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Abstract

A search for excited states of the standard model fermions was performed
using the ZEUS detector at the HERA electron-proton collider, operating
at a centre of mass energy of 296 GeV. In a sample corresponding to an
integrated luminosity of 0.55 pb~!, no evidence was found for any resonant
state decaying into final states composed of a fermion and a gauge boson.
Limits on the coupling strength times branching ratio of excited fermions are
presented for masses between 50 GeV and 250 GeV, extending previous search
regions significantly.



I. INTRODUCTION

An intriguing puzzle in high energy physics is the regular pattern presented by the three
fermion families. In the history of physics similar phenomena have been explained by a
new level of substructure. So far, there has been no experimental support for any theory of
new constituents and their interactions. The main difficulty is to reconcile the mass scale of
presently known particles with a much larger scale of compositeness, A. The absence of any
evidence of compositeness in current experimental data suggests that A is at least 1 TeV.

One potential effect of lepton and /or quark substructure would be the existence of excited
fermion states e*, v*, and ¢* [1] [2]. In phenomenological models [3] [4] it is assumed that
any theory of compositeness at large mass scales must have a low energy limit that preserves
the symmetries of the standard model, therefore the excited fermions postulated in these
“effective Lagrangian” theories should form weak iso-doublets and carry electroweak charges
similar to those of the ordinary fermions. At HERA, possible magnetic-transition couplings
of the electron (quark) to the first generation heavy fermions would allow single production
of €* (¢*) through t-channel v and Z boson exchange and of v* (¢*) through t-channel W
boson exchange. An example is shown in Figure 1.

We report on a search for any state which decays into a gauge boson and a fundamental
fermion in the reaction ep — f*X, with an integrated luminosity of 0.55 pb~!, a 20-fold
increase in statistics in comparison with previous HERA results [5] [6]. In addition, it
presents the results of the first search for ¢* production through electroweak coupling.

This paper is structured in the following manner: the next section describes the detector.
Section III defines the kinematic variables relevant to this analysis. The event topologies
expected for excited fermion events and the selection of data consistent with these topologies
are discussed in Section IV. Section V discusses models (see the appendix for details) which
we used to develop our selection procedures and later used to interpret our results. The
event selection procedure is explained in Section VI. Experimental results for the e*, v*,
and ¢* searches are then presented in Sections VII and VIII. The theoretical implications of
these results and limits on the excited fermion coupling strengths are discussed in Sections

IX and X.

II. DETECTOR AND RUNNING CONDITIONS

The data used in this analysis were taken in 1993 with the ZEUS detector at the electron
proton collider HERA. During this period, HERA was operated with 26.7 GeV electrons
and 820 GeV protons, corresponding to a center of mass energy (1/s) of 296 GeV. Of the
220 buckets, the machine was filled with 84 pairs of electron and proton bunches colliding
every 96 ns. There were also 6 additional proton and 10 additional electron bunches left
unpaired to allow studies of beam related backgrounds. In addition, we triggered on 28
empty bunches, which were used in this analysis to estimate the cosmic-ray background.



The average interaction point was located ! at z = —6.1 cm with a spread of o, = 10.4
cm. The dominant contribution to the spread of the interaction vertex was the length of the
proton bunch.

The ZEUS detector is described in detail elsewhere [7] [8]. This analysis relies mainly
on the high-resolution depleted-uranium scintillator calorimeter and the central tracking
detectors. A beam monitor and a wall of scintillator outside the main detector are used
to tag interactions of the proton beam upstream of the detector. The calorimeter covers
99.7% of the solid angle. It consists of three parts covering different regions of the polar
angle §: forward (FCAL, 2.6° < # < 36.7°), barrel (BCAL, 36.7° < 6 < 129.1%), and rear
(RCAL, 129.1° < 0 < 176.2°). Each part is subdivided into towers of typically 20 x 20
cm? transverse dimension, which in turn are segmented in depth into electromagnetic and
hadronic sections. To improve spatial resolution, the electromagnetic sections are subdivided
transversely into cells of 5 x 20 cm? (10 x 20 cm? for the rear calorimeter). FEach cell is
read out by two photomultiplier tubes, providing redundancy and a position measurement
within the cell. Under test beam conditions [9], the calorimeter has an energy resolution of

op/FE = 18%/\/E(GeV) for electrons and o/ E = 35%/1/ E(GeV) for hadrons. In addition,

the calorimeter provides a time resolution better than 1 ns for energy deposits greater than
4.5 GeV, which is used in background rejection. The calorimeter noise, dominated by the
uranium radioactivity, is in the range 15-19 MeV for electromagnetic cells and 24-30 MeV for
hadronic cells. Integrated over time (20ms), this uranium radioactivity is used to monitor
the signal gain of each calorimeter channel. To minimize the effect of the noise on the event
reconstruction, in order for a cell to be used in this analysis, we required a minimum energy
deposit of 60 (110) MeV in an electromagnetic (hadronic) cell.

Charged particle detection is performed by two concentric cylindrical drift chambers, the
vertex detector and the central tracking detector occupying the space between the beam
pipe and the superconducting coil of the magnet. In 1993, the detector was operated with
a magnetic field of 1.43 T. The precision vertex detector is surrounded by the main drift
chamber, which consists of 72 cylindrical drift chamber layers organized into 9 superlayers.
[3]

The luminosity is determined by measuring the rate of energetic bremsstrahlung photons
produced in the process ep — epy. The photons are detected in a lead-scintillator calorimeter
placed at z = —107 m. The background rate from collisions with the residual gas in the
beam pipe was subtracted using the unpaired electron bunches. The integrated luminosity
used in this analysis corresponds to 0.55 pb™! with an estimated systematic error of 3.3%.

I1I. KINEMATICS

The selection of candidate events for excited fermion decays started with the data ac-
quisition trigger, followed by the offline event reconstruction and the final analysis. To

1ZEUS used a right-handed coordinate system, centered at the nominal interaction point, defined
with positive z along the direction of the proton beam and positive y upwards.



demonstrate the motivation behind the selection criteria, we first discuss the kinematics of
the events expected from excited fermion states, in the reaction:

ep— X

with the f* decaying in the detector. The kinematic quantities relevant to this analysis are
presented in this section. In the interaction of the incident electron (with beam energy FE.
and four-momentum k) and incident proton (with beam energy F, and four-momentum P),
the square of the four-momentum transfer, carried by the propagator, is denoted by —Q?*.
In the case of neutral current (NC) deep inelastic scattering (DIS) or excited quark (¢*)
production, this is defined as:

~Qi = = (K — k)

where k' is the four-momentum of the scattered electron and the quantity ¢? is the Mandel-
stam variable t. By comparison, for excited lepton (I*) production, this is defined as:

—Qh = (k' — k)

where k* is the four-momentum of the excited lepton, respectively (see Figure 1). Note that
for excited leptons, in those modes in which an electron is expected to result from [* decay,
—(@? cannot be computed from the electron as it would be in an NC DIS interaction. In the
naive quark-parton model, the momentum fraction, x, carried by the parton which couples
to the exchanged particle, is defined by:

r=—¢*/P-q.

The final state which results from the interaction may or may not contain an electron
or other electromagnetic shower in the main ZEUS calorimeter. When the final state does
have an electromagnetic shower, the polar angle and the energy of the shower are denoted
by Ogy and Egas respectively. In channels where more than one electromagnetic shower
is expected in the final state, the angles and energies are denoted by numbered subscripts
after “EM” (e.g. Ognr2, Epam2). The vector sum of transverse energy in calorimeter cells
is referred to as pr and its absolute value is called pr ,is5. Also used is py”" ™" which
is the absolute value of the vector sum of transverse energy attributed only to the ring of
FCAL cells nearest the beampipe. The scalar sum of transverse energy is denoted by FEr.
We define the quantities E4*¥ "¢ and ES which respectively denote the Er associated only
with the hadronic state excluding the ring of FCAL cells adjacent to the beampipe and the
Monte Carlo generator-level Er calculated excluding cones which approximate the beampipe.
Mpadronic 18 the effective mass measured by the calorimeter excluding the ring of FCAL cells
adjacent to the beampipe and the electromagnetic shower associated with an f* candidate
decay. We define the quantity:

d= ZEZ(I — cosb);)

which, in events where visible energy is lost down the forward beampipe only, should be
approximately equal to twice the incident electron beam energy due to energy conserva-
tion. The sum runs over all calorimeter cells with energies above the previously mentioned
thresholds and the #; are calculated with respect to the measured interaction vertex.



