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PHYSICS AT. LEP

R.D. Peccet
Deutsches Elektronen Synchrotron, DESY
Hawburg, Fed.IRep. of Germany

ABSTRACT

Thege lectures are devoted to a discu3sion of some of the physics

which will be forthcoming from LEP. Among the topics discussed are elec-
troweak physics at the__Zo pole and above the W pair threshold, sesrches
for Higgs bosons and for non standard physics phenonéna at LEP.

PROLOGUE

The'object of these lectures is to discuss some of the exciting physics which will be
forthcoming at the new generation of e e'*colllders SLC and LEP, operating in the 100 GEV
range. I -shall, for the most part, concentrate my discussion on electroweak phyaics, for two
reagsons. First and foremost this physics is ‘exceedingly 1nterest1ng and is Iikely to be the
focus of the experimental progrsm at SLC and LEP. Secondly, deviations from the standard
electroveak theory, although very important, are likely to be small. Thus it is vell worth-
while to discuss .in some detail the expectations of the standard model 1nclud1ng any poss-
ible inherent uncertainties

Host of. the material in these lectures is tontained 1in one form or another 1n the recent
report of the LEP Jamboree: Phxslcs at' LEP, edited by J. Ellis and R.D. Peccgl, CERN Yellow
Report CERN 86-02. I shall, 1in what foilows, réfer to naterial :h thls.report simply as YR,
indicating the volume and page number. I owe a debt of gratitude to all the participants in
the working groups of the LEP Jamboree for their splendid efforta, uhich made the preparation
of these lectures a relatively iight task.

I. ELECTROHEAK'PHYSICS AT _THE Zo POLE

The principal concern of LEP 100 and of SLC will be to investigate electromagnetic and
‘weak interactions in the. vicinity of the rAd pole To lowest order in the couplings of the
electroweak standard modeli), the production of a fermion antifermion pair is given by the
_d;agrams of Fig 1.1 ‘ ' o

- 'l ' | f

Fig I.1: Photon and Z° contributions to the process ete~ + £F
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At Js = the contribution of the second diagram above ig of order
g

7 3
GNC ~ ;g Gem ~ 10 Uem (I.13
Z
since
a tete”™ 3 ptpTy = ang? . a1 nbz = 10 pb I ' (I.2)
em 3s (JeGeV) Js=HZ

one sees that at the z° peak one expects a cross section of order:

Q.
Zopeak

= 10 nb (.3
LEP 100 should operate with a luminosity near

031 -2 -1

4 cm sec (I.4)

LEP 100 = 1
Thus in a year (of 10 sec) one should gather
[ tat | = 100 pu (1.5)
year
of luminosity, which corresponds to 10° Zo's. A somewhat smaller nuwmber of 7Z° per yéar is

expected at the SLC. It is clear, at any rate, that with these many Zo's,'one should be
able to perform precision tests of the standard electroweak theory.

2% WIDTH, B(Z®3fF) AND NEUTRINO COUNTING

In the standard SU(2)xU(1) model, the electroﬁeak intéractlons of fermions are described
by the following interaction Lagrangian:

e e
eI A e ——— gl e W, + e Z (1.6)
int em Y 242 sinew ¥ M 2c099w sinGw H .

where the first term in the above describes the electromégnetic (em) interactions, the second
the charged current (CC) interactions and the last the neutral current (NC)} interactions.
The currents characterizing these interactions in Eq(I.6) have different Lorentz transforma-

tion properties. The electromagnetic current

M - e, Vs (1.7

with



J -1 charged lepcons
£ l +2/3 u~like quarks (I.8)
-1/3  d-like quarks '

i3 a purely vector current. The charged currents

e
Y o o ooy Hea =i L
J+ = (ueu”ut)v (1-vg31 [ p ] + {uct)y (1 YS}VKH [ ] ] (1.9a)
T b
o= gyt . ' (1.9b)

where VKH 12 the Cabibbo-Kobayashi~-Maskawa?’ mixing matrix, on the other hand, have a V-A
structure, reflecting the fact that only the left handed fermions have non trivial
transformation properties under SU(2). Finally, the neutral current

v v 24 (M
JNC = 24J5 - =in ewJem) . ] L (I1.10)

hag mixed vector and axial wector transformation properties, as one can see from its
definition. Explicitly, one can write Eq(I.10) as

1. s u u
e = 2L rt v aatyor . | (I.11)
and one finds for the constants Vf and Af:

v 1 2 .

P P (Tslf - e 31“‘9ua 3 (}.12)

! T,) |
Ay = - > (Tolg
where )
I +1/2 neutrinos, u-like quarks )
(Tg)e = ] (1.13)

-1/2 charged leptons, d-like quarks

Using Eq(I.6) and the explicit form for J:C' it ie straightforwvard to compute the Zv
partial width inte fermion-antifermion pairs. The decay amplitude is given by

- M It - - e
T = N Ue (pg,s.) [Yuvf.+ vuvsAf] Ve (PFisp) (1.14)

cosew sinew

g0 that the decay width of an unpolarized z", at rest, into a fermion-antifermion pair,
whose polarizations are not detected, is given by



d3p, d¥pz

raz® » ff)y = — I - PP
ZHZ {(27) Ef m) ZEf

1
(zm® 5“<pz “Pe-pp o L ITt? (1.15)

e
N ]
a1

f

It is easy to check that there 1ig no Vf - Af interference in Eq(I.15). Furthermore, 1f
one neglects the mass of the produced fermions, then Vf and Af contribute the same to the
partial width. A straightforward calculation gives the result:

2
e M .
G c (Ve 4 ATy
12Zn sin Bw cos Gw

rz° » £fF)

J2 Gf H% z z
= o eVt A (1.16)
In the above cf is a color factor:
_ I 1 leptons
cp = | 3 aquarks (1.17)

The second line in EqfI.16) follows by using the tree level SU(2)xU{1) relation for the
Ferml constant

Gg e?

n = s (I1.18)
Z 8sin Bw Hw

along with the relation between HW and HZ' vhich follows if the breakdown of SU(2)xU(1) to
U(i)em is accomplished by a doublet of Higgs:

2 _ 2 2 ' ’
ﬂw = Hz cos Bw (1.19)

As I will discuss in detail later, radiative corrections alter the expresgsions (.16} for
riz® + ff). It turns out, however, that using the second expression in Eq{(1.16) these

corrections are very small, and for all practical purposes can be neglected.

Using Eq(I.16), the relative rates for the various Z° decay channels are easily
determined. One finds:

o -

F(Z° »v_ v ) =1+ 1T, = 2, (I.20a)
e e
[+] -+ 2 2 ’
rz® + eme*) = (1 + (1 - asin®0p%ir, = 1.01 T, ¢1.20b)
re®->u® =31+ a-Lain%)%r, = s.as T, (1.20¢)

rz® s ddr =31+ (1~ % sine, )%)r; = 4.44 T, (1.20d)



The numerical reguylts in the above use sinzew = 0.23. The constant ', in these equations

is given by
G

To = S o ey (1.21)
24 ¥2 0

vhere the numerical result applies for Hz = 92 GeV. Thus, for the leptons, one expects the
. partial rates

raz® » v Ge) = 170 MeV (1.22)
Tz® » e~ e*) = 86 MeV (1.23)

The quark partial rates are slightly increased from the values given in Eq(I.20) by QCD
effects. Since quarks carry color, in the Z° decay process into quarks one must also take

into account the possibility of having both virtual and real gluons, as shown in Fig 1.2.

q q
+ + +
2:0 _ [ Si ) . g

q Z q z q

Fig. 1.2: QCD corrections to the decay process YARES qa

To lowest order in xs. the effect of QCD is to multiply the rate for quarks by a factor of
1+ as/n. Not surprisingly, this factor 1s identical to that for the total e*e™ cross
section“’, since, neglecting the quark masses, the QCD corrections to the vector and axial
vector vertex are the same. QCD corrections, therefore, amount to a redefinition of the co-
lor factor Ce in Eq(I.1T):

I 1 leptons

¢ = (1.24)
1 31 + Iz (M) + 1 quarks
n Hz ...l q

Uging the estimate®’

ES(Hz) = 0.04 %= 0,01 (1.25)
n

gives for the z° partial rates into vu and dd the numerical values (HZ = 92 GeV;

sin"’ew = 0.2%)

raz® » va) = 306 Mev (1.26)

rez® + ddy = 393 Mev (1.27)



For three families of quarks and leptons, summing up all the partial rates except for that
of Z° o tE, glives for the total width the value

raz® - a1l = (2560 & 20) MeV (1.28)

no top

The above uses the assumed values for Hz and sinzew. The error shown is due to the uncer-
tatnty in a . Since the top quark mass 1s still unknown (the UA1 coliaboration reported
preliminary indications® for a top mass in the 30-50 GeV range, but these indications have
not been confirmed), it is not clear whether the decay 7% 5 tE will be kinematically allow-
ed. 1f Z° » tt is in fact an allowed decay, it is clear that the partial width will be quite
sengitive to the precise value of m, - The top quark mass enters kinematically in the express—

ton for the partial width through the appearance of B factors due to the more limited phase
space, where as usual

_ _ 2,.2.4/2
B =1 4 mt/HZ) (I.29

Furthermore, for small B the QCD corrections to the rate are enhanced®’ and differ for the
vector and axial vector contributions. Including the kinematical effects of a nonvanishing

top mass and O(a_) QCD corrections®) one finds

- J2zep M . a-gH
rz® s 1) = —F £ y2 g 2" F

2 3
. : > Xy + AZ 87 X, ] (1.30)

Here Xv and XA are QCD correction factors, which read:

2n 1 3+ g
X =1+, 0 s By (1.312)
v 1 3 "s\g 4 f : :
g Zn j 1 19 22 T 2] 1 .
X =1+ 3,2 s (13 _zZ 7 (I.31b)
A n 3 s\g 0 5 ° 28

Although the terms in the curly brackets in Egs(I.31) vanigh as B + 1, for heavy top
quarks they become very large due to the 1/8 factors. For example for m, = 40 GeV then
B = 1/2 and one has as QCD correction factors

Xv = 1.34 XA a 1,42 (1.30)

instead of the naive expectation X

o = 40 GeV is

v ='xA = (1 + gs, 2 1.04. The QCD corrected rate for

rz® » tt) = 81 MeV (1.31)



Fig 1.3 shows this rate, normalized by the rate inte p*y” pairs, es a function of m,

T T ¥ T

[ (Z—it)
[(Z>=u

1 I uncertainly

0 s . A .
25 30 35 40 45
mthéV}

Fig I1.3: Decay rate of Z° + tt normalized to that for Zz° » whu

Because for m_ near % Mz the QCD corrections are large, it is natural to worry about
higher order terms. The appearance of the as/B terms in Eqs(I1.31) are particularly troub-
ling but, fortunately, the origin of these contributions and how one can handle them is well
knounf). Terms of 0((aslﬂ)n are due to the exchange of n soft Coulomb gluons. However, since
the precise form of the Coulomb wave function is known, all these contributions can be gsum~
med up exacclya). This summation corresponds to making the following effective replacement

in Eq(I1.31):

4
2 ;;S (I1.32)
8 (1 - e s ]
38

Note that using (I.32) it appears that one still obtains a filnite rate in (1.30) in the B + 0
limit! In fact, this perturbative treatment stops being valid long before that. For g ~ a_
one must begin to worry also about the quarkonia bound states which the muitiple exchange

of soft gluons will form. I shall not discuss here further the effects of toponium-Z°

mixing, but refer the interegted reader to the papers of Ref 9. I just note that for m_ = 40
GeV the effect of the resumation tn (I.32) is not dramatic. It corresponds to the replace-
ment: 1.53 + 1.62, so that the rate plotted in Fig 1.3 is probably underestimated by &% at
this value of m, .

At any rate, the principal uncertginty in the rate for Z° + tt is not really theoreti-
cal but due to our lack of knowledge of the actual value for m, . indeed, to get a precise
value for the total width for the Zo, predicted by the standard model for 3 generations,
one will need te know m_ as well as posgible. Buchmifller et al'®) have studied this issue
in some detail and have suggested two ways of arriving at an accurate value for m . These

t
are:



1) Isolate the tt decays of the z° topologically. This should be possible since these
decays lead typically to multijets tn the final state. Once the branching ratio rz® + ttis
rez® » #"u7) is established, then a value of mt follows from the theoretically predicted
ratio of Fig I.3.
i11) More directly, once a certain fraction of t—decays are identified, then m,_ can be ex—
tracted from a measurement of the multijet invariant mass distribution.

Buchmiiller et al'®’ conclude that one can hope to pin down m, to within a GeV. Being a bit

more conservative, it is probably reasonable to expect that m, will be known to

6mt = * 2GeV. From Fig 1.3, for W, near 40 GeV, this uncertainty translates in an error for
the partial width

(2% 3 £E) = 30 MeV (1.33)

Hence, the prediction for the total 2% width for m, = 40 GeV, HZ = 92 GeV and slnzeu = 0.23
is
rz® » all) = (2641 = 20 + 30) MeV (1.34)

vhere the first error 1is due to the « uncertainty and the other to 6mt.

The actual prediction for raz® - all}, once HZ and sinzew are measured with accuracy,
might have a slightly different numerical value than (I1.34), depending on the central val-
ues of these parameters. It also will have a éomewhat larger error estimate, because both
sinzew and HZ have assoclated measurement errors. For 3 generations and neglecting t quark

mass effects one has
o 8 2 2
8I(Z” =+ all) = 960 (1 - — sin ewiasin Gw (1.35)
3

As I shall discuss later on, an error on sinzeu of ésinzew ¢ 0.004 should certainly be

achievable at LEP 100, which implies using (I.35) an uncertainty in the total width

6r(z® » all) | = 10 Mev (1.36)
2
4sin ew
An uncertainty in the 2% mass itself of 50 MeV - a number wvhich, as I will discuss, is
achievable at LEP 100 - gives a further uncertainty in rz® + all) of:

o P sz
srzZ% » all) | = 3rz% » all) —% = 4 MeV (1.31)

M
e <

Finally, one has to worry about the electroweak radiative corrections to the theoretical for-

las we have used to compute r«z® + all). For reasons which I will discuss later in some de-

tall, it turns out that the total width defined through the formula

o - 2 2
T(Z” » all) = 16, ¥ c{_.(Vf + Af) {I.38)
f



has very small radistive corrections, provided that sinzew is defined also to Q(x) by the
ratio of the W and Z° masses:

ug

2 My

sin9, = 1 - =3 (1.39)
Typically one finds'")

8o 4= 1 - 2x10~2 1 (2% + all) = (3 - 6)NeV (1.40)

where the precise value depends on the detailed values for HZ and sinzaw.
Putting all thege numbers together, the expectation for the total width, including ra-
diative corrections, for M, = 92 GeV, sin’e, = 0.23, m_ = 40 GeV is

rz% » all) = (2685 £ 20 + 30 £ 10 * 4)HeV (1.a1)

where the errors shown are our estimates for uncertainties in as, mt, sinzew and HZ' respec-
tively. It is possible that all these errors can be reduced internally in each experiment.
For instance, QCD studies can give a better determination of as(Hw); toponium physics can
probably pin down m, to better than 2 GeV; precise electroweak measurements can reduce the
uncertainty in sinzew. Since the errors in (I.&i) seem, at any rate, to be rather small, it
1s clear that if a precise measurement of I'(Z® 3 all) is feasible at LEP 106G, then one should
be able to put a strong bound on possible unseen modes. For instance, an extra neutrino ge-
neration would provide an additional width contribution of 170 MeV, which is much above the

errors in (1.41).

