TIFR-EHEP/94-05
ENEVH

im0

PORDR373 -

Precision Measurement of Z Boson Properties at LEP

S. Banerjee
Tata Institute of Fundamental Research, Bombay

Abstract

W and 7 bosons, the carriers of electroweak interactions, were discovered in
1983 in the CERN pp collider. The Large Electron Positron collider (LEP) at
CERN has made extensive study of the properties of Z boson and thereby made
critical tests of the Electroweak theory and the QCD. One has also looked for yet
another fundamental particle, the Higgs boson. Some of the important results from
LEP have been reviewed here. Lepton universality has been tested in charged and
ncutral current sectors with high precision. Number of light neutrino families has
been found to be 2.980 £ 0.027. Standard Model agrees with data at 0.5% level.
There is indirect evidence of top quark with mass around 166 GeV. Higgs boson
of mass smaller than 63.5 GeV has been ruled ont at 95% confidence level in the

frammework of Standard Model.

Talk given at Bose and Twentieth Century Physics, Calcutta, December 1993



1 Introduction

Weak interaction as seen in the 3-decays of nuclei has been well described by V—A theory as a
four fermion interaction. The theory was similar to that of electromagnetic interaction and is
given by a universal coupling constant Gr. However, this theory leads to a linearly rising cross
section for v-nucleon scattering with s. This prediction agrees well with experiments using
highest energy v beam but violates unitarity at cm energies ~ 300 GeV. Heavy charged vector
boson W* exchange was proposed to cure this bad high energy behaviour of the theory. The
high energy v data demanded mw to be greater than 60 GeV. On the other hand, unitarity
demands mw to be less than 1500 GeV.

In the framework of the theory of weak interaction, W# is coupled to a pair of leptons ££ v
or a pair of qq of same colour but different flavours with the same coupling strength. So in
principle, one can produce W# in hadron colliders and then the W#’s can be observed through
their decay to a lepton pair. This idea has led Rubbia, McIntyre and Cline [1] to propose a
pp collider to be built at CERN. pp collider was built at CERN operating at /s ~ 540 GeV
with luminosity ~ 10*® cm~?sec™. Two hermetic detectors UA1 and UA2 were built to detect
leptons and missing energies coming from the collision. The two experiments [2] observed
events with large transverse energy lepton and large transverse missing energy. The plot of
missing energy parallel to the lepton direction, as in figure 1 (from [3]), clearly shows a striking
back-to-back configuration of the lepton-neutrino system. This established the evidence of W
particles with mass 80.319-3 GeV.
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Figure 1: Correlation between the electron and neutrino transverse energies. 'I'he neutrino
component along the electron direction is plotted against the electron transverse energy.

The reaction ete™ — W+W ™ goes via v or 7 exchange and this also violates unitarity. The
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unitarity can be restored by introducing a ncutral current coupled to ete™ as well as WHW—,
This has led Weinberg, Salam and Glashow [4] to formulate the Standard Model unifying
electromagnetic and weak interactions. This model is described by 4 vector boson fields. Two
of these fields give W+ and W~. The remaining two fields mix to give v and Z with the mixing

angle sinfy = 1 — %%L
Z

Again low energy v data determine sin® Oy rather precisely and in the framework of SM

these measurements give an estimate of mz ~ 100 GeV. The same detectors in the pp collider [5]

found events with high mass ete™ or p*u~ pair. The effective mass of the dilepton system

peaks around 93 GeV and one estimates the mass of the Z Particles to be 93.9 £+ 2.9 GeV.

