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Abstract

We have searched for a heavy neutral gauge boson, Z’, using the decay channel Z’ — ee. The data were collected
with the D@ detector at the Fermilab Tevatron during the 1992-1993 pp collider run at /s = 1.8 TeV from an integrated
luminosity of 154 1 pb™!. Limits are set on the cross section times branching ratio for the process pp — Z' — ee as a
function of the Z' mass. We exclude the existence of a Z’ of mass less than 490 GeV/c?, assuming a Z’ with the same
coupling strengths to quarks and leptons as the standard model Z boson.

PACS: 13.85.Rm; 12.60.Cn; 14.70.Hp
Keywords: Experimental; Limits; New gauge bosons; Z’
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1. Introduction

Additional heavy neutral gauge bosons, generi-
cally called Z’, and heavy charged gauge bosons,
W', are predicted by numerous extensions to the
standard model. One of the earliest of these ex-
tensions is the left-right model, the addition of a
right-handed gauge group to the electroweak sector
giving SU(2) g x SU(2), x U(1) [1]. A left-right
model embedded in a supersymmetric SO(10) group
generates W’ and Z', possibly detectable at present
colliders [2]. Es is the next natural symmetry group
for a unified theory beyond SO(10). It generated
much theoretical inierest because it was the sim-
plest unifying group inspired by superstring theory
[3]. In one version, Eg dec'nmnoses into a form of
SU(2)r x SU(2);, x U(1) called the alternative
left-right model that also predicts a W’ and Z’ that
could be detected at present colliders [4]. There are
many superstring-derived unified models that contain
additional U(1) symmeiry groups, possibly leading
to detectable additional neutral gauge bosons [5].

Reported searches for Z’ typically set a limit on
the Z’ mass based on a particular model. A reference
model Z’ with the same coupling strengths to quarks
and leptons as the standard model Z boson and with
decay to W and Z bosons suppressed is traditionally
used for this purpose. There is no theoretical prt‘:um-
tion for a Z’ of this type but it is a useful standard
Ref. [6]. Except where noted, all mass limits in this
paper refer to a Z’ of this type. Many specific Z’ mod-
els are expected to have smaller cross sections than
this model, so the mass limit for a specific Z’ can be
substantially less [7].

- e 7! Aviots "oy 1
Indirect limits on Z’ production coming from weak

neutral current experiments, precision measurement at
the Z pole, and the W mass measurement are com-
bined with a direct collider limit to exclude Z’ with
mass less than 750 GeV/c? at the 95% confidence
fevel (CL), but, for a specific 1:6 model Z’, the limit
can be as low as 160 GeV/c* [6]. Previous direct

searches in pp collisions have set a limit mz > 505

SCAlCIICs 11 COLl1sI0oNS nave set a limut m JUD

GeV/c? (95% CL) [8]. Previous direct searches for
W’ have set a limit mys > 720 GeV/c* (95% CL)
[9]. This result restricts Z’ from a left-right model to

1 Visitor from IHEP, Beijing, China.
2 visitor from Univ. San Francisco de Quito, Ecuador.

mz: > mw: > 720 GeV/c® (95% CL), depending on

thearetical accuimntione [?71 Tn thic naner wa mragont
WICOICUCa: assuinpuons | 4. 1 ulis paper, we present

the results of a search using the D@ detector [ 10] for
a heavy (mz > mgz) neutral gauge boson decaying
through the channel Z' — ee.

2. Experimental method

The data were collected at the Fermilab Tevatron
during the 1992-1993 pp collider run at /s =
TeV from an integrated luminosity of 154 1 pb~—L.
We search for the Breit-Wigner peak of a Z’ superim-
posed on the invariant mass spectrum expected in the
standard model from Z continuum and Drell-Yan pro-
duction Z,y* decaying to electron-positron pairs ee.
We set a limit on the cross section times branching
ratio o B for the process pp — Z' — ee and use this
limit to set a lower bound on the mass of a reference
model Z’.

The D@ detector consists of a central tracking sys-
tem, a calorimeter, and a muon spectrometer. The cen-
tral tracking system detects tracks from charged par-
ticles within the pseudorapidity range |n| < 33. The
calorimeter is hermetic with coverage to || = 4. It
employs depleted uranium absorber and liquid argon
ionization layers. The electromagnetic (EM) section

congicte of the for innormact concentric lavers vwith
VAULLIOLOLY Ul Ui 1UuL lllllbllll\lat VULIVACLILL L l(lyclb Wll.ll

segmentation 0.1 x 0.1 (An x A¢) in layers 1, 2, and
4 and 0.05 x 0.05 in layer 3 at shower maximum. It
is 21 radiation lengths in depth. The calorimeter is in
three units, a central barrel (CC) and two end caps
(EC).

