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The LEP Higgs Boson Saga

* August 1989 - Nov 2000
* 12 Years of Higgs Hunt
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| PrecisioniMeasiirementsiand. the

Boson

From LEP Electroweak WG and the SLD Heav

Flavor Group, May 2002

All=
LEP I+IT,
SLD,
UAZ,
CDF,
DO....

LEP I+IT

m,=174.3(5.1)

All Z pole | All Data | All Data
(incl W) | +m,. Iy, | Excluding | Including
NuTeV NuTev
m, 185 181 175.8 174.7
+13,-11 +11,-9 | +43,-42 | +45,-4.3
log m, 2.38 2.08 1.91 1.93
+41,-39 | +38,-.33 | +.21,-22 | +.21,-23
my 238 121 81 85
+371,-141 | +166,-65 | +49,-32 | +54,-34
x2/dof 143/9 | 185/12 | 19.6/14 | 28.8/15
¥-/S'tability
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Consirainis ontine Standard Model

—__t Z a m
2 ~—— loo—H — +54
e T _ﬂ- Mz - 4 o8 m; Mu 85_34
f f m,, <196 GeV @ 95% CL
———— 6 - —
- All except m, m, (TEVATRON) Bl theory uncertainty |
200{ 68% CL - ﬁﬂﬁd =
— 0.02761+0.00036 |
4_ —
NR _
< ﬁ
2_ |
140 JEXCIUGCININIRE  _ Proliminary , | Excluded Preliminary
. 102 i« 20 100 400
my [GeV] m,, [GeV]
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| Procliciionanaiine |

|
/ﬁ/ 1 =206.6-91.2=115.4
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* B-tag is an essential ingredient in
Higgs search
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| IHiggsiSearceh Chiannels ]

H —>bb(~75-85%),7 77 (~8%) £ = WTORWE0%),
ee +uu(6.6%),77(3.3%)

z-qq - Energy-momentum conservation
Four jes * The 2 most probable b-tagged
jets recoil against a di-jet
compatible with a Z-boson
H—-bb
—VV
Z * The recoil mass of the
Missing ./ 2 b-tagged jets is compatible
.E"‘W/\ with a Z boson
. H—-bb
Z -6, [ - 2 high energetic leptons
with a mass compatible with
Energetic a Z boson recoil against

Leptons \ 2 jefs,

]l - Clean channel
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[0 Fiest Higys Limit Procedusss N
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Combined 89+90 Analysis

24
- Statistical Procedure in a

g 20 L E Background FREE environment
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CEPAINSatration and final Cimitt:

Gross
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#
* The final LEP I limit is based on Ngs~3, i.e. no background

* At the end of LEP I the need to develop a statistical method that can
cope with non-vanishing background and events with finite mass resolution
was emerged.
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B Golden Sigaaitsz RN

: T "I - ‘13 Discover
Evidence for T|% [ Vs=200210GeV Y
CDF June 13,14 g g LEP 2001
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g 1 background INARY
’ 4 - mmm hZ Signal -
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B o o O

~ 30 -
= Vs = 200-210 GeV
-
2o [ * LEPleos Now, go and convince people
g 2L 1 background ! .
m—ZSigmal That mass histograms are
0] _a m “just for illustrative purposes”
B Re
0 _%I = 1 1 1 h 1 1 1 1 1 1 1 +
R Is there a “hidden" variable behind

the signal region events?

+  LEP medium
1 background

mmm hZ Signal
(m; =115 GeV)

Events / 3 GeV/c?
[y
[—]
I

Perhaps their b-tag content is
bigger than that of the other
events?

n = 109 GeV
8

m cond=
Igg: 60.32 439
I sglk= 573 .182+

0 1 n vl (] N .

- Vs =200-210 GeV

One has to FEEL the statistical

Events / 3 GeV/c’
[—]

.l procedure at his fingertips to
4 [ wem hZ sSignal : really appreciate if such a
- m =115 GeV . . .
N il signature could indicate a 115 GeV
2 A ? + Higgs boson or not!
0 0 - ilﬁm T 60 | I8|0 | Il[l)[.'ll 120I

Reconstructed Mass my; [GeV!l:zj
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Spagheti [FACTory

Q: What is a High Ranked ("top") Higgs candidate?