2 LEP and Experiments

The Large Electron Positron collider (LEP) [6] has been built at CERN to study the properties
of these W and Z bosons. This machine has been operating in Geneva since August, 1989.
It is the largest instrument of its kind. It is situated in an underground tunnel of 27 km
circumference in the French-Swiss border (see figure 1). The machine has been designed to
operate with electron and positron beams of energy between 50-100 GeV. Over the last few
years, however, LEP has been operating at cm energies around 92 GeV to study the properties

of the Z boson. Later the beam energy will be upgraded to =~ 90 GeV to study the properties
of W bosons.
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Figure 2: The LEP Collider

Four intersection regions of LEP are equipped with general purpose detectors, ALEPH,
DELPHI, L3 and OPAL, to study the characteristic of all the interactions. With the high
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luminosity of LEP, each of the 4 expcriments collected over 1 million Z events during this
period. Figure 3 shows the integrated luminosity seen by the experiments from 1990 to 1992.
The integrated luminosity (delivered by LEP to each of the 4 detectors) has grown from 6 pb~!
in 1990 to 13, 22 and 32 pb~! over the next 3 years. The large number of events could reduce
the statistical errors significantly.
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Figure 3: Integrated luminosity seen by the LEP experiments from 1990 to 1992

Each experiment utilizes a combination of tracking devices in solenoidal magnetic field and
calorimeters. The goal is to detect and measure electron, muon and photon energy and direction
precisely. The detectors also measure energy flow of hadrons coming from the interactions.
Typical examples of events seen by the LEP detectors are given in figure 4.

3 Electroweak Parameters

The electroweak parameters are obtained from the following experimental measurements :

o Cross section as a function of cm energy /s
o Forward-backward asymmetry of charged leptons at different cm energies
o Polarization asymmetry of 7 lepton

e Cross section and asymmetry for tagged quark flavour

3.1 Theoretical Prediction

The basic process involved in all these processes is fermion pair production through v and
Z exchanges. In the lowest order electroweak theory [4], the cross section for the process
ete™ — ff is expressed as a sum of 3 terms : v exchange, Z exchange and y-Z interference. For
ete~ — ete™, t-channel exchange of v/Z is possible and hence there will be additional terms
due to interference of s-t amplitudes. Basic couplings are between v and ff of strength —iqey*,

and between Z and ff of strength —i Byt Bd=fall-, Here we denote
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Figure 4: Examples of Z decaying to qqg, 7777, ete™, ptp~ final states



qr = charge of fermion

g = If—2qrsin’fy (vector coupling)

gaf = Ig (axial vector coupling)
I = weak isospin of fermion

This lcads to a simplified expression for cross section

o%(s) = of + 03 + 0%
where
0_0 _ 127 FeFf SF%
t = W2TY (o md) 4wl
4dra?
oy = ——aiNG
2v2a (s — m%)m?
0’0 = G Nf vedv 2 z
vz 3 (arGrNce gf)(s—m%)z-}-m%[‘%

[y = partial width of Z — ff
Gpm3
= 6\/2_: (83f + ng) NG

The lowest order expressions given above must be corrected for electroweak and QCD ra-
diative effects [7]. The electroweak corrections can be divided into two parts

e QED corrections, which take into account real photon bremsstrahlung and virtual photon
loops. These corrections depend strongly on details of the experimental cuts but are
largely independent of the detailed structure of the underlying electroweak theory. These
corrections are large and require careful treatment. The largest contribution to this is
due to initial state radiation.

e Weak corrections, which involve vector boson propagator corrections, vertex corrections
and box diagrams with at least one vector boson exchanged. These corrections are not
very sensitive to the experimental cuts, but strongly depend on the detailed structure
of the electroweak theory. The corrections are medium-large around Z mass and have
complex structure.

The corrections due to initial state radiation are taken into account by convoluting the
cross section & (corrected for other photonic and weak contributions) with a radiator function,

H(x,s), which signifies the probability of radiating fraction x of total cm energy in the initial
state.

o(s) = /Oxmu H(x,s) &[s(1 — x)] dx

The cross section term & is computed at a reduced cm energy. The radiator function has been
calculated to complete second order with soft photon exponentiation.

Other photonic and weak corrections are incorporated by replacing the bare couplings with
effective couplings. So one measures the effective couplings of Z

ga = \/F:’ I
Ev N/ (13 — 2qsin® Geﬂ)
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3.2 Experimental Measurements

To measure the cross section, events are classified from general event characteristics into one
of the following categories

hadrons

ete”
+_

v

¥

L+ 11l

Luminosity is measured by counting number of small angle Bhabha events. Correcting the
number of events observed from detector acceptance, trigger bias and selection efficiency, one
can determine the cross section of a given process as a function of cm energy. This gives rise to
a bell shaped distribution as shown in figure 5. The peak position determines mz, the height
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Figure 5: Hadronic cross section as a function of cm energy as seen by the L3 experiment

determines the product of initial and final state partial widths I - I'r and the width determines
I'z.