IV. EXCITED FERMION TOPOLOGIES

In this analysis, excited fermions were searched for via their decays into a standard model
fermion and a gauge boson. The final states considered are listed in Table I. Decays of excited

TABLE 1. Excited fermion decays and topologies, and backgrounds to f* production. The
event types listed as physics backgrounds (such as “Compton”) refer to Standard Model processes
which can have similar topologies and are discussed in Section IV The abbreviation “EM” stands

for “electromagnetic.”

Excited Fermion Final State Topology Principal Background
e* — ey ey 2 EM clusters NC DIS, Compton
e* — e/ eqq 1 EM cluster, high E7, jets NC DIS
e* — eZ eee 3 EM clusters, high Fr NC DIS
e* — e/ evy 1 EM cluster, missing pr CC DIS
e — vW vqq high F7, missing pr, jets CC DIS
er — vW vev 1 EM cluster, high F7, missing pr NC+4+CC DIS
v — vy vy 1 EM cluster, missing pr, jet(s) NC DIS
v —vZ vqq high Fr, missing pr, jets CC DIS
vt —=uvZ vee 2 EM clusters, missing pr, jet(s) CC DIS
v*— eW eqq 1 EM cluster, high Er, jets NC DIS
v*— eW eev 2 EM clusters, high FE7, missing pr, jet(s) NC+CC DIS
T — qy qy 1 EM cluster, high Er, jet(s) NC DIS, Photoproduction
9 — qZ qqq high Fr., jets NC DIS, Photoproduction
g — qW qq'q" high F7, jets NC DIS, Photoproduction
7 — qq qq high Fr., jets NC DIS, Photoproduction

fermions produce characteristic event topologies which allows one to distinguish them from
neutral and charged current deep inelastic scattering (NC and CC DIS respectively) events
as well as from photoproduction events. Due to their large mass, excited fermions would
produce events with large transverse energy, Er. The signature of decay modes involving
neutrinos is missing transverse momentum, pr ,,iss. For high-mass f* decays with an e or v in
the final state, the electromagnetic shower tends to be boosted into the forward hemisphere,
in contrast to low Q7 NC DIS. Therefore we use the polar angle of the electromagnetic shower
to distinguish between such f* decays and NC DIS. Requiring that the electromagnetic
shower energy exceeds a minimum value suppresses photoproduction background and reduces
the number of fake candidates from 7% — ~~ decays. It is worth noting that photoproduction
is a significant background only in ¢* decays. This is because the incident electron is often
lost down the rear beampipe in both photoproduction and potential ¢* production. Thus, a
minimum cut on ¢, which can be used to remove photoproduction in ¢* modes, or a cut on
PT miss, Which can be used to remove photoproduction from v* modes, cannot be used in ¢*
modes.



V. MONTE CARLO SIMULATION

Monte Carlo event simulations were used to determine the detector acceptances and
to correct for resolution effects. The detector simulation is based on GEANT [10] and
incorporates our best knowledge of the experimental environment and trigger. Monte Carlo
events are passed through the same analysis as the data.

A. Excited Fermion Production and Decay

A Monte Carlo simulation of excited fermion production and decay is required to develop
efficient selection cuts and calculate acceptances. This analysis uses HEXF, [11] a generator
for heavy excited fermion production, which is based on models by Hagiwara et al., Boudjema
et al., and Baur et al. [3] [4]. Radiative corrections are included in this generator using the
Weizsacker-Williams approximation [12] and the MRSDy [13] set is used to model the parton
density distributions inside the proton. The QCD cascade is modeled with LEPTO 6.1 [14]
using first-order matrix elements and parton showers (MEPS). JETSET 7.3 [15] is used for
the soft hadronization.

The HEXF generator models the production of excited fermions in ep scattering and their
subsequent decay to standard fermions and gauge bosons. In this analysis, we considered
the following f* decay modes:

& — ey, e, vW

vt — vy, vZ, eW

T —qv, ¢4, qW, qg

where heavy bosons were subsequently allowed to decay according to their naturally occurring
branching fractions [16].

B. Background Events

The DIS events with Q7 > 4 GeV? were generated using the HERACLES [17] program,
which includes first-order electroweak radiative corrections. The MRSDg [13] set was used
for the parameterization of the parton density distributions. The hadronic final state was
simulated using the colour dipole model [18] as implemented in ARTADNE 3.1 [19] for the
QCD cascade, and JETSET 6.3 for the soft hadronization. To study the sensitivity of
acceptance corrections to fragmentation models, a sample of DIS events was also generated
using the LEPTO 6.1 [14] program which employs matrix elements and parton showers for
the QCD cascades.

An additional background for elastic e* — ey decays, elastic Compton scattering, ep —
eyp, was studied using the COMPTON 2.0 [20] generator. Inelastic Compton scattering
(where the proton dissociates) is included in the HERACLES generator for DIS NC events.

Photoproduction at low Q7 but with a large energy transfer from the photon to the
hadronic final state can be a source of background to f* production. We studied this effect
by generating resolved and direct photoproduction events using the HERWIG [21] generator.



TABLE II. Background Monte Carlo samples. Generator level cuts on Ef are calculated ex-
cluding cones approximating the forward and rear beampipes.

Mode Generator PDF Generator cuts Luminosity pb~1
NC-DIS HERACLES MRSDg Q7 >4 GeV? 0.4
+ ARIADNE Q7 > 4 GeV?
Ef > 14 GeV 3.1

E(6 > 155°) < 7.5 GeV

LEPTO, ME+PS  EHLQI Er > 30 GeV

6. < 150° 3.2
CC-DIS HERACLES MRSDg

+ ARIADNE 14.1
LEPTO, ME+PS  EHLQI 7.2

Compton COMPTON 2.0 E,e>2 GeV

19< 6, <179°

E, + E, >10 GeV 0.5
vp — X (direct) HERWIG MRSDg ES > 20 GeV 1.7
vp — X (direct) HERWIG MRSDy Er > 30 GeV 2.2
vp — X (resolved) HERWIG MRSDy/GRV ES > 20 GeV 0.5
vp — X (resolved) HERWIG MRSDy/GRV Er > 40 GeV 2.0

Table II gives an overview of the Monte Carlo samples used in this analysis. For most
Monte Carlo samples we have applied cuts at the generator level (see Table I1) to reduce the
total number of events that needed to be simulated. It should be noted (see Figure 2a) that
generator-level Fr cuts in Table II have little effect on signal acceptances. Note also that we
are interested in high-mass production, which requires large values of = (z > 107%), where
differences between various parametrizations of the parton distribution functions (PDF’s)
are negligible.

VI. EVENT SELECTION

Data were collected with a three-stage trigger [22]: a deadtime-free pipeline first level
trigger which was based on calorimeter energy thresholds, a second level trigger to reject
obvious non-physics events, and a third level trigger which applied physics-based filters to
select events for output to mass storage and offline analysis. Events surviving the third
level trigger were passed through an offline reconstruction program, which employed an
electromagnetic shower finding algorithm, an isolated muon finding algorithm, a jet finding
algorithm, a vertex finding algorithm, and an energy clustering algorithm. Events passed this



stage of analysis, hereafter called the preselection, if they fulfilled any one of the requirements:

(6 >25GeV) - (Ngy>0) - (N,<1)

(ET > 20 GGV) . (pT miss > 8 GGV) . (]\/vM < 1)

(Br > 30 GeV) - (N, <1) - (N, >0)

(Ep — B§Uter  [< 30 em] > 20 GeV) - (N,<1) - (N, >0)
(Br >8GeV) - (N,<1) - (N,>0) - (6>25GeV)
(PT any jer > 15 GeV) - (N, > 0)

where Ngjs 1s the number of electromagnetic showers found, N, > 0 means one or more
vertices obtained from the reconstructed tracks, N, is the number of isolated muons, and
Eguster, [< 30 em] is the transverse energy from FCAL clusters centered within 30 cm
of the beamline. All transverse energies excluded the inner ring of FCAL cells. Events
with isolated muons were excluded from most categories to reduce cosmic-ray backgrounds.
Approximately 250,000 events remained after the preselection.

After the offline reconstruction, we used refined timing information from the calorimeter
and the reconstructed vertex position to reject background events by requiring that the
vertex from calorimeter timing and the vertex from tracking be within 45 cm of one another.
The cosmic-ray backgrounds were further suppressed by using timing differences between
upper and lower regions of the calorimeter while beam-gas backgrounds were reduced by
using timing differences between forward and rear regions of the calorimeter.

Events passing the following selection criteria (hereafter referred to as the “initial selection
cuts”) were used for the analysis:

® PT miss > 8 GeV

o Ny > 170EM < 150°

o (Fp >30GeV) - (6>20 GeV)

0 50 cm < Zyertex < 40 cm.