Considerable energy has been expended to see what is the intrinsic width accuracy for
the Z° that one can hope to obtain at LEP 100. This analysis is not trivisl in that radia-
tive effects substantially alter the nalve expectations. Only after these radiative effects
are accounted for, can one hope to extract a z° width suitable for comparison with the theo~
retical formulas discussed above. Let me try to explain this poinf with some care. Experi-
mentally, the most straightforward way to measure the total 2Y width ts by studying the
process e*e™ + p*y”, in the vicinity of the Z° resonance. The total cross section for this

process to lowest order in &, is easlly computed from the graphs of Fig I.4.

e L e p:
Y Z°
Fig I.4 Graphs contributing to e*e™ + p*p~

The effect of the 2% width is incorporated explicitly in the z° propagator by the replace-

ment



-10-

1 1

EY

z (1.42)
s - N s - M + 1ML, o

A straightforward calculatton, dropping fermion mass terms, gives the formula

ana’ 2s(s - M3) v
- Z @
otete™ » ptp7) = 1+ > r Z 2
- +
3s | sin“®, cos 8, Is - W, + WML i
s* (vE + AD* 1
+

- (I1.43)
4 4 2z 2
sin ewcos Ow Is HZ + 1uzrtot| J

The general structure of this formula is easy to understand. As was the case for the z°
vidth, also here there are no V-A interference terms. This means that the y-Z cross

term must be proportional to (1.Ve)x(1.vp) = V:, while the Z° term must have the structure
‘V:+Az’*‘”:+A§’ = (V:+A§}2, as 1s explicitly apparent from (I.43). Further the cross
section, because of the substitution (I.42), has the characteristic Breit-Wigner line
shape, which is symmetric about Js = MZ. A measurement of this line shape then should give

rtot directly.

This naive expectation, however, is not fullfilled in practice, since QED radiative

effects substantially alter the line shape. The principal modifications arise because of
initial state radiation from the incident e*and e~ beams (see Fig I.S).

Fig 1.5 Initial state radiation, giving rise to line shape modifications

It is easy to understand kinematically that the effect of this initial state radiations is
to:

i) shift the peak for the process e*e™ + p*p~ above Vs = M,
11) give rise to a long radiative tail for Js > HZ.
Both these phenomena are 1llustrated in Fig I.6, where the lowest order cross section 1is

contrasted with what is expected once one includes first order QED corrections, for a reason-
able set of experimental cuts
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Fig I.6 Total cross section for the process ete™ + p*p~(¥) in lovest order (solid line) and
QED corrected (dashed line), from Ref 12). The parameters and cuts used here are:
2 - o 0
Hz = 94 GeV, FZ = 2.67 GeV, sin Ow = 0.2157 and Ej+, E,- > 10 GeV, 57 ¢ 8, ¢ 1757,
3 = 10°,

acol

The size of these effects can be estimated roughly to give a mass shift 6HZ and an increase

in the width GFZ of order 4t :
2
em em o Hz
6Hz ~ 6Fz ~ ; ln 2 rtot ~ 150 MeV (1.44)
e

Thus these effects are far from negligible and one will have to unfold them to extract

accurate values for rtot and Hz.

Using the QED corrected line shape, however, it 1s expected that the actual experimen—
tal error incurred for rtot will be much smaller than 6F;m . This issue has been studied by
Blondel et alls) who suggested performing a scan from ¥s = B0 GeV to Js = 104 GeV with a
2 GeV step interval. Assuming that one can collect 2 pb-x integrated luminosity per point,
one would have approximately 4500 p*y~ pairs, of which 2000 in the peak, after the scan.

This procedure, vhich should take from one to three months running time at LEP 100, should

give a statistical error on rtot of‘a)
gtat <
srtot ~ 15 HeV (1.45)

Blondel et alla) also estimate that pgssible quadratic distorsions in the machine luminecsi-
ty versus energy - distorsions which would lead to a change in the e*e™ » y*y™ profile -
could give rise to a systematic uncertainty of order

syst ¢

L1y

tot ~ 10 HeV (1.46)

~-11-



If indeed the experimental accuracy achieved at LEP 100 is of the magnitude estimated
above, it will be more than adequate to test the prediction of the standsrd model for rtot'
given in Eq 1.41. Thus LEP 100 should be able to determine whether there are additional
neutrinos, or other light neutral excitations which couple to the Z°, beyond those of the
known three genérations. Although I am not aware of a similar detailed study for the SLC,

it is expected that & comparable accuracy for rtot will also be achievable there.

The above method to "count" extra neutrinos, or light excitations coupled to the Zo,
is rather indirect. There is an alternate, and more direct, way to do this neutrino count-—
ing, which uses the process ete”™ 3 v Nothinglq). Here "Nothing" stands for any kind of neu-
tral penetrating excitation and it includes, in particular, neutrino pairs. Near the Z%re-
sonance this process gets dominant contributions from neutral excitations produced by vir-

tual z%'s. This is illustrated, for the particular case of neutrinos, by Fig 1.7

e Y o

v Vv
Z° S " 5
et v ek-< Y,
' Y

vV
€ Y Ve € . Ve e” V,
+ w + W + ;::EEEIEEEEEE;\(
e Ve e .Y Ve e+ \_!E

Fig 1.7: Graphs contributing to the process e*e™ + vy

The size of the cross section depends directly on the partial width of the Z° into neutral
unseen excitations and s0 a measurement of e*e™ » y Nothing, in the vicinity of Js = HZ’

serves as a measure of this width.

To be specific, I wiil imagine that the only extra excitations coupled to the ZY are
neutrinos from yet unseen generations. Then the cross section for the process ete™ 3+ yub
can be computed directly from the graphs shown in Fig I.7. Note that if the pair of
produced neutrinos are tihe electron neutrinos, then in addition to the dominant neutral
current graphs involving z° exchange,oone must include also the charged current graphs. Of
course, for the physically measurable process ete™ = y Nothing one must sum over all neu-
trino species. I quote below the differential cross section for the process

e*te™ + v Nothing, with Nothing being neutrines, computed some time ago by Gaemers, Gastmans

and Renardls).
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do aGEs(1-x)

= = a-47 41,22 ) peo
dody Inlx(1-y*%) 2 4
where

. WEME - (1 - X)) (Ve - Ag) + 243 N, (V2 + AZ)
+

n@-—su —x)ﬂl+n§r§

Ftx) = (1.48)

In the above the parameters x and y are related to the photon energy ﬁnd its angle, 6y, relati-
ve to the incoming e~ direction:

“olm
5|

y = cose, : (1.49)
while Nu is the total number of neutrino species.

There are & number of observations that can be made about this differential cross sec-
tlon: ) .

1) The three factors appearing in F(x) correspond to the pure W exchange contribution,
the interference between the W exchange and the z° exchange cdntributions and the.puré z°
contributions, respectively. The first two of these terms occur only because of the hre-
sence of the ete™ 2 ue;er process. Thus it is only the last term in fo) vhich really
countg the number of neutrinos.

11) The relative magnitude betveen the terms sppearing in (1.48) can be easily deduced by
congidering the limit when Hw and H2 become large. In this limit, it 1s well known that the

+

effective Lagrangian for e%e™ =+ “e;e due to W exchange can be Fierz transformed into a form

involving only neutral currents. That ts

cc _C% - v, _ - _
zeff = 72 v, Y (1 Ygle e Yp (1 Ys)ve (1.50)
G

I S | R . -
= 7 v, AR Yslve e Yu (1 Ygle
This means that the W exchange contribution can be incorporated simply by changing the con-
stantsg Ve and Ae for electrons in the neutral current of Eq(I.1i1) to:

veff = v 1 eff

1 = A - 1%
. .t Ae = A "3 (1.51)

~

Thus in the heavy intermediate boson mass limit one would expect F(x) to reduce to

.

f
\

eff 2 eff, 2, \
e

Fix) 221 (N - 1) (v2 + A% + (v + (A
v e e e J

= 2N (VE+ A% + 2tV - A} +1 (1.52)
v e e [-] [
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which 1s indeed the result obtained in this limit from (I.48)
iii) The cross section away from the neighborhood of the Z° resonance is of O(GGES}, as can
be expected. Furthermore, the behaviour of the photon spectrum has the characteristic x~! form.
For energies close to the z° mass the terms involving the z° propagator, and therefore in-
volving the humber of neutrinos, are very much enhanced in F(x). This enhancement peaks at
x =1 - ﬂ;/s, which ‘corresponds to

Js M3

Z
= — - =2 ) x Jg = N
E = {1 s "2 (I.53)

vhere the second expression follews only for Js near Hz.

The differential cross section for the process e‘e”™ + v Nothing, for the case in which
Nothing is just the contribution of the neutrinos of 3 generattons (therefore NU = 3} is
plotted in Fig I.8. In this figure, the dependence on cos0, has been integrated over, for
photen angles lying in the interval 20° ¢ 0, < 160°. This angular cut, as I will discuss
below, is done to suppress background. One sees that, as one increcases the center of mass
energy Js, the peak in the photon spectrum shifts, as predicted by Eq(I.53). The height of
the peak is proportional to Nv’ which for this figure is taken as 3. Note alsc that the

cross section decreases as ET increases, due to the 1/x factor in Eq(I.a7).

" PHOTON ENERGY SPECTRUM
FOR e*emyiVimy=02 Gevl

[nb}

2 dE

s do

Fig 1.8: Cross section for e*e™ + v Nothing for ND = 3 integrated over all photon angles
in the range 20° « 8y < 160°. From Ref 16

Whether one can count the number of n;utrinos this way at LEP depends mostly on how success-—
ful one 1s 1n suppressing the normal QED background from the process ete™ + e*e”y, in which
both final charged particles are lost in the beam pipe. At LEP an electron is lost if

Oe < 6? or Be 2 174%. Since photons produced at large eY with respect to the beam axis, in

general, do not arise from conflgurations with forward going electronsg or positrons, the cut



20° < eY < 160° should substantially reduce the dangerous QED background. In her analysis
in the Yeilow report, Simopouloulh) considered that this cut would suffice to remove most
of the QED radiative Bhabha background, if one ran at energies a few GeV above the ZY reso-
nance peak. However, her estimate of the background neglected certain kinematical configu-
rations (forward geoing e~, with OY large) for which her numerical integration program be-
came unstable. This problem has been reanalyzed recently by Caffo, Gatto and Remlddi”J who
find a much larger background than previously estimated, especially for relatively low
photon energies. This is illustrated, for instance, in Fig 1.9 where the signal expected
for ND = 3, for a cut of 257 ¢ 67 < 1550, is compared to the background calculation of
Caffo, Gatto and Remiddiiv), for a center of mass energy about 5 GeV above the 2° mass.

gg—fnwsew
Wagh & ‘

Q06 &~} Background Y5 = 98 GeV

1 25° <9y <155° M= 932 GeV
oos| 7 '
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Fig I.9 Signal and background for a neutrino counting experiment with 257 ¢ GT < 155° and
Jg = Hz 2 5 GeV, from Ref 17

The estimate of Ref 16, for a similar experimental situation, would have given essentially
4 negligible background. An independent calculation by Mafla and Hartinez‘e), vhich treated
the sensitive numerical integration region in a different way than that of Ref 17, appears
to give very similar results to those of Caffo, Gatto and Remiddilv).

In view of the rather large background found, Caffo, Gatto and Remiddil?’ suggest that
it may be sensible to try to do the neutrino counting experiment at energies only slightly
above the Z° mass. Here the cross section, as can be seen from Fig 1.8, is rather large
and, if an accurate background subtraction can be performed, one may in the end be better
off. This same point was made sometime ago by Bartels, Fridman, Wu and Schwarztg). An alter-
native possibility, however, i3 to run at energies much above the Z° mass wvhere, even
though the cross section iz smaller, the background is really rather negligible. This is
iliustrated in Fig I.10. )
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A dedicated run at Js 2 106 GeV with an integrated luminosity of S pb'l, with a cut in OY
as indicated in Fig I.10, would produce 150 events with ET > 10 GeV, 1if Hu = 3, but Z00
such eventg, if Nu = 4. Since the background 1s small, the change between Nu = 3 and Nuz 4
gives a 4o effect.

As a last topic in this section, let me briefly discuss the z° leptonic widths. These
widths can be studied at LEP 100 directly by measuring the integral over the z° resonance.
In the vicinity of the resonance we can drop the photon contributions in Eq(1.43) and so
this crogs section takes a standard Brelt Wigner form

rez%sete ) r(z% sty

ls—Hé + 1Ft°tﬂzl2

ctete™ » p*p™) = 12n (1.54)

Note that the proportionality factor is 12n not 4n since the z° has spin 1. Integrating

over the rescnance gives a measure of the leptonic width. One has
1
2z

2
ls=t; + il M, |

1= f dJ/s ate*e” » pty™)

12ar%z% 5 1117 [ ads

(1.55)
sn2T2(z%1*17)
4
HZ rtot

Experimentally, the main source of error on the measurement of I will come from not

knowing the absolute normalization of the cross section, coming from uncertainties in the
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luminosity. The intrinsic errors in the total width &re less important. Blondel at 3113’
estimate that the overall uncertainty in 6I/I will be at the 37 level, leading to an uncer-
tainty in the leptonic width at the 21 level:

&T(Z%1*17)

27 {I.56)
rez%1t17)

This error is too large to allow one to obtain an accurate determination of sinzew, from

this measurement. Using EQ(I.20b) one has

srz%1+1m 1
(1.5M

2 i
$51in“0G,, 2 =
wos [ r«z%i1*1-) 1 - 451n29w)

For sin26w = 0.23, the above formula implles, for the error given in (I.586)}, ésinzaw = 0.03.

Clearly, this is extremely poor. There are much better wvays to determine slnzew at LEP 100!
Before proceeding with a discussion of how one goes about determining sinzew accurately, it
behooves us, however, to understand clearly the role which electroweak radiative

corrections play in these measurements. I turn to this topic next.