A: A "top" Higgs candidate is an event with an observed reconstructed mass m..=110 (

N

J

that for a given hypothetic ftest Higgs mass m,, has a high weight h{H%j

i

Test mass = 120 GeV ~ M,..=110 GeV' sqditional candidate m_ =113 GeV
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8

100 105 110

115 121

12

m,, (GeV)

L3

4

100 105 110 115 12¢
m,, (GeV)

Expt E... Decay channel | M (GeV)|| In(1+ s/b) @115 GeV |
1 | Aleph 206.7 Liet 114.3 1.73
2 | Aleph  206.7 +-jet 112.9 1.21
3 | Aleph 208.5 +jet 110.0 0.64
4 | L3 2064 E-miss 115.0 0.53
5 | Opal 206.6 +-jet 110.7 0.53
6 | Delphi 206.7 +-jet 1143 0.49
7 | Aleph  205.0 Lept 118.1 0.47
8 | Aleph 2081 Taun 1154 041
9 | Aleph 206.5 +-jet 1145 0.40
10 | Opal 2054 +-jet 112.6 0.40
11 | Delphi 206.7 +jet Q7.2 0.36
12 | L3 2064 +jet 108.3 0.31
13 | Aleph  206.5 +-jet 1144 0.27
1+ | Aleph  207.6 +-jet 103.0 0.26
15 | Opal 2054 E-miss 1040 0.25
16 | Aleph  206.5 +-jet 110.2 0.22
7| L3 2064 E-miss 110.1 0.21
18 | Opal 206.4 E-miss 112.1 0.20
19 | Delphi 206.7 +jet 110.1 0.20
20 | L3 2064 E-miss 110.1 0.18
The LEP Higgs Boson Saga/ SUSY 2002/ Eilam Gross Weizmann 15




M AleptiFiggsiCandidatie

E\=206.7
M, =114 GeV

rec

B-tag = 0.99,0.99,0.14.0,0.01
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Simuating g EXperiments

* Construct a Discriminator (Not necessarily mass, could be 2-D)

* Divide the discriminator to bins i=1,...
There are N, observed candidate events in each bin; we then calculate the
likelihood ratio -2InQ

signal-like

* The likelihood ratio, -2InQ(my) tells us how much the outcome of an experiment is

Bac %'_oun_d experiment 5

_ 45 —r——isgminator____________ Test mass = 115 GeV
Z - i
CHE - L0 e e e
40 - — = .
% Rrazs | .
kel ]
> 35 = ]
¥ 02 [ ]
30 i ]
0175 |- -
25: 015 [ “
20 F 0.1255— -
15 | o1 ;
10: 0075 |- —
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- 0025 [ ]
0 R oy gy o peop gl gy penl [y wgeeg Jlieg e g g g guig Pl guegey L ]
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Reconstructed mass 25 20 15

+h [
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The Statistical ProcedlirerortRanking Experiments

Q pozsson (dCltCl‘S _|_b) L(S +b) B e_(STOT+bTOT) HNZ- Si +bi
P ldap) L)y et T ),

I

S.
Each observed event is counted with a weight ln£1 + b—’j

N, S
—2InQ=2s;,-2) "N, ln(1+b—j

[

s+b like b-like -2INQ

The likelihood ratio, -2InQ(m,) ranks the experimental events
configuration between two hypotheses: "s+b"-like and "b"-like,

The LEP Higgs Boson Saga/ SUSY 2002/ Eilam Gross Weizmann 10



Simulating

Experimeniisi(

* Now we let's play the "game" from a 115 GeV Higgs point of view...

events/3 GeV

[
o

B
wn
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[
I

N, S
—2InQ=2s;,—-2) "In 1+b—

i

Signal+bkg. Experiment 5

acr vy B oog b ey pop Toyeg ey 1oy gog Loy woy bonogiug

85 90 95 100 105 110 115
Reconstructed mass

0.175
0.15
0.125
0.1
0075 |
0.05

0025 [

Test mass = 115 GeV

15 20

2InQ

+h i
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b-like
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SignalFBackgretind Separation

=._30.25
=
9-0'2
0.15
0.1
g 0 T N 0.05
s
60 |- ] 0
50 K median likelihood i
. 0.25
of bg experiments |
40 T 0.2
2.
w0 b 0.15
3 0.1
20 |
g 0.05
10 | 0
= ikeihood of o 1
- mh=115 1 025
p-‘O.Z
20 £ median likelihaod N
of stb xperiments 0.15
230 PEEEEN RTRE ST RS BT SrS BUATAT R A I T T 0.1
M I 1z 1B 14 15 16 17 118 19 120
v Test mass 0.05
115 0
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Test mass = 112 GeV

i
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60 40 -20

- Testmass=115GeV
E L . =—— N e . T lg
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- I £
—
SR i
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-2InQ
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Ihe RealNing 4 Experifents, 4 Likelihoods
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Al EXperimentisiCotipined intorOne: LHWG
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0
100 102 104 106 108 110 112 114 116 118 120

m(GeV/c”)

Maximum
Likelihood for
mH:1156
Enormous
sensitivity to test
mass due to the
kinematical wall!
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| Channelf By Channe! ]

-2 InfQ}

-2 In( Q)
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| FocusonYear2000 |

Unofficial plots from C. Tully DPF 2002 BASED on 2000 data ONLY!
* Note that InQ is additive