To obtain the forward backward asymmetry of the charged leptons, one measures the angle
of the final state fermion with respect to the electron direction. An example of such an angular
distribution is shown in figure 6. The angular distribution clearly shows an asymmetry between
forward and backward directions and is fitted using

do
dcos@

Forward backward asymmetry is due to interference of vector and axial vector couplings of Z.
At the Z pole, one can approximate

~ [g(l + cos? 8) + App cos 0]

3
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Figure 6: Angular distribution for the process ete™ — ptu~ at \/s = 91.2 GeV as seen by the
L3 experiment at LEP
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The process Z decaying to a pair of fermions does not conserve C and P symmetries. As
a result, the produced fermions are polarized longitudinally. This means that the number of
fermions with helicity 1 (spin parallel to the momentum vector) is different from those with
helicity ——% (spin antiparallel to the momentum vector). This asymmetry has its origin in Zff
coupling. Produced Z’s are polarized as well because of Ze*e™ coupling (initial state) with

polarization given by [8]

Ag

' 28veLae
p, = —--oYeoae
z g2, + g2

So in principle one can measure four observables consisting of total cross section and three
asymmetries

owt ~ (g2 +e2) (g% +e%)

Apg = o(cosf > 0)6— o(cosf < 0) N %Psz
tot
oh>0)—oh<0
N CED EPCED) - p
tot
Pol o(h-cos@ >0)—o(h-cosf@ <0) 3
Apg = p— ~ ZPZ
with P = — BBl
Bvt + Bat

In the case of 7 lepton production, P, can be deduced from an analysis of the kinematics
of the 7 decay products. The (V—A) helicity structure of the weak charged current decay
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Figure 7: The spectrum of 7 — mv decays as a function of E, as measured by L3.

leads to characteristic differences in the angular distributions in the 7 rest frame, or equiva-
lently, in the laboratory frame, to differences between the energy distributions from 7 leptons
of opposite helicities. LEP experiments have measured 7 polarization from its leptonic and
semileptonic decays. Figure 7 shows energy spectrum of the n’s from 7 decays compared to
expected distributions from 7’s with helicity +1.

Due to the hard fragmentation of the heavy quarks the resulting hadrons (with the corrspond-
ing heavy flavour quantum number) carry a large fraction of the initial quark momentum, the
remainder being taken up by softer hadronic particles. The heavy quark decays via the weak
charged current. In case of semileptonic decays, there will be a high momentum charged lepton
and missing energy due to the undetected neutrino. Due to the high mass of the heavy quark
the products of the heavy hadron decay have a large transverse momentum with respect to the
initial parton direction. So one can tag heavy flavour decays of Z by looking for high momen-
tum lepton with large transverse momentum with respect to the closest hadronic jet. Choosing
suitable cuts in measured momentum, p, and transverse momentum, p, of the leptons, one can
get ~85% pure bb sample with 3-5% efficiency. bb sample has also been tagged using several
event shape variables (neural network technique) and using impact parameter, decay length
etc. (n, = 107!2 sec) from secondary vertex reconstruction.

3.3 Results

A fit has been performed [9] using all measured cross sections, leptonic forward-backward
asymmetries and tau polarization data. The fit does not assume lepton universality but gets
the value of vector and axial vector couplings of the leptons to Z which are the same for all 3
lepton flavours within the experimental error. The results of the fit are summarized in table
and the 1 o contour is shown in figure 8.