Ib THE Z° MASS AND RADIATIVE CORRECTIONS

In the standard Glashow Salam Weinberg modeli), in lowest crder, one encounters the
Weinberg angle in at least four different ways:
1) It relates the SU(2) and U(1) coupling constants to e:

e =g sinew =g' cosew (I.58)

ii) For doublet Higgs breaking, it relates the W and 7 masses (c.f. Eq 1.19

sz
sinzew =1 - —= (1.59)
Mz

111) It appears in the relation bestween the Fermi constant and the W mass (c.f. Eq I.48}

z
G e
. — (1.60)
Y2  8sin GWHW
lv) It enters in the definition of thg neutral current (c.f, Eq I.10)
poo_ P Lo ¥
JNC = 2{J; -~ sin eWJem) {I.61)

Because of this last definition, for instance, the cross section ratio among the purely NC

processes upe > uue and Gue 3 ;pe ¢an be expressed entirely in terms of the Weinberg angle:
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gly,e » ve) 3 - 1251n26w + 1651n49u

= = = — " (1.62)
o(vpe > uue) 1 - 4sin®@y + 16sin oy

To lowest order in the electrowesak theory all these ways of expressing sinzeu are equiva-
lent. However, this 1s no longer true when O{a) corrections are included. It is clearly
more useful to focus on expressions that relate sinzew to measurable quantities, like H;/H;
or the cross section ratio (I.62), than on the definition {I.58), which relates the Wein~
berg angle to coupling constants which must, in turn, be defined themselves. In fact, if we
used the definition (I.58) for ew we would find infinite contributions in higher order,
which can oniy be eliminated through an appropriate redefinition of the coupling constants.

Clearly no such problems exist if sinzﬁw is defined in terms of measurable quantities.

let me try to be a bit more precise. Consider calculating the ¢ross section for upe

gcattering beyond lowest order, by summing the set of graphs shown in Fig I.11. In doing

Vi VAN

e e e e e

Fig I.11: Some of the graphs entering in the calculation of upe scattering

s¢, one encounters, unavoidably, some infinite expressions. However, because the standard
model is renormalizable, these infinities can be absorbed in a redefinition of couplings

and of the breakdown scale of SU(2)xU(1). One can, in fact, choose these redefinitions in
such a way that the renormalized sinzew (which I shall denote as sinzes) is defined through
the requirement that the cross section ratio Utupe + vpe) / U(upe + vpe) to Ofa) is g.ven by
a formula jidentical to (I.62):

glv,e » ve) 3~ 1231n29§ + 1651n205

= = = P (1.63)
clv e > v e) 3 - 4sin®eR + 16sin®6R
v to Olw) W W

Having done this, however, when one computes mass shifts for the W and Z bosons, by summing
the vacuum polarization graphs of Fig }.12, the way to readsorb infinities is now fixed! So
the ratio between the W and Z masses is now expressed in terms of sinzeR and calculable

W
Ota) corrections.
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£1g 1.12 vacuum polérization graphs contributing to the Z boson mass shift

That 1s, to O{a), Eq(1.59) gets replaced by

1 - = = sinzes (1+cal . (1.64)

where ¢ 18 a calculable finite constant. Of course, one could have done things in another
way and absorbed the infinities associated with the graphs of Fig [.12 by adopting as a

Mass, vo 0t that

definition of the renormalized Weinberg angle (which I shall call sinzew

glven by the W-Z mass ratio:

M Mg
gin?e, 2SS = 1 - —

W 2 (I.65)
to Qa} HZ

This definition is different than the one adopted in (I.63) but the relationship between
these two renormalized Weinberg angles is well defined and calculable. In fact, from
(I.64), one has

siﬂzﬁﬁ&$? = 31n295 (1 + ¢uj

For the purposes of computing radiative corrections in the SLC/LEF energy range, li is most

useful to use as a detinition of the renormalized Weinberg angle that given by the W-Z mass

26)

ratio (I1.65), a suggestion which was originally advocated by Sirlin . For ease in writing

I shall, henceforth, drop the superscript "Mass" from Sinzegass’ but it is to be under-
stood, from now on that

2

o
stn?e, = 1 - -3 (1.67)

oo

One can obtain a value for sinzew from the direct messurements of Hw and Hé at the
CERN collider. Because what enters in (I.67) is the ratio of these masses, the large syste-

matic errors associated with the energy calibration cancel. However, the statistical errors

are still Iarge enough so that the value obtsined for sin®_ is not too precise. Using for Hw

and Mz the values given in the recent review of di Lellazx):

(B3.5 + 2.8)GeV UAa

+ 1.1
Z 10 . (1.68a)

M
y

(81.2 £ 1.1 % 1,3)GeV UA,, (I.e8b)
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'“z (93.0 £ 1.4 = 3.2)GeV UA

1 (I.68c)

It

HZ (92.5 £ 1.3 £ 1.5)GeV UA,, (1.68d)

one obtains, taking only the statistical errors into account,

sin®g, = 0.194 £ 0.031 UA, (1.69a)

sinze

W 0.229 * 0.030 UA, (1.69b)

which gives as average for the collider

s1n"ew = 0.212 £ 0.022 (1.70)

A much more precise value for sinzew can be extracted from low energy neutral current
experiments, after including O{a) electroweak radiative corrections. These corrections were
20} )
computed in 1981 by Marciano and Sirlin®2’ and Llewellyn Smith and WheaterZ? . These

authors, using the world average uncorrected value for sinzew from the compilation of Kim
24)
et al

tsinZe = 0.229 & 0.011 (1.713

H)uncorrected

ape r.)
arrived at a value of the Weinberg angle‘d"J :

(sinzew) = 0.217 + 0.014 (1.72)
The slight difference in the errors in (I.71) and (I.72) reflects the fact that some theore~
tical uncertainties are also folded in (I.72).

Five years later, the situation with respect to the value of sin®8,,, extracted from

’
deep inelastic experiments, has considerably improved. First of all, mu:h more neutral
current data has been collected. Secondly, the individual experiments themselves have done
the radiative corrections on their own data, avoiding thereby the pitfalls inherent in do-
ing radiative corrections to averaged data. The result is a trend toward a higher central
value for sinzew, than the value obtained by Marciano and Sirlinzz) and Llewellyn Smith and
Wheaterzs), and a reduced error. There is still a fair theoretical uncertainty from various
parton model assumptions necessary for the analysis: sea content, value of m. etc., which
probably add to an irreducible theoretical error in sinzew of £ 0.005. I quete below a com—

251}

pilatien by Panman of the most recent values for sinzew from deep inelastic neutrine

scattering experiments at Fermilab and CERN:

sinzew = 0.239 £ 0.008 £ 0.006 CCFRR (1.73a)
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sinzew = 0.246 % 0.011 £ 0.012 FHHF t1.73b)
s1n29w = 0.225 + 0.005 CDHS (1.73c¢)
sinzsw = 0.236 % 0.005 CHARM (1.73d)

The Fermilab experiments give both statistical and systematic errors, while the error for
the CERN experiments is a combined error. These results lead to an average value for sinzaw
in 1986 of2%’

sin®g, = 0.233 % 0.004 * 0.005 (1.74)
wvhere the last error above is an estimate of the theoretical uncertainty. The biggest
source of this uncertainty is the value of the charmed quark mass, used in the analysis.
The results given use m. = 1.5 GeV but, for example, CDHSZﬁ) quotes a dependence of sin’e

W

on m
(o

ssine,_ = 0,013 (m_(GeV) ~ 1.6 (1.75)

W

It tg clear that the directly computed value for sin®e,, obtatned at the collider,

Eq(I.70), is in perfect agreement with the wvalue obtained 1: upN scattering, after radiative
corrections have been applied, Eq(I.74). This agreement, however, 1s not really yet a test
of the electroweak radiative correctioens. The errors in Eq(I1.70) are far too big, so that
this value alsoc agrees with the uncorrectéd value of sinzew ! LEP and the SLC will allow for
a much more stringent test of the electroweak radiative corrections by providing a precise
value for HZ and sinzew (LEP 100, SLC) and Hw (LEP 200). Accurate knowledge of two of these
quantities, either HZ and sinzew, or HW and sinzew. or Hz and H“, tests directly these
higher order corrections. As this is an important part of the physics potential of LEP, let

me try to clarify this point with some care.

Eq(I.60) gives the lowest order interrelation between the Ferml constant and the W

mass. Adopting the definition (I.87) for slnzew, radiative corrections modify this formula
27y
to

2 na 1
= F
W J2 6, stn’ey (1 - an

(1.76}

Here Ar 13 a theoretically computable shiftZT’, to be discussed in more detail below, which

is of the order of TZ; & is the fine structure constant (a = 1/137) and Gp is the Fermi
constant measured in p decay, in which certain purely electromagnetic corrections are incor-
poratedza). Specifically

2 2 3
1 8m 3m m
= =621 -5 =8, —Eojpen (1.77)
T H ™ SM, 192n
u u
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with

a 25 2a m,
PER = 1 + — (— — 3% 1 + — 1n ] (1.78)
2n 4 3n m
e
Since a and Gu are known to great accuracyzg)
a~t = 437.03604 + 0.00011
, = (1.16637 £ 0.00002) x 1077 Gev~2 (1.79)

the test of the radlative corrections - the Ar term in Eq(I.76) ~ will depend on a

. z K
precision measurement of hoth HW and sin Bw. However, since sin Gu, Hw and HZ are related by
(I.67) any pair of these quantities will do. Using the average value for sin‘ew from

neutrino scattering experiments (Eq I.74) and the UA, - UA, average value for HW

(Hw) = BZ2.35 £ 1.7 GeV (I.8om

gives for (Ar) today a value which is consistent with the theoretical predictions, but

which is only 2”(2 Jd awvay from zero:

(Brigyp = 0.12 % 0.05 (1.81)

LEP and the SLC can reduce the uncertainty in the value of Ar to SAr = +0.01. Knowledge of

Ar to this accuracy can begin to probe very interesting aspects of the standard model, as

will be seen below.

The magnitude of the correction Ar has an origin which can be readily understood physi-

callyso’. In Eq(I.7€), two of the parameters, « and G . are specified from experiments done

at low qz. On the other hand, both H and sin 9 are quahtities that involve a scale of
order 100 GeV. Radiative corrections can only be large if there are large logarithms:

a&/n 1n Mw/<q >, since a itself is a small parameter. So¢ if we replaced « and G by their
running values a(nw) and G (Hw} in Eq(I.76}, since all quantities are now evaluated at the

same scale, the bLulk of the large radiative effects should be accounted for. Thus

nx na(ﬂzw)

H; ) : - y - - (1.82)
JZGpsin thi—Ar) ZGH(HW)Sin ew

Actually the Fermi constant, defined through p#—decay, does not run. The effective Lagrangi-

an for this process, after performing a Fierz transformation analogous to that done in
(1.50}), reads

eff _ GF - - R
Fa = 7z p Y (l-vgle v,y 1 Ys)uu (1.83)



The second current in (I1.83) 1s inert to electromagnetic radiative corrections, while the
first current has no anomalous dimensions, since it is conserved in the massless limit. So
GF does not get corrected by alnﬁzw/mzp terms in higher order. (This is also clear from

Eq 1.78) and one has

G, (sz) =G, ' (1.84)

Hence one is lead to expect"”’

. nal My
H‘w = —————H-g—— (I.85)
¥2G sin“e
1] W

Comput ing a(sz) through the usual QED vacuum polarization contributions gives3°’
2 1 137

aM? ) 2 — 2 a — ] = al1+0.0T)] (1.86)
w128 128

vhich in view of (I.82) leads to Ar = 0.07. The result of a detailed calculation??’ is in

(almost too good) agreement with this qualitative discussion, giving
ar = 0.0696 £ 0.00020 (1.87)

for mo= 36 GeV and using a value for the Higgs mass HH = HZ. The small error in (I.87) is
due to errors in the cross section e*e™ » hadrons, used to estimate the vacuum polarization

contributions of light quarks.

The level of accuracy for ar, 8Ar = £ 0,01, which I will show is achievable at LEP, 1is
the level needed to begin probing some of the yet unknown parameters of the standard model.
If the t quark is heavier than 45 GeV or so, it will not be seen directly in z° decays, but
it can affect &r. One finds®'’, approximately,

sar %P = - 0.007

mé - (40 GeV)?
— (1.88)

A
H W

So a 100 GeV top quark will decrease Ar by 0.01, and a 250 GeV top will totally erase Ar.
Present data, Eq(I.81}, already disfavors such a possibility. The dependence of Ar on

HH is milder, being only logarithmic. Nevertheless, since, approximatelyzv),

sar)i88S o 0 9024 1nK? /%, (1.89)

one sees that, if HH = 1 TeV, Ar increases by 0.01. So clearly an accuracy of 4r to = 0,01
is very desirable. At LEP 100 such a precision measurement is possible through an accurate
determination of Hz and a very precise study of the forwvard-backward asymmetry in the pro-

cess ete™ + y*p~, which will determine sinzew. At LEP 200, these measurements can be com-—
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plemented by an equally accurate deterwination of Hw. We discuss the first two points below

and defer a discussion of the Hu measurements to section II.

The accuracy with which HZ can be determined at LEP has been discussed by Blondel et
3113) in the Yellow report. Even though HZ cannot just be determined by the location of the

peak in eYe™ » p*p”, since this is shifted by radiative effects, the statistical errors
that follow from a fit of the radiative corrected line shape are negligible: (6HZ)Stat Y
10 HeV. The systematic error on HZ is dominated by the determination of the absolute energy
scale and by a possible linear variation of the luminosity over Lhe Z° peak region. A

linear variation in £ of 2% over 10 GeV - which is a reasonable estimate — would give a sys-
tematic shift in HZ of ~ 10 MeV. Of more concern is the absolute calibration of the LEP
energy. The error arising from magnet calibrations will limit the accuracy with which the

beam energy will be known to'®} $E/E = 3x10'“, implying (GHZ) = 30 HeV. Transversly po-

syst
larized beams at LEP, in principle, can allow an accurate determination of the spin precession
frequency of the electrons which, in turn, can be used to infer the beam energy more preci-
sely. (An accuracy of the order of 10 is quoted in Ref 13). At any rate, it is probably

fair to conclude that experimental errors on HZ at LEP should give at most an uncertainty:

£
(6H2)exp L 50 MeV (1.90)
Since
SMz
Sdar = Z{1-Ary — (1.91)

the error on Ar from (éﬂz)exp is very small (34r = 0.001). So the main uncertainty in Ar at
LEP 100 will arise from errors in sinzew. One has, using

e
(1-8r) = 2 53 (1.92)
JZGusin chos ewn 7
that
(cos®e, - sine (1 - ar) 2 8 .
sAr = W W 8(s1n“6,) = ~ &(sin“e,) (1.93)
cos Gwsin ON W 3

So to achieve an error in 4Ar of 0.01 one needs to measure sinzew at LEP 100 with an accura-
cy of £ 0.004. Thig is the accuracy with which we know experimentally sin29w in deep ine-
lastic neulrino scattering. Unfortunately, in thié latter measurements, there is also an
irreduciblé theoretical error of * 0.005. Such an error will not be present at LEP and SLC

since 'sinzeu will be extracted from a purely leptonic process: e*e” + pty™.