. completely dominate the fluctuation
15 BY EXPERIMENT 15 BY CHANNEL
1985 \ .“.“.‘ Backgt; roung:iOnIy:r rrrrrrrr | 125 \ “‘.““ Backgt; roung:IOnIy:' 77777777
7.5 ; : '..’.‘. ; i : , Ervedw 7.5 E ; '..’.‘. i i : , En,ed,,,,
5| 5
C | C |
=% 4 %4 ey
W W
0 : Femeanm ] 0 : Femeanm |
i e e
-2.5 R — 2.5 B s e
I S0 O W e 4 [ S I SN o . -
£ J) o Eeee ----- I . TE et ----- I .
i UNOFFICIAL i UNOFFICIAL
10112 113 114 115 116 117 118 119 120 -10112 113 114 115 116 117 118 119 120
M, (GeVIc) M, (GeVIc)
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| IfthereisaMigss |

* If there is a Higgs in the year 2000 data its mass could be
interpreted from the maximum likelihood m, =115.67]

-2In(Q)

UNOFFICIAL

812 113 114 115 116 117 118 119 120
M, (GeVI/c?)
C. Tully DPF 2002
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GContidence Levels

° H . "? —— Observed LEP
ow pr‘ObC(ble IS a PCSUH’ Of an EO I4 = ----- Expected for background
. L I S Expected for signal (m, llﬁ 6 GeV/c> )
exper|men1-? ‘;:io 12 E + background .

*  The PDF of -2InQ was created from 301 F s+b

an ensemble of "b" or “s+b" T0.08 W ‘b
. A C . N b
experiments 0.06 - . 3

periment Eo1—=Cly, | N )

* 1-CL, is the probability for a 0.04 4 \ Y
background only experiment to give a L ‘ o
more signal-like likelihood than the R TR
observed onel -2 In(Q)

«  LEP Resul+: s+b like b-like
1-CL,=0.034 (2.1 5) |

* In 3.4% background experiments we Observed Likelihood ,
expect to observe at least as signal- _

Xp 9 (1-CL,), =0.50
like result as we observe
Aleph 2.0x103 ] ] ]
DELPHI 0.87 1-CL, 0.32 0.046 2.7x103 6.3x105 5.7x107
L3 0.24
OPAL 0.22 1o 2 3o 46 bo
DLO 0.49

The LEP Higgs Boson Saga/ SUSY 2002/ Eilam Gross Weizmann 7



| ANSIIGEsIDIScovery? ]

= 1 ET T T T | L O O R N L L o ! it Bl el Al Inctetl et ettt At et St
d = : ' : : : : : 3 E:'j : ALEPH

10

e TR
-2 .'-

2 3 T 36

10

10 Observed
- i : : : : : - : 3 . F cumee Expected for stg11'1l+bnckglou|ﬂ
0 - - - - - L - 36 4 - Expected for background
30 E E E : : : ' : T 10 oo Expected for test ngmI+backgmu.nd .
B e e e e (NSNS RN E— R E— [N | - ale)
= ——— Observed | ; 3
- ------ Expected for 51gn'11+b'1ckground- ; ] 10 ] I T S T P JU D D P
4 ~7--- Expected for background ! L 100 102 104 106 108 110 112 114 116 118 120
10 = __________ ;_ __________ E ___________ E ___________ e ' _____________________ ________ — 40_ mecew,cz)

5 5 5 5 5 5 ‘_- ;
L1 | L] L | I | I | L1 | I B R B | I I = - : : . ; :
10 100 702 104 106 108 110 112 114 116 118 120 S :.'.:.:.'..::.:.':..'_ii,?_T_.'..'..',,""" S

mg( GeV/c’ ) 10 RS o e —

26

* Look for a minimum in 1-CL, 3 | 30

-~ ——— Observed

------ Etpecteg ECIL itgg{whbq{kgmund
. S Ammrrmn DY g xpectad for a]
* A Higgs Discovery? R g -~ ook e I __
g 4G
-5 ;
[ 16 | H | | 5 | | | | |
NOT r'ea“y 100 102 104 106 108 110 112 114 116 118 120
m(GeV/c’)
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B siged o0 TR

go 14 O — ghw”;gt background LEP
* (L., measures the comatibility of @O I Expocied or sgnal (=1 15.6 GeV/c®)
the experiment with "s+b" 5 'm
: = 0.
hypothesis. _5008
* A bigger CL,,, means the ~0.06 |
experimental result is more "s+b" like 004 |
* YOU CANNOT EXCLUDE AN "S+B" 002 L.
HYPOTHESIS WITH A LARGE CL.,, 0. 015
-2 In(Q)
*  An"s(m,) +b" hypothesis can be . .
excluded at >95% CL if only in <6% of s*hlike Observedl Likelihood o-like
the hypothetical "s+b" experiments
the result would be more "b" like Looks like DELPHI could exclude the
“s (m=115.6) +b” hypothesis at the
1-CL,  CL.,, 98% CL
Aleph  2.0x10% 0.94 However, can they exclude a 115.6
DELPHI 0.87 0.02 > “s” hypothesis? CL
L3 0.24 0.47 Define |CL. = b
OPAL  0.22 0.47 > CL
DLO 049  0.07 b
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|| MassillowerBound |

When CL (m)<5% a
Higgs boson with a mass

m,, is excluded at >95%
CL!

