

ε a
ε a
,

J
μ W
=
∑ a

η̄ a
γ
μ
G

η a
ε a
.

(1
7)

6

5
2

3

S
in
ce

th
e
ga
u
ge

fi
el
d
s
of

E
q
.
(1
6)

ar
e
th
e
sa
m
e
as

th
os
e
of

(5
),
w
e
m
u
st

h
av
e

Q
ε a
=

U
(ψ

1
a
)
Q

ε0 a
U

−1
(ψ

1
a
),

G
η a
=

U
(ψ

2
a
)
G

η
0

a
U

−1
(ψ

1
a
),

(1
8)

an
d
Q

ε a
=

Q
ε em

,a
,
g
ε a
,
g
′ε a
,
w
it
h

g
ε a
=

⎛ ⎝g
e a

g
eE a

g
eE a

g
E a

⎞ ⎠ ,
g
′ε a
=

⎛ ⎝g
′e a

g
′eE a

g
′eE a

g
′E a

⎞ ⎠ ,
G

η a
=

⎛ ⎝G
ν a

G
ν
E

a

G
N
e

a
G

N a

⎞ ⎠ .
(1
9)

It
is

cl
ea
r
th
at

th
e
el
ec
tr
om

ag
n
et
ic

cu
rr
en
t
re
m
ai
n
s
d
ia
go
n
al

u
n
d
er

th
e
ro
ta
ti
on

(1
8)
,
an

d

th
er
ef
or
e
is
n
ot

aff
ec
te
d
b
y
le
p
to
n
m
ix
in
g.

In
th
e
w
ea
k
ch
ar
ge
d
cu
rr
en
ts

of
E
q
.
(1
7)

th
e
ex
ot
ic
-l
ep
to
n
m
ix
in
gs

m
o
d
if
y
n
ot

on
ly

th
e

le
ft
-h
an

d
ed

cu
rr
en
ts

b
u
t
al
so

in
d
u
ce

an
ad

m
ix
tu
re

w
it
h
th
e
ri
gh

t-
h
an

d
ed

cu
rr
en
ts
.
T
h
e
off

-

d
ia
go
n
al

te
rm

in
J
μ W

of
E
q
s.
(1
7)
–(
19
)
in
d
u
ce
s
N
W

e
co
u
p
li
n
gs

w
h
ic
h
al
lo
w

an
ad

d
it
io
n
al

t-

ch
an

n
el
ex
ot
ic
-l
ep
to
n
-e
x
ch
an

ge
co
n
tr
ib
u
ti
on

fo
r
th
e
p
ro
ce
ss

(1
)
(s
ee

F
ig
.
1)
.
P
ar
am

et
ri
za
ti
on

of
th
e
m
ix
in
g-
m
o
d
ifi
ed

ν
W

e
an

d
th
e
m
ix
in
g-
in
d
u
ce
d
N
W

e
co
u
p
li
n
gs

ar
e
su
m
m
ar
iz
ed

in

E
q
s.
(2
1)

an
d
(2
2)
,
re
sp
ec
ti
ve
ly
.

F
ro
m

(1
8)

an
d
(1
9)

on
e
ca
n
ob

ta
in

ex
p
re
ss
io
n
s
fo
r
th
e
le
p
to
n
co
u
p
li
n
g
co
n
st
an

ts
:

g
e a
=

g
e0 a
c2 1

a
+
g
E

0

a
s2 1

a
,

g
′e a
=

g
′e0 a
c2 1

a
+
g
′E

0

a
s2 1

a
;

(2
0)

G
ν L
=

c 1
L
c 2

L
−

2
T

E 3
L
s 1

L
s 2

L
,

G
ν R
=

−2
T

E 3
R
s 1

R
s 2

R
;

(2
1)

G
N
e

L
=

−s
2
L
c 1

L
−

2
T

E 3
L
c 2

L
s 1

L
,

G
N
e

R
=

−2
T

E 3
R
c 2

R
s 1

R
.

(2
2)

C
.

Z
-Z

′
m
ix
in
g

C
on

ce
rn
in
g
Z
-Z

′ m
ix
in
g,

it
ca
n
b
e
p
ar
am

et
ri
ze
d
as

⎛ ⎝Z 1 Z
2

⎞ ⎠ =
⎛ ⎝c

os
φ

si
n
φ

−
si
n
φ

co
s
φ

⎞ ⎠⎛ ⎝Z Z
′⎞ ⎠ ,

(2
3)

w
h
er
e
Z
,
Z

′
ar
e
w
ea
k
ei
ge
n
st
at
es
,
Z

1
,
Z

2
ar
e
m
as
s
ei
ge
n
st
at
es

an
d
φ
is

th
e
Z
-Z

′
m
ix
in
g

an
gl
e.

F
in
al
ly
,
ta
k
in
g
E
q
.
(2
3)

in
to

ac
co
u
n
t,
th
e
le
p
to
n
n
eu
tr
al

cu
rr
en
t
co
u
p
li
n
gs

to
Z

1
an

d

Z
2
ar
e,

re
sp
ec
ti
ve
ly

[1
5]
:

g
e 1
a
=

g
e a
co
s
φ
+
g
′e a
si
n
φ
;

g
e 2
a
=

−g
e a
si
n
φ
+
g
′e a
co
s
φ
.

(2
4)

C
u
rr
en
t
li
m
it
s
ar
e
of

th
e
or
d
er

φ
=

(2
−

5)
×

10
−3

[1
0]
.

7

5
2

4



II
I.

P
O
L
A
R
IZ

E
D

C
R
O
S
S

S
E
C
T
IO

N

In
th
e
B
or
n
ap

p
ro
x
im

at
io
n
th
e
p
ro
ce
ss

(1
)
is
d
es
cr
ib
ed

b
y
th
e
se
t
of

fi
ve

d
ia
gr
am

s
sh
ow

n

in
F
ig
.
1
an

d
co
rr
es
p
on

d
in
g
to

m
as
s-
ei
ge
n
st
at
e
ex
ch
an

ge
s
(i
.e
.
γ
,
ν
,
N
,
Z

1
an

d
Z

2
),

w
it
h

co
u
p
li
n
gs

gi
ve
n
b
y
E
q
s.
(2
0)
-(
22
)
an

d
(2
4)
.

F
IG

.
1
:

F
ey
n
m
a
n
d
ia
g
ra
m
s.

T
h
e
p
ol
ar
iz
ed

cr
os
s
se
ct
io
n
fo
r
th
e
p
ro
ce
ss

(1
)
ca
n
b
e
w
ri
tt
en

as
[1
5]

d
σ
( P

− L
,
P

+ L

)
d
co
s
θ

=
1 4

[ ( 1
+
P

− L

)( 1
−

P
+ L

) dσ
R
L

d
co
s
θ
+
( 1

−
P

− L

)( 1
+
P

+ L

) dσ
L
R

d
co
s
θ

+
( 1

+
P

− L

)( 1
+
P

+ L

) dσ
R
R

d
co
s
θ
+
( 1

−
P

− L

)( 1
−

P
+ L

) dσ
L
L

d
co
s
θ

] ,
(2
5)

w
h
er
e
P

− L
(P

+ L
)
ar
e
d
eg
re
es

of
lo
n
gi
tu
d
in
al

p
ol
ar
iz
at
io
n
of

e−
(e

+
),

θ
th
e
sc
at
te
ri
n
g
an

gl
e

of
th
e
W

−
w
it
h
re
sp
ec
t
to

th
e
e−

d
ir
ec
ti
on

.
T
h
e
su
p
er
sc
ri
p
t
“R

L
”
re
fe
rs

to
a
ri
gh

t-
h
an

d
ed

el
ec
tr
on

an
d
a
le
ft
-h
an

d
ed

p
os
it
ro
n
,
an

d
si
m
il
ar
ly

fo
r
th
e
ot
h
er

te
rm

s.
T
h
e
re
le
va
n
t
p
ol
ar
iz
ed

d
iff
er
en
ti
al

cr
os
s
se
ct
io
n
s
fo
r
e− a

e+ b
→

W
− α
W

+ β
co
n
ta
in
ed

in
E
q
.
(2
5)

ca
n
b
e
ex
p
re
ss
ed

as

[1
5,

25
]

d
σ
a
b

α
β

d
co
s
θ
=

C

k
=
2 ∑ k

=
0

F
a
b

k
O k

α
β
,

(2
6)

w
h
er
e
C

=
π
α
2 e.
m
.β

W
/2
s,

β
W

=
(1

−
4M

2 W
/s
)1

/
2
th
e
W

ve
lo
ci
ty

in
th
e
C
M

fr
am

e,
an

d
th
e

h
el
ic
it
ie
s
of

th
e
in
it
ia
l
e−

e+
an

d
fi
n
al

W
−
W

+
st
at
es

ar
e
la
b
el
ed

as
a
b
=

(R
L
,
L
R
,
L
L
,
R
R
)

an
d
α
β

=
(L

L
,
T
T
,
T
L
),

re
sp
ec
ti
ve
ly
.
T
h
e
O k

ar
e
fu
n
ct
io
n
s
of

th
e
k
in
em

at
ic
al

va
ri
ab

le
s

d
ep

en
d
en
t
on

en
er
gy

√ s
,
th
e
sc
at
te
ri
n
g
an

gl
e
θ
an

d
th
e
W

m
as
s,

M
W
,
w
h
ic
h
ch
ar
ac
te
ri
ze

th
e
va
ri
ou

s
p
os
si
b
il
it
ie
s
fo
r
th
e
fi
n
al

W
+
W

−
p
ol
ar
iz
at
io
n
s
(T

T
,
L
L
,
T
L
+

L
T

or
th
e
su
m

ov
er

al
l
W

+
W

−
p
ol
ar
iz
at
io
n
st
at
es

fo
r
u
n
p
ol
ar
iz
ed

W
’s
).

T
h
e
F
k
ar
e
co
m
b
in
at
io
n
s
of

le
p
to
n

an
d

tr
il
in
ea
r
ga
u
ge

b
os
on

co
u
p
li
n
gs
,
g W

W
Z
1
an

d

g W
W

Z
2
,
in
cl
u
d
in
g
le
p
to
n
an

d
Z
-Z

′ m
ix
in
g
as

w
el
l
as

p
ro
p
ag
at
or
s
of

th
e
in
te
rm

ed
ia
te

st
at
es
.

8

5
2

5

F
or

in
st
an

ce
,
fo
r
th
e
L
R

ca
se

on
e
fi
n
d
s

F
L
R

0
=

1

16
s4 W

[ (G
ν L
)2
+
r N

( G
N
e

L

) 2] 2
,

F
L
R

1
=

2
[1
−

g W
W

Z
1
g
e 1
L
χ
1
−

g W
W

Z
2
g
e 2
L
χ
2
]2
,

F
L
R

2
=

−
1

2s
2 W

[ (G
ν L
)2
+
r N

( G
N
e

L

) 2] [1
−

g W
W

Z
1
g
e 1
L
χ
1
−

g W
W

Z
2
g
e 2
L
χ
2
],

(2
7)

w
h
er
e
th
e
χ
j
(j

=
1,
2)

ar
e
th
e
Z

1
an

d
Z

2
p
ro
p
ag
at
or
s,

i.
e.

χ
j
=

s/
(s

−
M

2 j
+

iM
j
Γ
j
),

r N
=

t/
(t
−m

2 N
),
w
it
h
t
=

M
2 W
−s

/2
+
s
co
s
θ
β
W
/2
,
an

d
m

N
is
th
e
n
eu
tr
al

h
ea
v
y
le
p
to
n
m
as
s.

A
ls
o,

in
E
q
.
(2
7)
,
g W

W
Z
1
=

g W
W

Z
co
s
φ
an

d
g W

W
Z
2
=

−g
W

W
Z
si
n
φ
w
h
er
e
g W

W
Z
=

co
t
θ W

.

N
ot
e
th
at

E
q
.
(2
7)

is
ob

ta
in
ed

in
th
e
ap

p
ro
x
im

at
io
n
w
h
er
e
th
e
im

ag
in
ar
y
p
ar
ts

of
th
e
Z

1

an
d
Z

2
b
os
on

p
ro
p
ag
at
or
s
ar
e
n
eg
le
ct
ed
,
w
h
ic
h
is
fu
ll
y
ap

p
ro
p
ri
at
e
fa
r
aw

ay
fr
om

th
e
p
ol
es
.

(A
cc
ou

n
ti
n
g
fo
r
th
is

eff
ec
t
w
ou

ld
re
q
u
ir
e
th
e
re
p
la
ce
m
en
ts

χ
j
→

R
e
χ
j
an

d
χ
2 j
→

|χ
j
|2

on

th
e
ri
gh

t-
h
an

d
si
d
e
of

E
q
.
(2
7)
.)

S
in
ce

th
e
ga
u
ge

ei
ge
n
st
at
e
Z

′ i
s
n
eu
tr
al

u
n
d
er

S
U
(2
) L

an
d
d
o
es

n
ot

co
u
p
le
to

th
e
W

+
W

−

p
ai
r,
th
e
p
ro
ce
ss

(1
)
is
se
n
si
ti
ve

to
a
Z

′ o
n
ly

in
th
e
ca
se

of
a
n
on

-z
er
o
Z
-Z

′ m
ix
in
g.

M
or
eo
ve
r,

as
on

e
ca
n
ea
si
ly

se
e
fr
om

th
e
fo
rm

u
la
e
ab

ov
e,
th
e
s-
ch
an

n
el
Z

2
an

d
th
e
t-
ch
an

n
el
N

ex
ch
an

ge

am
p
li
tu
d
es

ar
is
e
on

ly
in

th
e
ca
se

of
n
on

-v
an

is
h
in
g
m
ix
in
g
an

gl
es
.
In

th
is
ca
se
,
th
e
ex
p
re
ss
io
n

fo
r
th
e
S
M

cr
os
s
se
ct
io
n
[2
5]
ca
n
b
e
ob

ta
in
ed

fr
om

(2
5)

in
th
e
li
m
it
of

va
n
is
h
in
g
m
ix
in
g
an

gl
es
.

T
h
e
fi
rs
t
te
rm

F
L
R

0
d
es
cr
ib
es

th
e
co
n
tr
ib
u
ti
on

s
to

th
e
cr
os
s
se
ct
io
n
ca
u
se
d
b
y
n
eu
tr
in
o

ν
an

d
h
ea
v
y
n
eu
tr
al

le
p
to
n
N

ex
ch
an

ge
s
in

th
e
t-
ch
an

n
el

w
h
il
e
th
e
se
co
n
d
on

e,
F

L
R

1
,
is

re
sp
on

si
b
le

fo
r
s-
ch
an

n
el

ex
ch
an

ge
of

th
e
p
h
ot
on

γ
an

d
th
e
ga
u
ge

b
os
on

s
Z

1
an

d
Z

2
.
T
h
e

in
te
rf
er
en
ce

b
et
w
ee
n
s-

an
d
t-
ch
an

n
el

am
p
li
tu
d
es

is
co
n
ta
in
ed

in
th
e
te
rm

F
L
R

2
.
T
h
e
R
L

ca
se

is
si
m
p
ly

ob
ta
in
ed

fr
om

E
q
.
(2
7)

b
y
ex
ch
an

gi
n
g
L
→

R
.

F
or

th
e
L
L
an

d
R
R

ca
se
s
th
er
e
is
on

ly
N
-e
x
ch
an

ge
co
n
tr
ib
u
ti
on

,

F
L
L

0
=

F
R
R

0
=

1

16
s4 W

r2 N

( G
N
e

L
G

N
e

R

) 2 .
(2
8)

C
on

ce
rn
in
g
th
e
O k

α
β
m
u
lt
ip
ly
in
g
th
e
ex
p
re
ss
io
n
in

E
q
.
(2
8)

(s
ee

E
q
.
(2
6)
)
th
ei
r
ex
p
li
ci
t

ex
p
re
ss
io
n
s
fo
r
p
ol
ar
iz
ed

an
d
u
n
p
ol
ar
iz
ed

fi
n
al

st
at
es

W
+
W

−
ca
n
b
e
fo
u
n
d
in
,
e.
g.

[1
5]
.

IV
.

D
IS

C
O
V
E
R
Y

R
E
A
C
H

O
N

H
E
A
V
Y

L
E
P
T
O
N

C
O
U
P
L
IN

G
S

W
e
ta
ke

“d
is
co
ve
ry
”
of

n
ew

p
h
y
si
cs

to
m
ea
n
ex
cl
u
si
on

of
th
e
S
ta
n
d
ar
d
M
o
d
el

at
a
gi
ve
n

co
n
fi
d
en
ce

le
ve
l.
In

th
e
fo
ll
ow

in
g,

th
is
w
il
l
b
e
th
e
95
%

C
.L
.
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A
.

N
o
Z
-Z

′
m
ix
in
g

L
et

u
s
st
ar
t
th
e
an

al
y
si
s
w
it
h
a
ca
se

w
h
er
e
th
er
e
is

on
ly

le
p
to
n
m
ix
in
g
an

d
n
o
Z
-Z

′

m
ix
in
g,

i.
e.
,
φ
=

0.
S
in
ce

th
e
m
ix
in
g
an

gl
es

ar
e
b
ou

n
d
ed

b
y
s2 i

at
m
os
t
of

or
d
er

10
−2
,
w
e

ca
n
ex
p
ec
t
th
at

re
ta
in
in
g
on

ly
th
e
te
rm

s
of

or
d
er

s2 1
,
s2 2

an
d
s 1
s 2

in
th
e
cr
os
s
se
ct
io
n
(2
5)

sh
ou

ld
b
e
an

ad
eq
u
at
e
ap

p
ro
x
im

at
io
n
.
T
o
d
o
th
at

w
e
ex
p
an

d
th
e
co
u
p
li
n
gs

of
E
q
s.
(2
0)
-(
22
)

ta
k
in
g
E
q
.
(9
)
in
to

ac
co
u
n
t.

W
e
fi
n
d
fo
r
E

6
m
o
d
el
s,
w
h
er
e
T

E 3
L
=

T
E 3
R
=

−1
/2
:

G
N
e

L
=

s 1
L
−

s 2
L
,

G
N
e

R
=

s 1
R

g
e L
=

g
e0 L
,

g
e R
=

g
e0 R
−

1 2
(G

N
e

R
)2
g Z

,

G
ν L
=

G
ν
0

L
−

1 2
(G

N
e

L
)2
,

G
ν R
=

s 1
R
s 2

R
.

(2
9)

F
ro
m

E
q
s.

(2
7)
-(
29
)
on

e
ca
n
se
e
th
at

in
th
e
ad

op
te
d
ap

p
ro
x
im

at
io
n
th
e
cr
os
s
se
ct
io
n
(2
5)

al
lo
w
s
to

co
n
st
ra
in

b
as
ic
al
ly

th
e
p
ai
r
of

h
ea
v
y
le
p
to
n
co
u
p
li
n
gs

sq
u
ar
ed
,
((
G

N
e

L
)2
,(
G

N
e

R
)2
),
it

is
n
ot

p
os
si
b
le

to
co
n
st
ra
in

s2 2
R
,
w
h
ic
h
re
p
re
se
n
ts

m
ix
in
g
in

th
e
ri
gh

t-
h
an

d
ed

n
eu
tr
al
-l
ep
to
n

se
ct
or
.

T
h
e
se
n
si
ti
v
it
y
of

th
e
p
ol
ar
iz
ed

d
iff
er
en
ti
al

cr
os
s
se
ct
io
n
(2
5)

to
th
e
co
u
p
li
n
gs

G
N
e

L
an

d

G
N
e

R
is
ev
al
u
at
ed

n
u
m
er
ic
al
ly

b
y
d
iv
id
in
g
th
e
an

gu
la
r
ra
n
ge

|c
os

θ|
≤

0.
98

in
to

10
eq
u
al

b
in
s,

an
d
d
efi
n
in
g
a
χ
2
fu
n
ct
io
n
in

te
rm

s
of

th
e
ex
p
ec
te
d
n
u
m
b
er

of
ev
en
ts

N
(i
)
in

ea
ch

b
in

fo
r
a

gi
ve
n
co
m
b
in
at
io
n
of

b
ea
m

p
ol
ar
iz
at
io
n
s
[1
6]
:

χ
2
=

∑
{P

− L
,P

+ L
}

b
in
s ∑ i

[ N SM
+
N
P
(i
)
−

N
S
M
(i
)

δN
S
M
(i
)

] 2 ,
(3
0)

w
h
er
e
N
(i
)
=

L i
n
t
σ
i
ε W

w
it
h
L i

n
t
th
e
ti
m
e-
in
te
gr
at
ed

lu
m
in
os
it
y.

F
u
rt
h
er
m
or
e,

σ
i
=

σ
(z

i,
z i

+
1
)
=

z i
+
1 ∫ z i

( dσ d
z

) d
z,

(3
1)

w
h
er
e
z
=

co
s
θ
an

d
p
ol
ar
iz
at
io
n
in
d
ic
es

h
av
e
b
ee
n
su
p
p
re
ss
ed
.
A
ls
o,

ε W
is

th
e
effi

ci
en
cy

fo
r
W

+
W

−
re
co
n
st
ru
ct
io
n
,
fo
r
w
h
ic
h
w
e
ta
ke

th
e
ch
an

n
el

of
le
p
to
n
p
ai
rs

(e
ν
+
μ
ν
)
p
lu
s
tw

o

h
ad

ro
n
ic

je
ts
,
gi
v
in
g
ε W

�
0.
3
b
as
ic
al
ly

fr
om

th
e
re
le
va
n
t
b
ra
n
ch
in
g
ra
ti
os
.
T
h
e
p
ro
ce
d
u
re

ou
tl
in
ed

ab
ov
e
is
fo
ll
ow

ed
to

ev
al
u
at
e
b
ot
h
N

S
M
(i
)
an

d
N

S
M
+
N
P
(i
).

T
h
e
u
n
ce
rt
ai
n
ty

on
th
e
n
u
m
b
er

of
ev
en
ts

δN
S
M
(i
)
co
m
b
in
es

b
ot
h
st
at
is
ti
ca
l
an

d
sy
st
em

-

at
ic

er
ro
rs

w
h
er
e
th
e
st
at
is
ti
ca
l
co
m
p
on

en
t
is

d
et
er
m
in
ed

b
y
δN

st
a
t

S
M
(i
)
=

√ N
S
M
(i
).

C
on

-

ce
rn
in
g
sy
st
em

at
ic

u
n
ce
rt
ai
n
ti
es
,
an

im
p
or
ta
n
t
so
u
rc
e
is

re
p
re
se
n
te
d
b
y
th
e
u
n
ce
rt
ai
n
ty

on

10

5
2

7

b
ea
m

p
ol
ar
iz
at
io
n
s,
fo
r
w
h
ic
h
w
e
as
su
m
e
δP

− L
/P

− L
=

δP
+ L
/P

+ L
=

0.
5%

w
it
h
th
e
“s
ta
n
d
ar
d
”

en
v
is
ag
ed

va
lu
es

|P
− L
|=

0.
8
an

d
|P

+ L
|=

0.
6
[2
1]
.