FORWARD-BACKWARD ASYMMETRY AND GSW PRECISION TESTS

Studying the asymmetry between events produced in the forward and backward regicng for

the process e*e™ » p*y~ one can extract a value for sin‘ew. If ve define the angle 6 as the
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angle between the produced p~ and the direction of the incident e (see Fig I.13), then for-
ward corresponds to 0 ¢ 8 ¢ n/2.

LL+

rig 1.13 Kinematics for e%e™ + p*p~

One can compute this forward-backward asymmetry, AFé' rather simply in lowest order, via

the graphs of Fig I.4. Radiative corrections to this result have been calculated by Lyun

31 3y
and Wetzel

and Stuart . As Consoli and Sirlin®¥) point out, one can absorb quite a lot

of the 0(a) weak corrections by expressing (A using the physical value of

) ) 2 FB)louest order
sin eu =1 - H‘NIH 7 Thus one can imagine splitting the results of the calculation into
three pieces
weak QED

AFB B (AFB)lowest order * 6AFB * dAFB (.94

I will explicitly display an expressien for the first term in the RHS of Eq(I.%94). The weak
correction to AFB can be extracted from the results of Ref 31 and 32. Finally, one should

remember that there is alse a purely electromagnetic correction to A since this quanti-

FB’
ty is not a parity violating asymmetry. This last term depends, however, on experimental
. - A oz . weak QED
cuts. Since (AFB)louest order S 3N explicit function of sin ew, once GAFB and AAFB are

subtracted awvay from the measured forward-backward asymmetry, the result wili yield direct-

ly a value for the Weinberg angle.

A straightforward calculation of the lowest order contribution to the angular distribu-

tion for e*e”™ » ptp” gives:

do 2na’ .
= ! (1 + cos?e) F,(s) + 2cosd Fyls) | (1.95)
dcos@ s \ )
where
. . 2s(s-H3) v2
(s} = 1+ - . ——Fm—e
1 M2, 2 2 .z z z
(s Hzl + HZ rtot sin Ow cos Gw
(1.96)
s? (VE + A%)%
2.2 2 -2 * 4 m
(s-ﬁz) + HZ rtot sin eu cos ew

and



Ae

z 2
sin 0” cos Ow

(1.9
2 Z Lz
. :s Va Ag )
a2 2 2 4 4
(s Hz) + Hz rtot sin Bw cos Bw
The forward-backward asymmetry is then, simply,
1 do " dg
f dcoso [ ] - f dcos® [ ]
0 dcosd 1 dcos6
3F,(s)
Ay = = — (1.98}
4F, (s)
1 do 0 dg
I dcos® [ ] + f dcos© ( — ]
0 dcoso 1 dcos®
At Js = Hz, dropping terms of 0((FZ/HZ)2), one has
lowest order 2 2
' . Tele L 301-4 sin2e? (1.9
*ra (v2 + a%)? W 99
e

Js:Hz e

Because sinzew is near 1/4, unfortunately this asymmetry is quite small. Furthermore since

(1.99) depends quadratically on V:, the accuracy required on A to determine smzeu pre-

FB
cisely depends on the actual value of sinzew

lowest order

¢ Arg I -
J5=Hz

24(1 - 4s1nzew] .ssin"'eu (1.100)

For sinzew = 0.233, for example, one needs an accuracy GAFB = 0.0065 to determine sinzeu to

+* 0.004, corresponding then to SAr =
at PETRA,

0.01. This 13 quite a hard task if one remembers that

at Js = 34 GeV where there is the most data, the typical error on a 107 forward-

backward asymmetry was about * ZJ. Here one will be dealing with a 27 asymmetry and one

wants 3 times the accuracy. Nevertheless, a study of this question at LEp®4) indicates that
-1

with 40 days of running at a luminosity of 10%* ¢m? sec

one could achieve a statistijical

error on 8A = 0,005, which could be reduced to 0.002Z with 200 days of running. However,

FB
the effect of systematic uncertainties 1s much harder to judge.

In addition to purely experimental uncertainties, there are also some theoretical prob-—
t

lems to wvorry about:
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1) As long as sin‘e” is not too near 1/4, éAggak is not too large a correction to

33 .
[ AFB ]louest order ), However, this is still a correction that must be included to ex-—

tract an accurate value for sinzew. In practice, as advocated by Lynn, Peskin and Stuart®>),

one should really aveid separating AFB this way. A more sensible way to check radiative
. 6AQEI)

FB FB

HQJ which enter in Ar. In a plot of A

effectys in SU(2)xU(1) may be to look at the predictions for A as 8 function of

the zY masg, for various choices of parameters (mt, FB
ED

- éAgB vs Hz, the predictions of the standard model vill span a band (see Fig I1.14, for an

illustration}). The question then is whether the experimentally obtained result sits in the

allowed band or not?

Ars = BAzy

010 my=1000 GeV

my=100 GeV

005+ my=10GeV -

0 i 1 1 1 1 1 L
90 92 94 96
ﬂ12{(3éV)
Fig I.14: A - GAQED as a function of for various values of M, and m, = 30 GeV. From
g 1-2%: App FB Hy H t :
Ref. 31

2) The purely QED part of the forward-backward asymmetry must be extracted carefully to

really check the purely electroweak radtative effects. This is somewhat tricky for twe

reasons®'1%);
i} The actual value for 6A?§D depends in detail on the cuts'?) made for tie process
e*e™ » p*uT(y), and so is apparacus dependent
QED

it} Typically, 6AFB ~ 0.02 = 0.03'2) at Js = Hz vhiclh is of the size of the effect, but
ig 3 - 5 times the size of the desired accuracy on AFB' So it is likely that one
will have to include higher order in a QED corrections to achieve the desired
. 28)
aceuracy .
My impression is that life will be very difficult and that to extract a precise value for Ar
will require many years of careful measurements. In addition, unambiguous results will not
really be obtained unless one is able to establish a symbiotic theorist-experimentalist

relationship.

The forward-backward asymmetry tn e*e™ » p*u~ is not the only way in whtch one can

measure a value for sinzew at the Z° peak. Asymmetries involving helicity measurements, if
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feasible, turn out to be particularly sensitive to the Weinberg angle, For instance, the
polarization asymmetry, A
left,

pol’ which measures the difference in cross section for producing
or right, pelarized fermions is proportional to the vector coupling of the outgoing
fermion. This asymmetry can be measured in the case of the process e*e™ + t™t”, since one

can use the decay 1~ =+ ﬂ_ut as a polarization analyzer. The louwest order agsymmetry is easi-

ly caiculated to be -

lowest order

[}

G(TE) - c(rE) l

Aol |
pol olT ) + o]}

Js=HZ L R Js=HZ

2 V"l’ A"l: 2
T —————— = 2(1 - 4 sin®8 ) (1.101)
tvi + Ai) W

Eq(I.101), in contrast to Eq([.99), is linear in %t - 4 sinzew. Thus the error in sinzeu is

independent of the precise value of the Weinberg angle:

. 1
ssin®e = = 4A (1.102)
W 8 pol
Furthermore, te obtain an error 6sin26w = & 0.004, a much less precise value of Apol is
needed (éApol = 0.03) and the polarization asymmetry itself is much bigger than AFB (Apol =

0.15 vs AFB > 0.02). Unfortunately, the measurement itself of Apol 1is considerabiy more
difficult.

The way in which Apol for 17 leptons can be measured is by looking at the energy distri-
bution of the produced pions, in the decay = -+ mvy. In the rest frame of the t leptons,

the decay t7 » w7v 1s forbidden for v;'s produced along the direction of the 1~ polariza-

tion, as shown in Fig I1.15.

< Tpol < Tpa

| A

<= Vpol =3 Vpol
Allowed Forbidden

Fig 1.15. Alloved and forbidden configurations in 1~ 2 # vy decays.

If Bn is the angle which the pion makes in the « rest frame with respect to the t direction
in the laboratory, then it is easy to see that the angular distribution of the produced

pions in the T rest frame is given by

dN

~ {1 - A cos@é ) (1.103)
dcosen pol T
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Since the pion energy in the laboratery is related to Bn oy

x
il
[

1

(1 + cos® ) (L. 104}

it follows that a measurement of the distribution dN/dx“ will give a direct estimate of
A

pol:

dN .

d ~ |1 Apol (Zx11 -1}1] (1.10%)
o

ChaveausT), in the Yellow report, estimates that with a run of 100 days one can achieve a

statistical accuracy on the t polarization asymmetry of (GApolDStac ~ 0.016 with a systema-
tic error of half this amount. If this can be achieved, this weasurement c¢ould provide an
extremely accurate value for sinzsw. But even if the accuracy were reduced by half, one

would still achieve the goal of measuring 6sine,. to  0.004.

W
If one were able to have longitudinally polarized beams (something which might be
easlier to achieve at SLC than at LEP) then a measurement of the left-right asymmetry for

- - - .z
the process e*e™ » p"p” would also give a sensitive measurement of sin OH' At resonance and

using only the ilowest order contributions, one finds™?3)

ale[ ) = cleg) 2
A, = —————— = 2P, {1 - 4 sin‘g) (1.106)
LR oteT) + oleg) u

where P, is the electron polarization. So the comments made for Apol apply essentially ver-—
battm here, provided P, is large. The presence of a non vanishing longitudinal polariza-
tion, furthermore, modifies the formula (Eq 1.99) for the forward-backward asymmetry, so
that this asymmetry does not vanish anymore quadratically for sinzew = 1/4. QOne finds“’, in
lowest order and at Vs = HZ,

3 2 2 : |
- - i - (1.107)
AFB = 2 (1 4 sin eul { Pe + 21 4 gin Bw)j I

So the ability of doing measurements with longitudinally polarized beams may help achieve a

. .
more reliable value for sin ew.

As a last topic of this already rather long section, 1 want to Lriefly discuss radia-
tive corrections to the z° partial widths. These widths also receive 0(ax) medifications

and, for the leptonic channels, one cap write:

3
_  GuM
rz® s voy = 2L (1 +¢e

1242n v
o . - GHH% 2, .2
[(Z¥ > eTe™) = (1t + (1 - 4 sin ew> (1 + eee> (l1.108)
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The corrections €5 and Eee have been computed hy Consell, Lo Presti and Maiani®l) and oy
39 . ‘

Wetzel®®) ang they are quite small. This is understandable, since G does not run so that

a .

one expects € € ~ o Indeed, typically one findsi!’3®) € _, € ~ (2-3)x10793

ee vy ee
corrections are very much below the experimental errdr one can hope to achieve on the par-

. These

tial widths (recall Eq I.56). Therefore, for all practical purposes, these corrections can
be ignored completely.

ELECTROWEAK PHYSICS WITH W PAIRS

At LEP 200 the process e*e™ -» W'W~ uill become kinematically accessible. In this sec-
tion, I want to discuss some of the nice electroweak physics, connected with this reaction,

wiich can be studied in this higher energy regime.

I1a GENERAL. PROPERTIES OF THE REACTION e*e~ + Why-

The process e*e™ + W™W™ is particularly interesting for twe reasons:

1) It involves all three interactions of the standard model (Eq .6}, as shown in Fig
IT.1

i1} It is the first reaction vhere there will be a direct test of the three gauge
vertices yW'W~ and z%Wru-

+
Ve

CC EM

Fig Il.1 Lowest order contributions to the process ete™ + W'W-

The three gauge vertices are a fundamental ingredient of non Abelian gauge theories. They
arise because the field strengths for non abelian gauge fields contain a term quadratic in
these flelds. For instance, for the SU(2) gauge fields Ng, a =1,2,3, one has

~Hv \Y

FPY o= M - 3% 4 1ge . WM (11.1)
a a a abc¢ b ¢

Because of this, the usual "kinetic energy" form of the gauge field Lagrangian

= - Ho (11.2)
Fd FF

apv

L=

implies both trilinear and quadrilinear gauge couplings. The effect of these couplings is
felt indirectly through their contribution to virtusl higher order cerrections. However,
LEP 200 is the first place where there will be the possibility of verifying directly the

presence of these trilinear gauge couplings, in a lowest order process.
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The gauge boson wg is a linear combination of the photon and z° fields. One has
T .
uf = cose 2" + sing A (1.3

decause the trilinear gauge couplings arise only from the SU(2) gauge interactions, it is

ciear that the yW'W™ and VAN o F i vertices are related' to each other. Since

pooE g

Wo sy L F (11.4)
one easily deduces from Eqs (II.2) and (II.3) the following VWYW~ vertex, where V = { A,ZO}
") - /- -a Q .
FVGB (p,q.q}) = 1ngw \ (q—q)pnas + (p-q) an + (q—p)B np } (1.5

This vertex, vith the relevant kinematical notation, 1is shown in Fig IL.2. In the above the

coupling 8y for the z° and the photon, is given by

8y - B cosOw = e cotB”

il

g sinOu (I1.5)

L
[+]

EAWW

Fig I1.2 The three gauge vertex VWW in momentum space. Note that p+q+a=0

Using the interaction Lagrangian of Eq (I.6} along with the three gauge vertices dis-
played above, it is a straightforvard matter to calculate the cross section for the process
ete™ » WYW™. This computation was first carried out, about 10 years ago, by Shuskov,

o)

Flambaum and Khriplovichag’ and by Alles, Boyer and Buras®®’. The result for the total

cross section can be written as

z 1 5
g = nap S 1+ 2n + %] = 1In [ i ] - ;

23 sinqew \ B 1-B

z 2
M7 (1-2sin” By P | 1+ 1 5

(s—H;)

M3 (8sin®ey ~ asinfoy + 1187 [ 1
49(9-5%}2

20 1
+ + — + 12 (I1.7}
X

Here f = (1-4\)1/2, N o= Hﬁ/s and s = (2Eb)2 is the gquare of the CM energy. This cross

section is plotted versus the beam energy, Eb' in Fig I1.3. As can be seen from the figure,
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the cross section after the threshold rise is quite flat in the LEP 200 region. In magrni—
tude this cross section is relatively large, of 0{20 pb), which iy the size of the cross
section for e*e”™ - hadrons in this energy range. If one takes intu account of the finite
vidth of the W's, the rapid rise shown in Fig Il.3 at threshtold will be softened. We shalil

have occasion to return to this point below.