Since the decay products of a massive resonance would be boosted strongly in the proton

direction, limiting #zys retains high acceptance for excited fermion decays while substantially
removing NC DIS and Compton events (Figure 2d). Unbalanced transverse momentum,
PT miss, 18 the characteristic signature for events with neutrinos in the final state. As can
be seen in Figure 2¢, selecting events with pr ,.;5s > 8 GeV significantly reduced the NC
DIS background. Photoproduction background was also significantly reduced by this cut.
However, this cut did not suppress backgrounds from CC DIS events. Requiring 6 > 20
GeV reduced photoproduction backgrounds where the scattered electron remained in the
beampipe.

Approximately 84,000 events passed these criteria (fiducial ¢* cuts), and are hereafter
referred to as the “fiducial ¢* sample”. Since we were principally interested in events with a
possible heavy excited fermion decay, we required at least 30 GeV of transverse energy (Fr).
Figure 2a shows transverse energy distributions obtained from signal and background Monte
Carlo samples. Rejecting events with more than 5 GeV energy in a backward cone (6 > 150°)
was a powerful tool in reducing the background from neutral current deep inelastic scattering
(NC DIS) while maintaining high signal efficiency (Figure 2b) for excited lepton searches.
Approximately 18,000 events remain after the application of the backward cone cut and the
Er > 30 GeV cut, hereafter referred to as the “fiducial [* sample”. The fiducial ¢* cuts



along with the two additional cuts mentioned above are referred to as the “fiducial I* cuts”.
The backward cone cut was not applied in the search for excited quarks since a significant
fraction of the electrons scattered at low Q7 end up in the beampipe region of the RCAL.
The effects of the two (I* and ¢*) fiducial sample cuts on the acceptance of the various
Monte Carlo samples (signal and background) can be found in Tables III, IV, and V.

TABLE III. Acceptances, in percent, for €* and background events. The background events in
this table were all subject to the generator-level selection criteria listed in Table II.

e — ey ef — el e —=vW NC DIS CC DIS Compton yp — X
e* Mass [GeV] 50 100 250 125 200 290 125 200 290
After Preselection 99 100 100 99 99 99 87 86 84 95 83 10 27
After Fiducial {* Cuts 80 94 93 80 94 95 77 76 71 11 48 1 3

TABLE IV. Acceptances, in percent, for v* events.

vt — ey vt —=vZ vt — eW
v* Mass [GeV] 50 100 250 125 200 250 125 200 250
After Preselection 99 100 100 95 91 87 99 100 100
After Fiducial [* Cuts 90 90 85 90 80 76 97 98 97

TABLE V. Acceptances, in percent, for ¢* events.

¢ —qy ¢ —qZ ¢ —qW " —qy
q* Mass [GeV] 100 250 150 250 150 250 150 250
After Preselection 99 100 98 99 99 100 99 99
After Fiducial ¢* Cuts 97 100 83 99 95 100 96 99

Both the preselection and the fiducial (I* and ¢*) cuts were highly efficient for selection
of excited fermions while backgrounds due to deep inelastic scattering and photoproduction
were strongly suppressed.

In addition to candidates for excited fermion decays, the two fiducial samples contained
events from NC DIS, CC DIS, high E7 photoproduction, cosmic rays, and collisions of both
the electron and proton beams with residual gas molecules in the beampipe. Using the
HERA bunch structure, we estimated the size of some of these contributions. Counting the
number of events from empty bunches we estimated that our sample contained less than 1%
contamination from cosmic rays. Only 3 of the f* decay channels studied had any surviving
beam-gas or cosmic ray background events in the final sample (see Section VII), which were
eliminated by visual scanning.

VII. ANALYSES

This section describes the selection procedure for the final data samples in each of the f*
decay modes. All analyses were based on the two fiducial data samples described in Section



VI and additional selection criteria were employed to select specific final state topologies. In
all modes, summary tables list the cuts for quick reference.

Our background Monte Carlo samples (see Table II for luminosities) consisted of about
67,000 NC DIS events, 4,100 CC DIS events, 7,000 direct photoproduction events, and 18,000
resolved photoproduction events.

Approximately, 1000 Monte Carlo signal events were used in every channel. All the
upper limits presented in this note are calculated at the 95% confidence level. A systematic
uncertainty of 15% for the expected event rate (see Section VIII) is taken into account.

A. Excited Electrons

The Feynman diagram for excited electron production in ep scattering is shown in Figure
1. A second mechanism, the t-channel exchange of a virtual Z boson, is also included in
HEXF. Monte Carlo studies showed that the inclusion of this mechanism represented only
a 3.5% increase in production cross-section. We have searched for the decays: ey, eZ, and
rW. Details of the analysis are presented in the next three subsections.

1. e* — ey

The decay of a heavy excited electron to a photon and an electron would leave a spectac-
ular signature: two isolated energetic electromagnetic clusters and, if the proton dissociates,
some hadronic energy around the forward beam pipe in an otherwise quiet detector. Possi-
ble backgrounds to this process include: (1) NC DIS events where a 7° decay produces an
energetic photon, and (2) high-energy elastic (ep — epy) and inelastic Compton processes.

Starting with the fiducial [* sample described earlier, events were first required to have
two electromagnetic showers of which at least one had an angle less than 150° and an energy
above 10 GeV. The other electromagnetic shower had to have an energy of at least 2 GeV.

Events were required to be contained within the detector by demanding 30 GeV< 6 < 60
GeV. A total of 24 events passed these selection criteria. The distribution of the invariant
ey masses is plotted in Figure 3 together with the results of a Monte Carlo study. None of
the 24 events have an ey mass above 50 GeV. The number of candidate events as well as
their mass distribution agrees well with our NC DIS Monte Carlo sample. In addition, one
background event is expected from elastic Compton scattering at low invariant ey mass. The
overall acceptance for this channel as a function of invariant ey mass is shown in Figure 4.
The mass resolution for this channel as a function of invariant ey mass is shown in Figure 5.
As a check on the sensitivity of the resolution to the overall energy scale (which determines
the values of such variables as Fr and Ega), the 150 GeV Monte Carlo sample was studied
with a systematic energy shift of -3% and a Gaussian smearing of 5%. The resulting change
in the width of the distribution was found to be 13%. Thus, the resolution is not strongly
dependent on small variations in the energy scale.

No evidence for a resonance decaying to an e~ final state is observed in the 1993 ZEUS
data. Using an average detection efficiency of 80%, we obtained an upper limit on the
production cross-section for an excited electron decaying to ey of 7.2 pb for invariant masses
above 50 GeV. The e* — e~y analysis is summarized in Table VI.
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TABLE VI. Summary of the e* — ey analysis. Results are presented here for the invariant
mass range M., > 50 GeV. “Expected events” refers to the normalized number of events expected
from the background Monte Carlo samples. “Average efficiency” is a measure of the percentage of
Monte Carlo e* — ey events surviving the cuts over the studied mass range.

Cuts Fryr1 >10 GeV, a1 <1509
30 < 6 <60 GeV
FEgpyro >2 GeV

Expected events with M., < 296 GeV 27.1

Observed events with M., < 296 GeV 24

Average efficiency 80%

Expected events with M., > 50 GeV 2.7

Observed events with M., > 50 GeV 0

o(ep — ey X ) for M., > 50 GeV < 7.2 pb 95% C.L.

2. e = eZ

Three decay modes of the Z boson were considered in the search for e* — eZ: (1)
Z — ete™ (BR = 3.36%), (2) Z — ¢q (BR = 69.9%), and (3) Z — vv (BR = 20.0%) [16].
Due to its large branching ratio, the ¢q final state dominates our sensitivity in this channel.

Possible backgrounds to this process include: (1) NC DIS events where a radiated ener-
getic gluon produces a second jet or where 7% decays produce two energetic photons, and (2)
CC DIS events where energetic 7° decays produce an energetic photon. To search for all these
modes, starting from the fiducial [* sample, we required the event to have an electromagnetic
shower with polar angle less than 125° and energy greater than 10 GeV. Additionally, for
the decay modes without neutrinos, we required 30 GeV < § < 60 GeV.

In the search for the first mode (e* — eZ — eece) the data sample was further restricted
by imposing the requirement of two additional electromagnetic clusters in the calorimeter,
each with energy greater than 2 GeV. After requiring a minimum of 10 GeV in the most
energetic electromagnetic shower found, there remained only 1 event with 3 electromagnetic
showers. It has an invariant mass below 30 GeV, moreover, the highest energy pair of
electromagnetic showers in this event is 22 GeV, inconsistent with a 7Z decay. Background
Monte Carlo predicted one event from NC DIS.