3. Event selection

The trigger for the data sample requires two isolated
EM clusters with transverse energy Er > 20 GeV*

dHU b[ldpt: LUIlblbLCl'll Wll,[l lIldL Ul an t‘«lCLlI'OIl Wﬂlbll
come from two 0.2 X 0.2 (An x A¢) EM trigger
towers with energy E > 7 GeV. Candidate events

3 The D@ detector is described in cylindrical coordinates r, ¢, and
z with the z axis coincident with the beam and z = 0 at the nominal
center of the interaction area. The spherical coordinates ¢ and ¢
are also used. Pseudorapidity is defined as % = tanh—!(cos#).

4 Transverse energy Er is the projection of the energy, taken as
a vector, in the plane orthogonal to the beam direction.
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are reconstructed off-line and the electron energy is
corrected by using the Z boson mass for calibration.
To be included in the final sample, candidate events are
required to have two electrons with Er > 30 GeV. This
value is chosen to be safely above the trigger threshold
but to retain substantial Z signal and be nearly fully
efficient for Z’ with mass above the current limit. The
fiducial region for electrons in the CCis |n| < 1.1, and
1.5 < |g| < 2.5 in the EC. In the CC, energy clusters
located within 0.01 radians in ¢ of module boundaries
located every 0.2 radians in ¢ are excluded.

The principal background to Z, Drell- Yan, and pos-
sible Z’ in the data is QCD multijet events in which
jets are reconstructed as electrons. Fake electrons can
arise from jets in which a neutral pion carrying most
of the jet energy overlaps with a charged particle, from
the charge exchange interaction of charged pions near
the front surface of the EM calorimeter, and from con-
verted photons, principally from neutral pion decay.
In addition, heavy quark decays can produce real elec-
trons. The following selection criteria are imposed on
the EM energy clusters to reduce the background from
fake electrons and real electrons within jets. A more
detailed description is available in Ref. [11].

The electron energy is determined by a clustering
algorithm using energy deposited in the EM section
and the first hadronic layer of the calorimeter. The EM
fraction is defined as EEM/(E + E°®r), where E is
the electron energy, EEM is the electron energy in the
EM layers of the calorimeter, and Eother jg agsociated
energy from the hadronic layers of the calorimeter
not included in the electron clustering algorithm. The
requirement is EM fraction > 0.9.

Isolation is defined as (Err=0.4 — Epy-g2)/Exnco2s
where E7 g 4 is the transverse energy in the calorime-
ter within a cone of radius R = 0.4 in 7, ¢ space from
the energy weighted center of the cluster. EFy_ , is the
transverse energy in the EM layers of the calorimeter.
The requirement is isolation < 0.15.

A covariance matrix of 41 parameters describing
the electromagnetic shower shape as a function of po-
sition in the calorimeter is determined from simulated
electron showers. The covariance matrix may be diag-
onalized with a unitary transformation. In this basis,
the parameter x? is defined as y* = Y0, (y/—¥;)?/0?
where y! are uncorrelated variables in the data describ-
ing an electromagnetic shower and ¥, and o7 are the

mean and variance determined by the simulation. The
requirement is y* < 200.

We further require that at least one of the energy
clusters have a matching track in the central tracking
system with significance S < 5. Track match signif-
icance is defined in the CC as § = ((Az/8Az)* +
(Ad/8Ad)?)1/2, where for each variable Ax is the
mismatch between the track and the energy weighted
center of the cluster and §Ax is the resolution of that
variable. For the EC, substitute Ar for Az, where r is
the cylindrical coordinate.

Additionally, at least one of the electrons must be
in the CC. For m,, > 150 GeV/c?, almost all rejected
events would have one electron in each of the end cap
calorimeters. For this forward-backward topology, the
estimated QCD background exceeds the expected Z'
signal. For mz» = 500 GeV/ ¢?, the topological cut
reduces the acceptance for Z’ by = 7%.

The total acceptance for the Z boson, including all
selection efficiencies, is 25%. For a 500 GeV/ ¢z R
the total acceptance is 43%.