LEP Excludes a 114.1 GeV
Higgs Boson (expected

115.4) at the 95% CL!
Exp  Obs
ALEPH 1138 111.5

DELPHI 113.5 1143
DLO 1149 114.8

LEP

1154 1141

CL

10

10

10

10

10

10
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Candidates
Likelihood
Confidence
Levels
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/;\ 80 ! T [ e e
IS8 r ]
N a) |
o 70 - ® Minimum .
2 | ® invisible Vs=91.2 GeV
E 60 A ee ]
m L 0 + -
- Y bb 7 —ee ]
50 7
40 ; P

30 f
20

10 |

Y

0 10 20 30 40 50

my (GeV)

Search for acoplanar leptons

Look for a peak in the recoil mass,
however, sensitivity is retained for
continuous wide recoil mass

LEP 1: Z is off shell
look for acoplanar leptons (u's and
e's) with m»20 GeV
Use photon and conversions veto
For S9>yy and S%>ee (with m_.<0.5)
use ee>725%>vvyy,vvee

LEP 2: Z is on shell

Look for acoplanar leptons with
my~mz

Veto radiative return photons
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| I | IR
02 F -
01 F - * At LEP II, as the Higgs boson becomes
0 S e lighter the Z boson is boosted and the
m, =30 GeV  m, leptons tend to be more energetic and
0'4 :_I i LI I L I L I LI I_= collinear.
03 E . : :
02 F 3 * This results in
0.1 -
EI L1 Ll 1l I L1 1l I [ | 11 I: . .
0 25 s0 75 100 - Worse recoil mass resolution
m, =60 GeV m_ ) )
Worse signal/bg separation
0.3 :_I i LI I L L I LI I_:
02 | 3
0.1 3
0 EI L1 1 | - I_I 1 I | '] 11 I: LEP 1
0 25 50 75 100 <
m =80 GeV  m_ 0
=L LI I L I LI LI 30 55
0.01 E = .
0075 E - g
0.005 F = LEP 2
00 B ! e ER 3

0 25 . 50 75 100
Jochen Cammlf}nhzlm GeV m
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DecayModerlindependenis Searches

N Preliminary . Preliminary

> TTIT 1T rrrrrrrrrfrrrrrr T T T e T T 1T LAULSUL I B O O N A A AL O |
@ 16 £ a) + OPALdata \s=183-209 GeV g

= 14 [ | 4 fermion 0 + - ]

5 12 I 2 fermion Z —ee E

= 10 =

L 3

=6

4

2

18

16 b) + OPALdata Vs=183-209 GeV

14 [ | 4 fermion 0 T - . 5
[ 2 fermion Z - Hu LR 10

Events/10 GeV

8

6

4
ﬁ 10 S S VOUU PR PO TR PP
LU U e CO s U LU UL U 107 10 20 30 40 50 60 70 8 90 10
mrec (GEV) |m 0 (GeV)

_ o(ee > 5°2) 8*1
* Set limits on =a(ee_)H0 .
SM

* SM Higgs is excluded up to 81 GeV irrespective of its decay mode

For more details see talk by Jochen Cammin
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Flaveur independent; Decay Modes

* Invarious Models H>bb suppressed
* Search for ee>hZ->qqqq,qqvv,qqll

* Optimize event selection for each test mass

* Take lowest efficiency

Compatibility with Background, -

%04 LI I T 1T I T 17T I T T r 7 I T 1T I T 17 I —r T
o . .
: OPAL preliminary LEP PRELIMINARY
'S
Eo.3s
u H
0.3 - 10 2L _
;HZ FLAVOUR BLIND HY POTHESIS Vs =209 GeV
- -3
0.25 10 3
_.1_:
I 10k
0.2
-5
e 10 - — observed
0.15 | g} --- expected for background
0 o expected for signal4+background
0.1 1 Al I 1 AT I B | _-;-:h] ‘l’ i
80 85 20 95 100 105 110 115 10 —_— e e L
my [GeV] ad T0 80 90 100 110
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Flaveur independent;

Decay Modes

LEP PREL[MINARY :

3 :
E rHZ FLAVﬂUR BLIND HYPG’I‘HESIS "ufs ﬂﬂ!) GeVi I* """
l'g i i i i 1
S 1 r
T
=
3 4
I
a ......... :
- B N e :
2 |
o 1 I
Em 10 F— P i
Ul [
e — — observed -
. --- expected for background |
|
I
i
I
I
10 g2 [N R A A R I
60 70 80 9% 100 llﬂ :

m, (Ge:V)