In the charged current sector, lepton universality is examined from accurate measurement
of r lifetime and leptonic branching ratios of the 7 lepton. The measurements [10] yield 7, =
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Table 1. Axial vector and vector couplings of the charged leptons to Z

e 7 T
ga | —0.50096 £ 0.00093 | —0.5013 £ 0.00123 | —0.5005 £ 0.0014
ge | —0.0373 £ 0.0031 —0.0288 £+ 0.0064 | —0.0372 £ 0.0032
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Figure 8: One o contour plot of g, vs g, of the leptons as measured in LEP. The Standard
Model prediction is shown as a band on the plot
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294.7 % 3.0 fsec, B(r — evrv.) = 17.89 £+ 0.14 and B(t — pv,7,) = 17.34 £0.16. This leads to

gV gV
=% = 0.999 +0.007 =W = 1.0009 £ 0.0066
8u

m

Now one can perform a fit to all the data assuming lepton universality. The results of such
a fit is summarized in table 2.

Table 2. Z Boson parameters from the fit assuming lepton universality

mgz 91187 £ 7 MeV
Iy 2489 + 7 MeV
Fhad 1740.3 :h 5.9 MeV
Tiept | 83.82 + 0.27 MeV

The measured values of total, hadronic and leptonic widths of Z, leads to the measurement

of invisible decay width of Z. From this measurement, one can determine the number of light
neutrino families. Using

Finv = 497.6 £ 4.3 MeV

I‘\inv 1-‘le t
and N, = (-———p—)
(Flept)me& Iy /sm

one gets, N, = 2.980 £ 0.027. This method eliminates common systematic errors in the mea-
surement of cross sections and reduces the dependence of top and higgs mass in the standard
model calculation. Alternately the process ete~ — viry has been studied which leads to
N, =2.80 + 0.12.

All the precision measurements have been compared with the prediction of the Standard
Model. With a reasonable range of values of top and Higgs mass, the Standard Model pre-
dictions agree with the experimental measurements to better than 0.5%. So a fit has been
performed to all data in the framework of the Standard Model. A reasonable fit is obtained for

Higgs mass values in the range 60 to 1000 GeV. The results of the fit are summarized in table
3.

Table 3. Estimation of top mass using LEP data

LEP data only Mep = 166715 133 GeV

LEP + other data | my,, = 16415118 GeV

4 oy, Measurements from Event Shape Variables

o, is determined from relative rate of the two processes qq and qqg. To estimate the relative rate,
one uses global event shape variables y which are sensitive to the effect of hard gluon emission.
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Fixed order calculations exists [11] upto O(a?) for all event shape variables. Cumulative cross
section R(y) for event shape variable y is given by

y 1do
R(y, as) = A ;d—y

= @A) +@ [B(y) + 2nfoln(k?/s)A(Y)]

with
a, = %W
2
33 — 2N¢
o = 127

A(y), B(y) are computed by integrating O(a?) ERT matrix elements. This approach describes
data well in the multi-jet region, but fails in the two jet region (small y). Recently calcula-
tions [12] have been carried out which contain, in addition to the complete O(a?) prediction,
the resummation of terms of the form a" In™y (for observable y) with m > n. Subleading
terms of the form o In™y with m < n are not included beyond the second order (n > 2).
Calculations exist for thrust (y = 1 — T), heavy jet mass (y = p), energy energy correlation
(y = (1 4 cos x)/2) and average jet multiplicity (y = ycu)-

The resummed calculations are expected to provide more accurate predictions of the distri-
butions, especially in the kinematic regions where multiple gluon emission is dominant. At the
same time, they should have a much reduced dependence on the recombination scale compared
to the O(a?) calculations. Both these expectations have been confirmed in several recent ex-
perimental studies [13]. Figure 9 shows the QCD fit in comparison with the measured thrust

distribution. In all cases a good fit is obtained. The measured a, values are summarized in
table 4.