4, Background

There are 886 events selected using the above cri-
teria. The QCD multijet background remaining in this
data sample is determined from data. An event sample
is selected by requiring one apparent electron which
passes the preceding electron identification require-
ments and one jet which satisfies the kinematic and
fiducial requirements for electrons. The contribution
of real electrons from W and Z boson decays in this
sample is small. The cross section for apparent elec-
trons in dijet events obtained from this sample is di-
vided by the exclusive dijet cross section for jets with
Er > 30 GeV to get the rate for apparent electrons
per jet, ¢/j. The rate per jet for apparent electrons
with a matching track is 0.4 (0.9) x 1073 in the CC
(EC) and 1.8 (2.5) x 10~3 without a track require-
ment. The predicted number of QCD multijet events
in the data sample can be calculated from the rate ¢/
and the inclusive dijet cross section, assuming that the
probability of a given jet being identified as an elec-
tron is uncorrelated within a multijet event. Making
appropriate allowances for the different rates in the CC
and EC and for electrons with and without a matching
track requirement, the predicted background is 38 + 3



476 D@ Collaboration / Physics Letters B 385 (1996) 471-478

Table 1
Parameters used to smear the Monte Carlo for energy resolution
and angular resolution for electrons.

Constant ~ Sampling Noise
@ B & 86 ¢

(%) (%vGeV) (GeV) (radians) (radians)
cC 1.0 13.0 04 0.058 0.014
EC 03 16.0 04 0.027 0.031

events. Physics background processes in the data sam-
ple, including Z — 77 — ee, are negligible.

5. Monte Carlo

Physics processes are simulated using the PYTHIA
Monte Carlo (version 5.7) [12], with MRS D~/ par-
ton distribution functions (pdf’s) {13]. The pdf sets
MRS D@’ and CTEQ 2M [ 14] are used to evaluate the
uncertainty due to the choice of pdf’s. The principal
physics background to Z’ production is Z and Drell-
Yan production, gg — Z — ee and g — y* — ee.
The interference between these two processes is in-
cluded in the Monte Carlo. The Monte Carlo output
is smeared for detector energy and angular resolution.
The energy resolution is given by
g _

ge B 5
E - *® JE GV © EGeV)’

where E; is Er for CC and E for EC. The energy and
angular resolution used are shown in Table 1. To model
the detector acceptance realistically, the z position of
the event vertex is generated using a Gaussian shape
centered at 8.5 cm with a standard deviation of 27 cm,
reflecting the distribution seen in the data.

Trigger and electron identification efficiencies are
different for the CC and EC. This difference is intro-
duced into the Monte Carlo by giving different weights
to events with both electrons in the CC and events with
one central electron and one in the EC. The weights are
chosen to reproduce the proportion of these two types
of events observed in the data after QCD background
is subtracted. The smeared Z and Drell-Yan invariant
mass spectrum and the QCD dijet invariant mass spec-
trum are shown in Fig. 1. The number of simulated
events is normalized to the number of observed events
after QCD background is subtracted. The dielectron

“{1 2
% 0 E‘ © “g
(L] ' oo %
\ -
ﬂ L
=4 °
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invoriont mass (GeV/c%)

Fig. 1. The expected backgrounds to Z’: Z and Drell-Yan (open
circles) and QCD multijet (solid squares).
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Fig. 2. Observed dielectron events (discrete points) are compared
to the combined Z, Drell-Yan, and QCD background.

invariant mass spectrum from data is compared to the
sum of Z and Drell-Yan Monte Carlo plus QCD back-
ground spectra in Fig. 2. The agreement is good. In
the absence of Z’, for m,, > 170 GeV/c* we ex-
pect 8.2 +0.4 Z and Drell-Yan plus QCD background
events. Twelve events are observed in the data.

A combined Z’, Z, and Drell-Yan signal is also
modeled by Monte Carlo. Z’ is produced by gg —
Z' — ee so it interferes with Z,y*. Because of the
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interference effects, it is not possible to generate a

gral mtmmin Jaaele araman afian

Ll/ Blglldl ulucpcuucuuy' LhG dlffcu,u\.c UCLWD\.«II LhU
Z',Z,y* and Z,v* Monte Carlo signals is the Z' sig-
nal. Z’' signals are generated for mz. = 100 to 600
GeV/c? in order to set a limit on Z’ production over
this range.

The Z' width Tz, is assumed to scale with the Z’
mass, ['z: = (mz//mZ)Fz This scaling is what would
be cxpeueu for a reference model Z'. For mz > 400
GeV/c?, the decay channel to top quarks is assumed
to be open. Choosing this scaling is a conservative as-
sumption since in Eg and left-right symmetric models,
the Z' width would be substantially narrower than this
[15]. The width of a Z’ from a superstring model is,
in general, expected to be less than 2.5% of the Z’
mass [16].