The signature for the second mode (e* — eZ — eqq) is a single energetic electron accom-
panied by high E7 hadronic deposits in the calorimeter. We selected this event topology by
requiring the hadronic transverse energy, EA4romc to be greater than 60 GeV. Ehidronic ig
defined as the total calorimeter transverse energy excluding the cells from the FCAL inner
ring and the highest energy electromagnetic shower. The distributions shown in Figure 6
demonstrate that this cut is efficient for ¢* — eZ decays while substantially reducing the
NC DIS background. Two events passed these cuts, in good agreement with the expected
Monte Carlo background from NC DIS (4.7 events).

The third mode (e* — e¢Z — evv) is characterized by a single energetic electron combined
with a large transverse momentum imbalance. To select these events, we imposed a cut
of pr > 15 GeV. Since large apparent pr is also characteristic of many beam-gas events

11



produced upstream of the apparent vertex found from track reconstruction, it was also
required that at least 70% of the pr come from calorimeter cells not in the FCAL inner ring.
Furthermore, momentum loss through the neutrino implies that ¢ will be less than twice the
incident electron beam energy, so we suppressed NC DIS background by requiring 6 < 50
GeV. This left no candidate events while there was an expected background from NC DIS
Monte Carlo of 0.7 events.

Using the energy and angle of the electron and assuming that the hadronic system has
the mass of the Z, and that production is dominated by low Q7 so that the final state has
no net transverse momentum, the mass of the e* candidates may be calculated using the

formula:
AFE. Epy cos? QETM + M%

_ Egym 002 O5Mm
1 Fsin” =5

2 _ a2
M%: = M2, =

where F. is the electron beam energy, and Egys and 0p)s are the energy and polar angle of
the e* decay electron. We combine the decay modes mentioned above and found no evidence
for a heavy resonance decaying to an eZ final state. The invariant eZ mass distributions for
the two surviving data events and a signal and a background Monte Carlo sample are shown
in Figures 7a and 7b.

We have investigated whether one could reconstruct the Z mass if a signal were present
in the ¢g channel. Using our 125 GeV e* — eZ Monte Carlo sample we show in Figure
8 the invariant mass of the hadron system calculated from the calorimeter energy deposits
but excluding the tagged electron cluster and the cells from the FCAL inner ring. The
reconstructed 7Z mass is seen to be narrow but shifted down by 13% from the nominal 7
mass. This shift is due to missing energy from non-instrumented material as well as energy
lost down the beam pipe and energy excluded in the inner FCAL ring.

The overall acceptance for this decay channel as a function of the ¢* mass is shown in
Figure 4. The mass resolution in this mode is shown as a function of €* mass in Figure 5.
Using an average acceptance of 60% and an expected background of 5.2 events, the 2 events
correspond to an upper limit of 12.5 pb for the cross-section of e* production in this channel
above an e/ mass of 100 GeV.

The e* — eZ analysis is summarized in Table VII.

3 e — vW

We have searched for an excited electron decaying to vW with subsequent decay of the W
boson to either ¢¢' (B.R. = 67.8%) or er (B.R. = 10.8%) [16]. Backgrounds to this process
include CC DIS with either an energetic gluon which produces a second jet (¢¢’ mode) or an
energetic 7 which produces a high energy electromagnetic shower (er mode).

For the ¢¢’ mode, the only energy observable in the detector is due to the hadronic decay
of the W. Since one would expect that the decay neutrino from a massive state would produce
a large missing transverse momentum, we only considered those events from the fiducial [*
sample with a pr .55 of at least 15 GeV. Since many beam-gas events have large pr uiss,
we required at least 70% of the pr to come from calorimeter cells not in the inner ring of
the FCAL. We then required that the total invariant mass in the calorimeter (Mpyadronic,
calculated excluding cells in the inner ring of the FCAL) be at least 50 GeV, consistent with

12



TABLE VII. Summary of the e* — eZ analysis. Results are presented here for the invariant
mass range M.z > 100 GeV. “Expected events” refers to the normalized number of events expected
from the background Monte Carlo samples. “Average efficiency” is a measure of the percentage of
Monte Carlo e* — eZ events surviving the cuts over the studied mass range.

Mode 7— qq Z— ete~ 17— vv
Cuts FEpyr1 >10 GeV, 0gar 1 <1250
30 < 6 <60 GeV 6 <50 GeV

Ehadronic 560 GeV| Egy 2 >2 GeV, PT miss >15 GeV
Egn 3 >2 GeV o py " T [pg ies <0.7

T miss
Expected events 4.7 1.4 0.7
Observed events 2 1* 0
Average efficiency 49% not used 11%
Total expected events 5.2 (with overlap)
Total observed events 2
Total average efficiency 60%
Events with M.z > 100 GeV 2 0 0
o(ep — eZX) for M.z > 100 GeV < 12.5 pb 95% C.L.

) Event has insufficient energy for Z decay.

the large mass expected from W decay. Only 11 events passed these cuts; 7 of these were
identified by visual scanning as beam-gas events and 1 as a cosmic-ray event. This left 3
candidate events.

To select excited electron candidates decaying into vW followed by W — ev we used cuts
identical to those used in the ¢¢’ mode, except that now the cut on My 4,0nic Was replaced by
a requirement of an electromagnetic shower with more than 10 GeV and polar angle less than
125°. One event survived these cuts, but was rejected by visual inspection as a beam-gas
event. Expected NC DIS background in this mode was 0.7 events.

On combining these two decay modes, the acceptance with this selection is quite high
for signal events (see Figure 4), while the backgrounds are substantially reduced. The mass
resolution in this mode is shown as a function of €* mass in Figure 5.

We first consider the case where the W decays into ¢¢’. Since the neutrino is not observed,
it is necessary to reconstruct the neutrino parameters assuming that the decay products
balance transverse momentum (it is assumed that production is dominated by low Q%).
Using the total transverse momentum (pr) and ¢ (see Section III), and assuming that the
hadronic system has the mass of the W, My, one can calculate the invariant mass of the
decaying e*:

V= A P B2 2B MR (2E, — )
c v 6(2E. —¢)

The invariant ¥ mass distribution for the three remaining data events is shown in Figure
7d together with results from signal (shown in 7¢) and background Monte Carlo simulations.
From Monte Carlo calculations, one expects 1.6 background events from NC DIS and CC
DIS in the final sample.

In the case where the W decays into vl, the assumption that the transverse momentum is
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balanced is no longer valid. Nevertheless, the mass distribution obtained by using the above
formula is useful in discriminating signal from background. The high-mass tail observed in
Figure 7 results from events of this type.

No evidence for a vW resonance is observed. Using an average acceptance of 60% and
a background expectation of 1.6 events, the three observed events correspond to an upper
limit of 21.9 pb for the cross-section of e* production in this channel above a mass of 100

GeV. The ¢* — vW analysis is summarized in Table VIII.

TABLE VIII. Summary of the e* — vW analysis. Results are presented here for the invariant
mass range M, > 100 GeV. “Expected events” refers to the normalized number of events expected
from the background Monte Carlo samples. “Average efficiency” is a measure of the percentage of
Monte Carlo e* — vW events surviving the cuts over the studied mass range.

Mode W — q¢ W — ve
Cuts PT miss >1b GeV
DY s /DT miss <0.7
6 <50 GeV
Mpadronic >50 GeV Egyr1>10 GeV, g <1250
Expected events 1.6 0.7
Observed events 3 0
Average efficiency 53% %
Total expected events 1.6 (with overlap)
Total observed events 3
Combined efficiency 60%
Events with M,y > 100 GeV 3
o(ep — vWX) for M, > 100 GeV < 21.9 pb 95% C.L.

B. Excited Neutrinos

Excited neutrinos can be produced at HERA via exchange of W bosons. It should
be noted that events produced by W exchange peak much less sharply at low Q% than v
propagator events. Thus there would often be a visible parton recoil jet associated with
v* production. Events where the proton does not dissociate, which should be a major
contribution to the ¢* channels, are not possible in this channel.

1. v* = vy

If the neutrino has charged subcomponents, decay of its excited state into v+ is possible.
Such an event would be characterized by missing py associated with the v, a high energy
electromagnetic shower associated with the v, and (usually) a recoil jet from the quark struck

by the W. Backgrounds to this process tend be concentrated at low values of pr ;55 and to
result from NC DIS.
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Beginning with the fiducial [* sample, we first required an electromagnetic shower with
energy>10 GeV. The neutrino would lead to a non-zero pr miss and to (8) less than twice
the incident electron beam energy. We therefore required pr 55 >15 GeV and 6 <50 GeV.
In addition, the total transverse energy Kt from both the v and the recoil jet should be
large, so we required Er > 40 GeV. Monte Carlo studies yield efficiencies rising from 45%
at v* mass of 50 GeV to 65% at 250 GeV, as shown in Figure 4. The mass resolution in this
mode is shown as a function of v* mass in Figure 5. Expected backgrounds were 0.9 NC DIS
events and less than 0.1 CC DIS events. No event remained after these cuts. This, combined
with an average efficiency of 60% and an expected background of 0.9 events, corresponds to
an upper limit of 9.6 pb for the cross-section of v* production and decay into vy above a
mass of 50 GeV. The v* — v~y analysis is summarized in Table IX.