95% Upper Limit on the
Production
Cross-SectionxBR(hadrons)

For SM-like BR of ~75%

" (typical for m~115

H->bb) a Higgs boson with
mass below 112 GeV is
excluded,

this is almost as strong as
the SM Higgs Boson limit
(114.1 GeV)

mH>112.9 (113.0) GeV
With BR(H->hads)=1.0

For Exotic Higgs Searches see talk by Marcel Stanitzki
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Seadreni e invisiklesDecaying

In SUSY models the Higgs boson might decay to neutralinos H>%0y0

Search for acoplanar jets or leptons
(1,e and t for Delphi)
GHZ

Results are given in terms of upper limit on &= BR(H — invisible)

HZ

For BR=100% invisibly decaying, a SM-like Higgs is excluded up to

| 1142 (113.6 ) GeV at the 95% CL

—_— Gb:senred

M

-2In(Q)

s Median Backg;r;:nund

Ratio to SM rate

—

10

ik ¢ 90 95 100 105 110 [ 15 120

M, GeV/c’

v 114.2
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DotibleisiModels (ZHDM)

Addition of doublets to the SM
keeps the parameter Py =

, €089,
O, @,
Hl - 0 HZ - 0
(I)l (D2

Real parts mix with an angle Ol to

give the two neutral scalars h,H

Imaginary part (not eaten by Z) is
the pseudo scalar A

In total 6 parameters characterize
the model:
vy

m, ., My, My, m,, 1gfi= y
1

, U

d-type leptons

u-type quarks

d-type quarks

For a=n/2 MSSM
fermiophobic

The LEP Higgs Boson Saga/ SUSY 2002/ Eilam Gross Weizmann 20




* In 2HDM (type I)and other models H->yy,WW dominantly.

* All experiments searched for the two-photons final state. L3
also searched for the WW decay mode.

B( h’—xx

0.7
0.6
05
0.4
03
02

01

w

............
-

SM BRs with fermionic modes turned off

.....

100 120 140 160 180 200

M, (GeV)

Events/2 GeV

10

10

@ver the Clckoos Nestt:

@lophob'c
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Photonic Higgs Search 1

Preliminary ol |
305 obs / 308.2 expected @ ADLO data

[ ] SMBackground

+ I m=100 GeV signal

I I 1 I 1 1 1 I 1 1 1

40 60 80 100 120
MW (GeV)



Upper Limit on B(huew)

Lol | T

F "='"""-"--L..- T T T T T T T T T T T

 Photonic Higgs Search
| ADLO Combined %%,
| Preliminary ?9%
1 Excluded Region Ks
10 .
B A
10 | )
Ve It T e O 1082 Gev
T Expected Limit = 109.0 GeV
ol e
20 40 60 80 100 12
M, 0 (GeV)
EMERGENCY!

See Marcel Stanitzki Talk

Higer expected cxBR are
easier to exclude

LEP published a combined
upper limit on the H>yy BR

Assuming a Fermiophobic
Higgs one gets

m,>108.2 (109.0) GeV lower
limit on the Higgs mass

A 115 GeV Fermiophobic
Higgs has a BR(H>gg)<0.3
and is therefore NOT
excluded

Individual experiments
limits based on H>yy:
106.4 (Aleph),105.4(L3)...
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FermiophoBIc Decay Mode
© h>WW

hZ->qqqq(nn), qqin(nn), qqin(qq) [Missing Energy Channels] hZ->qqqq(qq) [6 jets]

*  Small but consistent excess in observed events , e.g. in year 2000, in qqlv channel, except 57.4 events, observe
73 with an expected signal of 2.5 for mh=115 GeV. Due to excess h->WW alone cannot set a limit!

However, when combined with h->vyy, L3 WW+yy has a sensitivity equivalent to the

combined h->vyy LEP sensitivity, 109.4 GeV (expected) with 105.4 GeV observed

- 0.8 I ﬂ A~ :.;._m—
-g_ I Observed /J
~ 0.7 i Median-Expected /
S o5 /
0.6
i 1
T ' 10 /
< 05 | /
| . Vi
. s
N 04 | :
:T 04 : / §
o 03 10 /
© 0.2 / *‘fi
T Observed Iy L3 howw*
0.1 | — Expected / i B hoy
. — Standard Fermiophobic Model B /405 4 GéV‘ (pre!lmlnaryJuIyzom)
80 85 90 95 100 105 110 115 120 10 55575 100 1025 105 107.5 110 1125 115 117.5.
mh (GEV) M, (GeV)

For more details see talk by Marcel Stanitzki
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e HHiggs: DoublesModelsi(2HDM) Type LT

cosa sina

cos B’
Acc :cot B; Abb :tan f8

- hbb :—

hec :

sin 3

Parameter Scan in General
2HDM(type IT)