Table 4. a, as measured from event topology using resummed calculations

ALEPH DELPHI L3 OPAL LEP
a,(mz) | 0.12540.005 | 0.12340.006 | 0.124+0.008 | 0.120+£0.006 | 0.12340.006

5 Search for Higgs Boson

In the Standard Model the Z and W bosons acquire mass through the Higgs mechanism [14],
which, in its minimal formulation, predicts the existence of one neutral scalar boson H®. The
H® couplings to vector bosons are fixed by gauge invariance and its couplings to fermions are
determined by the Yukawa interactions. There is only one free parameter in the model which
is chosen to be the mass of the scalar boson. If the Higgs boson is lighter than the Z, it can be
produced in Z decays through the bremsstrahlung process [15]:

ete- 272 3 H° 4+ 2 5> HO +ff
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Figure 9: Distribution of the event thrust T compared to the resummed calculation

This will be the dominant production mechanism for a light Higgs in LEP. In the Standard
Model the cross section for this process is known as a function of the Higgs mass:

1
1 d[(Z — HfT) " (1-x+5+%) (- 4977
[(Z — ff) dx " 47 sin® Ow cos? Oy (x —2)% + Iy?
mz
with x = 2Bh0
mz
my
T =
mz
E, = m3 + m} — m?%

2mz

Higher order electroweak corrections have been taken into account using the improved Born
approximation and accounting for radiative corrections to the ZZ*H° vertex. The vertex cor-
rection reduces top mass dependence in the production rate of H°. The effect of initial state
photon radiation has been computed using an exponentiation technique. Figure 10 shows the
rate of production as a function of Higgs mass together with the rate of Higgs production
through Z decaying to H%y. It is evident from the figure that associate production with ff is a
more promising channel for direct H° search over a large range of my.

Higgs decay is controlled by the Yukawa couplings and the decays to the heaviest possible
fermion pair is favoured. The decay partial width is given by [16]

2.2
Neg‘mimy

0 I — 3
[H" > ff) = omml, B¢
2
with f; = 120
My
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Figure 10: Expected branching fraction for Z decaying to Standard Model Higgs

As a result of the Yukawa coupling, the Higgs width increases very rapidly with Higgs mass.
The Higgs decays predominantly into bb for masses above 11 GeV, although the branching
ratios into ¢ and 77~ are not negligible. In the mass range from 4 to 11 GeV, decays into
77~ and c€ dominate. Between 2m,, and cc threshold, Higgs dominantly decay to light quarks
or to a pair of gluons via a heavy quark in the loop. Below 2 GeV non-perturbative eflects
make the prediction of the branching ratios less firm. In this last region, the experimental
Higgs search should be independent of the decay modes. Below the 2m, threshold the Higgs
can decay only into two electrons or two photons. In this case the Higgs width is very small
and consequently its lifetime can be so long that it can decay outside the detector.

The search criteria are chosen differently for different Higgs mass range. No evidence of
Higgs boson has been observed in all the searches carried out so far. The different experiments
have given 95% confidence level lower limit to the Higgs mass as summarized in table 5.

Table 5. 95% CL lower limit on my

ALEPH | DELPHI L3 OPAL LEP
58.4 GeV | 54.7 GeV | 57.7 GeV | 57.5 GeV | 63.5 GeV

6 Summary

LEP has accumulated 5 million Z in the year 1991 and 1992. The precision data have resulted
in an accurate determination of the electroweak parameters and the strong coupling constant.

mg = 91187 + 7 MeV Eat = —0.50093 + 0.00082
Iz = 2489 + 7 MeV Eot = —0.0359 + 0.0018
Ti/Thad = 0.2200 £ 0.0027 sin?0.g = 0.2324 £ 0.0005
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Lepton universality has been tested at 0.3% level in the neutral current sector and at 0.7%
level in the charged current sector. Number of light v families has been determined to be N,
= 2.980 £ 0.027 from indirect measurements and N, = 2.804 0.12 from direct measurements.

All measurements are in excellent agreement with the standard model expectations. Stan-
dard model has been tested at ~ 0.5% level using these measurements. There is indirect
evidence of top quark from measurement of I5. All data are consistent with the Standard
Model with top mass, m.,, = 166117 113 GeV.

No evidence of any new particle or new physics has been seen as yet. Standard Model Higgs
boson with mass smaller than 63.5 GeV has been ruled out.

Additional ~ 3 million Z events have been recorded at LEP during 1993. This will improve
the precision of the electroweak parameters significantly and improve the searches in near future.
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