The kinematic and fiducial acceptance for the Z’
is taken from the Monte Carlo. The trigger and re-
construction efficiencies within the acceptance are as-
sumed to be the same for Z’ as for the Z. This is
substantiated by data from test beam electrons up to
150 GeV and by simulation of high energy electrons.
There is a 3% uncertainty in the ratio of the kine-
matic and geometric acceptance for the Z’ to that of

the 7 which ariges from the choice of nqrfnrl distri-

it vy 1110, 10k G0 Gk

bution functions, radiative corrections, and statistical
precision in the Monte Carlo.

6. Limits

A binned likelihood approach with Poisson statis-
tics is applied to the invariant mass distribution to ob-

tain an unner limit on the nraocess »5 — 7 — eeg,
tain an upper nmil on the process pp

The procedure is the same as that in Ref. [17]. The
probability density function for the Z’ is constructed
using the invariant mass region where substantial Z’
signal is expected. The lower bound of the invariant
mass region is given in Table 2. The binning is chosen
so that the number of expected Z’ events is approxi-

mately pqnq] in each bhin. Ten hinc are used. The limit

aiaiay uaz 111 Calial Usii. 1011 Ols aus usvl, 1110 e

on expected Z' events, NZ , is expressed as a 95% CL
limit on oB(Z’' — ee) /oB(Z — ee) using

(o0B)z/—ee _ Az A
—— ) = —Ng;.
NOB)z—ee /95 Az Nz

The acceptance for Z/, Az, is given by

Table 2

For each Z' mass: minimum m,, of the fit region, the number of
observed events, the 95% CL expressed as expected Z’ events,
and the 95% CL expressed as oB(Z' — ¢ee)/oB(Z — ee).

mzi Hige observed  95% CL, 95% CL,

(GeV/c?) min., events NQZSI 0By /0By
binning (x107%H

100 95 226 30.09 33.32

200 170 12 9.38 6.61

300 255 1 3.86 2.65

400 340 0 3.02 2.11

500 425 0 3.02 2.17

600 510 0 3.02 2.26

Ay = (O'BA)Z’,Z'y —ee (U'BA)Z,)/ —ee
(O-B)Z,ﬂee

invariant mass 1

g
nction. Az/Nz

1T 1
included in the probablhty density
is given by

Az _ (O'BA)Z,y*—-»ee

NZ - (O'B)Z—weNZ,‘y* ’

ulhnrp Ne. o« 1c nnnq] to fhp nnmknr nF n}\cnvvnrl aventg
YACIC Y Zyx 15 C4QU CVOIL

after QCD background is subtracted. The acceptances
in this case are for the full invariant mass spectrum.
The uncertainty in Az /(Az/Nz) is incorporated in the
probability distribution. This uncertainty consists of
the 3% uncertainty in Az: /Az and the 4% uncertainty

n NZ,‘y*~
Th~ QK0, (M1 Timit an  tha D¢ 7! N
L1Ie SI IV L2 ) 11i111e ULl e lalJU U U \ L s

ee) /oB(Z — ee) plotted as a function of the Z’
mass together with the value of this ratio for a ref-
erence model Z’ are shown in Fig. 3. Table 2 gives
the 95% CL. limit on this ratio, the limit expressed as
expected Z’ events, and the observed events for the
different Z’ masses considered. The theoretical cross
scction ratio is determined 'dSiﬁg Bormn level cross
sections [12] and a second order scaling factor, K2
[18]. K2 is applied to the Born level cross section
as a function of the 4-momentum transfer ¢>. There
is a 3% uncertainty in the theory due to the choice
of pdf’s. This uncertainty is not incorporated into the
95% CL limit curve since that limit is independent
of the cross section for any specific Z’ model. The
effect of this error on the mass limit would, in any
event, be negligible.
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Fig. 3. 95% CL upper limit as a function of mzs for
oB(Z' — ee)/oB(Z — e¢). The expected theoretical value us-

ing standard model Z couplings is also shown.

T Mamaliiaianag
ie \/Uuuuoluua

We have searched for an additional neutral gauge
boson from the process pp — Z’ — ee. This process
is excluded at the 95% CL for the area above the limit
curve in Fig. 3. From the intersection of the limit curve
and the theory curve, we exclude the existence of a Z !

e th tha
boson with the same uuuyuﬂg Streﬂguxo to q"m‘ko and

leptons as the standard model Z boson for mz: < 490
GeV/c? (95% CL).
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