1<m, <120 GeV

3<m, <2000GeV

0.4 <tan # <58.0
a=rn/2,x/4, —x/ld, —7/2

m, . and my

beyond kinematic reach

Below tgp=0.4 m, and m, not well defines,
below m,~3 radiative correctuons unstabe

e

=120 |

OPAL PRELIMINARY
; __ T T R T T T T T
é 140 i OPAL PN475 B 0.4 < tanp < 58

0.4 <tanB < 1.0

]
Y 1.0 < tanp < 58

100 |

X "-‘7

S AT Ererarny BTSN TR SE RN RS B
0 20 40 o60 80 100 120 140
m, [GeV]

The lower you allow
tgP the exclusion is weaker
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A light Hig |
could easily *
Even thoug 3

luminosity © %
of Z->bb i

oy
Analysis pe ‘
data in the i
OPAL) anc
¢ e ) 3 | EMERGENCY!
T ey e See Marcel Stanitzki Talk
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| YukawarProduciiontoit Light ]

* With BR(h=>11)=100%

one finds limits on 8, HE OPAL Preliminary ______ .
el | . . E

— Observed Limit E

U gAb~8.6-11.6 and %g """ Expected Limit E
16 o

o gp~8.3-13.8 14f Excluded .. <% ]

=
wn
(=
~
=]
\c-
[y
—
[a—y
[
[a—
[ o]

I B B B R PRI TS [N T T N T T T Y N N B b by a
4 5 6 7 8 9 10 11 12
m, 0 [GeV]
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B wssu R

* MSSMis a 2HDM type IT |
: -
Supersymmetric Model S | Minimal Mixing H, tan
E%

=
n
N

250 H; tai BE20 v
* Tree level: 2 pars (m;,,m,) or :

(TQB, mh) or (Tgb, mA) determines a 200
and the mass spectrum '

150
m, =m,|cos2f|<m,
100
m, . <m,
50
*  "LEP 2 must discover the light 0 0725750 75 100 125 150 175 200 225 250
Higgs boson or MSSM is out”, but m, (GeV)
ALLAS MSSM is saved by As tgp gets bigger m,~m, till it
radiative corrections that shift the safurates at mh.,
Higgs mass upward For low m, there might also be
sensitivity to the heavier H
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MSSINT=RadialiverCorreciions

2 2 4 2
m, =m. cos” 23 fl( élogm§]+%fz(4,logZZJ

m; ,
2 2
mz +ms ;
. | =\/ 5 Af The trilinear Higgs-stop coupling AguityH 0%
. L m:  mA
A, controls the mixing in the stop sector 73 = mem;
~ mA  m ?
A =4 —-u ctgf o E

H  Higgs mixing parameter pe H H,

Charged Higgs mass can go Below the W mass for small A mass
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WORKING ASSUMPTION  BR(H'™ — t'v)+ BR

PsiCharaed Higas Anomal

Djouadi, Kalinowski, Zerwas, hep-ph/9511342

1

.05

02

.01

:f
= BR (H) —
. tgh=30
cs

My
N — N
100 200 200 1000

-2In(Q)

(H" —>c5)=1

a)

Br(H — t'v,)=0.1

- Expected
-~ Signal
== Signal-lc

[.3

Preliminarcy

Observed

+1c band

* This 4.20 anomaly has not been
seen by any other experiment!

Difference of events / 2 GeV

122G band
- -
60 70 80 90
M [GeV]
100 -| ¢ Data—Background

s = 183—209 GeV

H'H —> ¢5Cs and ¢c8§t Vv_:
M, = 68 GeV

BR(H*>1v)=0.1

I3

Preliminary

Mass

[GeV]

100
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| CrdrgediHiggs ]

WORKING ASSUMPTION BR(H' —> 'v)+ BR(H" —> ¢5) =1

— 0.5 T T T I L L L] I T T T T I L L T I T T T I T T LI | I

-

LEP 189-209

@
&
Br(H—1v)

Br(H—1tv)=0

o
'S

cross-sec. (pb

®
5

IIIII\IIIIIIlIIIIlIIIIIIIIIII.l-IIII|III

@
W

0.6 |-

0.25

LEP 189-209 GeV
0.2

04
0.15

0.1 02 -

0.05

T YN

| 1 1 1 L 1 1 |
60 65 70 75 80 85 90 — : :
65 70 75 80 85 90 95

2
my (GeV/c) chgrged Higgs mass (GeV/ch)

- Y786

* There is loss of sensitivity nearmy, |, 81 GeV for BR(H® - 70)=0
H+

° LEP combined limit m,. >78.6 GeV for any BR(H" — v)
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| CrargediSliggsi AT Eow g 5 ]

Djouadi, Kalinowski, Zerwas, hep-ph/9511342

* As tgP gets lower the BR(H" — AW™)
becomes dominant
and the assumption of

BR(H* = 'v)+BR(H* = ¢5) =1

1

BREAKS!

* The H® > AW™
decay mode must be taken into
account!