A
s
fo
r
th
e
ti
m
e-
in
te
gr
at
ed

lu
m
in
os
-

it
y,

fo
r
si
m
p
li
ci
ty

w
e
as
su
m
e
it
to

b
e
eq
u
al
ly

d
is
tr
ib
u
te
d
b
et
w
ee
n
th
e
d
iff
er
en
t
p
ol
ar
iz
at
io
n

co
n
fi
gu

ra
ti
on

s.
A
n
ot
h
er

so
u
rc
e
of

sy
st
em

at
ic

u
n
ce
rt
ai
n
ty

or
ig
in
at
es

fr
om

th
e
effi

ci
en
cy

of

re
co
n
st
ru
ct
io
n
of

W
±
p
ai
rs

w
h
ic
h
w
e
as
su
m
e
to

b
e
δε

W
/ε

W
=

0.
5%

.
A
ls
o,

in
ou

r
n
u
m
er
ic
al

an
al
y
si
s
to

ev
al
u
at
e
th
e
se
n
si
ti
v
it
y
of

th
e
d
iff
er
en
ti
al

d
is
tr
ib
u
ti
on

to
m
o
d
el

p
ar
am

et
er
s
w
e

in
cl
u
d
e
in
it
ia
l-
st
at
e
Q
E
D

co
rr
ec
ti
on

s
to

on
-s
h
el
l
W

±
p
ai
r
p
ro
d
u
ct
io
n
in

th
e
fl
u
x
fu
n
ct
io
n

ap
p
ro
ac
h
[2
6–
30
]
th
at

as
su
re
s
a
go

o
d
ap

p
ro
x
im

at
io
n
w
it
h
in

th
e
ex
p
ec
te
d
ac
cu
ra
cy

of
th
e

d
at
a. A
s
a
cr
it
er
io
n
to

d
er
iv
e
co
n
st
ra
in
ts

on
th
e
co
u
p
li
n
g
co
n
st
an

ts
in

th
e
ca
se

w
h
er
e
n
o
d
e-

v
ia
ti
on

s
fr
om

th
e
S
M

w
er
e
ob

se
rv
ed

w
it
h
in

th
e
fo
re
se
ea
b
le

u
n
ce
rt
ai
n
ti
es

on
th
e
m
ea
su
ra
b
le

cr
os
s
se
ct
io
n
s,
w
e
im

p
os
e
th
at

χ
2
≤

χ
2 m
in
+
χ
2 C
L
,

(3
2)

w
h
er
e
χ
2 C
L
is

a
n
u
m
b
er

th
at

sp
ec
ifi
es

th
e
ch
os
en

co
n
fi
d
en
ce

le
ve
l,
an

d
χ
2 m
in

is
th
e
m
in
im

al

va
lu
e
of

th
e
χ
2
fu
n
ct
io
n
.
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F
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.
2
:
D
is
co
ve
ry

re
a
ch

(9
5
%

C
.L
.)

on
th
e
h
ea
v
y
n
eu
tr
a
l
le
p
to
n
co
u
p
li
n
g
s
(G

N
e

L
)2

a
n
d
(G

N
e

R
)2

o
b
ta
in
ed

fr
o
m

d
iff
er
en
ti
a
l
p
o
la
ri
ze
d
cr
o
ss

se
ct
io
n
s
w
it
h
(P

− L
=

±0
.8
,
P

+ L
=

∓0
.6
)
a
n
d
d
iff
er
en
t
se
ts

of
W

±
p
ol
a
ri
za
ti
o
n
s.

H
er
e,

√ s
=

0.
5
T
eV

,
L i

n
t
=

0.
5
a
b
−1

a
n
d
m

N
=

0.
3
T
eV

.

F
ro
m

th
e
n
u
m
er
ic
al

p
ro
ce
d
u
re

ou
tl
in
ed

ab
ov
e,

w
e
ob

ta
in

th
e
al
lo
w
ed

re
gi
on

s
in

(G
N
e

L
)2

an
d
(G

N
e

R
)2

d
et
er
m
in
ed

fr
om

th
e
d
iff
er
en
ti
al

p
ol
ar
iz
ed

cr
os
s
se
ct
io
n
s
w
it
h
d
iff
er
en
t
se
ts

of
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p
ol
ar
iz
at
io
n
(a
s
w
el
l
as

fr
om

th
e
u
n
p
ol
ar
iz
ed

p
ro
ce
ss

(1
))

d
ep
ic
te
d
in

F
ig
.
2,

w
h
er
e
L i

n
t
=

50
0
fb

−1
h
as

b
ee
n
ta
ke
n
[2
1]
.

T
h
e
re
su
lt
s
of

a
fu
rt
h
er

p
ot
en
ti
al

ex
te
n
si
on

of
th
e
p
re
se
n
t
an

al
y
si
s
ar
e
al
so

sh
ow

n
in

F
ig
.
2

w
h
er
e
th
e
fe
as
ib
il
it
y
of

m
ea
su
ri
n
g
p
ol
ar
iz
ed

W
±
st
at
es

in
th
e
p
ro
ce
ss

(1
)
is

as
su
m
ed
.
T
h
is

as
su
m
p
ti
on

is
b
as
ed

on
th
e
ex
p
er
ie
n
ce

ga
in
ed

at
L
E
P
2
on

m
ea
su
re
m
en
ts

of
W

p
ol
ar
is
at
io
n

[3
1]
.
T
h
e
m
et
h
o
d
ex
p
lo
it
ed

fo
r
th
e
m
ea
su
re
m
en
t
of

W
p
ol
ar
is
at
io
n
is

b
as
ed

on
th
e
sp
in

d
en
si
ty

m
at
ri
x
el
em

en
ts

th
at

al
lo
w

to
ob

ta
in

th
e
d
iff
er
en
ti
al

cr
os
s
se
ct
io
n
s
fo
r
p
ol
ar
is
ed

W

b
os
on

s.
In
fo
rm

at
io
n
on

sp
in

d
en
si
ty

m
at
ri
x
el
em

en
ts

as
fu
n
ct
io
n
s
of

th
e
W

−
p
ro
d
u
ct
io
n

an
gl
e
w
it
h
re
sp
ec
t
to

th
e
el
ec
tr
on

b
ea
m

d
ir
ec
ti
on

w
as

ex
tr
ac
te
d
fr
om

th
e
d
ec
ay

an
gl
es

of

th
e
ch
ar
ge
d
le
p
to
n
in

th
e
W

−
(W

+
)
re
st

fr
am

e.
T
h
e
re
le
va
n
t
th
eo
re
ti
ca
l
fr
am

ew
or
k
fo
r

m
ea
su
re
m
en
t
of

W
±
p
ol
ar
is
at
io
n
w
as

d
es
cr
ib
ed

in
[1
8,

25
].

In
F
ig
.2
,
w
e
co
n
si
d
er

d
iff
er
en
t
ca
se
s
of

p
ol
ar
iz
ed

W
s,
w
it
h
W

L
an

d
W

T
re
fe
rr
in
g
to

lo
n
gi
tu
-

d
in
al
ly

an
d
tr
an

sv
er
se
ly

p
ol
ar
iz
ed

W
s,
re
sp
ec
ti
ve
ly
.
A
s
sh
ow

n
in

th
e
fi
gu

re
,
d
σ
(W

+ L
W

− L
)/
d
z

is
m
os
t
se
n
si
ti
ve

to
th
e
p
ar
am

et
er
s
(G

N
e

L
)2

an
d
(G

N
e

R
)2

w
h
il
e
d
σ
(W

+ T
W

− T
)/
d
z
h
as

th
e
lo
w
-

es
t
se
n
si
ti
v
it
y
to

th
os
e
p
ar
am

et
er
s.

T
h
e
b
ou

n
d
s
on

h
ea
v
y
le
p
to
n
co
u
p
li
n
gs

ob
ta
in
ed

fr
om

d
σ
(W

+ T
W

− T
)/
d
z
ar
e
n
ot

p
re
se
n
te
d
h
er
e
as

th
ey

ar
e
ou

ts
id
e
of

th
e
ra
n
ge

sh
ow

n
in

F
ig
.
2.

T
h
e

ro
le

of
W

p
ol
ar
iz
at
io
n
is
se
en

to
b
e
es
se
n
ti
al

in
or
d
er

to
se
t
m
ea
n
in
gf
u
l
fi
n
it
e
b
ou

n
d
s
on

th
e

N
W

e
co
u
p
li
n
gs
.

T
h
e
ob

ta
in
ed

b
ou

n
d
s
ar
e
re
m
in
is
ce
n
t
of

ar
cs

of
ci
rc
le
s
in

th
e
(G

N
e

L
)2
-(
G

N
e

R
)2

p
la
n
e.

T
h
is

re
fl
ec
ts

th
e
fa
ct

th
at

th
e
d
ev
ia
ti
on

s
in

th
e
L
R

an
d
R
L

cr
os
s
se
ct
io
n
s
ar
e
ap

p
ro
x
im

at
el
y

th
e
sa
m
e
fo
r
th
e
ri
gh

t-
h
an

d
ed

an
d
le
ft
-h
an

d
ed

co
u
p
li
n
gs

(r
ec
al
l
th
at

T
E 3
L
=

T
E 3
R
)
an

d
th
u
s

ap
p
ro
x
im

at
el
y
b
eh
av
e
as

(G
N
e

L
)4
+
(G

N
e

R
)4
.

In
th
is
F
ig
.
2,

w
e
co
n
si
d
er
ed

a
fa
ir
ly

lo
w
m
as
s,
m

N
=

0.
3
T
eV

.
A
s
on

e
ca
n
se
e
fr
om

F
ig
.
3

th
e
co
n
st
ra
in
ts

on
h
ea
v
y
le
p
to
n
co
u
p
li
n
gs

b
ec
om

e
m
or
e
se
ve
re

fo
r
la
rg
er

va
lu
es

of
m

N
.
T
h
e

p
oi
n
t
is

th
at

th
e
d
ev
ia
ti
on

of
th
e
cr
os
s
se
ct
io
n
in
d
u
ce
d
b
y
th
e
le
p
to
n
m
ix
in
g,

fr
om

th
e
S
M

p
re
d
ic
ti
on

ca
n
b
e
ex
p
re
ss
ed
,
e.
g.
,
fo
r
th
e
L
R

ca
se
,
as

Δ
σ
L
R
≡

σ
N
P
−

σ
S
M
∝

(G
N
e

L
)2
(1

−
r N

),
(3
3)

w
h
er
e
w
e
h
av
e
u
se
d
E
q
s.
(2
7)

an
d
(2
9)
.
T
h
is
st
ru
ct
u
re

(1
−

r N
)
ar
is
es

fr
om

n
eg
at
iv
e
in
te
r-

fe
re
n
ce

b
et
w
ee
n
a
m
ix
in
g
co
n
tr
ib
u
ti
on

to
ν
ex
ch
an

ge
an

d
th
e
N
-e
x
ch
an

ge
co
n
tr
ib
u
ti
on

.
It

re
fl
ec
ts

th
e
d
ec
re
as
in
g
im

p
ac
t
of

th
e
h
ea
v
y
n
eu
tr
in
o
ex
ch
an

ge
co
n
tr
ib
u
ti
on

to
Δ
σ
L
R
,
si
n
ce

at
la
rg
e
va
lu
es

of
m

N
th
e
la
st

te
rm

w
il
l
b
e
sm

al
l.

T
h
is

le
ad

s
to

a
b
et
te
r
se
n
si
ti
v
it
y
on

th
e

12

5
2

9

m
ix
in
g
an

gl
es

w
it
h
in
cr
ea
si
n
g
m

N
.
T
h
e
an

al
og
ou

s
d
ep

en
d
en
ce

al
so

h
ol
d
s
fo
r
Δ
σ
R
L
ca
se
.
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eV

1
T

eV

m
N
�
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F
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.
3
:
S
a
m
e
a
s
in

F
ig
.
2
b
u
t
ob

ta
in
ed

fr
o
m

th
e
d
iff
er
en
ti
a
l
p
o
la
ri
ze
d
cr
o
ss

se
ct
io
n
s
d
σ
(W

+ L
W

− L
)/
d
z

o
n
ly
,
w
it
h
(P

− L
=

±0
.8
,
P

+ L
=

∓0
.6
)
a
n
d
d
iff
er
en
t
va
lu
es

of
th
e
le
p
to
n
m
a
ss

m
N

=
0.
3
T
eV

,
0
.6

T
eV

,
1
T
eV

a
n
d
m

N
→

∞
.
H
er
e,

√ s
=

0.
5
T
eV

a
n
d
L i

n
t
=

0.
5
a
b
−1

.

B
.

In
c
lu
d
in
g
Z
-Z

′
m
ix
in
g

N
ow

w
e
tu
rn

to
th
e
ge
n
er
ic
ca
se

w
h
er
e
b
ot
h
le
p
to
n
m
ix
in
g
an

d
Z
-Z

′ m
ix
in
g
o
cc
u
r,
so

th
at

th
e
le
p
to
n
ic

co
u
p
li
n
g
co
n
st
an

ts
ar
e
as

in
E
q
.
(2
4)

an
d
th
e
Z

1
,
Z

2
co
u
p
li
n
gs

to
W

±
ar
e
as

in

E
q
.
(2
7)
.
In

th
is
ca
se
,
in

or
d
er

to
ev
al
u
at
e
th
e
in
fl
u
en
ce

of
th
e
Z
-Z

′ m
ix
in
g
on

th
e
al
lo
w
ed

d
is
co
ve
ry

re
gi
on

on
th
e
h
ea
v
y
le
p
to
n
co
u
p
li
n
g
p
la
n
e
((
G

N
e

L
)2
,
(G

N
e

R
)2
)
on

e
sh
ou

ld
va
ry

th
e

m
ix
in
g
an

gl
e
φ
w
it
h
in

it
s
cu
rr
en
t
co
n
st
ra
in
ts

w
h
ic
h
d
ep

en
d
on

th
e
sp
ec
ifi
c
Z

′
m
o
d
el

[3
2]
,

n
am

el
y
−0

.0
01
8
<

φ
<

0.
00
09

fo
r
th
e
ψ

m
o
d
el

an
d
−0

.0
01
6
<

φ
<

0.
00
06

fo
r
th
e
χ
m
o
d
el
.

W
it
h
in

a
sp
ec
ifi
c
Z

′
m
o
d
el

an
d
w
it
h
fi
x
ed

m
N
,
th
e
χ
2
fu
n
ct
io
n
b
as
ic
al
ly

d
ep

en
d
s
on

th
re
e

p
ar
am

et
er
s:

φ
,
G

N
e

L
an

d
G

N
e

R
.
In

th
is

ca
se
,
E
q
.
(3
2)

d
es
cr
ib
es

a
tr
ee
-d
im

en
si
on

al
su
rf
ac
e.

It
s
p
ro
je
ct
io
n
on

th
e
((
G

N
e

L
)2
,
(G

N
e

R
)2
)
p
la
n
e
d
em

on
st
ra
te
s
th
e
in
te
rp
la
y
b
et
w
ee
n
le
p
to
n
ic

an
d
Z
-Z

′
m
ix
in
gs
.
F
ig
.
4
sh
ow

s,
as

a
ty
p
ic
al

ex
am

p
le
,
th
e
re
su
lt
s
of

th
is

an
al
y
si
s
fo
r
th
e

χ
-m

o
d
el

(l
ef
t
p
an

el
)
an

d
th
e
ψ
-m

o
d
el

(r
ig
h
t
p
an

el
),
re
sp
ec
ti
ve
ly
,
w
it
h
fi
x
ed

m
N
=

0.
3
T
eV

.

A
s
on

e
ca
n
se
e,

th
e
sh
ap

es
of

th
e
al
lo
w
ed

re
gi
on

s
fo
r
th
e
co
u
p
li
n
g
co
n
st
an

ts
G

N
e

L
an

d
G

N
e

R
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D
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a
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a
t
9
5
%

C
L
o
n
th
e
h
ea
v
y
n
eu
tr
a
l
le
p
to
n
co
u
p
li
n
g
p
la
n
e
((
G

N
e

L
)2
,
(G

N
e

R
)2
)

at
m

N
=

0.
3
T
eV

in
th
e
ca
se

w
h
er
e
b
o
th

le
p
to
n

m
ix
in
g
an

d
Z
-Z

′
m
ix
in
g
ar
e
si
m
u
lt
a
n
eo
u
sl
y

a
ll
ow

ed
fo
r
th
e
Z

′ χ
m
o
d
el

(l
ef
t
p
a
n
el
)
a
n
d
th
e
Z

′ ψ
m
o
d
el

(r
ig
h
t
p
a
n
el
),

o
b
ta
in
ed

fr
o
m

co
m
b
in
ed

a
n
a
ly
si
s
o
f
p
o
la
ri
ze
d

d
iff
er
en
ti
a
l
cr
o
ss

se
ct
io
n
s
d
σ
(W

+ L
W

− L
)/
d
z
a
t
d
iff
er
en
t
se
ts

of
p
o
la
ri
za
ti
o
n
,

P
− L

=
±0

.8
,
P

+ L
=

∓0
.6
,
a
t
th
e
IL
C

w
it
h
√ s

=
0
.5

T
eV

a
n
d
L i

n
t
=

1
ab

−1
.
T
h
e
d
a
sh
ed

cu
rv
es

la
b
el
le
d
“φ

=
0
”
re
fe
r
to

th
e
ca
se

of
n
o
Z
-Z

′ m
ix
in
g
.

ar
e
q
u
it
e
d
ep

en
d
en
t
on

th
e
Z

′
m
o
d
el

an
d
d
iff
er
en
t
fo
r
th
es
e
tw

o
ca
se
s.

F
ro
m

th
e
ex
p
li
ci
t

ca
lc
u
la
ti
on

it
tu
rn
s
ou

t
th
at

th
is
is
d
u
e
to

th
e
d
iff
er
en
t
re
la
ti
ve

si
gn

s
b
et
w
ee
n
th
e
le
p
to
n
an

d

Z
-Z

′ m
ix
in
g
co
n
tr
ib
u
ti
on

s
to

th
e
d
ev
ia
ti
on

s
of

th
e
cr
os
s
se
ct
io
n
Δ
σ
.

C
on

ce
rn
in
g
F
ig
.
4
an

d
th
e
co
rr
es
p
on

d
in
g
an

al
y
si
s
fo
r
th
e
χ
an

d
ψ
m
o
d
el
s,
w
e
sh
ou

ld
n
ot
e

th
at

th
e
b
ou

n
d
s
on

th
e
le
p
to
n
co
u
p
li
n
gs

(G
N
e

L
)2

an
d
(G

N
e

R
)2

ar
e
so
m
ew

h
at

lo
os
er

th
an

in

th
e
ca
se

φ
=

0
d
is
cu
ss
ed

ab
ov
e
(r
ou

gh
ly
,
b
y
a
fa
ct
or

as
la
rg
e
as

tw
o)
,
b
u
t
st
il
l
n
u
m
er
ic
al
ly

co
m
p
et
it
iv
e
w
it
h
th
e
cu
rr
en
t
si
tu
at
io
n
.

A
ls
o,

w
e
ca
n
re
m
ar
k
th
at

th
e
cr
os
s
se
ct
io
n
s
fo
r

lo
n
gi
tu
d
in
al

W
+
W

−
p
ro
d
u
ct
io
n
p
ro
v
id
e
b
y
th
em

se
lv
es

th
e
m
os
t
st
ri
n
ge
n
t
co
n
st
ra
in
ts

fo
r

th
is
m
o
d
el
.

F
in
al
ly
,
on

e
sh
ou

ld
n
ot
e
th
at

al
th
ou

gh
th
e
d
is
co
ve
ry

re
ac
h
on

th
e
le
p
to
n
co
u
p
li
n
gs

(G
N
e

L
)2

an
d
(G

N
e

R
)2

ob
ta
in
ed

fr
om

p
ol
ar
iz
ed

d
iff
er
en
ti
al

cr
os
s
se
ct
io
n
s
is
q
u
it
e
d
ep

en
d
en
t
on

th
e
Z

′

m
o
d
el
,
th
is

is
n
ot

th
e
ca
se

fo
r
th
e
id
en
ti
fi
ca
ti
on

re
ac
h

as
th
e
d
ou

b
le

b
ea
m

p
ol
ar
iz
at
io
n

as
y
m
m
et
ry

A
N d
o
u
b
le
is
b
as
ic
al
ly

in
d
ep

en
d
en
t
of

th
e
Z
-Z

′ b
os
on

m
ix
in
g.

14

5
3

1

V
.

ID
E
N
T
IF

IC
A
T
IO

N
O
F

H
E
A
V
Y

L
E
P
T
O
N

E
F
F
E
C
T
S

W
IT

H
A

d
o
u
b
le

B
y
“i
d
en
ti
fi
ca
ti
on

”
w
e
sh
al
l
h
er
e
m
ea
n
ex
cl
u
si
on

of
a
ce
rt
ai
n
se
t
of

co
m
p
et
it
iv
e
m
o
d
-

el
s,

in
cl
u
d
in
g
th
e
S
M
,
to

a
ce
rt
ai
n
co
n
fi
d
en
ce

le
ve
l.

F
or

th
is

p
u
rp
os
e,

th
e
d
ou

b
le

b
ea
m

p
ol
ar
iz
at
io
n
as
y
m
m
et
ry
,
d
efi
n
ed

as
[2
0,

33
,
34
]

A
d
o
u
b
le
=

σ
(P

1
,−

P
2
)
+
σ
(−

P
1
,P

2
)
−

σ
(P

1
,P

2
)
−

σ
(−

P
1
,−

P
2
)

σ
(P

1
,−

P
2
)
+
σ
(−

P
1
,P

2
)
+
σ
(P

1
,P

2
)
+
σ
(−

P
1
,−

P
2
),

(3
4)

is
ve
ry

u
se
fu
l.
H
er
e
P
1
=

|P
− L
|,P

2
=

|P
+ L
|,a

n
d
σ
(±

P
1
,±

P
2
)
d
en
ot
es

th
e
p
ol
ar
iz
ed

in
te
gr
at
ed

cr
os
s
se
ct
io
n
d
et
er
m
in
ed

w
it
h
in

th
e
al
lo
w
ed

ra
n
ge

of
th
e
W

−
sc
at
te
ri
n
g
an

gl
e
(o
r
co
s
θ)
.
F
ro
m

E
q
s.
(2
5)

an
d
(3
4)

on
e
fi
n
d
s
fo
r
th
e
A

d
o
u
b
le
of

th
e
p
ro
ce
ss

(1
)

A
d
o
u
b
le
=

P
1
P
2
(σ

R
L
+
σ
L
R
)
−

(σ
R
R
+
σ
L
L
)

(σ
R
L
+
σ
L
R
)
+
(σ

R
R
+
σ
L
L
).

(3
5)

W
e
n
ot
e
th
at

th
is
as
y
m
m
et
ry

is
on

ly
av
ai
la
b
le

if
b
ot
h
in
it
ia
l
b
ea
m
s
ar
e
p
ol
ar
iz
ed
.
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1.
0

1.
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4

0.
47

0

0.
47

2

0.
47

4

0.
47

6

0.
47
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0.
48
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0.
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2

0.
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4

m
N
�T
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�

Adouble

s
�

1
T
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0.
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06
0.
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0.
1

F
IG

.
5
:

D
o
u
b
le

b
ea
m

p
o
la
ri
za
ti
o
n
as
y
m
m
et
ry

A
d
o
u
b
le
fo
r
th
e
p
ro
d
u
ct
io
n
o
f
u
n
p
o
la
ri
ze
d
W

±
as

a

fu
n
ct
io
n
o
f
n
eu
tr
a
l
h
ea
v
y
le
p
to
n
m
a
ss

m
N

fo
r
d
iff
er
en
t
ch
o
ic
es

o
f
co
u
p
li
n
g
s
√ G

N
e

L
G

N
e

R
(a
tt
a
ch
ed

to

th
e
li
n
es
)
a
t
th
e
IL
C
w
it
h
√ s

=
0.
5
T
eV

(l
ef
t
p
a
n
el
)
an

d
√ s

=
1.
0
T
eV

(r
ig
h
t
p
a
n
el
),
L i

n
t
=

1
ab

−1
.

T
h
e
so
li
d
h
o
ri
zo
n
ta
l
li
n
e
co
rr
es
p
o
n
d
s
to

A
S
M

d
o
u
b
le
=

A
Z
′

d
o
u
b
le
=

A
A
G
C

d
o
u
b
le
.
T
h
e
er
ro
r
b
a
n
d
s
in
d
ic
a
te

th
e

ex
p
ec
te
d
u
n
ce
rt
a
in
ty

in
th
e
S
M

ca
se

at
th
e
1
-σ

le
ve
l.

It
is

im
p
or
ta
n
t
to

al
so

n
ot
e
th
at

th
e
S
M

gi
ve
s
ri
se

on
ly

to
σ
L
R
an

d
σ
R
L
su
ch

th
at

th
e

st
ru
ct
u
re

of
th
e
in
te
gr
at
ed

cr
os
s
se
ct
io
n
h
as

th
e
fo
rm

σ
S
M
=

1 4

[( 1
+
P

− L

)( 1
−

P
+ L

) σ
R
L

S
M
+
( 1

−
P

− L

)( 1
+
P

+ L

) σ
L
R

S
M

] .
(3
6)
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T
h
is

is
al
so

th
e
ca
se

fo
r
an

om
al
ou

s
ga
u
ge

co
u
p
li
n
gs

(A
G
C
)
[2
5]
,
an

d
Z

′ -b
os
on

ex
ch
an

ge

(i
n
cl
u
d
in
g
Z
-Z

′
m
ix
in
g
an

d
Z

2
ex
ch
an

ge
)
[1
6]
.

T
h
e
co
rr
es
p
on

d
in
g
ex
p
re
ss
io
n
s
fo
r
th
os
e

cr
os
s
se
ct
io
n
s
ca
n
b
e
ob

ta
in
ed

fr
om

(3
6)

b
y
re
p
la
ci
n
g
th
e
sp
ec
ifi
ca
ti
on

S
M

→
A
G
C

an
d
Z

′ ,

re
sp
ec
ti
ve
ly
.
A
cc
or
d
in
gl
y,

th
e
d
ou

b
le

b
ea
m

p
ol
ar
iz
at
io
n
as
y
m
m
et
ry

h
as

a
co
m
m
on

fo
rm

fo
r

al
l
th
os
e
ca
se
s:

A
S
M

d
o
u
b
le
=

A
A
G
C

d
o
u
b
le
=

A
Z
′

d
o
u
b
le
=

P
1
P
2
=

0.
48
,

(3
7)

w
h
er
e
th
e
n
u
m
er
ic
al

va
lu
e
co
rr
es
p
on

d
s
to

th
e
p
ro
d
u
ct

of
th
e
el
ec
tr
on

an
d
p
os
it
ro
n
d
eg
re
es

of
p
ol
ar
iz
at
io
n
:
P
1
=

0.
8,

P
2
=

0.
6.