25 T ' T . — r
o (pb)

20

15

10

LI L B B B B B O
BEEEEEE RN NN

i 1 i 1 1
100 10 120
Ep (GeV)

&
&

Fig I1.3 Total cross section for the process e*e™ » W'W™ in the standard model

At LEP 200 it is reasonable to expect a somewhat higher luminosity than at LEP 100, perhaps

as large as

_ 31 -2 -1
zLEP 200 = Sx10 cm” “sec (I1.8)

For an "experimental" year of 10’ sec, such a luminosity is equivalent to collecting 500
pb~' of data. For the case of W production this corresponds to roughly 10% wru- palrs per

year, a very nice data sample with which to test the standard model.

The cross section given by Eq (I1.7), at energies much larger than 2 Hw, falls in an

essentially pointlike manner (except for a ln s factor). One easily deduces that

ﬂﬂz 1

- —— = 1n s/MK* «I1.9)
s>)ﬂ5 ZSin"Gw s Hw

This good asymptotic behaviour obtains only as a result of crucial cancellations provided
by the presence of the graphs containing the three gauge vertices. Indeed, without the

three gauge vertices in the precise form given by Eq I1.5, the cross section for ete™ =+ Wi
would violate unitarity. For instance, the cross section arising purely from the v-exchange

graph of Fig II.1i grows linearly with s°1)



na’s Gp
g ~ ————— 5 — g .
v exchange 5>>"5 9531n“ew HS 48 . CIT.10

The inclusion of the other two graphs in Fig II.1, with the couplings predicted by the

standard model, softens this bad behaviour to that given in Eq (IT.9}). Unfortunacely, since

LEP 200 will at most explore energies up to Eb = 100 GeV, the difference between

o, exchange and the total cross section predicted by the standard model is not
overvhelming, as shown in Fig 1I.4.

o(pbl R
’
Lok il Ty exchange
30
20
) 10

1 1 1 | 1 -
80 90 100 110 120 E,(GeV)
Fig II.4 Comparison of the v-exchange cross section to that of the standard model, for the

process ete™ -+ Wy~

The unitarity of the Kobayashi Maskawa matrix VKH (see Eq I.9) guarantees that the W's
couple universally to quark and lepton doublets. Neglecting fermion masses and QCD
corrections, it follows therefoure that

B{W + hadrons) = — =

3+1

3
(II.11)
+

o]

where the factor of 3 is due to color. This means that the W' signal at LEP 200 going
into 4 jets is roughly half of the total W'W™ signal

g
olete™ » W'W + 4 jets) = IT atete™ » WW™) = 10 pb (11.12)
[

This crogs section is much bigger than the 4 jet cross section expected in QCD, which

should be less, or of the order of, 0.5 pbqi)

. So the W'W™ signal manifesting itself into 4
Jets at LEP 200 is almost background free! Furthermore, other channels like e*e™ + WHW—,
with one of the W's decaying leptonically, are also quite distinctive, with very little
background. It is thus reasonable to presume that with roughly 10" W*W™ events produced per
year one should be able to do detailed investigations with about 5000 W*W" pairs per year,
per experiment. This will be a unique sample to study the three gauge vertex in the fore-
seeable future. Although this vertex enters also in the production of W pairs in pp or ﬁp
collisions, the study of these events is precluded by enormous backgrounds in hadronic ma-

41)

chines . These backgrounds are non existent at LEP 200.
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Not only the total cross section but also the angular distribution for the process
e¥e” + WW™ can be studied. One finds that the angular distribution of the produced W
bosons is very foruward peaked. That is, the W are produced preferentially along the direc-
tion of the incoming e~ in the CHM system. This distribution is displayed, for two different
beam energies, in Fig IT.5. 1 shall not give here a detailed formula for da/dcos@, as this

expression is rather lengthy and can be found in the Yellow book™*!’.

50 _1 LI B (M i B B | | LU L ]
- — E,100 Gev ]

40_" -~- Ep=90 GeV
] 30 .
@ L. 4
W - fa
Q o ! -
© 201 ,/j
8 7
= - ]
10 : _/’ t
1] N NN TS TR Ry
-10 -0.5 0 05 1.0

cos B

Fig 11.5 Angular distribution of the W™ in the reaction eTe” » W'W . Here 6 1s the angie

the W~ makes with respect to the incident e~ direction

One can understand the reason for the forward peaking shown in Fig I11.5 rather easily. The
v excnange graph of fig II.1 contains a propagator proportionai to the momeactum transfer be-

tween the e~ and the W-. This t™° factor favoers small angles between the e and the H .

A second qualitative feature which can also be easily understood refers to the helicity
states of the produced W's. Precisely in the forward direction one of the produced W's must
necessarily Be longitudinally polarized, while the other is transversly polarized. Since
longitudinally polarized W's artse only as a result of the W's naving a mass, it is clear
that the possibility of producing longitudinally polarized W's at LEP 200 is very 1nter—
esting. Without the spontaneous breakdown of SU(2)xU(1), the W's would have been massless
and only transversly polarized. Thus the longitudinally pnlarized W's are intimately con-—
nected with the mechanism of spontaneous breakdown. Unfortunately, as we shall see, away
from the forward direction transversly polarized W's dominate and it is quite difficult to

extract the purely longitudinally polarized component.

The fact that in the forward direction one has one longitudinal and one transverse W is
& direct consequence of angular momentum conservation. The interactions that appear in Fig
I1.1 all involve vectorial vertices. Thus, neglecting the electron mass, it follows that
the process e*e™ -+ W'W™ can only occur if the electron and positron have opposite helici-
ties. The two relevant configurations leading to cL and o are shown schematically 1n

R RL
Fig II.6a. In the forvard direction, 1t follows that the W and W~ helicities must add up to
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unity and the relevant configurations are shown in Fig II.6&b.

e‘ e+ e“ e+
- <= - -

i it gt

<= [

o .
Fig II.6a Helicity configurations Fig Il.6b W'W~ helicities
in the e%Ye™ + W'W™ scattering; in the forward direction;

We see from this flgure that, in the forwvard direction, for the case of ULR and GRI the

allowved configurations are
I WHin=1) W (x=0)

iR (11.13a}

Wr(x=0) W (h=-1)

WHin=—1) W {(\=0)

RL ¢I11.13h)

f
l WHA=0) W ix=+1)

in fact, as we discuss below, ¢ is very much greater than o so that only the configura-

LR RLT
tions given in Eq ¢(IIl.13a? are relevant in the forward direction.

One can understand qualitatively why GLR »> URL for ete”™ » WTW™, as follows. In Fig

II1.1, the neutrino exchange graph contributes only to %R’ because of the (V-A) form of the
charged current interactions. The"graphs involving the three gauge vertices contribute te
botii % R and ORL, since they do not involve a purely (V-A) eTe” vertex. However, the Tl
contribution is small because tlere exists a cancellation between the v and the z¥ graphs.
In the limit in which one could neglect the z° mass altogether, then instead of considering
photon and z° exchange, it would be equivalent to consider the exchange of Ug and of YV -
the gauge boson coupled to the U(1) current. But only the W, gauge beson can couple to
W'W™ and it couples to e*e” in a (V-A) form. So in this limit, ¢, actually vanishes! In
fact, numerically, one finds URL ~ 10"2 GLR, at the energies relevant for LEP 200417
Hagiwara et al®?? have studied in detail the fraction of W's produced at LEP 200 with a
given polarization and a given producticn angle. Their results, which update and compiement

an earlier study of Gaemers and Gounarisqg) are displayed in Fig II.7.
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Fig II.7 Angular distribution for the process e'e” » WYW at Js = 190 GeV for differenc po-

larizations {(A_, X\ _J of the produced W and W' bosons.

One notes from this figure that:

i) Apart from 6 z 0, where W (~1) W' (0} or W (0) W' (1) must dominate, Dy angular momencum
conservation, the main polarization states produced are W (-1) Wi+,

1i) . . ) : 3

11> The interesting wuong. wnong. configuration (0,0) is not very relevant, except cliose to
the forward direction. But even there it is a factor of five smaller than the transverse-

transverse and transverse-longitudinal cross section.

in principle, one can try to separate out the various polarization contributions
experimentally, by using the angular distribution of the produced fermions as a polarizalon
analyzer. To do this, it is necessary to determine the direction of the W axis in the
event. This 1s facilitated because, kinematically, the energy of the produced W must be
that of the beam energy. Once this axis is determined, one can boost back the event to the
W rest frame. In this frame, the angular distributicn of the produced fermions (which
materialize experimentally as jets if the fermlons are quarks), depends on the W helicity.
Let 8 be the angle of a produced e~ (or d quark) with respect to the W™ axis in the W rest
frame, as shown in Fig II.8. Then, because of the (V-A) form of the charged weak inter-

actions, one finds the following angular distributions:

(1 + cosa™? = -1

ing* =0 (11.143

(1 - cos8™1% %\ = +1

o J
{

dcose”

Lo R Lo I W L

One can check these fermulas qualitatively. For instance, since the Ve are right nanded, at

@ = 0 it is clear that only a W of helicity -1 can contribute, as shoun picterially in
Fig 9. This is precisely the result of Eq 11.14.
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Fig II.8 Definition of the angie 6"

Vg~ e W

- - | o A=-1

Fig II.3 Helicity considerations which show that only W (-1) contributes for 6% = 0.

Obviously to be able to extract the angular distribution of W's of a given polarization,
it is necessary to know the charge of the emitted fermion. For the case in which the W'W™
pairs decay into 4 jets, this is not easily ascertained. Still one can distinguish between
longitudinal and transversly polarized W's. Without charge identification one cannot tell

the difference between M = i, but both of these give rise to a transversly polarized W. So

the angular distribution of jets in the W rest frame separates still W from W . One
long trans
has
Lk
fﬁ { sin”8 wlong (I1.15)
dcose” 1 + cos?e®
trans
where utrans is the sum of the distribution for X = £ % in Eq II1.14.

ITI. DETAILED W INVESTIGATIONS

One of the most interesting aspects of LEP 200 is the possibility to measure there the
value of the W mass very precisely. As I discussed in Sec I, to test the electroweak radia-
tive corrections it is necessary to measure accurately two out of the three quantities My,
sinzew and HW' As we have seen, a precise measurement of sinzew at LEP 100 and the SIC is
possible but difficult. Hence an accurate determination of Hw is very welcomed. This is
particularly so in the case one were to find small deviations from the standard model at
the Zo,as there is no reason to believe that these deviations should affect the relationsghip

between HW and HZ in the same way as they affect the relationship between sinzew and HZ.

From the fundamental formula relating Hw to Ar, Eq [.76, one readily computes the error
in Ar as a function of possible errors in Hw and HZ. One finds, approximately,

+

( = )211/2 (11.16)

sor = 22 [ 29 )7 4 a3
My

The last term contribute an error to Ar of order 3-4x10~Y if GHZ can be kKept, as expected,



below 50 Mev. One sees, therefore, that measuring Hw to #1100 MeV could push the error in Ar
to

sar £ 0.007 (I1.17

This cleerly 1s an interesting goal for LEP 200. However, is it really possible to reduce

the experimental error on Hw to the level of one part per mil?

This issue was ilnvestigated by Barbiellini et alql', in the Yellow Report. They
suggested four different methods for measuring Hw which involved:
1) Studying the threshold dependence of the eTe™ » W'W" process
11} Measuring the electron end point spectrum in the decay W + ev
111) Heasuring the di-jet mass in the decay W -+ aq'
iv) Heasuring the ev invariant mass in the decay W » ev
Each of these methods appears to be able to determine Hw with systematic and statistical
errors in the 100-200 MeV range [(Process 11) is a little less preciseq"]. Because these
methods are, in principle, independent, it is possible to combine their results. Thus a
neasurement of H“ with dﬂw £ 100 MeV appears to he feasible at LEP 200. I shall not discuss
all the four methods to extract H” in detail here, but T will make a few remarks on the
threshold method and the jet-jet extraction of Hw. Both of these methods appear promising,

but they will require a tareful understanding of both theoretical and experimental subtle-
ties,

Measuring Hw via the threshold dependence of ole*e™ + W'W™) requires a scan and there-
fore some decigion on how to optimize the running time per point. To get an idea of the
statistical significance one could achieve, Barbiellini et al“'? considered the case shown
in Fig 11.10, in which 100ph’1 of data were taken distributed over 10 energies from Eb =
80 GeV to Eh = 100 GeV. This excercise leads to a statistical error on nw of 6Hw = 138

MeV. However, no atlempt was made to really optimize this vaiue.

[T T Y T l’l |_| L I A A B O L I
25 F G le'emW'W ipb q
20 ,,’“—ﬁﬁ""‘“~~h,;:
15F :
r -==- [ =0 3
10 E_ Mw’-' 82.5 GeV -E
. Mw=282GeV 3
SE $ 10 pbldata point-
C ol TR
70 80 90 100 1 120
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Fig 11.10 Statiatical errors and running time distribution leading to 6Hw = 138 MeV, from
Ref 41,

The calculaticns leading to Fig (I1.10) incorporate two important effects not included in
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the cross section plot of Fig 1I.3, namely the fact that the W's have a non zere width and
that the final state W's are reconstructed from their decay byproducts. The finite W width
makes the turn-on of the cross section less sharp than that of Fig 11.3 and it is clearly
an effect which must be included of one wants to extract Mw accurately. The fact that W
events have to be reconstructed from the decay byproducts means that, in practice, events
contribute to the cross section when their mass is MW * A. The graph in Fig 11.10 uses a.
value of A = 10 GeV, which contributes to depressing the value of the cross section beyond
threshold. In addition, for a proper comparison, one really should use the radiatively
corrected expressions for glete™ 2 W'W), Unfortunately, although electroweak radiative
corrections for the process ete™ + W'W™ have been computed qq), these results are not in a
form which is particularly suited for experiments and probably will need to be partially
redone. Provided these theoretical effects are incofporated, nowever, a value of Hw to 6Hu
=+ 100 - 200 HeV seems clearly achievable with this method. The systematic error, as for
the z° case, 15 small, being only due to the beam energy calibration and should be able to

to be kept well under SO0 MeV.

Heasuring the W-mass from the jet—jet invariant mass of ils decay byproducts, at first
sight, appears not to be very accurate because of calorimetric losses. If one reconstructs
the 2 jets corresponding to each W in a 4 jet event by finding the W-axis, as shown schema-
tically in Fig II.11L, and imposes no additional censtraint, then typically one finds an er-
ror Gﬂu x 2 GeV. However, as suggested by Roudeauqs), the situation improves dramatically

if one imposes as a constraint that the 2 Jet energies should add up to E the beam en-

beam’
ergy. In this case, as shown in Fig [[.12, the measured hw in a Monte Carloe study differs

from the input Hw by only 6Mw = 80 MeV. (The statistical error on this measurement is insig-

nificant). This experimental "renormalization” seems to get rid of essentially all calori-

metric losses!