H
©Q 0000
moN®O

* LEP has just now started to look into
that (in the framework of 2HDM (II)

©
IS

Branching Ratio (H")
o
(A

o
N

* However.... next

EMERGENCY!

See Marcel Stanitzki Talk
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N ey T

* IntypeI2HDM the H*>AW*
decay mode might be dominant for g 90:— e —
TQB>1 EE':: 80} TGI"Iﬁ‘ = 1.0 {
* A s assumed to decay for bb, so 70; B Excluded =
no scan was done for m,<12 GeV sof E
* OPAL searched for H'H>1tvqqbb, 50; ]
H*H->qqbb qqbb, H*H->Ivbb qqbb a0 ’
30 i b
20 i il
L Baioyvi o
0 _a!o S 5!0 — 6!0 TR R 7!0 P 8|0 T 9!6
m “(GeV)
EMERGENCY!

See Marcel Stanitzki Talk
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Search fer DolblyACliarged

Boson

Doubly charged Higgs bosons, iy exist in LR symmetric models

In LR symmetric models O'(ee — HL++HL")¢ O'(ee — H;H;)

H*>e*e*, uut t*tt,e'ms,....

D(E™ ST )~ m

HI It

H++

Indirect constraints

u —eee =hyh,, <47-10"GeV -m; .
Bhabha =h,,, <9.7-107° GeV-mlfI++

pe »>ue =hy, h,, <5810°GeV -m; ..

h,..>107 = Decay at Interaction Point,
smaller couplings > long lived doubly charged (large impact
parameter, kinked tracks, stable long lived).

Huitu-Maalampi
Hep-ph/9410342

DELPHT searched only for tt decays but all possible lifetimes,

OPAL for all possible decay channels assuming decay at IP

EMERGENCY!

See Marcel Stanitzki Talk
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Search o Dotbly Clhiarged Boson

* For hy,.>107 OPAL/DELPHI set limits m(H,*)»99.0/99.6 GeV

m(Hy~*)>98.5/99.1 GeV
For all possible lifetimes DELPHI sets a limit m(H*)>97.3 GeV ~—

DELPHI
OPAL
: : — = i T A= i T |
g " ne® H ot s GLH >107 || iz M= 4% 107
OPAL sets “‘: "‘: 60 L 1 2 0 - 1 GR -1
. = ~ I h, >107 i ; r‘“
limits on = PP A St N an e
production |z I . -1 DecayinIP ™% 0 -1
5 G A
sections | - v e N 5} //%:b /1}
All Decays |~ 5 60 80 100 0 L S 0 2 ,
in IP My [GeV] | : | :
—_ — 80 T L —
E g [ MR A 60 %0 100 60 50 00
& % g [ EML L . 9
~ -~ | th,>1w0" M, (GeV/cT) M, (GeV/c™)
& & %
5 B o L. | | - | |
= L A_iA Sitael =107 Sineeo h <107
E E o . : i | 1 Tl 1 "'”"-"-"--_..‘h.
B - 60 80 100 Stable

10 10

[ - > : a3 E
L joRe -2 ! -2 i
: ............;....................;.................... - ]-U i ]-D _//l"_

=
G(H™H") (pb)
G(H™H") (pb)

S | T ———— |

Limit on o(H*"H ") BR® [fb]
Limit on o(H*"H ") BR® [fb]

60 20 100 60 20 100
0 1 - i 0 D | | O | N )
” ¥ My [Glg:] * v My [Gl:f)] MH (GEVJ’C ) MH (GEVKC )
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BT seachmdda

Carena, Heinemeyer, Wagner and Weiglein, hep-ph/9912223

Mass Parameters GelV )
Benchmark H X, =4, -plgp 4, M gysy | M | M,
No — Mixing || — 200 0 4, 1000 800 | ~118
m, Max ~ 200 2000 A, 1000 800 | ~130
Larg e p 1000 - 300 A, 400 200 | ~108
. . 140 Carena
The Max m, scenario was designed to SRS
yield the maximal value of the higgs mass o Carge Mixing
< 120] tgp=15 —
o § | f L
The Large U scenario is designed to =100l _
produce suppressed Higgs to bb decays, & I - I
yet either the h or the H are 80 [ _fg_ﬁj_‘ _____ T
kinematically accessible at LEP 2. ; -
60 - -
0 100 200 300 400 500

ma (GeV)

Analysis is done using FeynHiggsDecay (Heinemeyer, Hollik, Weiglein '98)
Incorporating HDecay (Djouadi, Kalinowski, Spira), www.feynhiggs.de
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| MinimalMixing_________|

L EP 88-209 GeV Prelimina

—~ 160

NO

~

= 140

o
. 120 Theoretically

g Inaccessible

Excluded
by LEP

0 N80 _400 120 140 0 200 300
m, . (GeV/c) W’ m,+ (GeV/c?)

Akeroyd et aI hep ph/0205094 -

In this regjon t1gB~0.4 and m +~74 GeV.