E
q
.
(3
7)

d
em

on
st
ra
te
s
th
at

A
S
M

d
o
u
b
le
,
A

A
G
C

d
o
u
b
le
an

d
A

Z
′

d
o
u
b
le

ar
e
in
d
is
ti
n
gu

is
h
ab

le
fo
r
an

y
va
lu
es

of
N
P
p
ar
am

et
er
s,
A
G
C
or

Z
′ m

as
s
an

d
st
re
n
gt
h
of

Z
-Z

′

m
ix
in
g,

i.
e.

Δ
A

d
o
u
b
le
=

A
A
G
C

d
o
u
b
le
−

A
S
M

d
o
u
b
le
=

A
Z
′

d
o
u
b
le
−

A
S
M

d
o
u
b
le
=

0.

O
n
th
e
co
n
tr
ar
y,

th
e
h
ea
v
y
n
eu
tr
al

le
p
to
n
N
-e
x
ch
an

ge
in

th
e
t-
ch
an

n
el

w
il
l
in
d
u
ce

n
on

-

va
n
is
h
in
g
co
n
tr
ib
u
ti
on

s
to

σ
L
L
an

d
σ
R
R
,
an

d
th
u
s
fo
rc
e
A

d
o
u
b
le
to

a
sm

al
le
r
va
lu
e,
Δ
A

d
o
u
b
le
=

A
N d
o
u
b
le
−

A
S
M

d
o
u
b
le
∝

−P
1
P
2
r2 N

( G
N
e

L
G

N
e

R

) 2 <
0
ir
re
sp
ec
ti
ve
ly

of
th
e
si
m
u
lt
an

eo
u
s
le
p
to
n
an

d

Z
-Z

′
m
ix
in
g
co
n
tr
ib
u
ti
on

s
to

σ
R
L
an

d
σ
L
R
.
A

va
lu
e
of

A
d
o
u
b
le
b
el
ow

P
1
P
2
ca
n
p
ro
v
id
e
a

si
gn

at
u
re

of
h
ea
v
y
n
eu
tr
al

le
p
to
n
N
-e
x
ch
an

ge
in

th
e
p
ro
ce
ss

(1
).

A
ll
th
os
e
fe
at
u
re
s
in

th
e

A
d
o
u
b
le
b
eh
av
io
r
ar
e
sh
ow

n
in

F
ig
.
5,

w
h
er
e
w
e
co
n
si
d
er

u
n
p
ol
ar
iz
ed

W
s.

T
h
e
id
en
ti
fi
ca
ti
on

re
ac
h
(I
D
)
on

th
e
p
la
n
e
of

h
ea
v
y
le
p
to
n
co
u
p
li
n
g
((
G

N
e

L
)2
,
(G

N
e

R
)2
)
(a
t

95
%

C
.L
.)
fo
r
va
ri
ou

s
le
p
to
n
m
as
se
s
m

N
p
lo
tt
ed

in
F
ig
.
6
is
ob

ta
in
ed

fr
om

co
n
ve
n
ti
on

al
χ
2

an
al
y
si
s
w
it
h
A

d
o
u
b
le
.
In

th
at

ca
se

th
e
χ
2
fu
n
ct
io
n
is
co
n
st
ru
ct
ed

as
χ
2
=

(Δ
A

d
o
u
b
le
/δ
A

d
o
u
b
le
)2

w
h
er
e
δA

d
o
u
b
le
is
th
e
ex
p
ec
te
d
ex
p
er
im

en
ta
l
u
n
ce
rt
ai
n
ty

ac
co
u
n
ti
n
g
fo
r
b
ot
h
st
at
is
ti
ca
l
an

d

sy
st
em

at
ic

co
m
p
on

en
ts
.

N
ot
e
th
at

d
is
co
ve
ry

is
p
os
si
b
le

in
th
e
gr
ee
n
an

d
ye
ll
ow

re
gi
on

s,

w
h
er
ea
s
id
en
ti
fi
ca
ti
on

is
on

ly
p
os
si
b
le

in
th
e
gr
ee
n
re
gi
on

.
T
h
e
h
y
p
er
b
ol
a-
li
ke

li
m
it

of
th
e

id
en
ti
fi
ca
ti
on

re
ac
h
is

d
u
e
to

th
e
ap

p
ea
ra
n
ce

of
a
p
ro
d
u
ct

of
th
e
sq
u
ar
ed

co
u
p
li
n
gs

(G
N
e

L
)2

an
d
(G

N
e

R
)2

in
th
e
d
ev
ia
ti
on

fr
om

th
e
S
M

cr
os
s
se
ct
io
n
,
gi
ve
n
b
y
E
q
.
(2
8)
.

It
sh
ou

ld
b
e
st
re
ss
ed

th
at

th
e
id
en
ti
fi
ca
ti
on

re
ac
h
is
in
d
ep

en
d
en
t
of

th
e
Z

′ m
o
d
el
as
su
m
ed
,

w
h
er
ea
s
th
e
d
is
co
ve
ry

re
ac
h
is
n
ot
.
In

fa
ct
,
in

th
e
lo
w
er

le
ft
co
rn
er

of
th
es
e
fi
gu

re
s,
w
e
sh
ow

h
ow

th
e
d
is
co
ve
ry

re
ac
h
ge
ts

m
o
d
ifi
ed

if
w
e
al
lo
w

fo
r
Z
-Z

′ m
ix
in
g
w
it
h
in

th
e
Z

′ χ
m
o
d
el

(c
f.

F
ig
.
4)
.
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6
:

L
ef
t
p
a
n
el
:
d
is
co
ve
ry

(D
IS
)
a
n
d
id
en
ti
fi
ca
ti
o
n
(I
D
)
re
a
ch
es

at
9
5
%

C
L

o
n
th
e
h
ea
v
y

n
eu
tr
a
l
le
p
to
n
co
u
p
li
n
g
p
la
n
e
((
G

N
e

L
)2
,
(G

N
e

R
)2
),

o
b
ta
in
ed

fr
o
m

a
co
m
b
in
ed

an
a
ly
si
s
o
f
p
ol
a
ri
ze
d

d
iff
er
en
ti
a
l
cr
o
ss

se
ct
io
n
s
d
σ
(W

+ L
W

− L
)/
d
z
a
t
d
iff
er
en
t
se
ts

of
p
o
la
ri
za
ti
o
n
,
P

− L
=

±0
.8
,
P

+ L
=

∓0
.6
,

a
n
d
ex
p
lo
it
in
g
th
e
d
o
u
b
le

p
o
la
ri
za
ti
o
n
as
y
m
m
et
ry
.
F
u
rt
h
er
m
o
re
,
m

N
=

0
.3

T
eV

,
√ s

=
0
.5

T
eV

a
n
d
L i

n
t
=

1
ab

−1
.
R
ig
h
t
p
a
n
el
:
si
m
il
a
r,

w
it
h
√ s

=
1
.0

T
eV

a
n
d
fo
r
m

N
=

0
.6

T
eV

.
T
h
e
d
a
sh
ed

cu
rv
es

la
b
el
le
d
“φ

=
0”

re
fe
r
to

th
e
ca
se

of
n
o
Z
-Z

′
m
ix
in
g
,
w
h
er
ea
s
th
e
o
u
te
r
co
n
to
u
r
la
b
el
le
d

“
D
IS
”
re
fe
r
to

th
e
m
in
im

u
m

d
is
co
ve
ry

re
a
ch

in
th
e
p
re
se
n
ce

o
f
m
ix
in
g
.

V
I.

D
IS

C
O
V
E
R
Y

A
N
D

ID
E
N
T
IF

IC
A
T
IO

N
R
E
A
C
H

A
T

√ s
=

35
0
G
E
V

In
v
ie
w

of
th
e
p
os
si
b
il
it
y
of

a
st
ag
ed

IL
C

co
n
st
ru
ct
io
n
,
w
e
w
ou

ld
li
ke

to
co
m
m
en
t
on

th
e

p
os
si
b
il
it
y
of

ob
ta
in
in
g
b
ou

n
d
s
on

h
ea
v
y
n
eu
tr
al

le
p
to
n
s
at

35
0
G
eV

.
A
s
il
lu
st
ra
te
d
in

F
ig
.
7,

p
ol
ar
iz
ed

b
ea
m
s
w
ou

ld
al
re
ad

y
at

th
is

lo
w

en
er
gy

al
lo
w

to
p
la
ce

a
li
m
it

on
p
os
si
b
le

N
W

e

co
u
p
li
n
gs
,
in

p
ar
ti
cu
la
r
at

lo
w

m
as
se
s
m

N
.

In
th
is

fi
gu

re
w
e
ex
p
lo
re

m
as
se
s
b
ey
on

d
th
e

co
rr
es
p
on

d
in
g
k
in
em

at
ic
al

re
ac
h
.
E
ve
n
at

th
is
ra
th
er

lo
w

en
er
gy

th
er
e
is
al
re
ad

y
se
n
si
ti
v
it
y

to
d
is
co
ve
r
h
ea
v
y
le
p
to
n
co
u
p
li
n
gs

in
th
e
ra
n
ge

of
G

2
∼

10
−3

fo
r
lo
w

m
as
se
s
an

d
u
p
to

G
2
∼

5
×
10

−4
fo
r
h
ea
v
y
m
as
se
s
m

N
an

d
w
it
h
an

as
su
m
ed

in
te
gr
at
ed

lu
m
in
os
it
y
of

50
0
fb

−1
.

It
is
se
en

th
at

on
e
ca
n
id
en
ti
fy

h
ea
v
y
-l
ep
to
n
-m

ix
in
g
eff

ec
ts

fo
r
m
as
se
s
u
p
to

m
N
∼

40
0
G
eV

.

D
is
co
ve
ry

is
se
en

to
b
ec
om

e
m
or
e
se
n
si
ti
ve

at
h
ig
h
er

m
as
se
s,

si
n
ce

th
e
eff

ec
t
is
ap

p
ro
x
i-

m
at
el
y
p
ro
p
or
ti
on

al
to

1
−

r N
,
w
h
er
ea
s
fo
r
id
en
ti
fi
ca
ti
on

th
e
se
n
si
ti
v
it
y
is

go
ve
rn
ed

b
y
r N

,

an
d
th
u
s
b
ec
om

es
le
ss

effi
ci
en
t
at

h
ig
h
er

m
as
se
s.

F
or

h
ig
h
er

b
ea
m

en
er
gy
,
b
ot
h
se
n
si
ti
v
it
ie
s
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F
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.
7
:

D
is
co
ve
ry

(D
IS
)
a
n
d
id
en
ti
fi
ca
ti
o
n
(I
D
)
re
a
ch

on
G

2
≡

(G
N
e

L
)2

=
(G

N
e

R
)2
.
T
h
e
lo
w
-e
n
er
g
y

ca
se

(3
5
0
G
eV

)
is
co
m
p
a
re
d
w
it
h
th
e
n
o
m
in
a
l
en
er
g
y
ca
se
s
o
f
5
0
0
G
eV

an
d
1
T
eV

,
al
l
a
t
a
n
a
ss
u
m
ed

in
te
g
ra
te
d
lu
m
in
o
si
ty

o
f
5
0
0
fb

−1
.
T
h
e
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ra
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p
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ra
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ra
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b
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b
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b
ee
n
fo
u
n
d
th
a
t
th
e
p
re
v
io
u
s
v
er
si
o
n
o
f
th
e
a
n
ti
-D

ID
,
fi
el
d
X
0
2
,

d
es
p
it
e
b
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ra
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e
p
a
ir

b
a
ck
g
ro
u
n
d

m
o
re

a
cc
u
ra
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b
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b
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m
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n
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ra
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p
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b
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b
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b
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b
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b
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b
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b
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p
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b
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b
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a
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ra
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b
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b
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b
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b
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b
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r
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b
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a
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ra
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ro
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ra
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p
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b
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d
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p
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b
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p
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b
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ra
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p
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d
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ra
te
s
w
er
e
ex
tr
a
ct
ed

u
si
n
g
th
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e
IL
C

so
ft
w
ar
e,

w
it
h
M
o
k
ka

ve
rs
io
n
0
6
-0
7
-p
a
tc
h
0
2
a
n
d
th
e
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d
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f
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b
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p
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er

o
f
1
0
M
W

a
re

re
q
u
ir
ed
.
T
h
e
p
ro
d
u
ct
io
n
o
f
a
b
ea
m

w
it
h
th
e
re
q
u
ir
ed

sm
a
ll
tr
a
n
sv
er
se

ch
a
ra
c-

te
ri
st
ic
s
is
a
ch
a
ll
en
g
e.

In
a
d
d
it
io
n
,
if
th
e
v
er
ti
ca
l
b
u
n
ch

si
ze

σ
y
1
is
sm

a
ll
at

th
e

in
te
ra
ct
io
n
p
o
in
t
(I
P
)
so

d
o
es

th
e
v
er
ti
ca
l
b
et
a
fu
n
ct
io
n
β
y
b
u
t
th
en

th
e
b
ea
m

d
iv
er
g
en
ce

g
ro
w
s
a
s
√ ε/

β
y
.
H
ow

ev
er
,
if
β
y
is
sm

a
ll
er

th
en

th
e
b
u
n
ch

le
n
g
th

σ
z

th
is

h
o
u
rg
la
ss

eff
ec
t
w
il
l
re
d
u
ce

th
e
lu
m
in
o
si
ty
.
It

h
a
d
b
ee
n
d
em

o
n
st
ra
te
d
in

re
fe
re
n
ce

[1
]
th
a
t
th
e
u
se

o
f
th
e
sp
ec
ia
l
fo
cu
si
n
g
re
g
im

e,
so
-c
a
ll
ed

“
tr
av
el
li
n
g
fo
-

cu
s”

[2
],
m
ig
h
t
ov
er
co
m
e
th
e
h
o
u
rg
la
ss

eff
ec
t
b
y
a
rr
a
n
g
in
g
th
e
ta
il
a
n
d
th
e
h
ea
d

o
f
th
e
b
u
n
ch
es

to
b
e
fo
cu
se
d
a
t
p
ro
p
o
rt
io
n
a
ll
y
d
is
p
la
ce
d
lo
n
g
it
u
d
in
a
l
p
o
si
ti
o
n
.

In
p
ri
n
ci
p
le

th
e
u
se

o
f
th
is

sc
h
em

e
co
u
ld

p
ro
v
id
e
ad

d
it
io
n
a
l
3
0
%

o
f
lu
m
in
o
si
ty
.

F
in
a
ll
y
th
e
n
o
m
in
a
l
lu
m
in
o
si
ty

ca
lc
u
la
te
d

fo
r
a
n

“i
d
ea
l”

ca
se

ca
n

b
e
si
g
-

n
ifi
ca
n
tl
y
re
d
u
ce
d
in

th
e
p
re
se
n
ce

o
f
th
e
or
b
it
a
l/
a
n
g
u
la
r
m
is
a
li
g
n
m
en
ts

o
f
th
e

b
ea
m
.
T
h
e
ex
a
m
p
le
s
o
f
su
ch

se
n
si
ti
v
it
y
fo
r
so
m
e
p
a
ra
m
et
er

se
ts

of
th
e
In
te
rn
a
-

ti
o
n
a
l
L
in
ea
r
C
o
ll
id
er

ca
n
b
e
fo
u
n
d
in

re
fe
re
n
ce

[3
]
w
h
er
e
th
e
in
fl
u
en
ce

of
o
rb
it
a
l

a
n
d
a
n
g
u
la
r
b
ea
m
-b
ea
m

o
ff
se
ts

w
er
e
in
v
es
ti
g
a
te
d
.
T
h
is

p
a
p
er

is
a
n
u
p
d
a
te

o
f

re
fe
re
n
ce

[3
]
a
n
d
ev
a
lu
a
te
s
th
e
in
fl
u
en
ce

of
m
is
a
li
g
n
m
en
ts

a
n
d
b
u
n
ch

sh
a
p
e
d
is
-

to
rt
io
n
s
fo
r
d
iff
er
en
t
IL
C

p
a
ra
m
et
er

se
ts

in
cl
u
d
in
g
th
a
t
o
f
th
e
’t
ra
ve
ll
in
g
fo
cu
s’
.

2
L
u
m
in
o
si
ty

lo
ss

d
u
e
to

o
rb

it
a
l
o
r
a
n
g
u
la
r
o
ff
-

se
t
fo
r
th

e
IL

C
.

2
.1

T
h
e
n
e
w

p
a
ra

m
e
te
r
se
ts

fo
r
th

e
IL

C
.

S
in
ce

th
e
p
u
b
li
ca
ti
o
n

of
th
e
R
ef
er
en
ce

D
es
ig
n

R
ep

or
t
(R

D
R
)
[4
]
im

p
or
ta
n
t

ch
a
n
g
es

h
av
e
b
ee
n

su
g
g
es
te
d

in
o
rd
er

to
re
d
u
ce

th
e
co
st

o
f
th
e
IL
C
.
In

T
a
-

b
le

1
th
e
co
m
p
a
ri
so
n

of
th
es
e
n
ew

p
a
ra
m
et
er

se
ts

[5
]
w
it
h

th
e
fo
rm

er
R
D
R

p
a
ra
m
et
er

se
t
is

g
iv
en
.

T
h
re
e
n
ew

se
ts
,
i.
e.

“
S
B
2
0
0
9
”
,
“
L
ow

C
h
a
rg
e”

a
n
d

“
N
ew

L
ow

C
h
a
rg
e”

ar
e
b
a
se
d
o
n
th
e
re
d
u
ct
io
n
o
f
th
e
co
st

o
f
th
e
m
a
ch
in
e
v
ia

th
e
re
d
u
ct
io
n
o
f
th
e
ch
a
rg
e
p
er

b
u
n
ch

tr
a
in

w
h
ic
h
le
a
d
s
to

a
sm

a
ll
er

sp
a
ti
a
l

ex
te
n
t
o
f
th
e
m
a
ch
in
e
a
n
d
lo
w
er

p
ow

er
su
p
p
ly
.
It

sh
o
u
ld

b
e
n
o
ti
ce
d
th
a
t
th
e

p
ro
d
u
ct
io
n
o
f
sh
o
rt

b
u
n
ch
es

w
il
l
re
q
u
ir
e
a
tw

o
st
a
g
e
b
u
n
ch

co
m
p
re
ss
o
r
w
h
il
e

th
e
S
B
2
0
0
9
d
es
ig
n
fo
r
th
e
IL
C

h
a
s
a
o
n
e
st
a
g
e
b
u
n
ch

co
m
p
re
ss
o
r.

T
h
e
“
S
B
2
0
0
9
”
is
b
a
se
d
o
n
th
e
a
p
p
li
ca
ti
o
n
o
f
th
e
so
-c
a
ll
ed

“
tr
av
el
li
n
g
fo
cu
s”

re
g
im

e
[1
].

T
h
e
a
lt
er
n
a
ti
v
e
“
L
ow

C
h
a
rg
e”

(L
C
)
a
n
d
“
N
ew

L
ow

C
h
a
rg
e”

(J
.

G
a
o
)
p
a
ra
m
et
er

se
ts

b
a
se
d
o
n
th
e
re
d
u
ct
io
n
o
f
th
e
n
u
m
b
er

o
f
p
a
rt
ic
le
s
p
er

b
u
n
ch

a
n
d
o
n
th
e
re
d
u
ct
io
n
o
f
th
e
b
u
n
ch

le
n
g
th
,
co
u
ld

a
ls
o
p
ro
v
id
e
th
e
lu
m
in
o
si
ty

o
f

2
×

10
3
4
[c
m

−
2
s−

1
].

In
T
ab

le
1
th
e
n
o
m
in
a
l
lu
m
in
o
si
ty

va
lu
es

w
er
e
ca
lc
u
la
te
d

w
it
h
th
e
g
u
in
ea
p
ig
+
+

si
m
u
la
ti
o
n
co
d
e

[6
]
w
h
ic
h
is

C
+
+

v
er
si
o
n
o
f
G
U
IN

E
A
-

P
IG

[7
].

1
T
h
e
u
se

o
f
th

e
fl
a
t
b
ea

m
s
w
it
h

σ
x



σ
y

a
re

ty
p
ic
a
l
fo
r
th

e
li
n
ea

r
co

ll
id
er
.

T
h
u
s
th

e
ex

a
m
p
le

is
g
iv
en

fo
r
v
er
ti
ca

l
b
ea

m
si
ze

σ
y
a
n
d
v
er
ti
ca

l
b
et
a
fu
n
ct
io
n
β
y
.

5
4

7

T
ab

le
1:

T
h
e
IL
C

p
a
ra
m
et
er

se
ts

R
D
R

S
B
2
0
0
9

L
ow

C
h
a
rg
e

N
ew

L
ow

C
h
a
rg
e

N
p
a
r
ti
c
le
s

2
x
1
01

0
2
x
1
01

0
1
x
1
01

0
1
x
1
0
1
0

N
b
u
n
c
h
e
s

26
25

13
20

56
40

26
25

β
x
/β

y
[m

m
]

2
0
/
0
.4

1
1
/
0
.2

1
2
/
0
.2

8
/
0
.1
6
6

γ
ε x

[μ
m
]

10
10

10
10

γ
ε y

[μ
m
]

40
36

30
10

σ
x
[n
m
]

63
9

47
4

49
5

40
4

σ
y
[n
m
]

5
.7

3
.8

3
.5

2
.0

σ
z
[μ
m
]

30
0

30
0

15
0

16
6

D
y

1
9
.0

3
8
.4

1
0
.0

2
4
.0

L
u
m
i.
×1

0
3
4
[c
m

−
2
s−

1
]

1.
9
7

1.
9
6

1.
9
6

2.
1
2

2
.2

S
tu

d
y

o
f
th

e
e
ff
e
ct
s
o
f
o
rb

it
a
l
a
n
d

a
n
g
u
la
r
o
ff
se
ts

o
n

lu
m
in
o
si
ty
.

T
h
e
n
o
m
in
a
l
lu
m
in
o
si
ty

fo
r
th
e
IL
C

sh
o
u
ld

b
e
d
el
iv
er
ed

ev
en

in
th
e
ca
se

of
th
e
n
ew

p
a
ra
m
et
er

se
ts

fo
r
re
d
u
ce
d
b
ea
m

p
ow

er
.
T
h
e
b
ea
m

p
ow

er
is

d
ir
ec
tl
y

p
ro
p
o
rt
io
n
a
l
to

th
e
ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y
E

C
M

as

P
b
e
a
m

=
E

C
M
n
b
N
f r

e
p

(2
)

It
fo
ll
ow

s
fr
o
m

E
q
.
1
a
n
d
E
q
.
2
th
a
t
th
e
lu
m
in
o
si
ty

is
d
ir
ec
tl
y
p
ro
p
o
rt
io
n
a
l
to

th
e
b
ea
m

p
ow

er
.

T
h
e
lu
m
in
o
si
ty

is
v
er
y
se
n
si
ti
v
e
to

o
rb
it
a
l
a
n
d
a
n
g
u
la
r
o
ff
se
ts

o
f
th
e
in
te
r-

a
ct
in
g
b
u
n
ch
es
.
T
h
is

eff
ec
t
w
as

st
u
d
ie
d
fo
r
al
l
th
re
e
n
ew

p
a
ra
m
et
er

se
ts

an
d

co
m
p
a
re
d
w
it
h
th
e
fo
rm

er
R
D
R

p
a
ra
m
et
er

se
t.

T
h
e
va
lu
e
of

lu
m
in
o
si
ty

fo
r
th
e

d
iff
er
en
t
o
rb
it
a
l
(F

ig
.1
a
)
a
n
d
an

g
u
la
r
(F

ig
.1
b
)
o
ff
se
ts

w
a
s
n
o
rm

a
li
se
d
w
it
h
re
-

sp
ec
t
to

th
e
n
o
m
in
a
l
lu
m
in
o
si
ty

a
n
d
p
lo
tt
ed

as
fu
n
ct
io
n
o
f
th
e
re
la
ti
v
e
v
er
ti
ca
l

o
rb
it
a
l
off

se
t
Δ
y
/σ

y
o
r
a
s
a
fu
n
ct
io
n
o
f
th
e
re
la
ti
v
e
v
er
ti
ca
l
b
u
n
ch

d
iv
er
g
en
ce

α
y
/θ

y
w
h
er
e
θ y

=
√ (ε

y
/β

y
).