\
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Fig II.11 Reconstructing W's from the process ete™ » W™ + 4 jets
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et b’
value was Hw = 83.2 GeV and the output value is Hw = B83.125 Gev. From Ref 41.

Fig 1I.12 Reconstructed 2 jet invariant mass with the constraint Ezj = E . The input

Although also this method looks very promising, one must worry about QED processes
involving real photen emissions: ete™ + W'y, which will change the constraint E, = Ezjet'
One needs a separate correction for this effect, and it is not clear what errors it will
induce on an HW measurement. As one will know a value for HZ very precisely at LEP 100 by
other methods, it would be particularly important to try to test this new methed for mea-
suring mass with the hadronic decays of the 2%, What value of MZ will one get by imposing,
in 2Y hadronic decays, the constraint Eﬁjet = 2Eb? Perhaps a kinematically more closely akin
test would involve measuring the z° mass in the process ete” - ZOY, with the z° decaying
into hadrons and using the constraint Ezjet = 2Eb - Ey. At any rate, these are tests which
will allow cone to better gauge the intrinsic accuracy of this method, which is peculiar of

e*e”™ interactions, where the kinematics are fixed.

Besides the W mass, at LEP 200 one can study in some detail W decays, especially those
into hadrons, which are difficult otherwise to study in hadronic machines. For quark decays,
W o> aq', the branching ratio B(W»ﬁq') measures the appropriate element of the Kobavashi Mas-—
kawa matrix: qu,. As I mentioned earlier, if one neglects the effect of quark masses (more
precisely, mass differences) the hadronic width into a given quark species is independent of
qu' gince, by unitarity,

A L S R | (I1.17)

b
q' aq

Apart from QCD corrections, this width 1s 3 times the width ¢f the W into 163;

_ G )
MW > 1v ) =——n;=241 MeV tI1.18)
e 2
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wnere the numerical value corresponds to HW = 82 GeV. The effect of QCD corrections, as in
the z° case, 1s to multipiy the hadronic branching ratio by 1+%S. For the decay W - Eq' one
needs, furthermore, to include the effects of the top mass, since this mass is non negligib-

le. (Indeed m, > HW is not excluded!)

The total rate I"(W » all) for the case of three generations can be writter in terms of

['(W 3 ev ) as
e

3eslz+ (1+ ) (1-

2y

) 2
r(W » all) { me }2) s, } (I1.19)

mg
- z
(W > eue) ZPIw n

Using my = 40 GeV and Hw = 82 GeV this formula leads numerically to FN s 2.12 GeV, which tis
quite near to the value expected for the total 2% width (c.f. Eq I.41). The individual

hadronic ratios for decays not involving t quarks are given by

- a -
B(W +qq') =3 IV 121+ =5) BtW » 10y = 0.277 1v__, 12 (11.20)
aq T e aq

while for decays invelving t—quarks one has

z %

- . @ m mE ., -
BOW S ) = 31V 1% (1 + =1 + =52 (1 - —% 12 B » 15
£q m M e
W W
= 0.180 Iv_ 1%
tq
(I1.21)

where the numerical values apply for mt = 40Q GeV, Hw = 82 GeV.

Depending on the flavor identification possibilities of the varlous LEP detectors, it
should be possible, by studying hadronic W decays, teo extract the value of some of the

Kobayashi Maskawa matrix elements. Of particular interest is the value of V This is an

element which actually can be readily singled out experimentally. The decaytz 3 tb will iead,
in general, to multijet topologies with jets which are considerable softer than normal. These
events, as shown in the Monte Carlo study of Fig I1.13, have quite different characteristics
than the usuyal W -+ jet—jet events. So a reasonable clean sample of W » tb events can be se-

lected, for example, Ly imposing a thrust cut of T ¢ 0.75 and a jet multiplicity cut of Njet
3 4. Vertex detectors could in principle heip to disentangle the contributions coming from W

2

3 tb from those arising form W » ts or W » td. However, IthI is expected to be s0 much grea-

ter than “ and thd!z, from the unitarity of the Kobayashi Maskawa matrix. Thus essential-

v, 1
ts
ly all W decays involving a t quark will also invelve a b quark. So it is unlikely, therefore,

that the handful of remaining events not invelving a b quark can be unambiguously separated.

It is clear that with 500 pb—1 05 data one will have a very interesting sample of W
hadronic decays to analyze. Even with only 307 efficiency to detect hadronic decays of the
W's, one would be left with over 4000 such decays to study. Although this is a small sample
in comparison to many other "weak decay"” expérlments, it is a theoretically very clean

sampie to study weak intentions involving hadrons. In contrast to charm decays, for example,
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hadronic decays. From Ref 41

vhere the QUD effects are many and difficult to disentangle bécause the q2 is small, in W
decays these effects should be manageable. This difference is displayed pictorially in Fig
II.14.

u
QCD g

W QCD

ot

Fig 11.14 QCD effects in weak decays of a D-meson and in the decay of the W.
There are many other detalled studies that can be performed at LEP 200 involving W
production. I shall return to an example of such a study, involving properties of the 3

gauge vertex, at the end of these lectures.

11T _HIGGS SEARCHES AT LEP

One of the most interesting issues to be pursued at the SLC and at LEP is the search
for Higgs bosons 1in the available energy range. Before discussing the various methods to
look for Higgses in e'e” interactions, I want to recall first some general properties of

Higgs bosons in the standard model.

Iila GENERAL FEATURES QF THE HIGGS SECTOR IN THE STANDARD MODEL

In the electroweak model of Glashow Salam and Weinbergl’ the breakdown of SU(2) x U1}

to U(i)em is effected by an SU(2) doublet field which is complex. Thus this field
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8 = zf ) (111.1)

describes in toto, four excitations. The bLreakdown is caused by assuming that ¢ has asym-
metric self interactions, governed by a potential

2,2

Vidr = adte™ - - v C(111.2)

[

This potential forces ¢ to obtain a non trivial vacuum expectation value
@ = = (o) (1113
iz ' 0 ’

which leads then to the desired breakdown: SU(2) x U(l) - U(l)em. Because of this breakdoun,
of the 4 real fields in ¢, 3 get eaten by the Wt and Z° gauge bosons, to provide these

fields with mass. However, one neutral field in ¢ remains as a physical excitation. This is
the Higgs boson H. In models where the bhreakdown mechanism is more complicated, as in
supersymmetric models where more than one doublet of Higgs is involved, more physical
excitations remain in the theory. However, in the standard model, the only physical remnant of
the symmetry breakdown is the Higgs boson H. Clearly its detection would be of fundamental

importance.

The W* and Z° masses arise form the gauge invarilant kinetic energy term for the doublet
$:
L = —(DUQ)* (DH¢) (III.4)

where the covariant derivative DP’ since ¢ has hypercharge -1/2, reads

Y 14 (I11.5)

Here g and g' are SU(2) and {1} coupling constants, which in lowest order, are related to
the electromagnetic charge via Eq (I1.58). It 1s easy to see that the vacuum expectation
value {(II1.3) generates a mass for the charged W& fields and the cowbination of neutral
fields gwg - g'Yp, which is proportional to the z° field. Using the relationship between wg
and Yp, and Z" and Ap, characterized by the Weinberg angle,

W cosB sind Z
3 =
( Y ] ( -sinH cosé ( A ] (111.8)
W 4
and Eq (I1.58), one has
gwg - g'Yu = (g/cosew)zu (1IT. D)
Hence it 1is easy to see that the W¥ and Z° masses are given by
H L 1.8y (I11.8)
= — py : El -
W 2 & Hz 2 cos®

W
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which shows the characteristic interrelation between Hw and HZ’ due to doublet breaking.

From Eq {II1.8) and Eq (I.18) one identifies, to lowest order, the Fermi scaie v as
V= (2GTH? s 250 Gev (1T1,9)

From Eq (III.4) one can extract the coupling of the Z and W bosons to the physical
Higgs boson. For this purpose, it is convenient to parametrize & in a way in which the fields
which are eventually absorbed by the W and Z bosons are explicitly separated out as an

overall phase factor. This is accomplished by writing ¢ as
{ ——

e v+l
0= (%) (111.10)

Obvicusly the triplet of fields E does not contribute to V($). Furthermore, it is also rather
easy to show that E can be removed from Eq (111.4), via and SU(2) gauge transformation. So

for our purposes, one can just use effectively

b o v
¢z (%) (I11.11)

with H being the physical Higgs field. Using the above in Eq (I71.4), along with the mass re-—
lationships (III1.8}), yields the following trilinear Higgs-gauge couplings

z = - = z¥z u-
= 1 "

wWe H (I111.12)
H-g s1n20,, -

M
sinew W

Note that the Higgs coupling 1s proportional to the mass of the particle it couples to. This
i8 a characteristic property of the Higgs beson, which alse applies to its coupling to
fermions.

The doublet Higgs ¢ can couple to the quarks and leptons via SU(2) x U(1) invariant Yu-

kawa couplings. If i and j are famlly indices, the most general form for these couplings is
given by

LU= d = - 1 -

Ly ikava = r1J tugd), ¢ uig * r1J tugd oy ¥ dpg * r1J ( vliliiL [ 1JR + h.c. (II1.1%
where

=1, ¢ (IT1.14)

When ¢ is replaced by Eq (III.11), the vacuum expectation value v will give rise to mass
matrices for the quarks and leptons of a given charge

f 1 f / 1
1 = 75 Tig y Wdil g (II1.15)
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To go to a physical basis, these mass matrices must be diagonalized by (bi) unitary
transformations on the fermion fields. (These transformations are the one which result in
the appearance of the Kobayashi Maskawa matrix for the charged weak current). Since, however,
v is alwvays accompanied by H, these transformations also diagonalize the fermion Higgs coup-
lings, so that the resulting Higgs-fermion Lagrangian is just

e

g€, . = -m ff - —
v

o ] fFH (111.16)

for each species of fermions f. Again, these couplings are proportional to mass.

The Higgs boson mass is easily worked out from the Higgs potential (III.2). One finds
weo= v’ (111.17)
Unfortunately since the parameter M is unknown, the value of the Higgs mass is undetermined
in the standard modei. Thus searches for Higgs bosons, in as wide a mass range as possible,
are very interesting. As we shall see, with LEP one can hope to produce Higgs bosons with
measurable rates if their mass is less than about 100 GeV. (The direct process ete™ » H can

produce Higgses with = 2E,_, but because of the tiny coupling of H to e*e™ pairs, this
1 pling

direct production is not expzrimentally observable). Higgses of mass less than 100 GeV are
kinematically forbidden to decay into either W or Z pairs. In view i{f Eq {(III.16) any Higgs
boson produced at LEP, therefore, will decay inte the heaviest fermion anti-fermion pair

which is kinematically allowed. If HH < th, these will be a hb pair. Otherwise the dominant
Higgs decay is into tt pairs. A simple calculaticn gives for the Higgs boson width into a fer-
mion and and antifermion the expression

Gp_m¢” 3

(H » ff) = — M
442 m H B

3
11

1
(Iri1r.1sy;
f
vhere the upper factor above applies for quarks and the lower factor for leptons. Here B =
(1 - amg/M{»'/%. This width is very narrow. For instance, if m_ > 30 GeV, a 60 GeV Higgs will

c
decay dominantly into bb pairs with a width of order 3 MeV!

11Ib HIGGS SEARCHES AT THE Z°

Since at LEP and the SLC one will have of order 10% z° per vear one can look for the
Higgs in z° decays, even though the relevant branching ratios are not very large. The best
z° decay channels for searching for Higgses appear to be z° » H11 and z° » Hew*®). Both of
these reactions make use of the zYZ°H coupling of Eq I1I1.12 tolproduce the Higgs, as depicted
in Fig III.1.

[,V
v

g\ z° L

Fig III.1 Diagram contributing to H11 and Huv production at the 2° pole.
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The differential decay width for the dilepton process was calculated long ago by BjorkenQT’,

who obtained

drz®st11» a . UL - x + x?712 + 22%/3] [x% - 42%)1/%
= 2 2-2 (111.19)
dx nsin“26,, [x - 2%}
Here x = ZEH/HZ and z = HH/HZ. with the kinematic range for x being given by
2 (I11.200

2z { x§ 1 + 2

Because of the 2° propagator factor, the differential rate (II1.19) favors the production of

lepton paris with as large an invarlant mass as possible. One has

ml.i=nz(1+22_x)1/z 3 HZ-H_H ‘ (II11.21)

Fig I111.2 displays this peaking behaviour, which constitutes a characteristic signature for

the decay z% 5 H11. This is a useful hendie to have, since the total branching ratio for this

oL 22—+ 1
i f §
5 2 57
2 L i
E 1k 4
§ 5
2 a .
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Fig III.2 Dilepton mass distribution for the process 2% » H e*e” for various Higgs masses.

From Ref 46

process drops rather rapidly as a function of the lHiggs mass, as illustrated in Fig T11.3,
taken from the Yellow Reportqs’. For HH ~ 40 GeV, one is left with just a handful of events

of the type H1*1™ for every million Z°'s!
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Fig III.3 Branching ratioc for the process z° » HI1 as a function of the tiiggs mass, from
Ref 46

Under these circumstances one has to evaluate very carefully the effects of possible
backgrounds. This matter was studied by 1. Baer et alqs’, vwho concluded that the background
processes are in fact manageable by applying cuts vhich reduce the signal less than a factor of
2. The principal source of background, if it is kinematically allowed, is provided by the de-
cay of a zY into t which then produces Z Jets and a 1*1” pair. This baciground can be tamed
by impesing a missing energy cut of Emiss < 15 GeV and requiring that the produced leptons
be energetic and isolated (E11 > 15 GeV, E12 > 5 GeV). The resuit of this calculation, inclu-
ding also the bb background, is shown in Fig I1II.4.

T T T T T

¢ o e ¢-T"—g'e

00 Hadrons
sl ¢+ x background from
ete—-2"— tt
+ —bb

EVENTS /107 Z°

—

L L=
T

——
1

20 30 40 50 60
My (GeV

Fig 11I.4 Event rate (for 10" z%'s1) and background level arising from z% 5 tt + bb from the
MC calculation of Ref 46b.
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The process 2% » Huu is also quite interesting for a Higgs search, since the branching
ratio for this process is about 6 times greater than that for z° » H11 (c.f. Eq I1.20). The
signal is, however, less distinctive than in the lepton pair case, since there are more sour-
ces of background which can produce two jets plus missing energy. Baer et al“a’, at any rate,
have alsc studied this channel and conclude that it can be dug out of the background, with
appropriate cuts, if HH = 20 GeV; but Higgs detection becomes problematic if HH is above 30
GeV. In any event, for processes with such low rates, like the production of Higgses from the

20. it is very useful to have more than one channel to look for a signal!