This would have r'obably
Pa Tépég?h@dw%'w Feacnevered by

Branching Ratio (H")

the nexT LEP l‘rer'a’rlon
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| largepscenario |

March 2001->July 2001

~ 30 LEP 88-209 GeV Preliminary
a o [T TN T g T
4 i c e . e H - z e
N sl 4 (Lacge MuSean ] "]
40 Mg ,5,=400 GeV
el ... | 750 Gov
o | Unexcluded p=1TeV
3 b f m,,,,=200 GeV
: 10 -1 X,=-300 GeV u
2 ' P _ L R IR T
- S Y Br(h to bb) > 0.7 A H— S S— S— |
- i 'h _- = . _ _H ...... Exclud:ed u .......................... ......................... J
15 - : Br(h to bb) =0.5-0.7 by LEP
10 " Br(h to bb) < 0.5 1
; I

7300 400 500
P T R o O E R |

Bt -- S s - 2
0 50 100 150 200 250 300 350 400 m , (GeV/c)
A. Quadt m, (GeV)

* With the flavour independent searches the all pre-LEP IT defined region
is now excluded!
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L Maximdm, ]

N m, >91.0 (exp 94.6)

‘

160 [LEP 88—209 GeV Preliminary,
m: WIThOUT Radiative Corrections
> 140 . i MSSM would have
L been widely excluded
9 120
0 Theoretically
E
100
80 m,>91.9 (exp 95.0) GeV
)
60 ! "o% .
N\ 90
40 A C)
20 * Almost all accessible
region is excluded,
90 20 40 60 80 100 20 140 except near the hZ
1, (GéV/C ) and hA kinematical
| wall!

ee—~>hz kinematical wall 115
The LEP Higgs Boson Saga/ SUSY 2002/ Eilam Gross Weizmann INo)



MherMaxiScenarior = A Closer Look

LEP 88-209 GeV Prelimina

Theoretically
Inaccessible

70 80 90 100 110 120
m, . (GeV/c™)

Exclusion at the
2c level does not
mean there cannot
be an excess at
the 2c levell

You see something
but its not what
you excpect from
your model!

Excess in LEP 189
(at ~97 GeV) and
LEP 206 (~115) is
seen
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BT Ereess 13NN

z
> Vs = 183 - 189 GeV s
en - b °
~ 50 - b d
3 [ - ~
S -
g ¢ LEP data combined I £
m 40 B : i IO e R T T T N A D N N
" | background il E ]
L 10 4:_ ............................ R
30 | HZ-Signal(m;=91GeV) ||, - — Observed . :'
I ' 10 e Expected 31gnal (MEDIAN)
' 10 '5;_ ________ E— Expected bax:kground (averagé) ______________________
m_ IG-FZIIIiIIIEIIEIIEI||||||III|IJ'IEIIEII
80 8 8 8 88 90 92 94 9 98 100
I 2
10 - m(GeV/c")
0 i L
0 40 60 80 100 120
Reconstructed Mass my [GeV]
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L Maximdm, ]

For more details on
MSSM searches and
individual experiments
results including final
results from Aleph see
talk by Elizabetha Locci

Excluded

by LEP

Inaccessible BN N .
0 20 40 60 &80 100 120 214-0
m, . (GeV/c)
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| CastingDoubts |

140
130
120
110

100

Z2 2 & B

Ma|GeV]
A B

|1|1r|r|r|1|1|1r|r|r|1|1|1r|r|r|1|1|1r|r|r|1|1| |r|r|r|1|1| |r|r|r|1|'|| L L

L L W P S, D DN N | G T R TN G ] TN - —

CmalGeV]

1 1 1 I 1 1 1 I 1 4 A J 4 L L I. L L 1 E

=

200 400 Ll s00
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1 (60

A new version of Feynhiggs
including O(c,2) two loop
corrections to the neutral CP even
Higgs boson mass (Brignole et. Al. HEP-PH
o112177) and incorporating a modified
and more stable renormalization
scheme might weaken existing
sensitivities

(see talk by S. Heynemeyer)

For example, in the mh-max scheme
the max Higgs mass was shifted
from 128 to ~134 GeV, which

weaken LEP limits on tgp!

LEP will soon introduce modified
benchmarks to accommodate the recent
theoretical and experimental
developments (e.g. the large m scenario
has exhausted itself)
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* The LEP puzzle is still alive
and kicking
(and so is the puzzle of mass
generation)

* Still lots of pieces to fit in
(CP Violating Higgs, General Scan
MSSM....)

* Unfortunately, so far, none of the
pieces in this puzzle seems to be a
Higgs boson but
there is lots of space for exotic
physics to be explored by the After-
LEP TEVATRON, LHC and LC!
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| Gonclusions ]

If the conclusions are not
clear by the end of this
talk, you have probably

not been listening
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