It
w
as

fo
u
n
d
th
a
t
th
e
L
ow

C
h
a
rg
e
(L

C
)
p
a
ra
m
et
er

se
t
is

le
ss

se
n
si
ti
v
e
to

th
e
or
b
it
a
l
b
u
n
ch

d
is
p
la
ce
m
en
t
at

th
e
in
te
ra
ct
io
n
p
o
in
t,
w
h
il
e
th
e
va
lu
es

fo
r
th
e

N
ew

L
ow

C
h
a
rg
e
(J
.
G
a
o
)
se
t
a
re

v
er
y
cl
o
se

to
th
o
se

of
th
e
R
D
R

p
a
ra
m
et
er

se
t.

A
s
ex
p
ec
te
d
,
th
e
tr
av
el
li
n
g
fo
cu
s
(S
B
2
0
0
9
)
re
g
im

e
h
a
s
p
ro
ve
d
to

b
e
m
o
re

se
n
si
ti
v
e
to

th
e
or
b
it
a
l
o
ff
se
ts

co
m
p
a
re
d
to

th
e
o
th
er

se
ts

of
p
a
ra
m
et
er
s.

T
h
e

sa
m
e
p
a
ra
m
et
er

se
ts

w
er
e
u
se
d
fo
r
th
e
lu
m
in
o
si
ty

ca
lc
u
la
ti
o
n
s
in

th
e
p
re
se
n
ce

o
f

a
n
g
u
la
r
off

se
ts
.
F
or

th
e
tr
av
el
li
n
g
fo
cu
s
re
g
im

e
th
e
re
la
ti
v
e
lu
m
in
o
si
ty

lo
ss

co
u
ld

b
e
o
f
o
rd
er

of
6
0
%
,
w
h
il
e
th
e
L
ow

C
h
a
rg
e
(L

C
)
o
p
ti
o
n
g
iv
es

a
re
la
ti
v
el
y
sm

a
ll

lo
ss

o
f
lu
m
in
o
si
ty

≈
1
2
%

.
It

ca
n
b
e
ex
p
la
in
ed

b
y
th
e
fa
ct

th
a
t
fo
r
th
e
L
C

se
t

th
e
d
is
ru
p
ti
o
n
p
a
ra
m
et
er

D
y
is

n
ea
rl
y
4
ti
m
es

sm
a
ll
er

th
a
n
th
e
D
y
p
a
ra
m
et
er

fo
r
th
e
tr
av
el
li
n
g
fo
cu
s
re
g
im

e.
T
h
e
b
eh
av

io
r
of

th
e
N
ew

L
ow

C
h
a
rg
e
(J
.
G
a
o
)

re
g
im

e
is

a
g
a
in

cl
o
se

to
th
e
R
D
R

p
a
ra
m
et
er

se
t.

5
4

8



F
ig
u
re

1
:
T
h
e
IL
C

5
0
0
G
eV

ce
n
tr
e-
o
f-
m
a
ss

en
er
g
y
p
a
ra
m
et
er

se
ts
.

S
ca
n
s
of

eff
ec
ts

of
or
b
it
a
l
a
)
a
n
d
a
n
g
u
la
r
b
)
o
ff
se
ts

o
n
th
e
n
o
rm

a
li
ze
d
lu
m
in
o
si
ty
.

3
“
B
a
n
a
n
a
sh

a
p
e
”

b
u
n
ch

e
s
a
n
d

th
e
lu
m
in
o
si
ty

fo
r
th

e
IL

C
.

3
.1

“
B
a
n
a
n
a
sh

a
p
e
”
b
u
n
ch

e
s.

In
th
e
p
re
se
n
ce

o
f
sh
o
rt

ra
n
g
e
w
ak
efi
el
d
s
th
e
o
ri
g
in
a
ll
y
g
a
u
ss
ia
n
b
u
n
ch
es

a
re

d
is
to
rt
ed
.
T
h
is

eff
ec
t
is

o
ft
en

re
fe
rr
ed

as
“b

a
n
a
n
a
sh
a
p
e
”
b
u
n
ch
es
.
D
es
p
it
e

th
e
re
la
ti
v
el
y
sm

a
ll
ch
a
n
g
e
in

th
e
b
ea
m

em
it
ta
n
ce

th
e
im

p
a
ct

o
n
th
e
lu
m
in
o
si
ty

ca
n
b
e
si
g
n
ifi
ca
n
t.

F
or

th
e
T
E
S
L
A

la
tt
ic
e
th
e
eff

ec
t
o
f
“
b
a
n
a
n
a
sh
a
p
e”

b
u
n
ch
es

w
as

p
re
v
io
u
sl
y
st
u
d
ie
d
in

[8
]
a
n
d
fo
r
an

em
it
ta
n
ce

gr
ow

th
≈

6
%

th
e
re
la
ti
v
e

lu
m
in
o
si
ty

lo
ss

is
3
0
%

ev
en

w
it
h
o
u
t
an

y
o
rb
it
a
l
o
r
a
n
g
u
la
r
o
ff
se
ts

w
a
s
re
p
o
rt
ed
.

T
h
is

eff
ec
t
ca
n
b
e
co
m
p
en
sa
te
d
b
y
a
v
er
y
so
p
h
is
ti
ca
te
d
fe
ed
-b
a
ck

sy
st
em

.
A

si
m
il
a
r
b
eh
av

io
r
ca
n
b
e
co
n
fi
rm

ed
ex
p
li
ci
tl
y
b
y
th
e
or
b
it
a
l
o
ff
se
t
sc
a
n
s
fo
r
th
e

n
ew

p
a
ra
m
et
er

se
ts

o
f
th
e
IL
C

a
n
d
“
b
a
n
a
n
a
sh
a
p
e”

b
u
n
ch
es
.

In
F
ig
u
re

1
th
e
se
n
si
ti
v
it
y
o
f
th
e
G
a
u
ss
ia
n
b
ea
m
s
to

va
ri
o
u
s
o
rb
it
a
l
an

d
a
n
g
u
la
r
off

se
ts

is
d
em

o
n
st
ra
te
d
fo
r
4
d
iff
er
en
t
p
a
ra
m
et
er

se
ts

fo
r
th
e
IL
C
.
In

a
ll
fo
u
r
ca
se
s
th
e
m
a
x
im

u
m

lu
m
in
o
si
ty

is
a
ch
ie
ve
d
a
t
ze
ro

or
b
it
a
l
a
n
d
an

g
u
la
r

o
ff
se
t
a
n
d
th
e
p
re
se
n
ce

o
f
a
n
y
o
f
su
ch

o
ff
se
ts

ca
n
re
d
u
ce

th
e
lu
m
in
o
si
ty

d
ra
-

m
a
ti
ca
ll
y.

In
ad

d
it
io
n
,
fo
r
th
e
G
a
u
ss
ia
n
b
ea
m

th
e
m
a
x
im

u
m

lu
m
in
o
si
ty

va
lu
e

co
rr
es
p
o
n
d
s
to

th
e
m
in
im

u
m

va
lu
e
of

b
ea
m
-b
ea
m

v
er
ti
ca
l
k
ic
k
a
n
g
le
.
N
ev
er
th
e-

le
ss

th
is
p
ro
p
er
ty

d
o
es

n
o
t
h
o
ld

fo
r
th
e
d
is
to
rt
ed

b
u
n
ch
es
.
F
o
r
th
e
n
o
n
-g
a
u
ss
ia
n

b
ea
m
s
th
e
m
a
x
im

u
m

lu
m
in
o
si
ty

m
ay

o
cc
u
r
at

th
e
n
o
n
-z
er
o
va
lu
e
o
f
o
rb
it
a
l
(o
r

a
n
g
u
la
r)

o
ff
se
t.

It
is

d
em

o
n
st
ra
te
d
in

F
ig
.2

w
h
er
e
th
e
m
a
x
im

u
m

a
tt
a
in
a
b
le

lu
-

m
in
o
si
ty

fo
r
“
b
a
n
a
n
a
sh
a
p
ed
“
b
u
n
ch
es

o
f
th
e
S
B
2
0
0
9
p
a
ra
m
et
er

se
t
is
a
ch
ie
ve
d

a
t
0.
5
Δ
y
/σ

y
fr
a
ct
io
n
a
l
o
rb
it
a
l
off

se
t
a
n
d
−1

6
[μ
ra

d
]
v
er
ti
ca
l
b
ea
m
-b
ea
m

k
ic
k

a
n
g
le
.
F
in
a
ll
y,

th
e
n
o
n
-G

a
u
ss
ia
n
sh
a
p
e
o
f
b
u
n
ch
es

ca
n
si
g
n
ifi
ca
n
tl
y
re
d
u
ce

th
e

m
a
x
im

u
m

a
tt
a
in
a
b
le

lu
m
in
o
si
ty

ev
en

in
th
e
a
b
se
n
ce

o
f
o
rb
it
a
l
off

se
ts
.
In

F
ig
.3

5
4

9

F
ig
u
re

2:
T
h
e
S
B
2
0
0
9
p
a
ra
m
et
er

se
t.

B
lu
e:

T
h
e
n
o
rm

a
li
se
d
lu
m
in
o
si
ty

fo
r
a

n
o
n
-G

a
u
ss
ia
n
(
“b

a
n
a
n
a
sh
a
p
ed
“
b
u
n
ch

w
it
h
1%

v
er
ti
ca
l
em

it
ta
n
ce

gr
ow

th
as

a
fu
n
ct
io
n
o
f
th
e
or
b
it
a
l
o
ff
se
t.

R
ed
:
T
h
e
co
rr
es
p
o
n
d
in
g
v
er
ti
ca
l
k
ic
k
an

g
le

to
a
ch
ie
ve

th
e
lu
m
in
o
si
ty

g
iv
en

in
th
e
b
lu
e
cu
rv
e.

th
e
n
o
rm

a
li
ze
d
lu
m
in
o
si
ty

is
g
iv
en

as
fu
n
ct
io
n
o
f
th
e
v
er
ti
ca
l
b
ea
m
-b
ea
m

k
ic
k

a
n
g
le

fo
r
G
a
u
ss
ia
n
a
n
d
n
o
n
-G

a
u
ss
ia
n
”
b
a
n
a
n
a
”
b
ea
m
s
fo
r
th
e
S
B
2
0
0
9
p
a
ra
m
-

et
er

se
t
w
h
er
e
th
e
co
m
b
in
a
ti
o
n
of

tw
o
b
u
n
ch
es

w
it
h
si
m
il
a
r
li
n
ea
r
or
b
it
a
l
ti
lt

(+
O
/
+
O
)
re
su
lt
s
in

≈
1
1
%

o
f
lu
m
in
o
si
ty

lo
ss
.

3
.2

T
h
e
e
m
it
ta
n
ce

g
ro
w
th

.
L
in
e
a
ri
se
d

m
o
d
e
l.

F
o
r
th
e
re
la
ti
v
is
ti
c
b
ea
m

th
e
sq
u
a
re

o
f
th
e
R
M
S
em

it
ta
n
ce

ε
is

g
iv
en

b
y
th
e

d
et
er
m
in
a
n
t
of

th
e
co
va
ri
a
n
ce

(σ
)
m
a
tr
ix

a
s

ε2
=

d
et
σ
=

〈y
2
〉〈y

′2
〉−

〈y
y
′ 〉2

(3
)

In
th
e
p
re
se
n
ce

o
f
a
d
d
it
io
n
a
l
o
rb
it
a
l(
Δ
y
)
an

d
/
o
r
th
e
an

g
u
la
r
(Δ

y
′ )

k
ic
k
s
th
e

b
ea
m

v
er
ti
ca
l
p
h
a
se
-s
p
a
ce

is
ch
a
n
g
ed

a
cc
o
rd
in
g
to

y
=

y
+
Δ
y

y
′

=
y
′ +

Δ
y
′

(4
)

a
n
d
th
e
n
ew

p
er
tu
rb
ed

em
it
ta
n
ce

ε p
e
r
ca
n
b
e
fo
u
n
d
a
s
fu
n
ct
io
n
o
f
th
e
b
ea
m

T
w
is
s
p
a
ra
m
et
er
s
α
,
β
,γ
,
th
e
u
n
p
er
tu
rb
ed

em
it
ta
n
ce

ε 0
a
n
d
th
e
k
ic
k
s
a
m
p
li
tu
d
es

Δ
y
,
Δ
y
′ .

T
h
e
re
la
ti
v
e
em

it
ta
n
ce

g
ro
w
th

is
g
iv
en

b
y

Δ
ε

ε 0
=

ε p
e
r
−

ε 0
ε 0

(5
)

F
o
r
th
e
u
n
co
rr
el
a
te
d

k
ic
k
s
a
n
d

th
e
sm

a
ll

em
it
ta
n
ce

g
ro
w
th

Δ
ε/
ε 0

�
1
th
e

fo
rm

u
la

ca
n
b
e
d
er
iv
ed

ex
p
li
ci
tl
y
a
s
in

[9
]
(s
ee

a
ls
o
th
e
A
p
p
en
d
ix
).

F
o
r
ex
a
m
p
le

5
5

0



F
ig
u
re

3:
T
h
e
S
B
2
0
0
9
p
a
ra
m
et
er

se
t.

T
h
e
n
o
rm

a
li
ze
d
lu
m
in
o
si
ty

a
s
a
fu
n
ct
io
n

o
f
v
er
ti
ca
l
k
ic
k
an

g
le

fo
r
G
a
u
ss
ia
n
a
n
d
b
a
n
a
n
a
sh
a
p
e
b
u
n
ch
es

w
it
h
1%

v
er
ti
ca
l

em
it
ta
n
ce

g
ro
w
th
.

if
o
n
ly

th
e
an

g
u
la
r
k
ic
k

Δ
y
′
is

p
re
se
n
t
th
e
re
la
ti
v
e
em

it
ta
n
ce

g
ro
w
th

sc
a
le
s

q
u
a
d
ra
ti
ca
ll
y
w
it
h
th
e
R
M
S
a
n
g
u
la
r
k
ic
k

Δ
ε

ε 0
=

β
0

2ε
0
〈Δ

y
′2
〉

(6
)

T
o
st
u
d
y
th
e
th
e
im

p
a
ct

o
f
”
b
a
n
a
n
a
”
sh
a
p
e
on

th
e
lu
m
in
o
si
ty

th
e
or
ig
in
a
ll
y

G
a
u
ss
ia
n
b
u
n
ch

sh
o
u
ld

b
e
tr
a
ck
ed

th
ro
u
g
h
th
e
li
n
a
c
a
n
d
th
e
B
ea
m

D
el
iv
er
y

S
y
st
em

(B
D
S
)
to

th
e
In
te
ra
ct
io
n
P
o
in
t.

In
[1
0
]
it

w
as

d
o
n
e
b
y
u
si
n
g
th
e
o
rb
it

tr
a
ck
in
g
co
d
es

su
ch

a
s
P
L
A
C
E
T

a
n
d
M
a
tM

er
li
n
.

N
ev
er
th
el
es
s
fo
r
th
e
q
u
ic
k

es
ti
m
a
ti
o
n

th
e
d
is
to
rt
io
n

o
f
th
e
b
u
n
ch

sh
a
p
e
ca
n

b
e
in
tr
o
d
u
ce
d

b
y
a
p
p
ly
in
g

th
e
li
n
ea
r
(y
-z
)
ti
lt

co
rr
el
a
ti
o
n
to

th
e
g
a
u
ss
ia
n
b
u
n
ch

b
y
“h

a
n
d
”
.

U
si
n
g
th
e

li
n
ea
ri
se
d
v
er
si
o
n
o
f
sp
a
ci
a
l
a
n
d
an

g
u
la
r
k
ic
k
s
in

fo
rm

y
=

y
+
k
1
z

or
y
′ =

y
′ +

k
2
z

(7
)

a
n
d
th
e
a
ss
u
m
p
ti
o
n
s
th
a
t
th
e
k
ic
k
s
a
re

u
n
co
rr
el
a
te
d
,
a
b
u
n
ch

w
it
h
th
e
re
q
u
ir
ed

em
it
ta
n
ce

g
ro
w
th

ca
n
b
e
g
en
er
a
te
d
.
T
h
e
va
lu
es

o
f
th
e
co
effi

ci
en
ts

k
1
,
k
2
fo
r
1%

o
f
th
e
re
la
ti
v
e
em

it
ta
n
ce

g
ro
w
th

an
d
d
iff
er
en
t
IL
C

p
a
ra
m
et
er

se
ts

a
re

g
iv
en

in
T
ab

le
2
.
T
h
e
d
et
a
il
s
o
f
d
er
iv
a
ti
o
n
a
re

p
re
se
n
te
d
in

A
p
p
en
d
ix

A
1
.

T
ab

le
2
:
T
h
e
co
effi

ci
en
ts

fo
r
th
e
li
n
ea
ri
ze
d
m
o
d
el
as
su
m
in
g
1
%

em
it
ta
n
ce

g
ro
w
th

R
D
R

S
B
2
0
0
9

L
ow

C
h
a
rg
e

N
ew

L
ow

C
h
a
rg
e

|k 1
|

2
.6
9
5
8
x
1
0
−
6

1
.7
8
3
1
x
1
0
−
6

3
.3
0
1
7
x
1
0−

6
1
.5
6
9
3
x
1
01

0

|k 2
|[
m

−
1
]

6
.7
3
9
6
x
1
0
−
3

8
.9
1
5
7
x
1
0
−
3

1
.6
5
0
9
x
1
0−

2
9
.4
5
3
5
x
1
0
−
3

A
cc
o
rd
in
g
to

th
e
re
su
lt
s
re
p
o
rt
ed

in
[3
],
w
h
er
e
6
%

em
it
ta
n
ce

gr
ow

th
w
a
s

a
ss
u
m
ed
,
th
e
re
la
ti
v
e
lo
ss

of
lu
m
in
o
si
ty

w
a
s
fo
u
n
d
to

b
e
sm

a
ll
an

d
a
sc
h
em

e

5
5

1

o
f
co
m
p
en
sa
ti
o
n
v
ia

su
b
se
q
u
en
t
a
n
g
u
la
r
sc
a
n
s
w
as

su
g
g
es
te
d
.
F
o
r
th
e
cu
rr
en
t

IL
C

se
tt
in
g
th
e
em

it
ta
n
ce

gr
ow

th
d
u
e
to

th
e
“b

a
n
a
n
a
”
eff

ec
t
is

ex
p
ec
te
d
a
p
-

p
ro
x
im

a
te
ly

1%
or

2%
.
N
ev
er
th
el
es
s
th
e
n
ew

g
u
in
ea
p
ig
+
+

si
m
u
la
ti
o
n
s
u
si
n
g

F
ig
u
re

4:
T
h
e
lo
ss

o
f
th
e
n
o
m
in
a
l
lu
m
in
o
si
ty

d
u
e
to

em
it
ta
n
ce

gr
ow

th
fo
r
p
er
-

fe
ct
ly

a
li
g
n
ed

b
u
n
ch
es
.

th
e
li
n
ea
ri
se
d
m
o
d
el

of
em

it
ta
n
ce

gr
ow

th
su
g
g
es
t
th
a
t
fo
r
1%

of
th
e
em

it
ta
n
ce

g
ro
w
th

th
e
lu
m
in
o
si
ty

lo
ss

ca
n
b
e
a
s
si
g
n
ifi
ca
n
t
a
s
1
0
%

-1
5
%

ev
en

in
th
e
ca
se

o
f
p
er
fe
ct
ly

a
li
g
n
ed

b
u
n
ch
es
.
In

F
ig
.4

th
e
lu
m
in
o
si
ty

fo
r
th
e
R
D
R

p
a
ra
m
et
er

se
t
in

th
e
ab

se
n
ce

o
f
a
n
y
or
b
it
a
l
o
r
a
n
g
u
la
r
d
is
to
rt
io
n
is
p
lo
tt
ed

as
a
fu
n
ct
io
n
o
f

th
e
v
er
ti
ca
l
em

it
ta
n
ce

gr
ow

th
.
It

sh
o
u
ld

b
e
n
o
te
d
th
a
t
th
e
ca
lc
u
la
ti
o
n
s
in

[3
]

co
rr
es
o
n
d
in

fa
ct

to
o
n
ly

0
.4
%

o
f
em

it
ta
n
ce

gr
ow

th
(a
n
d
n
o
t
6
%
).

T
h
is
ex
p
la
in
s

w
h
y
th
e
lu
m
in
o
si
ty

lo
ss

d
u
e
to

”
b
a
n
a
n
a
”
sh
a
p
e
b
u
n
ch
es

w
a
s
u
n
d
er
es
ti
m
a
te
d

p
re
v
io
u
sl
y.

3
.3

L
u
m
in
o
si
ty

sc
a
n
s
fo
r
th

e
b
a
n
a
n
a

sh
a
p
e

b
u
n
ch

e
s
fo
r

th
e
IL

C

In
T
ab

le
2
th
e
ab

so
lu
te

va
lu
es

of
th
e
co
effi

ci
en
ts

k
1
a
n
d
k
2
a
re

g
iv
en

.
In

p
ri
n
-

ci
p
le

th
e
el
ec
tr
o
n
a
n
d
p
o
si
tr
o
n
b
u
n
ch
es

ca
n
b
e
ti
lt
ed

in
b
o
th

w
ay

s,
th
u
s
th
er
e

a
re

16
p
o
ss
ib
le

co
m
b
in
a
ti
o
n
s
of

or
b
it
a
l(
±

O
)
a
n
d
an

g
u
la
r(

±
a
)
ti
lt
ed

fo
r
tw

o
in
te
ra
ct
in
g
b
u
n
ch
es
.

In
F
ig
.5
a
th
e
re
su
lt
s
of

or
b
it
a
l
o
ff
se
t
sc
a
n
s
a
re

gi
v
en

fo
r
6
co
m
b
in
a
ti
o
n
s
o
f
th
e

o
rb
it
a
l
(y
,
z)

a
n
d
an

g
u
la
r
(y

′ ,
z)

co
rr
el
a
ti
o
n
s
le
a
d
in
g
to

1
%

em
it
ta
n
ce

gr
ow

th
fo
r

R
D
R

p
a
ra
m
et
er
s.

T
h
e
re
la
ti
v
e
lu
m
in
o
si
ty

lo
ss

is
p
lo
tt
ed

v
er
su
s
th
e
n
o
rm

a
li
ze
d

v
er
ti
ca
l
o
rb
it
a
l
off

se
ts
.
S
u
rp
ri
si
n
g
ly
,
th
e
sc
h
em

e
of

co
m
p
en
sa
ti
o
n
su
g
g
es
te
d
in

[3
]
st
il
l
w
or
k
s.

T
h
e
n
o
m
in
a
l
lu
m
in
o
si
ty

va
lu
e
ca
n
b
e
re
st
o
re
d
v
ia

su
b
se
q
u
en
t

a
n
g
u
la
r
sc
a
n
as

it
se
en

in
F
ig
.5
b
.

T
h
e
re
su
lt
s
of

or
b
it
a
l/
a
n
g
u
la
r
sc
a
n
s
fo
r
th
e
tr
av
el
li
n
g
fo
cu
s
re
g
im

e
S
B
2
0
0
9

a
re

p
re
se
n
te
d
in

F
ig
.6
a
/6

b
re
sp
ec
ti
v
el
y.

T
h
e
p
o
la
ri
sa
ti
o
n
lo
ss

d
u
e
to

”
b
a
n
a
n
a
”

5
5

2



F
ig
u
re

5
:
T
h
e
R
D
R

p
a
ra
m
et
er

se
t
sc
a
n
s
fo
r
d
iff
er
en
t
co
m
b
in
a
ti
o
n
s
o
f
o
rb
it
a
l

(O
)
an

d
a
n
g
u
la
r
(a
)
co
rr
el
a
ti
o
n
s
le
a
d
in
g
to

1
%

o
f
em

it
ta
n
ce

gr
ow

th
.

F
ig
u
re

6
:
T
h
e
S
B
2
0
0
9
p
a
ra
m
et
er

se
t
sc
a
n
s
fo
r
d
iff
er
en
t
co
m
b
in
a
ti
o
n
s
o
f
or
b
it
a
l

(O
)
an

d
a
n
g
u
la
r
(a
)
co
rr
el
a
ti
o
n
s
le
a
d
in
g
to

1
%

o
f
em

it
ta
n
ce

gr
ow

th
.

5
5

3

sh
a
p
e
b
u
n
ch
es

is
ev
en

la
rg
er
,
b
u
t
a
g
a
in

ca
n
b
e
co
m
p
en
sa
te
d
b
y
an

g
u
la
r
sc
a
n
.