TABLE IX. Summary of the v« — v+ analysis. Results are presented here for the invariant
mass range M, > 50 GeV. “Expected events” refers to the normalized number of events expected
from the background Monte Carlo samples. “Average efficiency” is a measure of the percentage of
Monte Carlo v* — vy events surviving the cuts over the studied mass range.

Cuts Egay >10 GeV
6 <50 GeV
PT miss >15 GeV
L >40 GeV
Expected events 0.9
Observed events 0
Average efficiency 60%
Events with M, > 50 GeV 0
o(ep — vyX) for M, > 50 GeV < 9.6 pb 95% C.L.

2. v = vZ

For v* production via W exchange, and followed by a decay into the final state vZ, the
recoil jet can be used to assist in the design of efficient cuts. Monte Carlo studies showed
that the recoil jet tends to have sufficient angle with respect to the heavy boson decay jets to
give a large value for Mpyqdronic (typically > 100 GeV). At low masses, where most of the v*
energy is used in forming the heavy boson and little is left for the lepton, the requirement of
a large Mpudronic can replace the pr .55 requirement imposed on the lepton. This suggests
the use of cuts excluding certain regions in the Myuaronic—PT miss plane (see Figure 9).

Backgrounds to this process tend to come from CC DIS events with two or more jets
having either fairly wide separation or large energies. To search for v* — v7 decay, we began
with the fiducial [* sample and required 6 <50 GeV in order to account for the missing v.
Only events with pr iss > 15 GeV and hadronic mass > 50 GeV were accepted. However,
as described above and demonstrated in Figure 9, the acceptance can be improved, while
maintaining good background suppression, when the pr .55 requirement is relaxed to 5
GeV for events with hadronic masses above 125 GeV. To suppress beam-gas background, we
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accepted events only if at least 70% of the py comes from calorimeter cells not in the FCAL
inner ring.

After the above cuts, 3 events remain, consistent with the background expectations of
2.6 NC DIS, 0.7 CC DIS, and 0.1 photoproduction events.

The mass formula for ¢* in the vW decay mode was derived assuming that the transverse
momentum of the e* was zero. It is not a precise assumption in the presence of a recoil
jet (as is often the case for v* production) but it is a good approximation which improves
in accuracy as the v* mass increases. At low masses (M,» = M. = 100 GeV), where the
approximation is least accurate, Monte Carlo studies indicate that the v* reconstructed mass
distribution is 4% higher and 36% wider than that of the e¢*. Thus, assuming that the mass
of the hadronic system is the 7Z mass, My, the v* invariant mass is obtained from:

4p% missESQ + QESM%(QES - 5)
5(2E, — o) ‘

2 a2
M2 = M2, =

The acceptance for this decay channel is plotted in Figure 4 as a function of the v* mass.
The mass resolution in this mode is shown as a function of v* mass in Figure 5. As a check on
the sensitivity of the resolution to the value of the overall energy scale (which determines the
values of Mpadronic and pr miss) we imposed a -3% shift and a Gaussian smearing of 5% on
the energy scale for a 200 GeV v*. The resulting change in reconstructed width was less than
1%. Using an average efficiency of 65% and an estimated background of 3.4 events, the 3
observed events correspond to an upper limit of 15.6 pb for the cross-section of v* production
in this channel above a vZ mass of 100 GeV. The v* — vZ analysis is summarized in Table

X.

TABLE X. Summary of the v — vZ analysis. Results are presented here for the invariant
mass range M,z > 100 GeV. “Expected events” refers to the normalized number of events expected
from the background Monte Carlo samples. “Average efficiency” is a measure of the percentage of
Monte Carlo v* — vZ events surviving the cuts over the studied mass range.

Cuts 6 <50 GeV
Mpadronic >50 GeV
PT miss >D GeV
(PT miss >15 GeV) .or. (Mpadronic >125 GeV)

inner ring

PT rniss /pT miss <0.7

Expected events 3.4

Observed events 3

Average efficiency 65%

Events with M,z > 100 GeV 3

olep — vZX) for M,z > 100 GeV < 15.6 pb 95% C.L.
3. v —eW

As for the e* — eZ case, we searched for the W boson in the hadronic (¢¢’) and the
electronic (er) decay modes. (It is worth noting that some decays from other modes should
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also survive our cuts.) Backgrounds to this process are similar to the e* — eZ mode. For the
hadronic W decay mode we began with the fiducial [* sample and required the event to be
contained in the detector (30 GeV< § <60 GeV). A successful candidate had to contain an
electromagnetic cluster with more than 10 GeV energy and a polar angle less than 125°. As
for the e* — vW analysis, we required that the hadronic transverse energy, excluding cells
from the inner FCAL ring, be at least 60 GeV. To account for the undetected neutrino, we
selected candidate events for the v* — eWW — eer decay chain by requiring 6 < 50 GeV and
imposing a pr miss > 15 GeV cut. To suppress beam-gas background, we accepted events
only if at least 70% of the pr miss comes from calorimeter cells not in the FCAL inner ring.
No event survived these selection criteria, while the expected background is 0.7 NC DIS and
0.1 CC DIS events. Combining both W decay modes, we found 2 candidate events with an
expected background of 5.2 NC DIS and 0.1 CC DIS events.

The assumption that only the excited fermion decay products carry £, which is used in
deriving the mass formula for the analogous e* mode, is only approximately correct, but the
E7 carried by the recoil jet represents only a small effect. Therefore, with the assumption
that the hadronic system has the mass of the W, the v* mass is calculated using the formula:

4F. Ega cos Opa ? + M3,

2

_ Epum iy Omm 2
1 7 sin =5

2 _ a2
M2 = M2, =

where the electron comes from v* decay. Figure 4 shows the detector acceptance for this
decay channel as function of the v* mass. The mass resolution in this mode is shown as
a function of v* mass in Figure 5. Using an average efficiency of 60% and an estimated
background of 5.2 events, the 2 observed events correspond to an upper limit of 12.5 pb
for the cross-section of v* production and decay into el above a mass of 100 GeV. The
v* — eWW analysis is summarized in Table XI.

C. Excited Quarks

Except for the relatively small fraction of heavy-boson decays containing neutrinos, all
excited quark decay modes (¢v, ¢W, ¢Z, and qg) should balance pr. Only those events
of the fiducial ¢* sample for which the transverse momentum was less than 40 GeV were
considered for further analysis.

Additionally, all excited quark decay modes have energetic hadronic showers in the final
state producing a characteristic signature of large transverse energy in the detector. In
calculating Er, a cone around the beam pipe of half-angle 9.2° (E5<%%) was excluded for
q¢* — ¢7v while a cone of half-angle of 18.3° was excluded for the analyses of the other final
states. These cone cuts effectively remove beam-gas, photoproduction and DIS backgrounds.
We found good agreement between data and the background calculation. Monte Carlo
studies suggest that a strong Kt cut would reduce the background while maintaining high
efficiency for signal events. Thus, events with transverse energy (£5<"?) greater than 70
GeV were selected. Photoproduction background was further reduced by requiring 6 > 20
GeV.
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TABLE XI. Summary of the v* — eW analysis. Results are presented here for the invariant
mass range M.y > 100 GeV. “Expected events” refers to the normalized number of events expected
from the background Monte Carlo samples. “Average efficiency” is a measure of the percentage of
Monte Carlo v* — eW events surviving the cuts over the studied mass range.

Mode W — q¢ W — pe
Cuts FEeyv 1 >10 GeV, gy <125°
30< 6 <60 GeV 6 <50 GeV
Ehadronic 560 GeV PT miss >15 GeV
DT miss /DT miss <0.7
Expected events 4.7 0.8
Observed events 2 0
Average efficiency 43% 17%
Total expected events 5.3
Total observed events 2
Combined efficiency 60%
Events with M.y > 100 GeV 2
o(ep — eW X )for M.y > 100 GeV < 12.5 pb 95% C.L.
1. ¢ — gy

Starting from the data sample defined above we selected candidates for the decay ¢* — ¢
by requiring an electromagnetic cluster with energy greater than 50 GeV and no matching
tracks in the central tracking detector. After these cuts, one event remained, while back-
ground Monte Carlo predicted 1.2 events. The ¢y invariant mass value calculated from the
energy deposited in the calorimeter for this candidate as well as for a signal (see Figure 10c)
and a background Monte Carlo sample are shown together with data in Figure 10d. No
evidence is seen for ¢* production in this data sample. Backgrounds to this process include
NC DIS with both high E7 and a poorly matched track, and photoproduction with both
high E7 and a high energy 7% which mimics a 7.