I1I¢c HIGGS SEARCHES IN TOPONIUM DECAYS

Despite the early indications of UAis’ of a top signal with 30 GeV ¢ m < 50 GeV, nobody
really knows for sure if the t quark is that light. However, it is certainly a reasonable
possibility that the associale tt bound states, toponium, will be in the range of LEP 100 and
the SLC. (Toponium physics, however, will be difficult, if not impossible, at the SLC because
of the larger energy spread of the e’e” beams there). If this is the case, then one can fore-
see that, besides z° physics, a very active program of investigation connected with toponium,
will take place. Three aspects of toponium are particularly interesting to study. They
concern:

1) The tt spectrum itself

11) The weak interaction properties of t quarks

i11) Higgs production from toponium

Although the third point will be the main focus of my discussion here, let me make a few
brief remarks on the other two points.

Toponium spectroscopy is, in principle, very rich. For the ¥ system one has two states
below open charm threshold, while for the T system one has three states below open bottom
threshold. For toponium, on the other hand, one can estimate®®) that there will be, approxi-
mately, 2(111':/:“(:)1/2 states below the continuum limit. So of order 10 states for mT o~ 80 GeV!
However, most of these tt states will not be accessible because of the worsening of the energy

spread, as one goes to higher energies. The energy spread at LEP is expected to pe4??

-3 2,
GELEP = [4.4 x 10772(GeV*) ] HeV (II1.22)

Since for a narrow J=1 tt resonance

, T2EE » 1717

f dJs ole*e™ » 1¥17) = 6n 3 =
HtE Ftot(tt)

(111.23)

one can estimate the signal expected, from a knowledge of the toponium width into lepton pairs
and the magnitude of this branching ratio. Although these quantities depend in detatl on the quarko-
nium potential, a reasonable estimate!¥? is that

riceey,g =+ 1%*17) = 5 Kev (111.24)
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with a branching ratio of order 107. With these numbers and the LEP energy spread, it is easy
to check that the ‘tE);s stgnal for HtE ~ T0-80 GeV 1s about twice the background arising

from non resonant e%e”™ » 1*17, due to photon and Z exchange:

EP

Resonance Js=M - (I11.25)
Region £t

J"Js do (e*e” » 1*17) = (8E) alete” 3 1%t17)

Things get rapidly worse for excited topontum states because the leptonic widths decrease.
Nevertheless, it‘should be pointed out that the signal itself is not small. 1f HtE ~ T0-80
GeV the total rate into toponium is of the order of 100 pb or 30 events a day at the LEP no-
minal luminosity.

If top is i1n the LEP 100 energy range, cne of the interesting questions to study is the
spectrum of the lowest toponium bound states. Both the splitting between the 2s and is states
and the leptonic width of the 1s triplet state are sensitive to the Coulombic part of the in—
terquark potential. These quantities, therefore, depend on the value of the QCD A-parameter,
vhich governs the evolution of the strong coupling constant. This dependence, for the case of
the leptonic width, is displayed in Fig III.5 and, as can be seen, the differences are signi-

ficant, especially for larger values of HtE‘

T T T T T T T T T T

[(1S1{KeV]

20 L0 80 00 160
2mi[Gev]

Fig 1II.5 Dependence of F{(is+11) on Aﬁ§' From Ref 1¢

Although toponium is in many ways analogous to the charm and bottom quarkonia, there is a
very important difference, cennected with the weak interaction properties of the top quark.
In contrast to the case of the ¥ and T states, il is no longer true that the decay (tt) -

3 gluons is the dominant mode of deexcitation of toponium. There are two reasons for this:
1) As the (tt) states get nearer in ma;s to the ZO, the decay of toponium will be dominated
by the production of a virtual Zo, which then decays into fermion antifermion pairs.

11} The t quark, in the (tf) bound state, will weak decay into a b quark and a virtual W.
This single quark decay (SQD) rate grovs as (mt)3 and thus becomes dominant for heavy to-

ponia.
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The various branching fractions of toponium, as a function of th, are displayed in Fig

IlI.6, where the above trends are clearly seen. The two body channels dominate at the z°
peak, while the SOD rises rapidly and is the moest impertant branching ratio beyond th x
70 GeV, except at the z° peak.
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Fig III.6 Branching ratio of the triplet (tE)lS state, as a function of th. From Ref 10

The presence of a dominant SQD above th = 70 GeV means that toponium decays will give

rise to multijet events, which provide a good signature for the existence of toponium

experimentally. If m, < % , as we discussed in Sec I, one will know m to within a couple
of GeV and 50 one can localize toponium rather easily. For m,. > HZ’ the presence of toponium

will give rise to abundant spherical events. Again these will serve to 1dentify the toponium
location, especially if one makes topological cuts on the data. Of course if m is much
greater than Hu, the rate for the process t » bW will be so fast that the tt state itself will
cease to exist, since there will not be enough time for the quarkonium to form! At any rate,
the 5QD width is independent of the Kobayashi Maskawa matrix, because of the unitarity of

this matrix. One finds

et GEni (18 Loy g2 ) QEEEE
(tt) a —k = h (111.26)
SQD 192n° q ty 320

neglecting small phase sgpace corrections.

Probably the most interesting aspect of toponium is related to the search for Higgses.
The decay of (tt) into Hy has a substantial branching ratio for toponium in the LEP energy
range. One can compute the ratio of (tt) into Hy, compared to the toponium leptonic rate,

rather precisely, since the wavefunction at the origin cancels in the ratio. From the

diagrams of Fig III.7 one easily calculates >}
TCEt) » Hy) GpM? % M2y

R = = ) {1-—=—) (IT1.27)
refet) » 1*17)  and2a o

tL
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Fig III.7 Diagrams contributing to toponium decay into Hy and 1*i~

This rate, actually, has rather large QCD corrections, which have been computed by
Vysotskisn_ For ”tE of order HW’ R = 1/2. Thus the Hy branching ratioc is non negligible,
being of order 51 (see Fig III.6) for Higgses not too near the kinematical limit. Given the
rate of production of toponium, one sees that, for HH = 40 GeV, the process (tt) + Hy glives
rise to a few Higgs events a day. This is to be contrasted with the few event a year

expected from the decay YASR HL*1™, for Higgses of the same mass'

Buchmliller et 3110)' in the Yellow report, have cstimated the integrated luminosity
needed to detect Higgs bosons of a given mass in topenium decays. Because the decay (tL) Hy
has a very clear signature, consisting of an energetic ¥ produced opposite to a dijet, one can
hope to detect Higgs bosons with masses up to HtE - 10 GeV, if m < % Hz. For heavier topo-
nia, the situation is slightliy less favorable because the v plus dijet background is worse.
Fig II1.8 give the integrated luminosity needed to detect a 3o Higgs effect in toponium
decay, for different values of HtE. As can be seen in Fig [II.9, for a "light'" topenium the
signal stands out clearly from the v+jets background, almost all the way to the kinematical
limit.

T T T T T T T 1 T
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I )\ 1l o] 1 ] 1 0 ] | 1
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Fig III1.8 Integrated luminosity needed to detect a 3g Higgs signal in (tt) » Hy. From Ref 10
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Fig III.9 Signal and background for the decay (tE) = Hy, for different HH and HtE = 70 GeV.
From Ref 10.

It should be clear from these figures that, if toponium is in the range of LEP 100, the pro-

cess (tt)> Hy is the best way to search for liggses of mass above 10 GeV.

111d HIGGS SEARCHES BEYOND THE Z°°

It could be that the Higgs mass is above that of toponium, or top itself is very
massive, so that no Higgs signal is seen at LEP 100 or the SLC. This could easily happen,
say, if HH 2 60 GeV. In these circumstances LEP 200 can provide a further window for a Higgs
search up to masses nearing H“ x 100 GeV. Above the Z° energy range, the most effective means
of producing Higgses is 1n assoclated production with 7%'s. The diagram is the same as that
studied at the 2° pole (Fig III.1), except that now the produced 2° is real and not virtual.
The cross section for the process ete” + Z°H has been calculated by a number of authorssz’,
vith a particularly complete set of formulas being given by Kelly and Shimada, who also
considered the subsequent decay of the 2% into lepton pairs. One finds

na?[1+(1-4sin’0y 2 1P (PZ+31%5)

gleve” ZOH} =

P (I111.28)
&4 4 2.z
24sin Gwcos ew(s HZ) E]
vhere P is the 3-momentum of the Z%:
_}_ 2 2 _1_‘ 2 _ 42,2 172
P = 2 { s - ZMZ - ZNH + (Hz HH) ] (111.29)
8

This cross section is plotted for various values of the Higgs mass in Fig III.10
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Fig III.10 Total cross section for the process ete™ - z°, as a junction of HH and the beam

energy
One can see from Fig [11.10 that:

1) the cross section for e*e” » HZ® is not too strongly energy dependent after the threshold

rise

11} the cross section itself is smallish (¢ £ 1 pb for HH 2 50 GeV) but is measurable at LEP
200 where one hopes to be able to collect 500 pb_l of data per year. For reference, remember

atete™ + WW™) ~ 20 pb.

Of course, to actually measure this cross section one must identify the Z°% and so one really
ends up by reducing the number of events, since not all z° decays lead to easily identifiable
signals. The techniques to use are again very similar to those employed for the Higgs search
at the 2° pole. The cleanest signal is provided by the decays of the z% into lepton pairs,
leading to processes with 2 jets back to back to an 1*1~ pair. A less distinctive signal is
provided'by the 2° » wp decay, although this rate is six times greater than that into 1%1~,
The most'favorable process, from the point of view of rate, would use the hadronic decays of
the z°. However, the ensuing 4 jet process 1is difficult to separate from other 4 jet

backgrounds, like W*W~ production into 4 jets.

H. Baer et alqs> did a Monte Carlo analysis of the process ete™ =+ HZO, vith the Z° de-
caying intc lepton pairs and into neutrino pairs for Js = 160 GeV and for HH = 50 GeV. As can
be seen from Flgé III.11 and ILI.12, the signal appears to be detectable above background in

both cases.
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Fig III.11 MC analysis of the e*e” invarisnt mass distribution from ete™ » H+(Z° + e*e™), com-

pared to backgrounds from e*e™ » tt and bb. From Ref 46
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Fig III.42 MC analysis of the ete™ - K%+ (2%uu) process, showing the missing mass recolling

against the observed hadrons. From Ref 46

To give an example at higher energies, at Js = 180 GeV, with an integrated luminosity of 500
pb'l, one expects for HH = B0 GeV about 350 events of HZ® assoclated production. Since B(z°
p*pT) = 3%, this means approximately 10 events/year of the type 2 jets back to back to a ptp~
patr and about 60 events of the type Z jets with unbalanced missing energy, corresponding to
the z° » v decays. These are very small number of events, but fortunately so is the bhack-
ground. However, above Jg > 2HZ one has to worry about the z°%z° background, which to be elimi-
4y My conclusion is that at LEP 200 cne will
be able to find Higgses up to masses of order 80-90 GeV, but it will require a very dedicated
effort.

nated requires very good recoil mass resolution
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ITIle NON CONVENTIONAL HIGGSES

All the above discussion assumed that the breakdown of SU(Z)xU(i)em to Utliem was effect—
ed by one doublet Higgs field ¢. Actually, all the neutral current phenomenology which provi-
des the most stringent tests of the standard model is not affected if there is more than one
Higgs doublet, since the ratio of NC to CC interactions remains the same. Cbviously, however,
the Higgs sector physics is radically altered if there is more than one lliggs doublet. Consi-
der specifically the case of two Higgs doublets ¢, and ¢,. These represent 8 real fields. When
the ’1 acquire vacuum expectation value, the Higgs mechanism takes place and 3 fields are
absorbed to give mass to the W', W™ and YAd gauge bosons. Thus one is left over with 5
physical excitations: three neutral fields, H,, H; and H;, and two charged fields, H* and H™.
These latter excitations are the most characteristic signal of having more than one Higgs
doublet, and since they are charged they can be pair produced via the electromagnetic inter-—

actions. (They couple siso to the z%.

I want to discuss a little more the doublet case, because it is of some theoretical im—

portance being what is expected in supersymmetric extensions of the standard mode1”>)

It may
not bLe immediately obvious why supersymmetry demands a doubling of Higgses, but one can see
this in two different ways:

i1} A supersymmetric extension of the standard model should not spoil the renormalizability of
the model. This appears to be a trivial requirement, since supersymmetry just associates
fermionic excitations to bosonic ones, and viceversa>3) . Hovaever, unless one doubles the num-
ber of Higgs doublets in the theory, it is no longer true that all Adler Bell Jackiw chiral
anomalies®®) for the gauge currents vanish. This vanishing of the Adler Bell Jackiw anomalies

is satisfied if the sum of the charges of all ferwmions in the theory vanishes>>)

Q. =0 (111.30)

Then the triangle graphs of Fig III.13, involving the gauge currents, can be easily checked to
be non anomalous. Only if this is so will the renormalizability of the standard model not be

jeopardized, for the presence of these anomalies spoils the proof of renormalizabilityss’.

Fig II1.13 Triangle graph leading to an ABJ anomaly, unless Eq(I11.30) is satisfied
Eq(III.30) is satisfied if the sum is over the charges of the quarks and leptons. It is not
satisfied if we supersymmetrize the theory with only one Higgs doublet, since its fermionic

partner, the Shiggs, has charges

e, = (¥) (I1I1.31)
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Only by having two Higgs doublets, of opposite hypercharge

67 ¢

0, = (1) i e, ={ 5) (111.32)
%y b2

will one be able to trivially supersyametrize the theory, without running into troubles with

Eq(III.30) and renorhalizability.

i1) Supersymmetry attaches scalars to fermions of a given helicity. In non supersymmetric

medels, one can write the Yukawa interactions involving up- and down-like quarks by using

both ¢ and its charge conjugate 3 = ity " (c.r. Eq IIT.13), However, taking complex conju-

gation changes the helicity properties and it is not possible to couple fermions to both ¢ -

and ¢° 1n a supersymmetric way. Thus if one wants to give masses to both the charge % quarks

and the charge - % quarks via Yukawa interactions, it 1s necessary to have two distinct fields

fields ¢, and $,. ¢ alone allows only one kind of coupling to take place, without violating

supersymmetry.