In
F
ig
.7

th
e
re
su
lt
s
fo
r
th
e
L
ow

C
h
a
rg
e
p
a
ra
m
et
er

se
t
a
re

gi
v
en
.
S
im

il
a
r
re
su
lt
s

w
er
e
o
b
ta
in
ed

fo
r
J
.G

a
o
se
t.

F
ig
u
re

7:
T
h
e
L
ow

C
h
a
rg
e
p
a
ra
m
et
er

se
t
sc
a
n
s
fo
r
d
iff
er
en
t
co
m
b
in
a
ti
o
n
s
of

o
rb
it
a
l
(O

)
a
n
d
an

g
u
la
r
(a
)
co
rr
el
a
ti
o
n
s
le
a
d
in
g
to

1
%

o
f
em

it
ta
n
ce

gr
ow

th
.

4
C
O
N
C
L
U
S
IO

N
S

T
h
e
st
u
d
y
o
f
th
e
n
ew

p
a
ra
m
et
er

se
ts

co
n
fi
rm

s
th
a
t
th
e
tr
av
el
li
n
g
fo
cu
s
re
g
im

e
is

v
er
y
p
ro
m
is
in
g
b
u
t
a
ls
o
v
er
y
se
n
si
ti
v
e
to

th
e
b
u
n
ch
-b
u
n
ch

or
b
it
a
l
a
n
d
an

g
u
la
r

o
ff
se
ts

an
d
re
q
u
ir
es

el
a
b
o
ra
te
d
fe
ed
-b
a
ck

sy
st
em

to
d
el
iv
er

th
e
re
q
u
ir
ed

lu
m
i-

n
o
si
ty
.
It

w
a
s
a
ls
o
fo
u
n
d
th
a
t
th
e
”b

a
n
a
n
a
”
eff

ec
t
m
ay

h
av
e
si
g
n
ifi
ca
n
t
im

p
a
ct

o
n
th
e
lu
m
in
o
si
ty
.
T
h
e
re
su
lt
s
of

gu
in
ea
p
ig
+
+

si
m
u
la
ti
o
n
s
u
si
n
g
a
li
n
ea
r
m
o
d
el

m
a
k
e
cl
ea
r
th
a
t
m
o
re

in
ve
st
ig
a
ti
o
n
sh
o
u
ld

b
e
d
o
n
e.

A
n
ev
en

m
o
re

re
a
li
st
ic

re
p
-

re
se
n
ta
ti
o
n
o
f
”
b
a
n
a
n
a
”
b
u
n
ch
es

w
il
l
b
e
o
b
ta
in
ed

b
y
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d
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b
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b
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b
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b
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it
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e
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v
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=
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n
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.
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k
1
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p
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b
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+
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+
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′ 〉
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〉
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=
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b
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ε2 p
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ε2 p
e
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ε p
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re
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p
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=

ε p
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ε p
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b
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b
e
ob

ta
in
ed

fo
r
th
e
a
n
g
u
la
r
o
ff
se
t
Δ
y
′ =

k
2
z
:

|k 2
|=
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co
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d
iff
er
en
t
va
lu
es

o
f
β
0
a
n
d
σ
z
a
n
d
th
e
re
q
u
ir
ed

re
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.
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.
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/
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p
o
si
tr
o
n

so
u
rc
e.

T
h
e
a
cc
el
er
a
te
d

el
ec
tr
o
n

b
ea
m

w
il
l
b
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p
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p
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p
o
si
tr
o
n
p
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b
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ra
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h
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b
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p
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p
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e
u
n
d
u
la
to
r
a
n
d
ca
p
tu
re

se
ct
io
n
o
f
th
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p
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d
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b
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p
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b
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p
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b
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p
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R
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p
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b
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p
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p
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ra
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n
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.
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os
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u
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a
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.
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os
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h
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i
r
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/

i
t
e
m
.
j
s
p
?
e
d
m
s
i
d
=
D
0
0
0
0
0
0
0
0
9
4
3
6
9
5

[3
]
E
.
B
ay

n
h
a
m

et
a
l.
,
“
T
h
e
d
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o
p
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p
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p
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n
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u
ve
r,

C
a
n
a
d
a
,
1
8
3
9
-1
8
4
3
.
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]
J
.
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ro
n
b
er
g
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a
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,
L
C
W

S
2
0
1
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,
U
n
iv
er
si
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o
f
T
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a
s
a
t
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g
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n
,
U
S
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,
2
2
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6
O
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o
b
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2
0
1
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t
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p
:
/
/
i
l
c
a
g
e
n
d
a
.
l
i
n
e
a
r
c
o
l
l
i
d
e
r
.
o
r
g
/
g
e
t
F
i
l
e
.
p
y
/
a
c
c
e
s
s
?
c
o
n
t
r
i
b
I
d
=
2
1
6
&
s
e
s
s
i
o
n
I
d
=
2
1
&
r
e
s
I
d
=
0
&

m
a
t
e
r
i
a
l
I
d
=
s
l
i
d
e
s
&
c
o
n
f
I
d
=
5
4
6
8

5
6

1

P
os
it
ro
n
S
ou
rc
e
S
im
u
la
ti
on
s
fo
r
IL
C
1
T
eV

U
p
gr
ad
e∗

A
n
d
ri
y
U
sh
ak
ov

† ,G
u
d
ri
d
M
o
or
tg
at
-P
ic
k
,
U
n
iv
er
si
ty

of
H
am

bu
rg
,
G
er
m
an

y
S
ab

in
e
R
ie
m
an

n
,
D
E
S
Y
,
Z
eu
th
en

,
G
er
m
an

y
W
an

m
in
g
L
iu
,
W
ei

G
ai
,
A
rg
on

n
e
N
at
io
n
al

L
ab
or
at
or
y,

U
S
A

D
E
S
Y
-1
3-
00
3

A
b
st
ra

c
t

T
h
e
ge
n
er
a
ti
o
n
an

d
ca
p
tu
re

of
p
o
la
ri
ze
d
p
os
it
ro
n
s
at

a
so
u
rc
e
w
it
h
a
su
p
er
co
n
-

d
u
ct
in
g
h
el
ic
a
l
u
n
d
u
la
to
r
h
av

in
g
4.
3
cm

p
er
io
d
a
n
d
5
0
0
G
eV

el
ec
tr
o
n
d
ri
ve

b
ea
m

h
av
e
b
ee
n
si
m
u
la
te
d
.
T
h
e
p
o
si
tr
o
n
p
o
la
ri
za
ti
o
n
h
a
s
b
ee
n
ca
lc
u
la
te
d
fo
r
th
e
d
iff
er
en
t

u
n
d
u
la
to
r
K

va
lu
es

(u
p
to

K
=

2
.5
).

W
it
h
o
u
t
a
p
p
ly
in
g
a
p
h
o
to
n
co
ll
im

a
to
r,

th
e

m
a
x
im

a
l
p
ol
a
ri
za
ti
o
n
o
f
p
os
it
ro
n
s
is
ab

ou
t
2
5
%

fo
r
2
3
1
m
et
er
s
a
ct
iv
e
m
a
g
n
et

le
n
g
th

o
f
u
n
d
u
la
to
r
w
it
h
K

=
0.
7
.
U
si
n
g
an

u
n
d
u
la
to
r
w
it
h
K

=
2.
5
an

d
a
co
ll
im

a
to
r
w
it
h

a
n
a
p
er
tu
re

ra
d
iu
s
o
f
0
.9
m
m

re
su
lt
s
in

in
cr
ea
se

of
p
o
si
tr
o
n
p
o
la
ri
za
ti
o
n
to

5
4
%
.

T
h
e
en
er
g
y
d
ep

o
si
ti
o
n
,
te
m
p
er
a
tu
re

ri
se

an
d
st
re
ss

in
d
u
ce
d
b
y
h
ig
h
in
te
n
se

p
h
o
to
n

b
ea
m

in
th
e
ro
ta
te
d
ti
ta
n
iu
m
-a
ll
oy

ta
rg
et

h
av
e
b
ee
n
es
ti
m
a
te
d
.
T
h
e
m
a
x
im

a
l
th
er
-

m
a
l
st
re
ss

in
th
e
ta
rg
et

is
ab

ou
t
2
2
4
M
P
a
fo
r
th
e
so
u
rc
e
w
it
h
p
h
o
to
n
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ll
im

a
ti
o
n
to

a
ch
ie
ve

a
p
os
it
ro
n
p
ol
a
ri
za
ti
o
n
o
f
5
4
%
.

1
In

tr
o
d
u
ct
io
n

T
h
e
cu
rr
en
t
d
es
ig
n
fo
r
th
e
fu
tu
re

In
te
rn
at
io
n
al

L
in
ea
r
C
ol
li
d
er

(I
L
C
)
in
cl
u
d
es

a
p
os
it
ro
n

so
u
rc
e
b
as
ed

on
a
su
p
er
co
n
d
u
ct
in
g
h
el
ic
al

u
n
d
u
la
to
r
w
h
ic
h
is
p
la
ce
d
at

th
e
en
d
of

m
ai
n

li
n
ea
r
ac
ce
le
ra
to
r.

D
u
e
to

th
e
h
el
ic
al

u
n
d
u
la
to
r
th
e
ge
n
er
at
ed

p
h
ot
on

s
ar
e
ci
rc
u
la
rl
y

p
ol
ar
iz
ed

an
d
cr
ea
te
d
p
os
it
ro
n
s
ar
e
lo
n
gi
tu
d
in
al
ly

p
ol
ar
iz
ed
.
T
h
e
d
eg
re
e
of

p
ol
ar
iz
at
io
n

is
d
et
er
m
in
ed

b
y
th
e
u
n
d
u
la
to
r
an

d
el
ec
tr
on

b
ea
m

p
ar
am

et
er
s.

A
p
ro
to
ty
p
e
of

a
h
el
ic
al

u
n
d
u
la
to
r
fo
r
th
e
IL
C
p
os
it
ro
n
so
u
rc
e
h
as

b
ee
n
d
ev
el
op

ed
an

d
te
st
ed

at
D
ar
es
b
u
ry

[1
].

A
cc
or
d
in
g
to

th
e
IL
C

re
q
u
ir
em

en
ts

[2
],
th
e
y
ie
ld

of
th
e
so
u
rc
e

sh
ou

ld
h
av
e
50
%

sa
fe
ty

m
ar
gi
n
in

a
w
id
e
en
er
gy

ra
n
ge

of
d
ri
ve

b
ea
m

en
er
gy

(b
et
w
ee
n

10
0
G
eV

an
d
25
0
G
eV

).
T
h
at

m
ea
n
s
th
e
p
os
it
ro
n
y
ie
ld

at
th
e
in
je
ct
io
n
p
oi
n
t
in
to

th
e

D
u
m
p
in
g
R
in
g
(D

R
)
h
as

to
b
e
1.
5
p
os
it
ro
n
s
p
er

el
ec
tr
on

go
in
g
th
ro
u
gh

th
e
u
n
d
u
la
to
r.

A
ce
n
te
r-
of
-m

as
s
en
er
gy

of
1
T
eV

is
co
n
si
d
er
ed

as
u
p
gr
ad

e
op

ti
on

.
F
ig
u
re
1
sh
ow

s
th
e
p
os
it
ro
n
y
ie
ld

d
ep

en
d
in
g
on

th
e
el
ec
tr
on

b
ea
m

(d
ri
ve
)
en
er
gy

fo
r
a

so
u
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e
w
it
h
a
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x
ed

u
n
d
u
la
to
r
le
n
gt
h
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L
=
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1
m
,
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u
n
d
u
la
to
r
p
er
io
d
λ
=
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.5

m
m
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K
=

0.
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.
T
h
e
so
u
rc
e
w
it
h
th
es
e
u
n
d
u
la
to
r
p
ar
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et
er
s
(R

D
R

u
n
d
u
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to
r)
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n
ge
n
er
at
e

m
u
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m
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e
p
os
it
ro
n
s
th
an
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q
u
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,
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or
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e
ar
e
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o
w
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s
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e
y
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re
d
u
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e
u
n
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u
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r
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n
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h
b
y
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u
n
n
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o
d
u
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s
(s
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e
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t
p
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t
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u
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e
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n
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d
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u
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1:
P
os
it
ro
n
y
ie
ld

an
d
p
ol
ar
iz
at
io
n
of

th
e
p
os
it
ro
n
so
u
rc
e
w
it
h
23
1
m

R
D
R

u
n
-

d
u
la
to
r
an

d
3.
2
T
es
la

p
ea
k
fi
el
d
of

p
u
ls
ed

fl
u
x
co
n
ce
n
tr
at
or

(l
ef
t)

an
d
u
n
d
u
la
to
r
le
n
gt
h

re
q
u
ir
ed

fo
r
a
y
ie
ld

of
1.
5
e+

/e
−
(r
ig
h
t)
.

T
h
e
so
u
rc
e
p
ar
am

et
er
s,

es
p
ec
ia
ll
y
th
e
ta
rg
et

th
ic
k
n
es
s
an

d
p
os
it
ro
n
ca
p
tu
re

op
ti
cs
,

h
av
e
b
ee
n
op

ti
m
iz
ed

fo
r
ge
tt
in
g
m
ax

im
al

p
os
it
ro
n
y
ie
ld

fo
r
a
25
0
G
eV

d
ri
ve

b
ea
m
:
th
e

ti
ta
n
iu
m

al
lo
y
(T

i6
A
l4
V
)
ta
rg
et

h
as

a
th
ic
k
n
es
s
of

0.
4
ra
d
ia
ti
on

le
n
gt
h
;
th
e
12

cm
lo
n
g

p
u
ls
ed

fl
u
x
co
n
ce
n
tr
at
or

h
as

3.
2
T
es
la

m
ax

im
al

fi
el
d
.
T
h
es
e
p
ar
am

et
er
s
h
av
e
b
ee
n
ke
p
t
in

al
l
ou

r
ca
lc
u
la
ti
on

s
p
re
se
n
te
d
in

th
is

re
p
or
t.

T
h
e
si
m
u
la
ti
on

s
h
av
e
b
ee
n
p
er
fo
rm

ed
b
y
a

G
ea
n
t4
-b
as
ed

to
ol

th
at

w
as

sp
ec
ia
ll
y
d
ev
el
op

ed
fo
r
P
ol
ar
iz
ed

P
os
it
ro
n
S
ou

rc
e
S
im

u
la
ti
on

s
(P

P
S
-S
im

)
[3
].
F
ig
u
re
2
sh
ow

s
th
e
ca
p
tu
re

effi
ci
en
cy

of
th
e
so
u
rc
e
w
it
h
R
D
R

u
n
d
u
la
to
r.

T
h
e
ca
p
tu
re

effi
ci
en
cy

is
th
e
ra
ti
o
of

th
e
n
u
m
b
er

of
p
os
it
ro
n
s
at

th
e
en
d
of

th
e
so
u
rc
e

(t
h
e
p
os
it
ro
n
b
ea
m

h
as

to
fi
t
D
R
ac
ce
p
ta
n
ce
)
to

th
e
n
u
m
b
er

of
p
os
it
ro
n
s
af
te
r
th
e
ta
rg
et
.

T
h
e
m
ax

im
u
m

of
ca
p
tu
re

effi
ci
en
cy

is
ab

ou
t
27
%

at
25
0
G
eV

.
F
or

a
50
0
G
eV

e−
b
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m

th
e
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p
tu
re

effi
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is
fa
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in
g
d
ow

n
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21
%
.

 E
ne

rg
y 

[G
eV

]
- e

10
0

15
0

20
0

25
0

30
0

35
0

40
0

45
0

50
0

Capture Efficiency [%]

19202122232425262728

F
ig
u
re

2:
C
ap

tu
re

effi
ci
en
cy
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th
e
so
u
rc
e
w
it
h
R
D
R

u
n
d
u
la
to
r
an

d
3.
2
T
es
la

p
ea
k
fi
el
d

of
p
u
ls
ed

fl
u
x
co
n
ce
n
tr
at
or
.

F
ig
u
re
1
sh
ow

s
th
e
d
ep

en
d
en
ce

of
p
ol
ar
iz
at
io
n
on

th
e
e−

en
er
gy

(s
ee

th
e
re
d
cu
rv
e

on
th
e
le
ft

p
lo
t)
.
T
h
e
h
ig
h
er

e−
en
er
gy

re
su
lt
s
in

lo
w
er

p
ol
ar
iz
at
io
n
.
5%

p
ol
ar
iz
at
io
n
at

50
0
G
eV

is
to
o
lo
w
to

ge
t
an

y
ad

va
n
ta
ge
s
fo
r
p
h
y
si
cs

of
u
si
n
g
su
ch

lo
w
p
ol
ar
iz
ed

p
os
it
ro
n

b
ea
m
s.

T
h
e
o p

en
in
g
an

gl
e
of

u
n
d
u
la
to
r
ra
d
ia
ti
on

(a
s
w
el
l
as

th
e
ra
d
iu
s
of

p
h
ot
on

sp
ot

si
ze

on

5
6

3

re
su
lt
s
in

fo
u
r
ti
m
es

h
ig
h
er

en
er
gy

d
ep

os
it
io
n
d
en
si
ty

in
a
st
at
io
n
ar
y
ta
rg
et
.
W

it
h
lo
w
er

K
va
lu
es

h
ig
h
er

p
ol
ar
iz
at
io
n
ca
n
b
e
ac
h
ie
ve
d
.
H
ow

ev
er
,
lo
w
er
in
g
th
e
u
n
d
u
la
to
r
B

fi
el
d

w
il
l
ad

d
it
io
n
al
ly

re
d
u
ce

th
e
p
h
ot
on

sp
ot

si
ze
.
T
h
er
ef
or
e,

fo
r
th
e
1
T
eV

u
p
gr
ad

e
of

th
e

IL
C
,
an

ot
h
er

u
n
d
u
la
to
r
w
it
h
h
ig
h
er

p
er
io
d
h
as

b
ee
n
p
ro
p
os
ed

in
[4
].

In
th
is

re
p
or
t,

th
e
m
ax

im
u
m

ac
h
ie
va
b
le

p
ol
ar
iz
at
io
n

of
a
p
os
it
ro
n

so
u
rc
e
u
si
n
g
a

4.
3
cm

p
er
io
d
u
n
d
u
la
to
r
an

d
co
n
fi
gu

ra
ti
on

s
w
it
h
an

d
w
it
h
ou

t
p
h
ot
on

co
ll
im

at
or

h
as

b
ee
n

es
ti
m
at
ed
.
T
h
e
en
er
gy

d
ep

os
it
io
n
an

d
th
er
m
al

st
re
ss

in
th
e
ta
rg
et

h
as

b
ee
n
si
m
u
la
te
d
.

2
Y
ie
ld

a
n
d
P
o
la
ri
za

ti
o
n
o
f
a
S
o
u
rc
e
w
it
h
4
.3

cm
P
e
-

ri
o
d

U
n
d
u
la
to
r

T
h
e
e+

y
ie
ld

an
d
p
ol
ar
iz
at
io
n
of

a
so
u
rc
e
at

50
0
G
eV

e−
an

d
w
it
h
d
iff
er
en
t
u
n
d
u
la
to
r

p
er
io
d
s
h
av
e
b
ee
n
es
ti
m
at
ed

ea
rl
ie
r
(s
ee

R
ef
.[
4]
).

In
th
is

re
p
or
t,

th
e
d
ep

en
d
en
ce

on
th
e

u
n
d
u
la
to
r
K

va
lu
e
w
il
l
b
e
an

al
y
ze
d
fo
r
th
e
se
le
ct
ed

4.
3
cm

u
n
d
u
la
to
r
p
er
io
d
.

In
P
P
S
-S
im

,
th
e
im

p
le
m
en
ta
ti
on

of
u
n
d
u
la
to
r
ra
d
ia
ti
on

is
b
as
ed

on
K
in
ca
id
’s
m
o
d
el
[5
].

T
h
e
effi

ci
en
cy

of
p
h
ot
on

ge
n
er
at
io
n
in

th
e
u
n
d
u
la
to
r
h
av
in
g
d
iff
er
en
t
K

va
lu
es

is
sh
ow

n
in

F
ig
.3

(l
ef
t
p
lo
t)
.
T
h
e
p
h
ot
on

y
ie
ld

h
as

b
ee
n
n
or
m
al
iz
ed

p
er

el
ec
tr
on

an
d
m
et
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d
is
tr
ib
u
ti
on

in
th
e
ta
rg
et

sh
or
tl
y
af
te
r
th
e
b
u
n
ch

tr
ai
n
p
as
se
d
(8
2
n
s
d
el
ay
)
is
sh
ow

n
in

F
ig
.9

(r
ig
h
t)
.

5
6

7

te
n
si
le
y
ie
ld

st
re
ss
,
an

d
it
is
ab

ou
t
44
%

of
th
e
fa
ti
gu

e
st
re
ss

of
u
n
to
u
ch
ed

T
i6
A
l4
V

ta
rg
et

m
at
er
ia
l
(g
ra
d
e
5,

an
n
ea
le
d
)
at

10
7
cy
cl
es
.
T
h
e
m
at
er
ia
l
p
ro
p
er
ti
es

of
ti
ta
n
iu
m

al
lo
y
w
er
e

ta
ke
n
fr
om

m
at
w
eb
.c
om

d
at
ab

as
e
[9
].
S
u
ch

st
re
ss

va
lu
es

(w
it
h
ou

t
ta
k
in
g
in
to

ac
co
u
n
t
th
e

st
re
ss

d
u
e
to

ce
n
tr
if
u
ga
l
fo
rc
es

of
ro
ta
ti
n
g
w
h
ee
l
an

d
w
it
h
ou

t
ac
cu
m
u
la
ti
n
g/
su
p
er
p
os
it
io
n

eff
ec
ts

of
m
u
lt
ip
le

p
u
ls
es
)
ca
n
b
e
co
n
si
d
er
ed

as
sa
fe
.
T
h
e
re
gi
on

w
it
h
h
ig
h
es
t
st
re
ss

is
lo
ca
te
d
on

th
e
b
ea
m

ax
is
an

d
cl
os
e
to

th
e
b
ac
k
si
d
e
of

ta
rg
et
.

F
ig
u
re

9:
M
ax

im
al

te
m
p
er
at
u
re

af
te
r
fi
rs
t
p
u
ls
e
(l
ef
t)

an
d
eq
u
iv
al
en
t
vo
n
-M

is
es

st
re
ss

in
th
e
ro
ta
te
d
ta
rg
et

sh
or
tl
y
af
te
r
th
e
p
u
ls
e
h
as

p
as
se
d
th
e
ta
rg
et

(r
ig
h
t)
.

U
n
d
u
la
to
r

p
er
io
d
λ
=

4.
3
cm

,
K

=
2.
5;

co
ll
im

at
or

ap
er
tu
re

R
c
=

0.
9
m
m
;
ta
rg
et

ro
ta
ti
on

sp
ee
d

v
=

10
0
m
/s
.

4
S
u
m
m
a
ry

T
h
e
si
m
u
la
ti
on

s
of

a
p
os
it
ro
n
so
u
rc
e
w
it
h
a
h
el
ic
al

u
n
d
u
la
to
r,

4.
3
cm

p
er
io
d
,
u
si
n
g
a

50
0
G
eV

el
ec
tr
on

b
ea
m

sh
ow

th
at

a
p
os
it
ro
n
b
ea
m

w
it
h
25
%

p
ol
ar
iz
at
io
n
ca
n
b
e
ge
n
er
at
ed

w
it
h
ou

t
p
h
ot
on

co
ll
im

at
or
;
on

ly
th
e
m
ag
n
et
ic

fi
el
d
of

th
e
u
n
d
u
la
to
r
h
as

to
b
e
re
d
u
ce
d

(K
=

0.
7)
.
T
h
e
re
q
u
ir
ed

u
n
d
u
la
to
r
le
n
gt
h
is
23
1
m
.
T
h
e
p
ol
ar
iz
at
io
n
ca
n
b
e
in
cr
ea
se
d
u
p

to
54
%

b
y
ap

p
ly
in
g
an

u
n
d
u
la
to
r
w
it
h
K

=
2.
5
an

d
a
co
ll
im

at
or

w
it
h
0.
9
m
m

ap
er
tu
re
.