In Figure 4, we plot the acceptance for this analysis as a function of the ¢v invariant
mass. The mass resolution in this mode is shown as a function of ¢* mass in Figure 5. The
efficiency is close to 70% over most of the mass range; the inefficiency at low ¢+ masses is
caused by the 6 cut.

Using an average detection efficiency of 70% and an expected background of 1.2 events,
the single candidate event corresponds to an upper limit of 11.3 pb for the cross-section of ¢*
production and subsequent decay to ¢y above a ¢y mass of 100 GeV. The ¢* — ¢v analysis
is summarized in Table XII.

2 ¢ —qZ, ¢W, qg
In the search for excited quarks decaying to ¢Z or ¢ W we concentrated on the hadronic

decay modes of the heavy bosons. Thus, excited quarks decaying to either ¢Z, ¢ W, or qg¢
are characterized by hadronic jets in the final state. Since we make no attempt to isolate jets
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TABLE XII. Summary of the ¢* — ¢v analysis. Results are presented here for the invariant
mass range My, > 100 GeV. “Expected events” refers to the normalized number of events expected
from the background Monte Carlo samples. “Average efficiency” is a measure of the percentage of
Monte Carlo ¢* — gy events surviving the cuts over the studied mass range.

Cuts pr <40 GeV
ES>92 570 GeV
6 >20 GeV
(Egm >50 GeV) - (No matched track)

Expected events 1.2
Observed events 1
Average efficiency 70%
Events with M,, > 100 GeV 1
o(ep — ¢y X) for M, > 100 GeV < 11.3 pb 95% C.L.

in this analysis, these three final states are indistinguishable and will be treated together.
Backgrounds to this process tend to come from both NC DIS and photoproduction events
with large Fp without a well isolated electromagnetic shower.

To produce a heavy object at low @7 (the data are dominated by low ()7 processes),
the energy transfer from the incident electron to the virtual gauge boson has to be large.
Therefore we would expect only low energy scattered electrons in our final sample. We did
not attempt to reconstruct this electron since, in most cases, it disappears down the beam
pipe. However, we searched for isolated energetic electrons to tag background from neutral
current DIS. Events were accepted if they did not contain an isolated electromagnetic shower
with energy of more than 10 GeV. An electron was defined as isolated if it had less than 5
GeV associated hadronic energy within a cone of 40°. Two events survived this cut while
background Monte Carlo calculations predicted 2.6 events. The invariant mass distribution,
obtained by summing over all calorimeter cells, is shown in Figures 10a and 10b together
with distributions from signal and background Monte Carlo samples. No evidence is seen
for ¢* decaying into these hadronic final states. The acceptances and widths for these decay
channels are plotted in Figures 4 and 5. The mass resolution in this mode is shown in Figure
5 as a function of the generated ¢* mass. Using an average efficiency of 40% and an estimated
background of 2.6 events, the 2 observed events correspond to an upper limit of 23.0 pb for
the cross-section of ¢* production and decay to qg, ¢ W, or ¢Z above a mass of 100 GeV.
The ¢* — qg (Z, W) analysis is summarized in Table XIII.

VIII. EVALUATION OF SYSTEMATIC UNCERTAINTIES

In our determination of the systematic error, we distinguish between experimental and
theoretical uncertainties.
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TABLE XIII. Summary of the ¢* — g¢g, q/W, q7Z analysis. Results are presented here for
the invariant mass range My« > 100 GeV. “Expected events” refers to the normalized number of
events expected from the background Monte Carlo samples. “Average efficiency” is a measure of
the percentage of Monte Carlo ¢* — ¢g, ¢ W, qZ events surviving the cuts over the studied mass

range.
Cuts pr <40 GeV

E183 570 GeV

6 >20 GeV
No isolated Fgp > 10 GeV

Expected events 2.6
Observed events 2
Average efficiency 40%
Events with My« > 100 GeV 2
o(ep — jets) for My« > 100 GeV < 23.0 pb 95% C.L.

A. Experimental Systematic Uncertainties

Experimental systematic errors on the derived cross sections are introduced by the lu-
minosity measurement and the particular reconstruction procedure chosen for the analysis.
The systematic error on measurement of the integrated luminosity, £, is 3.3% [23].

The uncertainties in the CC and NC samples can be divided into the following contribu-
tions: (1) vertex reconstruction efficiency, (2) electron identification efficiency, and (3) effects
of energy scale uncertainty on the total acceptance. The error on the vertex reconstruction
efficiency was estimated by repeating the analysis with different vertex reconstruction algo-
rithms. This yielded an uncertainty of 6% in the efficiency. The uncertainty in the electron
identification was estimated both by using alternate electron finding algorithms, and varying
cuts within the standard electron identification algorithm for both data and Monte Carlo.
This yielded an uncertainty on the electron identification efficiency of 4%. The effects of the
overall energy shift, relevant to the 6, Er, pr miss, Mhadronic cuts and the cuts on the lepton
energy, were less than 3%.

By systematically varying the cuts in the three excited fermion analyses, we estimated
what systematic effect is introduced by their values. This uncertainty in the efficiency was
found to be less than 4%.

The calculation of the upper limit curves for the excited fermion production cross-section
requires a smooth parameterization of the acceptance as a function of the excited fermion
mass. The interpolation between generated Monte Carlo mass points introduced an addi-
tional uncertainty of 5%.

Under the assumption that the various systematic errors are uncorrelated, we added the
contributions in quadrature and determined the experimental systematic error to 11%.
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B. Theoretical Uncertainties

The predicted f* production cross-sections vary according to the model used. The ap-
plication of radiative corrections to an expressly nonrenormalizable “effective Lagrangian”
model is somewhat problematic. However, once a particular model was chosen, we could
estimate the uncertainties introduced by radiative corrections and the parton density distri-
butions used to model the proton. We estimated this contribution to be 8%. On comparing
excited fermion Monte Carlo samples generated with decay distributions isotropic in the
center of mass to those where the decay lepton distribution follows 1+cos # (as predicted in
the models of [3] [4]) the reconstruction efficiencies differed by less than 6%.

Combining these contributions in quadrature with the experimental uncertainties, we
found the total systematic uncertainty to be 15%.

C. High energy Compton scattering

Since Compton scattering, ep — ep~y, is topologically similar to an excited electron
decaying to ev, its analysis is a systematic check of the e* — ey analysis. As Compton events
are concentrated at low K7, and deposit energy mainly in the rear detector, to increase the
sample size, starting before the level of the initial selection cuts, we modified the analysis
criteria used in the e* — ey analysis. We selected events with exactly two electromagnetic
clusters between polar angles of 85° and 165° with energies above 4 GeV. The range of allowed
vertex z positions was widened to -75 cm < z <75 cm and the cut on 6 was changed to 6 > 35
GeV. Additionally, we required 95% of the event’s energy to come from the electromagnetic
section of the calorimeter. Figure 11 shows agreement between the data and Monte Carlo,
confirming our understanding of both the detector behaviour and the background sources.

IX. LIMIT PROCEDURE
A. Model Independent Limits

Since no evidence was observed for excited fermions in any of the above channels, we
set cross-section limits for the production of the various fermion gauge boson final states.
In so doing, the integrated luminosity and masses of the candidate events were taken from
the data, and we obtained acceptances, mass resolutions, and background distributions from
Monte Carlo calculations. The mass peaks from Monte Carlo models were fit with Gaussian
lineshapes which were used to extract acceptances, e(M), as functions of excited fermion
masses. In the previous sections we have quoted limits on cross-sections averaged over a
wide mass range. Figure 12 shows the upper limits on the cross-sections as functions of final
state mass for each decay channel. Note that these curves are independent of the production
mechanism. They were derived from the expression:

Nup (M)

ovr.(Ms) = (ML (1)

21



Here My« is the invariant mass of the final state under consideration, and Nz is the mass-
dependent 95% upper limit on the number of events observed after accounting for systematic
errors. In each channel, Ny 1. is determined using Poisson statistics from the number of events
observed, and the expected number of background events (from Monte Carlo) [24]. Detector
resolution effects, as well as a systematic error of 15% (see Section VIII), were included in
the calculation of Ny, .