As I mentioned earlier, if there are charged Higgs bosons, as one expects in a two Higgs
doublet situation, they will be pair produced in e*e” interactions. Thus, if their mass is
low enough, they will be detectable at the SLC and LEP. The v and Zz° exchange graphs of Fig
(IIT.14) are readily computed. The coupling of the z° to H'H 1s the standard one, arising
through the neutral current interacticn of Eq I.6. One has

-t M 2y (M
4 = (J53 - sin ew JE Y2
int coso s1nd,, em P

= ecot29,, (H o’ - H*a”H‘]zp (111.33)
e H e H
’
- PR
\V ‘n\.\ 2:0 -\_
+ i ~ 4+
. et H et H

Fig III.14 Graphs contributing to e*e™ + HYH™

The cross section for this process is shown in Fig III.15, for various values of the charged
Higgs mass. Two points should be remarked upon. The cross section turns on rather slowly, due
to a 83 threshold factor which is characteristic of the p-wave production of scalar
particles. Furthermore, the cross section itself is a factor of 1/4 smaller compared to that
for producing vector-like fermion-antifermion pairs (i.e. fermions with Af = 0}. These cir-
cumstances will make the detection of charged Higgses not easy. The most distinguishing cha-
racteristic of H'H™ production is that the angular distribution of the HY with respect to the
e' incoming direction will be proportional to sinze, rather than the usual 1 + cos?e of fer-

mions. This may not be enough of a handle, though, given the smallish rate.
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Fig II1.15 Cross section for e*e™ + HYH™, for various values of HH*‘ From Ref 46

As a final comment, [ note that if "H* 1s light enough for the process t + bH' to be kinemati-
cally allowed, then this decay totally dominates over the normal weak decay of top. This is
clear since the Higgs decay rate is proportional to GF m:, while the ordinary t weak decay is
proportional to G; m: - Indeed the rate t -+ bH* is so fast, that toponium would disintegrate
before it had a chance to form! So the observation of toponium itself will provide an in-
direct bound for HH+: HH+ 2 m, = m.

IV_NONSTANDARD PHYSICS AT LEP

Up to now I have considered, for the most part, only the expectations of the standard
model®) at LEPenergies. It could well be that at the SLC and at LEP one will find deviations
from the standard dogma., Indeed this is one of the exciting aspects, and one of the benefits,
of exploring a new energy regime! One can imagine three ways in which deviations from standard
expectations may crop up: -

1) The experimental results which are supposedlto provide precision tests of the standard

model will not agree with the expected theoretical results. For example, Ar # (.07 or

rtot(zo, will differ from the value predicted by the standard model.

i11) New channels are seen, producing particles which do not belong to the standard model
menagerie.

111) Predicted cross sections show deviations from expectations. For instance, the total or
differential cross section for e*e™ » W'w™ may not quite be those expected in the Glashow Salam
Weinberg modelt}.

Of course, a single new phenomena can éive contributions to more than one of the above

categorties.

In the last part of my lectures, I want to briefly discuss some possibilities for "new

physics” which might be seen at LEP and the SLC. My discussion will not be very extensive and
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the interested reader is referred to the Yellow Report, where many other theoretical specula-

tions are discussed, especially in the reports of H. Baer et al4%’ and G. Barbiellini et
41y
al .

iVa GENERAL FORMULA

If the novel phenomena, which is presumed to appear in the LEP energy range, has to do
wvith the production of new particles, one needs to have an estimate of the size of the pro-~
duction cross section. If these new particles have electrowveak couplings, then their pair pro-
duction rate is readily obtained, given their SU(2)xU(1) assignments, by the computation of
the usual graphs, involving photon and 2° e*change. As many of the exotic phenomena suggested
fall in this category (e.g. further generations of quarks and leptons, supersymmetric part-
nerg of known excitations, excited electrons or muens, etc), it is worthwhile giving a gene-
ral formula for the pair production c¢ress section as a function of the SU(2Ixti(1) quantum
numbers of the "new stuff”. I shall detail this first for the case of fermion pair produc-
tion. Let T3L and TaR be the veak isospin of the left and right handed components of the fer-

mions, respectively, and let @ be their charge in units of e. Then one finds>®’.

2z 2 J 2
4na (3-B™) [ = —2QCyCysis-H7)
O (Q Ty 1 TagsBs8) = s f 2\ e - (5~H§)2+H§r;
(% + c&)s? . . 282
. y A . [Cy2+ €2 ——3) 1 (Iv. 1)
(s - % + M T2 3 -7/

v

In the above Cv and'CA are related to the vector and axial couplings of the produced fermions

-2(T, +T,p) + 4Qsin’y

CA = . (IV.Za)
ﬂsinewcosew

- 2(T,y = Top}
Cp = i <L (IV.2b)
451n9W cosew

vhile Cv and CA are the corresponding couplings for the electrons. That is CV = CG, CA = CA
for Q@ = -1, Ty = -1/2 and Tyg = 0. The parameter § 1s the usual threshold factor
B = (1 - ani/ert/? (IV.3)

and one sees that Gf is proportional to B, except for the CAZ term. The Ba dependence of this

term arises because the axial current can only generate the fermions in a p—wave“s’.
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One can readily obtain a similar formula for pair producing scalars of weak isospin Tg

and of charge Q, with the result’®};

0 (Q, Tq, B, s) = % 8% o.(Q, Tg, Ty, 1, &) (IV.4)
PR

This cross sectien has a Ba threshold factor because it is pure p wave and it is down by

factor of 1/4 from the corresponding {(vector-like) fermion formula, as [ already remarked

vhen I discussed H*'H™ production. Note also that for scalars the CA term vanishes. Armed

whith these formulas, it is quite easy to discuss a variety of processes. In what Follows, I

shall cencentrate on the production of supersymmetric partners of quarks and leptons, so that

Eq (IV.4) 1s the relevant equation.

1V SOME ASPECTS OF SUPERSYMMETRY AT LEP

Supersymmetry associates bosonic with fermionlic excitations and vice versa, keeping the
number of degrees of freedom of the bosons and fermions the same’>). Two supersymmetric multi-
plets are relevant when one considers a supersymmetric extension of the standard model. The
(1, 1/2) multiplets of gauge flelds and their associated gauginos and the (1/2, 0) multjiplets
of quarks and leptons with their associated scalar excitations, the squarhs and the sleptons.
Note that to each spin 1/2 fermion, supersymmetry assigns a complex scalar excitation, since

the degrees of freedom must match.

The interactions of the superpartners, in the supersymmetric extension of the standard
model, are fixed by supersymmetry. However, the masses of the superpartners themselves are
assumed arbitrary, since supersymmetry must be broken to be realistic. (Exact supersymmetry

would predict m , and is obviously not tenable experimentally). It is easy to

fermton _ "boson
write down the interactions implied by supersymmetry. Effectively one just substitutes pair-
wise two particle terms with two sparticle terms. This is shown pictorially in Fig IV.1, for
the vertex which couples a 7% to a fermion antifermion pair. Supersymmetry generates vertices
in which the 2° couples to the scalar partners of the fermions as well as gaugine sfermicn

fermion vertices,

Z Z 4 Z
susy »\'
L f f, L f fo 1L L

Fig IV.1 Vertices generated by supersymmetry. The fields with a tilde are superpartners.

Note that one associates different scalars Lo the left and right handed fermions (fL + FL;
fR » ?R, where the tilde denotes a superpartner). Gauge fields, as shown in Fig IV.1, couple

to scalar partners of the same handedness.

Using Eq{IV.4) one can easily compute the pair production of squarks and sleptons. The
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resuits for squarks of mass ma = 40 GeV are shown in Fig 1V.2. Note that the cross sections
are Jdifferent, depending on the type of squark one is producing: v . Up, dL or dR' This is
easy to understand, at the 2%, since the cross section is the propertional to C&zand thus isg
different for the various squarks. Unfortunately Fig (IV.2) is too optimistic, as squarks
with mass ag low as 40 GeV are already excluded by the UA1l analysis of their monojet sam—
p1e57’.
direct squark production could only be relevant for LEP 200.

Indeed the ﬁ}esent limits for squarks lie in the range of ma 2 60-80 GeV, so that

103 T T u T T T T T

T™TTY
iddide

A

dal

il

I

Fig IV.2 Production of squarks of ma = 40 GeV, which illustrates the difference in rate for
different species. From Ref 46.

Similar graphs can be cobtained for sleptons. An example, taken from Ref 46, is shown in
Fig IV.3, in which one considers the production of selectrons of various masses. In this
case, besides the photon and z° exchange graphs, one must also consider t-channel graphs in-
volving gaugino exchange. These graphs, an example of which is shown in Fig IV. 4, can produce
two selectrons of different handedness, in contrast to the gauge exchange graphs. The bottom
curves in Fig IV.3 correspond to the production of selectrons of different handedness. These

cross sectiong are clearly much smaller.

1035' T T T Y 10P
Opo [ N°of Evts
L 100 pt?
10 10
10 3 10°
10-1 1 -/l 1 s i 1'0
60 90 120 130 180
Vs GeV

Fig IV.3: Selectron production at LEP, for different selectron masses., The top curves
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correspond to the sum of EEE§ and EEEi, wvhile the bottom curves give the cross section for

selectrons of opposite handedness. From Ref 46.
- ”—
€ R
e e S — — ——

-~

v
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e et

Fig IV.4: Graph which contributes to the production of selectrons of opposite handedness.

Alsc Fig IV.3 may be too optimistic, as selectrons have rather strong bounds, for light
phutinos. These bounds arise from a study both at SLAC and at DESY of the process ete™ -
¥¥¥, with the photinos leaving the apparatus. The results shown in Fig IV.5, suggest that,
for selectrons, masses below 50 GeV may be unrealistic. So also here, LEP 200 appears to be

needed for a SUSY search.

25 T T | J— ) T T T T
m m D|| A ete——wmEtemmetye ¥y
s =Mg . B ete—wdye—weyye
| e é
20 L R ,_’: C e*e—wv¥ ¥ [& exchangel|
& ———CELLO 95%CL // \ D ere=—a8+2- [stable)
&2 45— JADE 95%CL. /, _
% __________ 7/ \\
(&) It T
P "Xz
— 10} R, N ~—._ASp -
E_ /“” -—--:.‘ . —— ““('9\% (
~ - s
- \ﬁﬁﬁk{ \ e ~&/ >
5| 7 -----\\95%&.\_3 Y \\ MAg TN é‘-
/ DN CELLO \ YA
olddi ) ] h (I [ A LAt ] ¥
5 10 15 20 25 KlH 35 40 L5 50
mz {GeV/c?)

Fig IV.5: Bounds on selectrons from the process ete™ » y¥9¥, from Ref 6i.

If, and when, supersymmetric particles are produced at LEP, their signals will be rather
distinctive, so that their detection may be possible even for rather low rates. Since all
vertices contain always two supersymmetric particles, sparticles must always decay into an-
other sparticle and an ordinary particle. In particular, the lightest supersymmetric particie
(i.SP) is stable. This LSP is though to be the photino, for a variety of theoretical argu-

5%) . Since the photino interacts rather weakly, it will leave the detector, leading to

ments
events with an energy imbalance. Se if supersymmetric particles exist in the LEP range, they
will manifest themselves in events with missing energy. Thus it is important to have as
hermetic a detector as possible. One must alsc worry about backgrounds which could be
misinterpreted as a supersymmetric signal. For example, since a typical chain for selectron
decay is & + e¥, the process ete™ 2 E;ﬁ_ will give rise to events containing an acollinear
pair, plus missing energy. These sort of events could be faked by ordinary t*t™ productton,
with a subsequent electronic decay of both t's. Fortunately this background can be eliminated
459

with appropriate angle and energy cuts on the produced leptons . This suppressicn of back-

grounds also works for other SUSY channels, as is discussed in the report of H, Baer et



-62~

a1 Thus one concludes that a SUSY signal will be detected at LEP, provided it is there!

IVc TESTING THE THREE GAUGE VERTEX

Az a last topic, let me discuss briefly hov one may be able to look for possible
deviations in the 3 gauge vertex at LEP 200. Such deviations may arige, for example, if the W
bosons were not themselves elementary. Although this pessibility is probably farfetched, it is

not totally out of the questionsg) and certainly ought to be tested, as well as possible,
experimentaliy.

The YW'W~ and Z°W*W~ vertices are given in the standard model by Eq II1.5 and II.6. If
one had no prejudices, except for Lorentz invariance, one would describe these vertices by
seven distinct form factorsﬁs), for each vertex., Imposing P, C and T conservation reduces
43y

these numbers to three In the static limit, where one neglects all possible q2 dependence

of the form factors, these form factors reduce to 3 parameters: an overall coupling, which
plays the role of the charge, and a magnetic moment and a quadrupole moment term. For the
standard model, of course, the value of the magnetic moment and of the guadrupole moment is
fixed. For physical W, where terms proportional to the gauge particle momentum are dropped
if they are to be contracted with the polarization tensor (e%(q) qu=0), one can write, in ge-

neral, the 3 gauge vertex ag*?14%%)

pag PO [ = _ ¥
Fv (P, q, @ = ingw \ (q - q) 1+ o~ Z

"y

AyPZ - L
v ,naB,,_V__J .

& uB _ B _pa + + 1
+ (P P" 0" (1 Ky xv] J (IV.5)
The parameter Ky and Xv are related to the magnetic moment and the quadrupole moment byso’

”v‘znu v v
Qy = = 2o (xy = N (1V.6)

In the standard model kv = 0 and Ky = 1, as can be easily checked.

Values of Ky and kv different from the expectations of the standard model will change
the differential angular distributien for the process e*e™ » W'W™, An exanple of the chan-
ges is given in Fig IV.6, for the case'in which kv = 0, KY = 1 but ) is allowed to wvary.
Clearly the changes shown in the above figure are not very big and it is interesting to ask
what is the minimum value for which one can expect that deviations will be measurable. This
vag studied by means of a Monte Carlo simulation by Barbiellini et al“i), for the case in

wvhich K, = Kz =K and xv = 0. These authors concluded that with 500 pb‘1 of data, one could
restrict k to lie within £10% of unity. A later study by Hagiwara et a1®?’ considered also
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Fig IV.6: Differential cross section for e*e™ + W'W for two different values of K-
static parameters which violate P, C and T, and examined more complicated experimental cor-
relations. They also concluded that k can be measured to #107% at LEP 200 and that, in fact,
the angular distribution of the produced W's was the best parsmeter to measure,if one wanted
to bound CP conserving static parameters in the 3 gauge vertices. Because an accurate measure-
ment of this angular distribution needs the identification of the W charge, experimentally one
is restricted to study W'W" process producing 2 jets plus and lu1 pair. This effectively
reduces the number of useful events by a factor of 2. So to get a 107 measurement of x will

be very challenging.
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