H
ow

ev
er
,
th
e
en
er
gy

d
ep

os
it
ed

in
ta
rg
et

an
d
th
e
in
d
u
ce
d
st
re
ss

ar
e
h
ig
h
.
S
o,

th
e
m
ax

im
al

th
er
m
al

st
re
ss

in
th
e
ta
rg
et

is
in
cr
ea
se
d
u
p
to

22
4
M
P
a
sh
or
tl
y
af
te
r
th
e
p
h
ot
on

p
u
ls
e

le
ft

th
e
ta
rg
et
.
It

d
o
es

n
ot

d
es
tr
oy

th
e
ta
rg
et
.
T
o
b
e
su
re

th
at

th
e
ta
rg
et

w
it
h
st
an

d
s

th
e
h
ea
t
lo
ad

an
d
m
ec
h
an

ic
al

st
re
ss

d
u
ri
n
g
a
lo
n
g
ti
m
e
so
u
rc
e
op

er
at
io
n
,
th
e
m
o
d
el

u
se
d

in
A
N
S
Y
S
si
m
u
la
ti
on

s
h
as

to
b
e
ex
te
n
d
ed
:
th
e
ce
n
tr
if
u
ga
l
fo
rc
es

of
ro
ta
ti
n
g
w
h
ee
l
h
as

to
b
e
ad

d
ed

an
d
th
e
ac
cu
m
u
la
ti
n
g/
su
p
er
p
os
it
io
n
eff

ec
ts

of
m
u
lt
ip
le

p
u
ls
es

h
av
e
to

b
e

st
u
d
ie
d
to
o.

In
ad

d
it
io
n
,
a
m
et
h
o
d
h
as

to
b
e
fo
u
n
d
to

ev
al
u
at
e
th
e
fa
ti
gu

e
st
re
ss

an
d
th
e

co
n
se
q
u
en
ce
s
fo
r
th
e
ta
rg
et

an
d
co
ll
im

at
or

m
at
er
ia
l.

R
e
fe
re
n
ce

s

[1
]
E
.
B
ay
n
h
am

et
al
.,
“T

h
e
d
ev
el
op

m
en
t
of

a
su
p
er
co
n
d
u
ct
in
g
u
n
d
u
la
to
r
fo
r
th
e
IL
C

p
os
it
ro
n
so
u
rc
e”
,
in

P
ro
ce
ed
in
gs

of
th
e
23
st

P
ar
ti
cl
e
A
cc
el
er
at
or

C
on

fe
re
n
ce
,
4-
8

5
6

8



[2
]
IL
C

P
os
it
ro
n

S
ou

rc
e
P
ar
am

et
er
s,

IL
C

D
o
cu
m
en
t,

E
D
M
S

D
*0
94
36
95
,
h
tt
p
:/
/i
lc
-

ed
m
sd
ir
ec
t.
d
es
y.
d
e/
il
c-
ed
m
sd
ir
ec
t/
it
em

.j
sp
?e
d
m
si
d
=
D
00
00
00
00
94
36
95

[3
]
A
.
U
sh
ak
ov
,
S
.
R
ie
m
an

n
,
an

d
A
.
S
ch
äl
ic
ke
,
“P

os
it
ro
n

S
ou

rc
e
S
im

u
la
ti
on

s
U
si
n
g

G
ea
n
t4
”,

IP
A
C
’1
0,

K
yo
to
,
J
ap

an
,
M
ay

20
10
,
T
H
P
E
C
02
3,

p
.
40
95
-4
09
7.

[4
]
W
an

m
in
g

L
iu

et
al
.,

“O
n

th
e

IL
C

p
os
it
ro
n

so
u
rc
e

T
eV

u
p
gr
ad

e
op

-
ti
on

”,
IL
C

D
o
cu
m
en
t,

E
D
M
S

D
*1
00
77
15
,

h
tt
p
:/
/i
lc
-e
d
m
sd
ir
ec
t.
d
es
y.
d
e/
il
c-

ed
m
sd
ir
ec
t/
it
em

.j
sp
?e
d
m
si
d
=
D
00
00
00
01
00
77
15

[5
]
B
.M

.
K
in
ca
id
,
“A

sh
or
t-
p
er
io
d
h
el
ic
al

w
ig
gl
er

as
an

im
p
ro
ve
d
so
u
rc
e
of

sy
n
ch
ro
tr
on

ra
d
ia
ti
on

”,
J
.
A
p
p
l.
P
h
y
s.
4
8
(1
97
7)

26
84
-2
69
1.

[6
]
A
.
U
sh
ak
ov

et
al
.,
“P

ro
d
u
ct
io
n
of

h
ig
h
ly

p
ol
ar
iz
ed

p
os
it
ro
n
b
ea
m
s”
,
in

P
ro
ce
ed
in
gs

of
th
e
2n

d
In
te
rn
at
io
n
al

P
ar
ti
cl
e
A
cc
el
er
at
or

C
on

fe
re
n
ce
,
S
an

S
eb
as
ti
an

,
S
p
ai
n
,
4-
9

S
ep
te
m
b
er

20
11
,
99
7-
99
9.

[7
]
A
.
F
as
sò

et
al
.,
“F

L
U
K
A
:
a
m
u
lt
i-
p
ar
ti
cl
e
tr
an

sp
or
t
co
d
e”
,
C
E
R
N
-2
00
5-
10

(2
00
5)
,

IN
F
N
/T

C
-0
5/
11
,
S
L
A
C
-R

-7
73
.

[8
]
A
N
S
Y
S
,
h
tt
p
:/
/w

w
w
.a
n
sy
s.
co
m

[9
]
A
er
os
p
ac
e

S
p
ec
ifi
ca
ti
on

M
et
al
s,

In
c.
,
T
it
an

iu
m

T
i6
A
l4
V

A
n
n
ea
le
d

(G
ra
d
e

5)
,

h
tt
p
:/
/a
sm

.m
at
w
eb
.c
om

/s
ea
rc
h
/S

p
ec
ifi
cM

at
er
ia
l.
as
p
?b

as
sn
u
m
=
M
T
P
64
1

5
6

9

T
H
E
S
P
IN

-R
O
T
A
T
O
R
W
IT
H
A
P
O
S
S
IB
IL
IT
Y

O
F
H
E
L
IC
IT
Y
S
W
IT
C
H
IN

G
F
O
R

P
O
L
A
R
IZ
E
D

P
O
S
IT
R
O
N
A
T
T
H
E
IL
C
∗

L
.I
.
M
al
y
sh
ev
a† ,

O
.S
.
A
d
ey
em

i,
V
.
K
ov
al
en
ko
,
G
.A

.
M
o
or
tg
at
-P
ic
k
,

A
.
U
sh
ak
ov
,
H
am

b
u
rg

U
n
iv
er
si
ty
,
H
am

b
u
rg
,
G
er
m
an

y
S
.
R
ie
m
an

n
,
F
.
S
ta
u
fe
n
b
ie
l,
D
E
S
Y
,
Z
eu
th
en
,
G
er
m
an

y
A
.
H
ar
ti
n
,
B
.
L
is
t,
N
.J
.
W
al
ke
r,
D
E
S
Y
,
H
am

b
u
rg
,
G
er
m
an

y

A
p
ri
l
18
,
20
13

A
b
st
ra

c
t

P
o
la
ri
ze
d
b
ea
m
s
a
re

es
se
n
ti
a
l
fo
r
re
v
ea
li
n
g
a
fu
ll
p
o
te
n
ti
a
l
o
f
th
e
IL

C
[1
].

T
h
e
el
ec
tr
o
n

a
n
d

p
o
si
tr
o
n

b
ea
m
s
p
ro
d
u
ce
d

a
t
th
e
so
u
rc
e
a
re

lo
n
-

g
it
u
d
in
a
ll
y

p
o
la
ri
ze
d
.

T
h
e
re
su
lt
s
o
f
sp
in

tr
a
n
sp

o
rt

st
u
d
y

fo
r
th
e
IL

C
[2
]
su
g
g
es
t
th
a
t
o
n
ly

th
e
v
er
ti
ca
l
co
m
p
o
n
en

t
o
f
sp
in

w
il
l
su
rv
iv
e
in

th
e

d
a
m
p
in
g
ri
n
g
w
it
h
o
u
t
p
o
la
ri
za
ti
o
n
lo
ss
.
In

o
rd
er

to
m
a
n
ip
u
la
te

p
o
la
ri
ze
d

b
ea
m
s
a
n
d
to

p
re
se
rv
e
th
e
d
eg
re
e
o
f
p
o
la
ri
za
ti
o
n
d
u
ri
n
g
b
ea
m

tr
a
n
sp

o
rt

sp
in

ro
ta
to
rs

a
re

in
cl
u
d
ed

in
th
e
cu

rr
en

t
IL

C
la
tt
ic
e.

R
ec
en

t
u
p
d
a
te

o
f

p
a
ra
m
et
er
s
fo
r
th
e
IL

C
ce
n
tr
a
l
re
g
io
n
p
ro
v
id
es

ex
tr
a
sp
a
ce

fo
r
a
n
ew

d
e-

si
g
n
o
f
p
re
-d
a
m
p
in
g
ri
n
g
sp
in

ro
ta
to
r
se
ct
io
n
w
h
ic
h
is
p
re
se
n
te
d
b
el
ow

.
It

co
n
si
st
s
o
f
tw

o
p
a
ra
ll
el

se
ct
io
n
s
fo
r
sp
in

ro
ta
ti
o
n
w
it
h
o
p
p
o
si
te

p
o
la
ri
ti
es
,

i.
e.

se
tt
in
g
th
e
sp
in

p
a
ra
ll
el

o
r
a
n
ti
p
a
ra
ll
el

to
th
e
fi
el
d

in
th
e
d
a
m
p
in
g

ri
n
g
.
T
h
e
a
d
va

n
ta
g
e
o
f
th
is

n
ew

d
es
ig
n
is

in
th
e
p
o
ss
ib
il
it
y
o
f
q
u
ic
k
a
n
d

ra
n
d
o
m

sw
it
ch
in
g
b
et
w
ee
n
tw

o
h
el
ic
it
ie
s
fo
r
th
e
p
o
si
tr
o
n
s.

1
IN

T
R
O
D
U
C
T
IO

N

P
ol
a
ri
ze
d
b
ea
m
s
p
la
y
im

p
o
rt
a
n
t
ro
le

o
n
th
e
ex
p
er
im

en
t.

F
or

ex
a
m
p
le
,
fo
r
th
e

IL
C

sc
en
a
ri
o
th
e
eff

ec
ti
v
e
lu
m
in
o
si
ty

ca
n
b
e
in
cr
ea
se
d
b
y
a
p
p
ro
x
im

a
te
ly

5
0
%

in
th
e
ca
se

of
b
o
th

b
ea
m
s
p
ol
a
ri
ze
d
[1
].

F
u
rt
h
er
m
o
re

a
su
it
a
b
le

co
m
b
in
a
ti
o
n
s

o
f
p
ol
a
ri
ze
d
el
ec
tr
o
n
an

d
p
os
it
ro
n
b
ea
m
s
su
p
p
re
ss

si
g
n
ifi
ca
n
tl
y
u
n
w
an

te
d
b
a
ck
-

g
ro
u
n
d
p
ro
ce
ss
es

a
n
d
en
h
a
n
ce

si
g
n
a
l
ra
te
s.

W
h
il
e
th
e
el
ec
tr
o
n
p
o
la
ri
za
ti
o
n
ca
n

b
e
sw

it
ch
ed

a
t
th
e
so
u
rc
e
b
y
sw

it
ch
in
g
th
e
p
o
la
ri
ty

of
th
e
la
se
r
b
ea
m
,
th
e
p
o-

la
ri
za
ti
o
n
o
f
th
e
p
o
si
tr
o
n
b
ea
m

d
ep

en
d
s
o
n
h
el
ic
it
y
of

th
e
u
n
d
u
la
to
r
a
n
d
ca
n
n
o
t

∗ W
o
rk

su
p
p
o
rt
ed

b
y

th
e
G
er
m
a
n

F
ed

er
a
l
M
in
is
tr
y

o
f
ed

u
ca

ti
o
n

a
n
d

re
se
a
rc
h
,
J
o
in
t
R
e-

se
a
rc
h
p
ro

je
ct

R
&
D

A
cc
el
er
a
to
r
”
S
p
in

M
a
n
a
g
em

en
t”
,
co

n
tr
a
ct

N
0
5
H
1
0
C
U
E

† l
a
ri
sa
.m

a
ly
sh

ev
a
@
d
es
y.
d
e

5
7
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b
e
sw

it
ch
ed

a
t
th
e
so
u
rc
e.

S
o
m
e
d
ed
ic
a
te
d
h
el
ic
it
y
fl
ip
p
er

fo
r
p
os
it
ro
n
b
ea
m

is
re
q
u
ir
ed
.
T
h
e
”
tr
a
d
it
io
n
a
l
d
es
ig
n
”
v
er
si
o
n
o
f
sp
in

ro
ta
to
r,

b
a
se
d
o
n
d
ip
o
le

a
n
d

so
le
n
o
id
a
l
fi
el
d
s,

a
re

w
el
l
es
ta
b
li
sh
ed
.
F
o
r
th
e
b
a
si
c
th
eo
ry

se
e
th
e
A
p
p
en
d
ix

w
h
er
e
th
es
e
tw

o
”c
la
ss
ic
a
l
d
es
ig
n
”
ar
e
ex
p
la
in
ed

in
m
o
re

d
et
a
il
s.

A
fe
w

sp
in

ro
ta
to
r
d
es
ig
n
s
su
g
g
es
te
d
p
re
v
io
u
sl
y
fo
r
th
e
IL
C

ca
n
b
e
fo
u
n
d
in

[3
,
4
].

T
h
e

d
is
a
d
va
n
ta
g
e
o
f
a
ll
th
es
e
d
es
ig
n
is

th
a
t
th
ey

ca
n
n
o
t
p
ro
v
id
e
a
fa
st

h
el
ic
it
y
re
-

v
er
sa
l
in

th
e
ti
m
e
sc
a
le

d
es
ir
a
b
le

fo
r
th
e
IL
C
,
i.
e.

fr
o
m

tr
a
in

to
tr
a
in
.

T
h
e

co
n
ce
p
t
o
f
th
e
sp
in

fl
ip
p
er

co
m
b
in
ed

w
it
h
fa
st

sw
it
ch
in
g
b
et
w
ee
n
2
p
o
la
ri
ti
es

w
a
s
co
n
si
d
er
ed

in
”
g
en
er
a
l”

in
[5
],
b
u
t
n
o
d
et
a
il
ed

la
tt
ic
e
d
es
ig
n
w
as

p
ro
d
u
ce
d
.

F
o
r
th
e
R
D
R

p
a
ra
m
et
er

se
t
sp
in

fl
ip
p
er

d
es
ig
n
w
a
s
in
ve
st
ig
a
te
d
in

[6
].

It
is

b
a
se
d
o
n
si
n
g
le

p
re
-d
a
m
p
in
g
ri
n
g
sp
in

ro
ta
to
r
fo
ll
ow

ed
b
y
a
co
m
b
in
a
ti
o
n
o
f
tw

o
p
os
t-
d
a
m
p
in
g
ri
n
g
ro
ta
to
rs
.

In
th
eo
ry
,
b
y
cl
ev
er

m
a
n
ip
u
la
ti
o
n
of

la
tt
er
,
a
n
y

d
ir
ec
ti
o
n
of

p
o
la
ri
za
ti
o
n
at

th
e
IP

ca
n
b
e
a
ch
ie
ve
d
.
N
ev
er
th
el
es
s
th
e
m
a
n
ip
u
la
-

ti
o
n
o
f
p
o
st
-d
a
m
p
in
g
ri
n
g
b
ea
m
s
is

co
m
p
li
ca
te
d
a
s
th
e
em

it
ta
n
ce

p
re
se
rv
at
io
n

co
n
st
ra
in
ts

sh
o
u
ld

b
e
fu
lfi
ll
ed
.

T
h
e
T
D
R

ch
a
n
g
es

in
th
e
la
yo
u
t
o
f
th
e
C
en
-

tr
a
l
R
eg
io
n
o
f
th
e
IL
C

d
es
ig
n
a
ll
ow

s
sp
in

ro
ta
ti
o
n
w
it
h
q
u
ic
k
sw

it
ch

b
et
w
ee
n

tw
o
h
el
ic
it
ie
s
b
e
d
o
n
e
b
ef
o
re

D
R
.
F
ig
.
2
g
iv
es

a
p
os
si
b
le

co
n
fi
g
u
ra
ti
o
n
o
f
th
e

p
re
-d
a
m
p
in
g
ri
n
g
sp
in

ro
ta
to
r
w
it
h
tw

o
p
a
ra
ll
el

b
ea
m

li
n
es

fo
r
th
e
sp
in

ro
ta
to
r

si
m
il
a
r
to

th
e
o
n
e
p
re
se
n
te
d
in

[5
].
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u
re

1:
S
ch
em

a
ti
c
la
yo
u
t
o
f
n
ew

P
L
T
R

se
ct
io
n

2
T
H
E

S
P
IN

F
L
IP

P
E
R
-R

O
T
A
T
O
R

F
O
R

T
H
E

IL
C

2
.1

T
h
e

IL
C

P
re
-d

a
m
p
in
g

R
in
d

S
p
in

R
o
ta
to
r

R
e
q
u
ir
e
-

m
e
n
ts

a
n
d

C
o
n
st
ra

in
ts

F
o
ll
ow

in
g
th
e
re
ce
n
t
u
p
d
a
te

of
p
a
ra
m
et
er
s
fo
r
th
e
IL
C

ce
n
tr
a
l
re
g
io
n
th
e
p
o
s-

si
b
il
it
y
of

fa
st

h
el
ic
it
y
sw

it
ch
in
g
fo
r
th
e
p
o
si
tr
o
n
b
ea
m

w
a
s
co
n
si
d
er
ed

a
n
d
a

so
m
e
ex
tr
a
sp
a
ce

in
P
L
T
R

(t
h
e
P
o
si
tr
o
n
L
in
a
c
T
o
D
a
m
p
in
g
R
in
g
)
w
as

a
ll
o
-

ca
te
d

to
it
.

T
h
e
sc
h
em

a
ti
c
la
yo
u
t
o
f
th
e
n
ew

P
L
T
R

is
g
iv
en

in
F
ig
.
1.

In
se
ct
io
n
E
th
e
sp
in

ro
ta
ti
o
n
fr
o
m

lo
n
g
it
u
d
in
a
l
to

th
e
h
o
ri
zo
n
ta
l
d
ir
ec
ti
o
n
is
d
o
n
e

b
y
m
ea
n
s
of

h
o
ri
zo
n
ta
ll
y
b
en
d
in
g
d
ip
o
le
s
w
it
h
th
e
to
ta
l
o
rb
it
a
l
ro
ta
ti
o
n
a
n
g
le
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F
ig
u
re

2:
T
h
e
sc
h
em

a
ti
c
la
yo

u
t
of

p
o
si
tr
o
n
tr
a
n
sp
or
t
to

D
a
m
p
in
g
R
in
g
w
it
h
a

tw
o
p
a
ra
ll
el

li
n
es

sp
in

ro
ta
to
r
se
ct
io
n
.

of
23

.7
95

0
=

3
×

7.
92
9
0
w
h
ic
h
co
rr
es
p
o
n
d
s
to

th
e
3π

sp
in

ro
ta
ti
o
n
a
ro
u
n
d
th
e

b
en
d
in
g
d
ip
ol
e
fi
el
d
d
ir
ec
ti
o
n
fo
r
5
G
eV

.
T
h
e
en
er
g
y
co
m
p
re
ss
io
n
in

se
ct
io
n
D

m
a
tc
h
es

th
e
b
ea
m

en
er
g
y
sp
re
a
d
to

th
e
D
R

ac
ce
p
ta
n
ce
.
P
re
v
io
u
sl
y
sp
in

w
as

ro
ta
te
d

in
se
ct
io
n

D
b
y
so
le
n
o
id

sp
in

ro
ta
to
r
fr
o
m

tr
a
n
sv
er
se

to
th
e
v
er
ti
ca
l

d
ir
ec
ti
o
n
.
T
h
e
le
n
g
th

of
n
ew

se
ct
io
n
D

w
as

in
cr
ea
se
d
fr
o
m

3
7
.9
m

to
1
2
3
.5
9
5
m
.

T
h
is
p
a
rt
ic
u
la
r
ch
a
n
g
e
a
ll
ow

s
to

in
se
rt

al
so

a
sp
li
tt
er

fo
r
th
e
fa
st

sp
in

fl
ip
.
S
ec
-

ti
o
n
C

an
d
B
d
o
n
’t
a
ff
ec
t
th
e
sp
in

d
ir
ec
ti
o
n
,
a
s
it
is
a
lr
ea
d
y
p
a
ra
ll
el
/a

n
ti
p
a
ra
ll
el

to
th
e
fi
el
d
d
ir
ec
ti
o
n
of

h
o
ri
zo
n
ta
l
b
en
d
in
g
m
a
g
n
et
s
in

ar
c
C

an
d
in

D
R
.

F
ig
.
2
g
iv
es

a
p
os
si
b
le

co
n
fi
g
u
ra
ti
o
n
of

th
e
p
re
-d
a
m
p
in
g
ri
n
g
sp
in

ro
ta
to
r

w
it
h
tw

o
p
a
ra
ll
el

b
ea
m

li
n
es

fo
r
th
e
sp
in

ro
ta
to
r
si
m
il
a
r
to

th
e
o
n
e
p
re
se
n
te
d

in
[5
].

T
h
e
n
ew

sp
in

ro
ta
to
r
se
ct
io
n
co
n
si
st
s
of

tw
o
p
a
ra
ll
el

sp
in

ro
ta
ti
o
n
li
n
es

w
it
h
a
so
le
n
o
id
a
l
fi
el
d
of

op
p
o
si
te

p
o
la
ri
ty

p
la
ce
d
sy
m
m
et
ri
ca
ll
y
w
it
h
re
sp
ec
t

to
d
es
ig
n
o
rb
it
.
E
a
ch

b
ra
n
ch

co
n
si
st
s
o
f
a
fi
rs
t
or
d
er

a
ch
ro
m
a
t
F
O
D
O

d
o
g
le
g

se
ct
io
n
,
a
so
le
n
o
id

se
ct
io
n
an

d
a
n
o
th
er

d
o
g
le
g
to

re
co
m
b
in
e
th
e
li
n
e
b
a
ck

to
th
e
d
es
ig
n
o
rb
it
.
T
h
e
ac
h
ro
m
a
t
d
es
ig
n
a
ss
u
re
s
th
a
t
n
o
d
is
p
er
si
o
n
su
p
p
re
ss
o
rs

w
il
l
b
e
re
q
u
ir
ed
.
T
h
e
p
re
-d
a
m
p
in
g
ri
n
g
p
o
si
ti
o
n
of

th
e
sp
in
-
ro
ta
to
r
m
a
k
es

th
e

em
it
ta
n
ce

p
re
se
rv
at
io
n
co
n
st
ra
in
s
le
ss

se
v
er
e.

T
h
u
s,
th
e
si
m
p
le

so
le
n
o
id

ro
ta
to
r

d
es
ig
n
,
si
m
il
a
r
to

th
e
o
n
e
u
se
d
in

[6
]
w
a
s
a
p
p
li
ed
.

2
.2

S
y
m
m
e
tr
ic

D
e
si
g
n

T
h
e
sp
in
-r
o
ta
to
r
d
es
ig
n
is
b
a
se
d
o
n
th
e
co
n
ce
p
t
of

b
ra
n
ch

sp
li
tt
er
/
m
er
g
er

u
se
d

fo
r
th
e
p
os
t-
d
a
m
p
in
g
ri
n
g
p
os
it
ro
n
li
n
es

[7
]
w
it
h
so
m
e
m
o
d
ifi
ca
ti
o
n
s:

o
n
ly

h
o
r-

iz
o
n
ta
l
b
en
d
s
a
re

u
se
d
,
th
e
le
n
g
th

o
f
th
e
sp
li
tt
er

se
ct
io
n

is
sh
o
rt
en
ed

to
a
p
-

p
ro
x
im

a
te
ly

26
m

in
o
rd
er

to
fi
t
th
e
av
a
il
a
b
le

sp
a
ce
,
2
m

o
f
tw

o
h
o
ri
zo
n
ta
l

b
ra
n
ch
es

se
p
a
ra
ti
o
n
w
a
s
ta
k
en
.

T
h
e
sh
o
rt
en
in
g
of

th
e
se
ct
io
n
is

ac
h
ie
ve
d
b
y

u
si
n
g
st
ro
n
g
er

b
en
d
in
g
m
a
g
n
et
s
as

th
e
em

it
ta
n
ce

p
re
se
rv
at
io
n
re
q
u
ir
em

en
ts

fo
r

th
e
p
re
-d
a
m
p
in
g
ri
n
g
se
ct
io
n
ar
e
le
ss

ch
a
ll
en
g
in
g
.