To obtain the mass dependence of the detector acceptance for signal events, e( M),
Monte Carlo data were generated for each of the excited lepton and quark decay chains
for several f* invariant masses between 50 GeV and 290 GeV. For each decay chain, the
acceptance, the reconstructed signal width, and the reconstructed mean value for the reso-
nance mass were parameterized by third order polynomial fits to the results obtained by the
Monte Carlo study. To account for phase space effects near thresholds (such as the case of
a low f* candidate mass in a heavy boson decay mode), the polynomial was multiplied by a
threshold factor of VM — My where M, is the mass at threshold. This acceptance included
contributions from geometry and detector inefficiencies, as well as the branching ratios for
the heavy gauge boson decay channels studied.

B. Limits on Couplings and Compositeness Scale

To set limits on the f* couplings, one needs to use a specific theoretical model. In
an effective Lagrangian model of excited fermion production, one assumes spin—% excited
fermions are produced and decay through magnetic transitions mediated by the gauge bosons
v, Z, and W [3] [4]. The cross-section can be written quite generally as (see appendix):

. [Cesrv|® + |desrv]®
olep— [*X) = 1z oo M) (2)
where ¢ and d are the vector and axial vector coupling constants, A is the compositeness
scale, V denotes the gauge boson exchanged, and My« is the mass of the excited fermion.

The “reference cross-section”, g, is dependent only on the kinematics of the final state and
therefore completely defined by M« (we expect that only one type of gauge boson exchange
contributes significantly to the production cross-section). The decay width of each excited
lepton is a function of ¢ss+y and dys+y. Depending on the various cysey and djg«y values,
almost any channel may dominate the cross-section, though the couplings to the electron
must remain significant if the state is to be produced with significant cross section. If one
assumes that the couplings between the standard model fermions and their excited states
are SU(3) @ SU(2) @ U(1) symmetric, the 18 different vector and axial vector couplings
(ignoring different quark flavours and mixing) can be written as functions of three couplings
I, f'yand fs for U(1), SU(2) and SU(3)coiour, respectively. It is often assumed that ¢ and d
are equal. To maintain generality, we avoided making this additional assumption in deriving
upper limits. This introduces a factor of v/2 which must be accounted for in comparing our
limits to some other publications [5] [25].

For excited electrons and quarks with masses below 225 GeV, the dominant contribution
to the lineshape is the detector resolution. At higher masses, the intrinsic width increases
as the coupling limit weakens due to the rapid decrease in oy and the narrow-width ap-
proximation used in the calculation of og(my«) (see appendix) becomes questionable. For
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excited neutrinos, the smaller coupling limit implies that the width is large at even lower
masses. Therefore, we present excited neutrino limits only for masses below 180 GeV. A
similar argument could be made in the case of excited quarks where decay through gluons
might be expected to cause the ¢* width to be significantly larger than the width of excited
leptons. HERA is only sensitive to ¢* production via electroweak couplings, but we have
also considered the possibility of ¢* decay through gluons. It should be noted that ¢* limits
in the gg mode become questionable at higher masses if the ¢* decay coupling to gluons is
large. Evidence from other experiments, (see discussion and references in Section X) which
give limits on ¢* production via hadronic coupling, suggests that this is unlikely.

C. Limit Parameterization

Experimentally, the upper limit on the production cross-section of excited fermions is
given by Fquation 1. If we include the decay of the excited fermion to a particular final state
this can be written as:

Nup (M) (3)
BR(J- = ['V) e(Mp) L

UU.L.(ep - f*X) =

where BR(f* — f'V) is the branching ratio for a excited fermion f* decaying to a fermion
f" and a gauge boson V.

Combining Equation 3 with Equation 2 results in the following expression for the limit
on the ratio of the sum of the coupling constants times the branching ratio:

(lef* + 1d])*
A2

The 95% confidence level upper limits on the quantity \/BR(f* — f'V)([e]? + |d|?)/A? are
shown in Figures 13 - 15 for the various decay channels studied. The sensitivity to excited
neutrino couplings is weaker (by approximately an order of magnitude) than that for e*
and ¢* couplings due to the absence of a low le/l* singularity in the t-channel. Possible
contributions of Z exchange effects to e* and ¢* production would be of similar magnitude.
Differences in sensitivity among final states available to the different excited fermions arise
from differences in the number of candidate events, acceptances, and branching ratios for
the subset of gauge boson final states observed.

In calculating the limits, the systematic error (see Section VIII) was accounted for by
increasing the value of Ny (Mg«) by 15%. Deviations of systematic errors from Gaussian
behaviour due to independent contributions to the normalization (e.g. those of luminosity
and acceptance) were assumed to be negligible. In addition, the systematic error on the
normalization of the background and signal contributions was assumed to be 100% correlated.

X. DISCUSSION AND RESULTS

To place our results in the context of existing limits, we first discuss the findings of other
searches. Limits on excited electrons due to searches for spacelike exchange contributions
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come from experiments at lower energies [26] [27]. Direct searches performed by the four LEP
experiments [25] exclude excited fermions with masses below Mz/2 and limit the coupling
strengths below the Z mass. Searches at LEP for ¢{-channel exchanges of excited electrons
set limits on the coupling strength for excited electron masses as high as 116 GeV [25].

A result from the UA2 collaboration [28] puts limits on ¢* production in pp collisions for
masses below 288 GeV. A recent result from the CDF collaboration [29] sets an upper limit
on excited quark production for masses which are below 540 GeV. Note that these limits
only hold for the special case of ¢* production via the gluon coupling, g¢ — ¢*. The limits
given in this paper are complementary since at a pp collider excited quark production is
dominated by the quark gluon coupling while at HERA we can investigate the electroweak
couplings of excited quarks.

First results from the HERA experiments, based on an integrated luminosity of approx-
imately 26 nb™!, restrict excited electron and excited neutrino production for masses below
225 GeV [5] [6]. A new result from HI reports limits similar to those shown here only for
excited lepton searches [30]. This paper reports on new limits for [* production and on the
first search for ¢* production at HERA.

No evidence for a heavy particle decaying to a final state comprised of a gauge boson
and a fermion was observed in the 1993 ZEUS data sample. Even with relatively small
integrated luminosity, we set stringent limits on excited fermion production. This is due
to the large centre of mass energy of HERA and the almost 47 coverage of the ZEUS
detector. This analysis is not background limited. At current luminosities, backgrounds
have been controlled using only simple cuts; for example, we have not used track matching
requirements in all channels or attempted to reconstruct heavy bosons.

Limits on the production cross sections for massive particles decaying to final states of
gauge bosons and fermions are presented in Table XIV and Figure 12. We exclude, at the
95% confidence level, the production of a heavy resonance decaying to an electron and a
photon with a cross section at the level of 7 to 23 pb. We have achieved stringent limits in
the v* and ¢* channels and improved our limits in the ¢* channels by more than a factor of

4 over the first analyses at HERA [5] [6].

TABLE XIV. Summary of excited fermion detection efficiencies, observed candidates, expected
backgrounds, and cross section limits (at the 95% confidence level) for masses below /s =296 GeV.

Excited Observed Expected Average Cross

Fermion Events Events Efficiency (%) Section (pb)
e* — ey M., > 50 GeV 0 2.7 80 < 7.2
e —eZ M.z > 100 GeV 2 5.2 60 < 125
e —vW Myw > 100 GeV 3 1.6 60 < 21.9
v* — vy M,, > 50 GeV 0 0.9 60 < 9.6
v* —vZ M,z > 100 GeV 3 3.4 65 < 15.6
v* —eW My > 100 GeV 2 5.3 60 < 125
¢ — vq My, > 100 GeV 1 1.2 70 < 11.3
¢ — jets My« > 100 GeV 2 2.6 40 < 23.0
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Appendix
Theoretical Models and Cross-Sections
1. Excited Lepton Production

We use specific theoretical models in order to calculate efficiencies for the signal, as well
as to set limits on the ratios of the couplings to the compositeness scale. For excited leptons,
we used the model of Hagiwara et al [3]. In this particular model, the excited fermions
have spin and weak isospin 1/2. The (magnetic) transitions between excited and ordinary
fermions, are mediated by the gauge bosons 7, Z and W. The production of excited fermions
is then described in the framework of an effective Lagrangian [3]

Lepy = Z %FUM(CVFf—dVFf’Vs)fQMVU + h.c (5)

V=vy,Z,W

where F' and f denote the excited and ordinary fermions and V is the boson to which the f
and F couple. The compositeness scale, A, describes the strength of the binding of the new
constituent particles. Hagiwara et al. also assume that the excited leptons form left-handed
and right-handed doublets. These assumptions arise from the fact that the low energy limit
of new physics at high energies should not distort the SU(3) @ SU(2) @ U(1) symmetries of
the standard model.