T
h
e
se
ct
io
n
co
n
si
st
s
o
f
th
e
fi
rs
t
ir
re
g
u
la
r
F
O
D
O
-l
ik
e
ce
ll
w
it
h
p
u
ls
ed

k
ic
ke
r

a
n
d

a
co
m
b
in
ed

fu
n
ct
io
n

d
ef
o
cu
si
n
g
/
b
en
d
in
g
m
a
g
n
et
,
fo
ll
ow

ed
b
y

4
re
g
u
la
r

F
O
D
O

ce
ll
s
w
it
h
1
2
00

p
h
a
se

a
d
va
n
ce

fo
rm

in
g
to
g
et
h
er

a
n
a
ch
ro
m
a
t
d
o
g
le
g
,
a

so
le
n
o
id

m
a
tc
h
in
g
se
ct
io
n
an

d
a
8.
3
2
m

lo
n
g
so
le
n
o
id

w
it
h
a
n
in
te
g
ra
te
d
fi
el
d

o
f
2
6
.1
8
[T

·m
].

In
th
e
so
le
n
o
id

β
x
=

β
y
a
n
d
ar
e
re
a
ch
in
g
th
e
m
in
im

u
m

in
th
e

5
7
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F
ig
u
re

3
:
a
)
S
p
in

ro
ta
to
r
b
ra
n
ch

m
a
tc
h
ed

b
y
M
A
D
8
.
b
)
C
o
m
p
le
te

P
L
T
R
se
ct
io
n

in
cl
u
d
in
g
o
n
e
o
f
sp
in

ro
ta
to
r
b
ra
n
ch

m
a
tc
h
ed

b
y
M
A
D
8
.

m
id
d
le

o
f
th
e
so
le
n
o
id
.
T
h
e
re
st

o
f
th
e
se
ct
io
n
is

a
m
ir
ro
r
im

a
g
e
o
f
th
e
fi
rs
t

p
a
rt

w
it
h
re
sp
ec
t
to

th
e
m
id
d
le

of
so
le
n
o
id
.
T
h
e
se
co
n
d
b
ra
n
ch

o
f
th
e
la
tt
ic
e
is

o
b
ta
in
ed

b
y
sw

it
ch
in
g
th
e
si
g
n
o
f
th
e
k
ic
k
in

th
e
p
u
ls
ed

k
ic
ke
r
an

d
th
e
b
en

d
in
g

a
n
g
le
s
in

th
e
fo
ll
ow

in
g
d
o
g
le
g
.
T
h
e
se
ct
io
n
w
a
s
o
p
ti
m
iz
ed

b
y
M
A
D
8
p
a
ck
a
g
e

[8
]
to

m
ee
t
th
e
co
n
st
ra
in
ts

o
n
th
e
le
n
g
th
.
T
h
en

th
is
sp
in
-r
o
ta
to
r
p
a
rt

o
f
se
ct
io
n

D
w
a
s
m
a
tc
h
ed

to
th
e
P
L
T
R

la
tt
ic
e
d
ev
el
o
p
ed

b
y
W

.
L
iu

[9
]
th
u
s
in
cl
u
d
in
g

tw
o
ex
tr
a
m
a
tc
h
in
g
se
ct
io
n
s.

In
F
ig
.
3
th
e
re
su
lt
s
of

th
e
o
p
ti
cs

is
g
iv
en

fo
r
o
n
e

b
ra
n
ch

o
f
su
ch

sp
in

ro
ta
to
r.

S
im

il
a
r
re
su
lt
s
w
er
e
ob

ta
in
ed

fo
r
th
e
5m

lo
n
g
su
p
er
-c
o
n
d
u
ct
in
g
so
le
n
o
id

w
it
h

a
fi
el
d
of

5.
2
4
[T

·m
].
T
h
es
e
m
a
tc
h
in
g
re
su
lt
s
w
er
e
cr
o
ss
-c
h
ec
ke
d
b
y
E
L
E
G
A
N
T

[1
0
]
co
d
e.

S
p
in

tr
a
ck
in
g
w
it
h
B
M
A
D

[1
1
]
w
er
e
d
o
n
e
b
y
K
ov
al
en
ko

[1
2
].

2
.3

A
sy

m
m
e
tr
ic

D
e
si
g
n

In
o
rd
er

to
sa
v
e
so
m
e
tr
a
n
sv
er
se

sp
a
ce

th
e
o
ri
g
in
a
l
d
es
ig
n
w
a
s
ad

ju
st
ed

in
su
ch

a
w
ay

th
a
t
tw

o
so
le
n
o
id

se
ct
io
n
s
in

th
e
o
p
p
o
si
te

b
ra
n
ch
es

a
re

p
la
ce
d
w
it
h
≈

6
−
11

m
sh
if
t,
th
u
s
le
a
d
in
g
to

a
sm

a
ll
er

va
lu
e
o
f
h
o
ri
zo
n
ta
l
o
ff
se
t
fo
r
ea
ch

b
ra
n
ch
.
T
h
e

h
o
ri
zo
n
ta
l
o
ff
se
t
o
f
0
.5
4
m

w
a
s
u
se
d
in
st
ea
d
o
f
1m

.
T
h
e
la
tt
er

co
u
ld

b
e
d
o
n
e

F
ig
u
re

4
:
A
sy
m
m
et
ri
c
se
ct
io
n
fo
r
o
n
e
of

sp
in

ro
ta
to
r
b
ra
n
ch

m
a
tc
h
ed

b
y
M
A
D
8
.

5
7

3

a
d
d
in
g
o
n
e
o
r
tw

o
ex
tr
a
F
O
D
O

ce
ll
s
b
ef
o
re

th
e
so
le
n
o
id

se
ct
io
n
,
k
ee
p
in
g
th
e

la
tt
ic
e
u
n
ch
a
n
g
ed

a
ft
er

th
e
so
le
n
o
id

fo
r
on

e
b
ra
n
ch

a
n
d
ad

d
in
g
ex
tr
a
F
O
D
O

ce
ll
s
a
ft
er

th
e
so
le
n
o
id

se
ct
io
n
fo
r
a
n
o
th
er

b
ra
n
ch
.
A
s
it
le
a
d
s
to

in
cr
ea
se

of
th
e

le
n
g
th

o
f
th
e
w
h
o
le
sp
in

ro
ta
to
r
se
ct
io
n
,
so
m
e
re
m
a
tc
h
in
g
w
as

n
ec
es
sa
ry

in
o
rd
er

to
fi
t
th
e
le
n
g
th

of
se
ct
io
n
D

(1
2
3
.5
9
5
m
)
an

d
th
e
to
ta
l
P
L
T
R

le
n
g
th
.
In

F
ig
.
4

th
e
d
es
ig
n
o
f
th
e
n
ew

sp
in

ro
ta
ti
o
n
se
ct
io
n
w
it
h
su
p
er
-c
o
n
d
u
ct
in
g
so
le
n
o
id

is
g
iv
en
.

3
C
O
N
C
L
U
S
IO

N
S

T
h
e
su
g
g
es
te
d
sp
in

ro
ta
to
r
d
es
ig
n
co
n
fi
rm

s
th
a
t
th
e
fa
st

h
el
ic
it
y
sw

it
ch
in
g
fo
r

th
e
p
o
si
tr
o
n
b
ea
m

is
p
o
ss
ib
le
.
T
h
e
tr
a
in

to
tr
a
in

p
o
la
ri
ty

se
le
ct
io
n
fo
r
el
ec
tr
o
n

a
n
d
p
o
si
tr
o
n
b
ea
m
s
a
t
th
e
IP

ca
n
b
e
a
ch
ie
ve
d
.
In

p
a
rt
ic
u
la
r:

•
T
h
e
su
g
g
es
te
d
o
p
ti
c
d
es
ig
n
fo
r
th
e
fa
st

h
el
ic
it
y
re
v
er
sa
l
sp
in

ro
ta
to
r
se
ct
io
n

sa
ti
sfi
es

to
th
e
P
L
T
R

se
ct
io
n
re
q
u
ir
em

en
ts
.

•
A
n
a
sy
m
m
et
ri
c
d
es
ig
n
fo
r
th
e
so
le
n
o
id

p
os
it
io
n
sh
if
te
d
in

tw
o
p
a
ra
ll
el

li
n
e

o
f
sp
in

ro
ta
to
r
is

p
ro
d
u
ce
d
.

•
T
h
e
op

ti
c
d
es
ig
n
is

cr
o
ss
-c
h
ec
ke
d
w
it
h
d
iff
er
en
t
ac
ce
le
ra
to
r
d
es
ig
n
co
d
es

•
D
ep

ol
a
ri
za
ti
o
n
eff

ec
ts

in
a
n
ew

la
tt
ic
e
a
re

es
ti
m
a
te
d
b
y
B
M
A
D

[1
0
]
a
n
d

n
o
si
g
n
ifi
ca
n
t
d
ep

ol
a
ri
za
ti
o
n
co
n
n
ec
te
d
w
it
h
b
ea
m

o
p
ti
cs

is
d
is
co
ve
re
d
.

4
A
C
K
N
O
W

L
E
D
G
M

E
N
T

T
h
e
au

th
o
rs

a
re

gr
a
te
fu
l
to

th
e
al
l
m
em

b
er
s
of

th
e
S
p
in
-m

a
n
a
g
em

en
t
g
ro
u
p
fo
r

th
e
fr
u
it
fu
l
d
is
cu

ss
io
n
s.

W
e
a
re

a
ls
o
w
o
u
ld

li
k
e
to

th
a
n
k
D
r.

W
.
L
iu

fo
r
cl
o
se

co
ll
a
b
or
a
ti
o
n
,
p
ra
ct
ic
a
l
a
d
v
ic
es

a
n
d
fo
r
p
ro
v
id
in
g
th
e
m
a
tc
h
in
g
p
a
ra
m
et
er
s
o
f

th
e
P
L
T
R

la
tt
ic
e.

L
.I
.
M
a
ly
sh
ev
a
a
ls
o
th
a
n
k
s
M
r.

J
.
J
o
n
es

a
n
d
D
r.

P
.
W

il
li
a
m
s

fr
o
m

A
S
T
eC

(D
a
re
sb
u
ry
)
fo
r
h
el
p
an

d
a
d
v
ic
es

co
n
ce
rn
in
g
E
L
E
G
A
N
T

ru
n
n
in
g
.

A
A
p
p
e
n
d
ix
:
B
a
si
c
T
h
e
o
ry

A
sp
in

ro
ta
to
r
is

a
d
ev
ic
e
w
h
ic
h
m
a
n
ip
u
la
te
s
p
ol
a
ri
ze
d
b
ea
m
s.

V
ar
io
u
s
d
es
ig
n
s

fo
r
sp
in

ro
ta
to
rs

an
d
so
m
e
ex
a
m
p
le
s
ca
n
b
e
fo
u
n
d
in

[3
,
4]
.
T
h
e
u
se

o
f
sp
in

ro
ta
to
rs

a
ll
ow

s
to

p
re
se
rv
e
th
e
d
eg
re
e
of

p
o
la
ri
za
ti
o
n
d
u
ri
n
g
b
ea
m

tr
a
n
sp
or
t
a
s

w
el
l
a
s
se
le
ct
in
g
th
e
d
es
ir
ed

d
ir
ec
ti
o
n
of

p
o
la
ri
za
ti
o
n
at

th
e
in
te
ra
ct
io
n
p
o
in
t

(I
P
).
A
cc
o
rd
in
g
to

th
e
d
es
ig
n
,
sp
in

ro
ta
to
rs

ca
n
b
e
d
iv
id
ed

in
tw

o
cl
a
ss
es

w
h
ic
h

a
re

il
lu
st
ra
te
d
in

F
ig
.
5
:

T
h
e
fi
rs
t
is

b
a
se
d

o
n

sp
in

ro
ta
ti
o
n

in
d
ip
ol
e
fi
el
d
s
or
th
o
g
o
n
a
l
to

th
e
d
i-

re
ct
io
n

of
m
o
ti
o
n
.

T
h
e
p
re
ce
ss
io
n

o
f
sp
in

is
a
ro
u
n
d

th
e
fi
el
d

d
ir
ec
ti
o
n

an
d

p
ro
p
o
rt
io
n
a
l
to

th
e
or
b
it

d
efl
ec
ti
o
n
an

g
le

θ o
r
b
it
as

θ s
p
in

=
a
γ
θ o

r
b
it
,
w
h
er
e
γ
is

th
e
L
o
re
n
tz

fa
ct
o
r
a
n
d
a
=

0
.0
0
1
1
5
9
6
5
is

a
n
a
n
o
m
a
lo
u
s
gy

ro
m
a
g
n
et
ic

ra
ti
o
of

5
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F
ig
u
re

5
:
S
p
in

ro
ta
ti
o
n
in

h
o
ri
zo
n
ta
ll
y
b
en
d
in
g
d
ip
ol
e
(a
)
an

d
so
le
n
o
id
a
l
(b
)

fi
el
d
s.

a
p
o
si
tr
o
n
/
el
ec
tr
o
n
.
F
o
r
ex
a
m
p
le
,
fo
r
p
os
it
ro
n
s
a
t
5
G
eV

th
e
o
rb
it
a
l
a
n
g
le

o
f

7.
9
2
90

p
ro
d
u
ce

a
sp
in

ro
ta
ti
o
n
o
f
9
0
0
.
S
ta
rt
in
g
fr
o
m

lo
n
g
it
u
d
in
a
l
p
o
la
ri
za
ti
o
n
a

se
t
o
f
in
te
rl
ea
v
in
g
v
er
ti
ca
l
a
n
d
h
o
ri
zo
n
ta
l
b
en
d
s
ca
n
b
e
u
se
d
fo
r
p
ro
d
u
ci
n
g
th
e

v
er
ti
ca
l
sp
in

d
ir
ec
ti
o
n
.
T
h
e
se
co
n
d
ty
p
e
is
a
so
le
n
o
id

b
a
se
d
sp
in

ro
ta
to
rs

w
h
er
e

th
e
sp
in

is
p
re
ce
ss
in
g
a
ro
u
n
d
th
e
lo
n
g
it
u
d
in
a
l
d
ir
ec
ti
o
n
b
y
th
e
a
n
g
le

θ s
p
in

w
h
ic
h

is
p
ro
p
o
rt
io
n
a
l
to

th
e
so
le
n
o
id
a
l
fi
el
d
B

z
a
n
d
it
s
le
n
g
th

L
s
o
l
as

θ s
p
in

≈
B

z
L
s
o
l

B
ρ

(1
)

w
h
er
e
B
ρ
is

th
e
m
a
g
n
et
ic

ri
g
id
it
y.

F
o
r
a
5
G
eV

p
os
it
ro
n
b
ea
m

a
so
le
n
o
id

w
it
h

fi
el
d
in
te
g
ra
l
o
f
2
6
.1
8
T

m
is
re
q
u
ir
ed
.
T
h
is
ty
p
e
o
f
sp
in

ro
ta
to
rs

h
a
s
a
p
o
te
n
ti
a
l

o
f
d
es
tr
oy

in
g
th
e
v
er
ti
ca
l
b
ea
m

em
it
ta
n
ce

v
ia

o
rb
it
co
u
p
li
n
g
in

so
le
n
o
id
,
th
u
s
th
e

sp
ec
ia
ll
y
d
es
ig
n
ed

so
-c
a
ll
ed

E
m
m
a
ro
ta
to
rs

[3
]
w
it
h
co
m
p
en
sa
ti
n
g
q
u
a
d
ru
p
o
le
s

sh
o
u
ld

b
e
u
se
d
.

R
e
fe
re
n
ce

s

[1
]
G
.M

o
or
tg
a
t-
P
ic
k

et
al
.,

P
h
y
s.
R
ep

o
rt
.4
6
0
:1
3
1
-2
4
3
,(
2
0
0
8
)

w
w
w
.i
p
p
p
.d
u
r.
a
c.
u
k
/
g
u
d
ri
d
/
p
ow

er
/
.

[2
]
L
.I
.
M
a
ly
sh
ev
a
a
n
d
D
.P
.
B
a
rb
er
.
D
ep

o
la
ri
sa
ti
o
n
in

th
e
d
a
m
p
in
g
ri
n
g
s
o
f
th
e

IL
C
.P
ro
ce
ed
in
g
s
o
f
In
te
rn
a
ti
o
n
a
l
L
in
ea
r
C
o
ll
id
er

W
o
rk
sh
o
p

L
C
W

S
2
0
0
7
,

H
a
m
b
u
rg
,
G
er
m
a
n
y,

J
u
n
e
2
0
0
7
.

[3
]
P
.E
m
m
a
,
A

sp
in

ro
ta
to
r
sy
st
em

fo
r
th
e
N
L
C
,
S
L
A
C

N
L
C
-N

o
te
-0
7
,1
9
9
4
.

[4
]
P
.S
ch
m
id
t,
A

sp
in

ro
ta
to
r
fo
r
th
e
IL
C
,E
U
R
O
T
ev
-R

ep
o
rt
-2
0
0
5
-0
2
4
-0
1
.

[5
]
K
.M

o
ff
ei
t
et

al
.,
S
p
in

ro
ta
ti
o
n
sc
h
em

es
a
t
th
e
IL
C

fo
r
tw

o
in
te
ra
ct
io
n
re
-

g
io
n
s
a
n
d
p
o
si
tr
o
n
p
ol
a
ri
sa
ti
o
n
w
it
h
b
ot
h
h
el
ic
it
ie
s,
S
L
A
C
-T

N
-0
5
-0
4
5
,2
0
0
5
.

[6
]
F
.Z
h
o
u

et
a
l.
,S
ta
rt
-t
o
-e
n
d

b
ea
m

op
ti
cs

d
ev
el
o
p
m
en
t
a
n
d

m
u
lt
ip
a
rt
ic
le

tr
a
ck
in
g
fo
r
th
e
IL
C

u
n
d
u
la
to
r
b
a
se
d
p
os
it
ro
n
so
u
rc
e,

S
L
A
C
-P

U
B
-1
2
2
3
9
,

J
a
n
.2
0
0
7
.

5
7

5

[7
]
N
.

S
o
ly
ak

,
R
T
M
L

G
en
er
a
l

L
ay
o
u
t

an
d

P
ar
a
m
et
er
s.
;

IL
C

S
o
u
rc
e/
R
T
M
L
/
B
D
S
+
M
D
I

B
a
se
li
n
e

T
ec
h
n
ic
a
l

R
ev
ie
w
,

D
E
S
Y
,

O
ct
o
-

b
er

20
11

[8
]
h
t
t
p
:
/
/
m
a
d
.
w
e
b
.
c
e
r
n
.
c
h
/
m
a
d
/

[9
]
W

.L
iu
,
P
ri
va
te

co
n
ve
rs
a
ti
o
n
.

[1
0
]
M
.
B
o
rl
a
n
d
.
el
eg
a
n
t:

A
F
le
x
ib
le
S
D
D
S
-C

o
m
li
a
n
t
C
o
d
e
fo
r
A
cc
el
er
a
to
r
S
im

-
u
la
ti
o
n
,
P
ro
ce
ed
in
g
s
o
f
th
e
6t

h
In
te
rn
a
ti
o
n
a
l
C
o
m
p
u
ta
ti
o
n
a
l
A
cc
el
er
a
to
r

P
h
y
si
cs

C
o
n
fe
re
n
ce
,
IC

A
P
2
0
0
0
,
S
ep
te
m
b
er

2
0
0
0

[1
1
]
w
w
w
.l
ep
p
.c
o
rn
el
l.
ed
u
/
d
cs
/
b
m
a
d

[1
2
]
V
.K

ov
al
en
ko

et
al
,
S
p
in

T
ra
ck
in
g
S
im

u
la
ti
o
n
of

a
F
u
tu
re

In
te
rn
a
ti
o
n
a
l
L
in
-

ea
r
co
ll
id
er
,
P
ro
cc
ed
in
g
of

th
e
3
rd

In
te
rn
a
ti
o
n
a
l
P
ar
ti
cl
e
A
cc
el
er
a
to
r
C
o
n
-

fe
re
n
ce
,
N
ew

O
rl
ea
n
,
1
8
0
7
.
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L
C
-M

-2
01
2-
00
1

A
T
ra
n
sv
er
se

P
ol
ar
im

et
er

fo
r
a
L
in
ea
r
C
ol
li
de
r

of
25
0
G
eV

e±
B
ea
m

E
n
er
gy

It
a
i
B
e
n

M
o
rd

e
ch

a
i1

a
n
d
G
id
e
o
n

A
le
x
a
n
d
e
r2

S
ch

oo
l
o
f
P
h
y
si

cs
a
n
d

A
st

ro
n
o
m

y

R
a
y
m

o
n
d

a
n
d

B
ev

er
ly

S
a
ck

le
r

F
a
cu

lt
y

o
f
E
xa

ct
S
ci

en
ce

s

T
el

-A
vi

v
U

n
iv

er
si

ty
,
6
9
9
7
8

T
el

-A
vi

v,
Is

ra
el

A
b
st
ra

c
t

T
h
e

se
tu

p
an

d
fe

at
u
re

s
of

a
tr

an
sv

er
se

p
ol

ar
im

et
er

b
as

ed
on

C
om

p
to

n
sc

at
te

ri
n
g

is

d
es

cr
ib

ed
fo

r
a

25
0

G
eV

el
ec

tr
on

(p
os

it
ro

n
)

b
ea

m
an

d
it
s

p
er

fo
rm

an
ce

is
in

ve
st

ig
at

ed
v
ia

a
M

on
te

C
ar

lo
d
at

a
sa

m
p
le

.
T

h
e

p
os

it
io

n
of

th
e

C
om

p
to

n
b
ac

k
w

ar
d

sc
at

te
re

d
el

ec
tr

on
s

ar
e

re
gi

st
er

ed
b
y

a
S
il
ic

on
p
ix

el
d
et

ec
to

r
si

tu
at

ed
so

m
e

38
m

et
er

s
aw

ay
fr

om
th

e
eγ

co
ll
is
io

n
p
os

it
io

n
.

S
p
ec

ifi
ca

ll
y

it
is

sh
ow

n
th

at
,
fo

r
th

e
p
la

n
n
ed

In
te

rn
at

io
n
al

L
in

ea
r

C
ol

li
d
er

b
ea

m
p
ar

am
et

er
s

at
25

0
G

eV
,
a

m
ea

su
re

m
en

t
of

th
e

tr
an

sv
er

se
p
ol

ar
iz

at
io

n

re
ac

h
es

a
st

at
is

ti
ca

l
p
re

ci
si

on
of

≤
0.

5%
w

it
h
in

a
ve

ry
sh

or
t

ti
m

e.
T

h
e

ov
er

al
l

sy
st

em
at

ic
er

ro
r

is
es

ti
m

at
ed

to
b
e
∼

0.
2%

.

J
u
ly

30
,
20
12

1
E
m
a
il
:
it
a
ib
m
@
gm

a
il
.c
o
m

2
E
m
a
il
:
gi
d
eo
n
a
@
po
st
.t
a
u
.a
c.
il

5
7

7

1
In

tr
o
d
u
c
ti

o
n

In
p
la
n
n
in
g
fu
tu
re

h
ig
h
en
er
gy

e+
e−

li
n
ea
r
co
ll
id
er
s,
li
ke

th
e
In
te
rn
at
io
n
al

L
in
ea
r
C
ol
li
d
er

(I
L
C
)
an

d
th
e
C
om

p
ac
t
L
in
ea
r
C
ol
li
d
er

(C
L
IC

),
th
e
b
en
efi
t
of

th
e
im

p
le
m
en
ta
ti
on

of
a

lo
n
gi
tu
d
in
al

p
ol
ar
iz
ed

e±
b
ea
m
s
h
as

b
ee
n
st
re
ss
ed

in
m
an

y
st
u
d
ie
s
[1
].
A
lt
h
ou

gh
ev
en

if
on

ly

th
e
el
ec
tr
on

b
ea
m

is
lo
n
gi
tu
d
in
al

p
ol
ar
iz
ed

th
e
co
ll
id
er

p
h
y
si
cs

ca
p
ab

il
it
ie
s
is
in
cr
ea
se
d
,
as

h
as

b
ee
n
d
em

on
st
ra
te
d
w
it
h
th
e
S
L
C
,
th
e
si
tu
at
io
n
w
h
er
e
b
ot
h
b
ea
m
s
ar
e
p
ol
ar
iz
ed

al
lo
w
s

ad
d
it
io
n
al

p
h
y
si
cs

p
ro
b
le
m
s
to

b
e
in
ve
st
ig
at
ed
.

M
or
e
re
ce
n
tl
y
th
e
b
en
efi
t
fr
om

th
e
in
ve
st
ig
at
io
n
of

e+
e−

in
te
ra
ct
io
n
s
w
it
h
tr
an

sv
er
se
d

p
ol
ar
iz
ed

b
ea
m
s
h
as

al
so

b
ee
n
em

p
h
as
iz
ed

[2
].
U
n
li
ke

th
e
ca
se

of
th
e
lo
n
gi
tu
d
in
al

p
ol
ar
iz
at
io
n

in
th
e
tr
an

sv
er
se

p
ol
ar
iz
at
io
n
ca
se

b
ot
h
th
e
el
ec
tr
on

an
d
th
e
p
os
it
ro
n
b
ea
m
s
h
av
e
to

b
e

p
ol
ar
iz
ed

in
or
d
er

to
b
en
efi
t
fr
om

it
.
T
o
u
ti
li
ze

th
e
tr
an

sv
er
se

p
ol
ar
iz
ed

co
ll
id
in
g
b
ea
m
s
it
is

n
ec
es
sa
ry

to
h
av
e
m
ea
su
ri
n
g
d
ev
ic
es

th
at

ca
n
m
ea
su
re

th
e
tr
an

sv
er
se

p
ol
ar
iz
at
io
n
va
lu
es
,
n
ea
r

or
at

th
e
e+

e−
in
te
ra
ct
io
n
p
oi
n
t
(I
P
e+

e−
),
d
ow

n
to

a
le
ve
l
of

0.
5%

or
ev
en

b
et
te
r.

A
t
lo
w

el
ec
tr
on

b
ea
m

en
er
gi
es

tr
an

sv
er
se

p
ol
ar
iz
at
io
n
m
ea
su
re
m
en
t
d
ev
ic
es
,
d
en
ot
ed

b
y

T
ra
n
sv
er
se

P
ol
ar
im

et
er
s
(T

P
O
L
),
h
av
e
b
ee
n
d
es
ig
n
ed

co
n
st
ru
ct
ed

an
d
op

er
at
ed

su
cc
es
sf
u
ll
y
[3
].
In

th
e
p
re
se
n
t
w
or
k
w
e
st
u
d
y
th
e
fe
as
ib
il
it
y
to

d
es
ig
n
an

d
co
n
st
ru
ct

a

tr
an

sv
er
se

p
ol
ar
im

et
er

at
h
ig
h
b
ea
m

en
er
gy

of
25
0
G
eV

,
en
v
is
ag
ed

fo
r
th
e
IL
C
,
h
av
in
g
a

p
re
ci
si
on

of
≤

0.
5%

v
ia

th
e
C
om

p
to
n
sc
at
te
ri
n
g
of

a
p
ol
ar
iz
ed

la
se
r
li
gh

t
off

th
e
e±

b
ea
m
s.

2
T

h
e

C
o
m

p
to

n
sc

a
tt

e
r
in

g

F
or

th
e
b
as
ic

fo
rm

u
la
e
of

th
e
C
om

p
to
n
sc
at
te
ri
n
g
of

a
la
se
r
b
ea
m

on
an

el
ec
tr
on

b
ea
m

w
e

h
av
e
fo
ll
ow

ed
cl
os
el
y
re
fe
re
n
ce

[3
].
In

th
e
el
ec
tr
on

ce
n
te
r
of

m
as
s
(C

M
)
sy
st
em

(s
ee

F
ig
.
1)

th
e
d
iff
er
en
ti
al

C
om

p
to
n
sc
at
te
ri
n
g
is
gi
ve
n
b
y

d
σ

d
Ω
(S
,P

)
=

Σ
0
+
S
1
Σ

1
+
S
3
[P

y
Σ

2
y
+
P
z
Σ

2
z
]

(1
)

w
h
er
e

Σ
0
=

C
[(
1
+
co
s2
θ)

+
(k

i
−

k
f
)(
1
−
co
s
θ)
]

Σ
1
=

C
co
s(
2φ

)
si
n
2
θ)

Σ
2
y
=

−C
k
f
si
n
φ
si
n
θ(
1
−
co
s
θ)

Σ
2
z
=

−C
(1

−
co
s
θ)
(k

f
+
k
i)
co
s
θ

H
er
e
P

=
(P

x
,P

y
,P

z
)
is
th
e
p
ol
ar
iz
at
io
n
of

th
e
in
it
ia
l
el
ec
tr
on

in
C
ar
te
si
an

co
or
d
in
at
es
.
S
1
is

th
e
li
n
ea
r
p
ol
ar
iz
at
io
n
co
m
p
on

en
t
of

th
e
p
h
ot
on

an
d
S
3
is
th
e
ci
rc
u
la
r
co
m
p
on

en
t
of

th
e

p
h
ot
on

.
T
h
e
in
it
ia
l
an

d
fi
n
al

p
h
ot
on

m
om

en
ta

k
i
an

d
k
f
ar
e
d
efi
n
ed

in
th
e
el
ec
tr
on

C
M

sy
st
em

an
d
C

=
0.
5r

2 0
k
2 f
/k

2 i
w
h
er
e
r 0

is
th
e
cl
as
si
ca
l
ra
d
iu
s
of

th
e
el
ec
tr
on

.
T
h
e
an

gl
es

θ
an

d
φ

5
7

8



F
ig
u
re

1:
G

eo
m

et
ry

an
d

co
or

d
in

at
e

sy
st

em
of

th
e

C
om

p
to

n
sc

at
te

ri
n
g,

sh
ow

in
g

in
(a

)
th

e
in

co
m

in
g

el
ec

tr
on

re
st

fr
am

e
an

d
in

(b
)

in
th

e
la

b
or

at
or

y
sy

st
em

b
ot

h
fo

r
th

e
b
ac

k
sc

at
te

ri
n
g

an
gl

es
of

th
e

p
h
ot

on
.

In
(c

)
th

e
p
ro

ce
ss

is
sh

ow
n

in
th

e
la

b
or

at
or

y
sy

st
em

fo
r

th
e

sc
at

te
re

d
el

ec
tr

on
.

ar
e
th
e
p
ol
ar

an
d
az
im

u
th
al

an
gl
es

of
th
e
b
ac
k
w
ar
d
sc
at
te
re
d
p
h
ot
on

in
th
e
el
ec
tr
on

C
M

sy
st
em

.
T
o
tr
an

sf
or
m

th
es
e
fo
rm

u
la
e
to

th
e
la
b
or
at
or
y
sy
st
em

on
e
h
as

th
e
re
la
ti
on

s

co
s
θ
=

E
be
a
m
−

E
γ
(1

+
1/
k
i)

E
be
a
m
−
E

γ
an

d
E
γ
=

E
b
ea
m
+
E
λ
−

E
e

(2
)

w
h
er
e
th
e
en
er
gi
es

ar
e
d
efi
n
ed

in
th
e
la
b
or
at
or
y
sy
st
em

an
d
E

e
is
th
e
en
er
gy

of
th
e
sc
at
te
re
d

el
ec
tr
on

.
T
h
e
el
ec
tr
on

sc
at
te
re
d
an

gl
e
in

th
e
la
b
or
at
or
y
sy
st
em

is
gi
ve
n
b
y

θl
a
b

e
=

Y

1
−

Y

m
e

E
be
a
m

√ 2k
i

Y
−

(2
k
i
+
1)

(3
)

w
h
er
e
Y

=
1
−
E

e
/E

be
a
m
.
T
h
e
m
et
h
o
d
fo
r
th
e
d
et
er
m
in
at
io
n
of

th
e
el
ec
tr
on

tr
an

sv
er
se

p
ol
ar
iz
at
io
n
in
vo
lv
es

th
e
m
ea
su
re
m
en
t
of

th
e
y
d
is
tr
ib
u
ti
on

of
th
e
sc
at
te
re
d
el
ec
tr
on

s
on

th
e

d
et
ec
to
r
su
rf
ac
e
w
h
ic
h
is
p
la
ce
d
p
er
p
en
d
ic
u
la
r
to

th
e
b
ea
m

d
ir
ec
ti
on

.
In

te
rm

of
th
e
sc
at
te
re
d

p
ol
ar

an
d
az
im

u
th
al

an
gl
es

y
is
eq
u
al

to

y
=

D
si
n
φ
ta
n
θl

a
b

e

θ
la

b
e



1

−→
D

si
n
φ
θl

a
b

e
(4
)

w
h
er
e
D

is
th
e
d
is
ta
n
ce

b
et
w
ee
n
th
e
C
om

p
to
n
in
te
ra
ct
io
n
p
oi
n
t
an

d
th
e
d
et
ec
to
r
su
rf
ac
e.

In

p
ra
ct
ic
e
on

e
co
n
si
d
er
s
<

y
>
,
th
e
av
er
ag
e
va
lu
e
of

th
e
m
ea
su
re
d
y
p
os
it
io
n
s.

3
T
r
a
n
sv

e
r
se

P
o
la

r
im

e
tr

y
fo

r
th

e
IL

C

In
ou

r
st
u
d
y
w
e
co
n
si
d
er

th
e
ca
se

w
h
er
e
th
e
la
se
r
b
ea
m

h
as

n
o
li
n
ea
r
co
m
p
on

en
t
an

d
th
e

el
ec
tr
on

b
ea
m

h
as

n
o
lo
n
gi
tu
d
in
al

p
ol
ar
iz
at
io
n
co
m
p
on

en
t.

In
th
is
ca
se

th
e
d
iff
er
en
ti
al

C
om

p
to
n
sc
at
te
ri
n
g
ex
p
re
ss
io
n
gi
ve
n
b
y
E
q
.
1
re
d
u
ce
s
to

d
σ

d
Ω
(S
,P

)
=

Σ
0
+
S
3
P
y
Σ

2
y

(5
)

w
h
er
e
th
e
re
le
va
n
t
p
ar
am

et
er
s
of

th
e
IL
C

ar
e:

S
1
=

0,
S
3
=

±1
,
P
z
=

0,
E

be
a
m
=

25
0
G
eV

an
d

D
=

37
95

m
[8
]
F
or

th
e
p
ol
ar
im

et
er

w
e
h
av
e
ta
ke
n
a
gr
ee
n
la
se
r
of

2
33

eV
F
or

a
gi
ve
n
E

e

5
7

9

va
lu
e
th
e
av
er
ag
e
y
is
gi
ve
n
b
y
;

〈y
〉

=

∫ d
2
σ

d
E

e
d
φ
y
d
φ

∫ d
2
σ

d
E

e
d
φ
d
φ

(6
)

T
h
e
d
is
tr
ib
u
ti
on

of
〈y
〉

as
a
fu
n
ct
io
n
of

E
e
fo
r
P
T
=

1.
0
an

d
S
3
=

+
1
is
sh
ow

n
in

F
ig
.
2.

F
ig
u
re

2:
T

h
e
〈y
〉

d
is

tr
ib

u
ti
on

as
fu

n
ct

io
n

of
th

e
sc

at
te

re
d

el
ec

tr
on

en
er

gy
fo

r
th

e
IL

C
se

tu
p

w
it
h

P
T

=
10

0%
,
S
3

=
+

1,
λ

=
2.

33
eV

an
d
D

=
37
.9

5
m

.

In
or
d
er

n
ot

to
b
e
d
ep

en
d
en
t
on

th
e
ex
ac
t
y
p
os
it
io
n
of

th
e
I
P
γ
e
it
is
a
sa
fe
r
w
ay

to
d
et
er
m
in
e

th
e
p
ol
ar
iz
at
io
n
v
ia

th
e
m
ea
su
re
m
en
t
of

th
e
d
iff
er
en
ce

in
〈y
〉

b
et
w
ee
n
th
e
le
ft

an
d
ri
gh

t

h
el
ic
it
y
st
at
es

of
th
e
la
se
r
(S

=
±1

),
i.
e.

〈y
〉 S

3
=
+
1
−

〈y
〉 S

3
=
−1

2
=

P
T
Π
(E

e
)

(7
)

w
h
er
e
P
T
is
th
e
tr
an

sv
er
se

p
ol
ar
iz
at
io
n
le
ve
l
an

d
Π
(E

e
),
th
e
A
n
al
y
zi
n
g
P
ow

er
(A

P
)
of

th
e

p
ol
ar
im

et
er
,
is
it
s
va
lu
e
fo
r
a
10
0%

p
ol
ar
iz
at
io
n
.
In

th
is
w
ay

on
e
as
su
re
s
th
at

th
e
m
ea
su
re
d

eff
ec
t
is
in
d
ee
d
d
u
e
to

a
ve
rt
ic
al

el
ec
tr
on

p
ol
ar
iz
at
io
n
an

d
is
n
ot

d
u
e
to

an
in
st
ru
m
en
ta
l

d
efi
ci
en
cy
.

4
T

h
e

γ
e

L
u
m

in
o
si

ty

4
.1

L
u
m
in
o
si
ty

fo
r
a
c
o
n
ti
n
u
o
u
s
la
se
r

T
h
e
lu
m
in
os
it
y
L

of
a
co
n
ti
n
u
ou

s
la
se
r
co
ll
id
in
g
w
it
h
a
ro
u
n
d
p
u
ls
ed

el
ec
tr
on

b
ea
m
,
th
at

is

σ
x
=

σ
y
=

σ
,
ca
n
b
e
ex
p
re
ss
ed

[4
]
as
:

L
=

1
+
co
s
θ 0

√ 2π

I e e

W
L
λ

h
c2

1
√ σ

2 e
+
σ
2 γ

1

si
n
θ 0
,

(8
)

w
h
er
e
θ 0

is
th
e
cr
os
si
n
g
an

gl
e
of

th
e
tw

o
b
ea
m
s,
I e

is
th
e
m
ea
n
el
ec
tr
on

cu
rr
en
t,
W

L
is
th
e

p
ow

er
of

th
e
la
se
r
λ
is
th
e
w
av
el
en
gt
h
of

th
e
la
se
r
an

d
σ
e
an

d
σ
γ
ar
e
th
e
rm

s
b
ea
m

si
ze
s

A
s

5
8

0



F
ig
u
re

3:
T

h
e

re
la

ti
ve

eγ
lu

m
in

os
it
y

as
a

fu
n
ct

io
n

of
th

e
cr

os
si

n
g

an
gl

e
θ
0

of
th

e
in

ci
d
en

t
el

ec
tr

on

an
d

la
se

r
b
ea

m
s.

ex
p
ec
te
d
,
th
e
lu
m
in
os
it
y
w
il
l
d
ec
re
as
e
su
b
st
an

ti
al
ly

w
h
en

th
e
an

gl
e
b
et
w
ee
n
th
e
la
se
r
an

d
th
e

b
ea
m

w
il
l
ap

p
ro
ac
h
90

o
(s
ee

in
F
ig
.
3)

so
th
at

a
co
n
ti
n
u
ou

s
la
se
r
b
ea
m

p
er
p
en
d
ic
u
la
r
to

th
e

el
ec
tr
on

b
ea
m

w
il
l
re
su
lt
in

an
u
n
d
es
ir
ed

ve
ry

lo
w

lu
m
in
os
it
y
3
.
F
or

a
sm

al
l
cr
os
si
n
g
an

gl
e
θ 0

on
e
h
as
:

L
=

8.
36

10
2
4
cm

−2
s−

1
λ

√ σ
2 e
+
σ
2 γ

I e
W

L

θ 0
.

(9
)

A
cc
or
d
in
g
to

R
ef
.
[5
]
at

th
e
IL
C

w
h
er
e
σ
e
�

σ
γ
,
an

d
w
it
h
th
e
fo
ll
ow

in
g
p
ar
am

et
er
s
se
tt
in
gs
:

θ 0
=

0.
01

ra
d
,

λ
=

53
2
n
m

=
2.
33

eV
,

σ
γ
=

50
μ
m
,

W
L
=

0.
5
W

,

I e
=

9
μ
A
,

on
e
ob

ta
in
s
a
lu
m
in
os
it
y
of

L(
γ
e)

=
1.
75

×
10

2
9
cm

−2
s−

1
.

(1
0)

4
.2

T
h
e
lu
m
in
o
si
ty

v
a
lu
e
w
it
h

a
p
u
ls
e
d

la
se
r

F
or

a
p
u
ls
ed

la
se
r
th
e
γ
e
lu
m
in
os
it
y
is
gi
ve
n
b
y
[6
]:

L
=

f b
N

e
N

γ
g

(1
1)

w
h
er
e
f b

is
th
e
n
u
m
b
er

of
b
u
n
ch

cr
os
si
n
g
p
er

se
co
n
d
,
N

e
th
e
n
u
m
b
er

of
el
ec
tr
on

s
p
er

b
u
n
ch
,

N
γ
th
e
n
u
m
b
er

of
p
h
ot
on

s
p
er

la
se
r
p
u
ls
e
an

d
g
is
a
ge
om

et
ri
ca
l
fa
ct
or

w
h
ic
h
ta
ke
s
in

ac
co
u
n
t

th
e
sp
at
ia
l
ov
er
la
p
of

th
e
tw

o
b
ea
m
s.

F
or

a
sm

al
l
cr
os
si
n
g
an

gl
e
θ 0

on
e
h
as
:

g
−1

=
2π

√ σ
2 x
e
+
σ
2 x
γ

√ (σ
2 y
e
+
σ
2 y
γ
)c
os

2
(θ

0
/2
)
+
(σ

2 z
e
+
σ
2 z
γ
)s
in

2
(θ

0
/2
)
.

(1
2)

3
N
o
te

th
a
t

θ
0
=

0
o
m
ea
n
s
h
er
e
th
a
t
th
e
la
se
r
a
n
d
th
e
b
ea
m

d
ir
ec
ti
o
n
s
a
re

ex
a
ct
ly

o
p
p
o
si
te
.

5
8

1

If
th
e
tr
an

sv
er
se

d
im

en
si
on

s
of

th
e
el
ec
tr
on

b
ea
m

ar
e
sm

al
l
in

co
m
p
ar
is
on

to
th
e
la
se
r
fo
cu
s

i.
e.
,
σ
x
e
�

σ
x
γ
an

d
σ
y
e
�

σ
y
γ
(w

h
ic
h
ce
rt
ai
n
ly

is
va
li
d
at

th
e
I
P
γ
e
re
gi
on

),
on

e
ob

ta
in
s
fo
r
g
−1

:

g
−1

=
2π

σ
x
γ
σ
y
γ

√ 1
+
(0
.5
θ 0
σ
z
γ
/σ

y
γ
)2

(1
3)

an
d
fo
r
th
e
lu
m
in
os
it
y
:

L
=

f b
N

e
N

γ

2π
σ
x
γ
σ
y
γ

√ 1
+
(0
.5
θ 0
σ
z
γ
/σ

y
γ
)2

=
L m

a
x

√ 1
+
(0
.5
θ 0
σ
z
γ
/σ

y
γ
)2

(1
4)

w
h
er
e
L m

a
x
is
th
e
m
ax

im
u
m

lu
m
in
os
it
y
re
ac
h
ed

at
ve
ry

sm
al
l
θ 0

an
gl
e
fo
r
a
gi
ve
n
tr
an

sv
er
se

si
ze

σ
x
γ
σ
y
γ
,
n
am

el
y
:

L m
a
x

=
f b
N

e
N

γ

2π
σ
x
γ
σ
y
γ
.

(1
5)

N
ot
e
th
at

th
is
la
st

fo
rm

u
la

is
ve
ry

si
m
il
ar

to
th
e
ex
p
re
ss
io
n
gi
ve
n
fo
r
th
e
lu
m
in
os
it
y
of

e+
e−

co
ll
id
in
g
b
ea
m
s.

In
th
e
IL
C
,
th
e
d
im

en
si
on

s
of

th
e
el
ec
tr
on

b
u
n
ch
es

at
I
P
e+

e−
ar
e
sm

al
le
r

th
an

th
at

of
th
e
la
se
r.

T
h
e
n
u
m
b
er

of
b
u
n
ch
es

p
er

se
co
n
d
is
f b

=
14
10
0
an

d
ea
ch

b
u
n
ch

co
n
si
st
s
of

N
e
=

2
×

10
1
0
el
ec
tr
on

s.
F
ro
m

th
is
fo
ll
ow

s
th
at

th
e
eγ

lu
m
in
os
it
y
at

th
e
I
P
γ
e
is

L m
a
x
(I
P
γ
e
)
=

4.
49

×
N

γ

σ
x
γ
σ
y
γ

10
1
3
cm

−2
s−

1
(1
6)

w
h
er
e
N

γ
is
th
e
n
u
m
b
er

of
la
se
r
p
h
ot
on

s
p
er

p
u
ls
e
an

d
th
e
la
se
r
is
fi
re
d
in

sy
n
ch
ro
n
iz
at
io
n

w
it
h
th
e
sa
m
e
p
u
ls
e
re
p
et
it
io
n
ra
te

as
th
e
ac
ce
le
ra
to
r.

F
or

a
ro
u
n
d
la
se
r
fo
cu
s
w
it
h

σ
x
γ
=

σ
y
γ
=

50
μ
m

on
e
ob

ta
in
s:

L m
a
x
(I
P
γ
e
)
=

1.
12

×
j γ
[μ
J
]

ε γ
[e
V
]1
03

1
cm

−2
s−

1
(1
7)

w
h
er
e
j γ

an
d
ε γ

ar
e
th
e
la
se
r
cu
rr
en
t
an

d
en
er
gy
.
T
h
e
C
om

p
to
n
eγ

lu
m
in
os
it
y
at

th
e
IL
C

op
er
at
in
g
at

0.
25

T
eV

b
ea
m

en
er
gy

fo
r
th
re
e
p
u
ls
ed

la
se
r
co
n
fi
gu

ra
ti
on

s
ar
e
sh
ow

n
in

T
ab

le
1.

T
ab

le
1:

C
om

p
to

n
eγ

lu
m

in
os

it
y

b
ef

or
e

th
e
I
P
e+

e−
of

th
e

IL
C

op
er

at
in

g
at

0.
25

T
eV

b
ea

m
en

er
gy

w
it
h

a
ro

u
n
d

p
u
ls

ed
la

se
r

of
σ
x
γ

=
σ
y
γ

=
50
μ
m

.
A

fu
ll

sy
n
ch

ro
n
iz

at
io

n
b
et

w
ee

n
th

e
b
ea

m
b
u
n
ch

es

an
d

th
e

la
se

r
re

p
et

it
io

n
is

as
su

m
ed

.

ε γ
λ

<
W

L
>

j γ
L m

a
x

(e
V
)

(n
m
)

(W
at
t)

(μ
J
)

(1
0
3
1
cm

−2
s−

1
)

1.
16
5

10
64

1
71

68
.3

2.
33

53
2

0.
5

35
16
.8

4.
66

26
6

0.
2

14
3.
4

5
8

2



5
T

h
e

p
o
la

r
im

e
te

r
se

tu
p

A
sk
et
ch

of
th
e
C
om

p
to
n
sc
at
te
ri
n
g
co
ll
is
io
n
se
tu
p
is
sh
ow

n
in

F
ig
.
4.

T
h
e
25
0
G
eV

el
ec
tr
on

b
ea
m

is
m
ov
in
g
in

th
e
+
z
d
ir
ec
ti
on

re
ac
h
in
g
th
e
fi
rs
t
tw

o
B

1
(−

y
)
an

d
B

2
(+

y
)
m
ag
n
et
s
w
h
ic
h

st
ee
r
th
e
b
ea
m

to
a
p
ar
al
le
l
st
ra
ig
h
t
tr
a
je
ct
or
y.

In
p
os
it
io
n
2
th
e
la
se
r
b
ea
m

co
ll
id
es

w
it
h
th
e

el
ec
tr
on

b
ea
m
.
T
h
e
u
n
p
er
tu
rb
ed

b
ea
m

is
th
en

re
st
or
ed

to
it
s
or
ig
in
al

tr
a
je
ct
or
y
b
y
th
e
se
t
of

th
e
B

2
(+

y
)
an

d
B

1
(−

y
)
m
ag
n
et
s
al
l
of

w
h
ic
h
h
av
e
a
st
re
n
gt
h
of

0.
09
7
T
.
T
h
e
sc
at
te
re
d

el
ec
tr
on

s
w
h
ic
h
su
ff
er
ed

a
lo
ss

of
en
er
gy

w
il
l
b
e
se
p
ar
at
ed

in
th
e
x
d
ir
ec
ti
on

ac
co
rd
in
g
to

th
ei
r

en
er
gy

va
lu
es

to
re
ac
h
th
e
d
et
ec
to
r
at

a
d
is
ta
n
ce

of
37
.9
5
m
.

F
ig
u
re

4:
T

h
e

se
tu

p
sc

h
em

e
of

th
e

la
se

r
co

ll
is
io

n
w

it
h

th
e

25
0

G
eV

el
ec

tr
on

b
ea

m
w

h
ic

h
m

ov
es

in
th

e

z
d
ir

ec
ti
on

.
T

h
e

m
ag

n
et

s
ar

e
st

ee
ri

n
g

th
e

b
ea

m
to

a
p
ar

al
le

l
tr

a
je

ct
or

y
fo

r
th

e
la

se
r

co
ll
is
io

n
p
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