The coupling constants cyps and dypy are further constrained by (g — 2) experiments
through high-precision measurements of the magnetic moment and by the absence of an
electric dipole moment for the electron.

Based on the effective Lagrangian, the differential production cross-section for ep — f*X
can be calculated. To model ep — f*X, the proton was assumed to supply a parton ¢
with density Hq(l‘,le/l*). As an example (see [3] for details), we present the differential
cross-section for the production of €*’s via photon exchange:

d*c 5 do(eq 5 e*X)

q

where 2H,(x, Q%) is the parton (quark) momentum density. The parton cross section can
be written as
o ma* Qe +1dP)
Qi A252Q)%,

[28% — (QF + MA) - (25 — ML) (7)

The Qy represents the quark charge and s = xs.
Once produced, the excited lepton can decay into standard fermions and gauge bosons.
In this analysis, we considered:
e — ey, e, vW

vt — vy, vz, eW.

The branching ratio for a particular mode was calculated from:
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, (= 1V)

BR(I* — V) = ~ otal) (8)

Within this model, the decay width of the excited lepton is a function of ¢ and d and is
given by the expression:
a M? M3 m3

* Vv
(= 1V) = §F(|CVfF|2 + |dvsr*)(1 — W)Q(l + QME)' (9)

The Lagrangian describing the transition between excited fermions and ordinary fermions
should respect chiral symmetry in order to protect the light leptons from acquiring a large
anomalous magnetic moment which is ruled out by experiment [26] [31]. This means that
only the right-handed part of the excited fermions takes part in the magnetic de-excitation.
The latter is described in an SU(2)@U (1) invariant form by the following effective Lagrangian
which can be derived from Equation 5 under the above assumptions.

L = LFG‘“”[ngWM, + g’f’XBW]fL + h.c. (10)
2A 2 2

where g and ¢’ are the usual weak coupling constants: ¢ = ¢/sinfy and ¢’ = ¢/ cos Oy,

where ¢ is the electron charge and sin 03, = 1 — cos 03, = sin? Oy, = 0.231 [16]. The factors f

and f’ are associated with the two gauge groups and parameterise two different scales A/ f

and A/f" for the two groups SU(2) and U(1). In this model, the coupling constants satisfy

csvgr = dyyygs and more specifically they can be written in terms of f and f as:
—1
c’ye*e - T(f —I_ f/) (11)
1 )
Crene = T(f cot Oy + [ tan Oy ) (12)

/
2v/2 sin Oy

CW—e*xy =

c’yy*u - _Tl(f - f/) (14)

—1
Coppry = T(f cot Oy — f'tan Oy ) (15)
/
C tyke — — F— - 16
v 2v/2 sin Oy (16)
Under the assumption cjy s« = dyy s+, limits on compositeness of fermions are sometimes

given as function of ¢/AxBR. To be compared to the results presented in Figures 13 - 15
these limits have to be multiplied by /2.
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2. Excited Quark Production

To model excited quark production and decay we have used the models of Boudjima et al.
and of Baur et al. [4] which are extensions of the model of Hagiwara et al. [3]. In this model,
the effective Lagrangian given in Equation 10 is extended to include the strong interaction:

L = LFG‘“”[ngWM, + g/f/XBW + gsfsiéuu]f[/ + h.c. (17)
2A 2 2 2

In ep scattering, excited quarks could be produced by exchange of the gauge bosons, as
a quark—excited quark pair in photon-gluon fusion or in a resolved photoproduction process.
These second and third classes of processes are expected to be negligible because of the soft
gluon distribution in both the proton and the photon. With this assumption, the production
cross-section calculation is very similar to that for excited leptons up to corrections for the
proton mass. Photon exchange dominates this process.

Once produced, the excited quark can decay either through the weak or strong interac-
tions. In this analysis we have included the following decay final states:

¢ —qv, qZ, ¢ W, qq.
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FIG. 1. Feynman diagram of excited lepton production in ep collisions. Shown is the decay of
the excited electron into an electron and a photon. Other possible decays include e* — eZ and
e — vW.

31



/EUS 1995
a) b)

24‘0 T T T T | T T T T 600 T |:| T | T T T T | T T T T
[ O v —>eWNC | o O & = eZMC|
O NC Dis MC | —— NC DIS MC
160 1 400 ey M
80 4 200 -
. |
4 |
- | ‘
g UL i M
O F=1 o e TN B Y | L1 1 1= 1 by
E 0 125 250 0 10 20 30
0 ) = [CeV] g) oo [GEV
8 S B A R 190 -
& | . ] I . |
5 500 | O &—>vWNMC O e — eZMC |
-z | 7] I |
| ==CCDisMC | r O NCDISMC |
| — NC Dis MC ! |
400 ft| ! - |
| 50 - |
200 } . : 3
| i j_ r._:_'—._l'll o ) | i
0 b 0 '
0 20 40 60 0 80 160
pr [GeV] O o

FIG. 2. Fiducial data sample distributions for: a) transverse energy, Er (after an Ep > 20 GeV
cut); b) energy in backward cone; ¢) transverse momentum, pr; d) largest polar angle (in degrees)
of all electromagnetic clusters in the event.
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FIG. 3. Invariant ey mass for e — ey candidates. The overlaid distribution from NC DIS
Monte Carlo predictions (shaded histogram) is normalized to the data luminosity. Also shown is
the signal expected for a 250 GeV excited electron (dash-dotted histogram) decaying to a photon
and an electron (arbitrary normalization).
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FIG. 4. Overall efficiency (after ZEUS detector simulation and analysis cuts) for excited elec-
trons (1st row), excited neutrinos (2nd row), and excited quarks (3rd row) as a function of the
generated mass of the excited fermion.
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FIG. 5. Width of reconstructed mass-peak (in GeV) for excited electrons (1st row), excited
neutrinos (2nd row), and excited quarks (3rd row) as a function of the generated mass of the
excited fermion.
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FIG. 6. Hadronic transverse energy distributions for data with the normalized Monte Carlo
NC DIS background (solid histogram) overlaid. The position of the analysis cut is indicated by
the dashed line. Also shown is the hadronic transverse energy distribution for a 200 GeV excited
electron (dash-dotted histogram) decaying to an eZ final state (arbitrary normalization).

36



a) b)

300 LN E B B NN B B B B BN B B 3 T T T T T T T [ T T T T
e —> eZ (250 GeV) MC | L O NG Dis MC '
Z ' | O ZEUS 93 Data
200 2 - —
100 TF —
]
4
-
2 i I i I
ol ot 1l
L 0 100 0 100 200 300
o
N c) d) M., [GeV]
8 ZOO — T T T [ Tt T 1 T [ T T 3 T T T [ T T T T [ T T T T
E [ e—>uW(125GeV)MC [ O ccDis MC
D
z | [ O 7EUS 93 Data
2 - -
100 | —
’] - -
0 MR | RS T wll F i - S . R HT 0 i R |
0 100 200 300 0 100 200 300
M, [GeV M, [GeV

FIG. 7. Invariant eZ mass distributions: a) 250 GeV excited electron decaying to eZ; b) data
with the normalized Monte Carlo NC DIS background (shaded histogram) overlaid. Invariant vW
mass distributions: c¢) 125 GeV excited electron decaying to vW; d) data with the normalized
Monte Carlo CC DIS background (shaded histogram) overlaid.
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FIG. 8. Invariant mass calculated from the calorimeter energy deposits but excluding the tagged
electron cluster and the cells from the FCAL inner ring for data and normalized NC DIS Monte
Carlo background. Also shown is the reconstructed 7Z mass (dash-dotted histogram) from e* — eZ

(125 GeV) Monte Carlo.
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FIG. 9. Distribution of hadronic invariant mass (excluding the inner FCAL ring) versus trans-
verse momentum for v* — vZ events: a) for 150 GeV v*s decaying to vZ for a Monte Carlo (MC)
simulation; b) background from resolved photoproduction MC; ¢) background from neutral current
DIS MC; d) background from charged current DIS MC.
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FIG. 10. Invariant qg (¢W, ¢Z) mass distributions: a) 100 GeV excited quark decaying to
qg; b) ZEUS 1993 data with the normalized Monte Carlo background overlaid. Invariant ¢y mass
distributions: ¢) 250 GeV excited quark decaying to ¢v; d) ZEUS 1993 data with the normalized
Monte Carlo background overlaid.
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FIG. 11. Distribution of the ey invariant mass for events in the Compton data sample. Shown
are the events in data (points with error bars) and normalized Compton Monte Carlo predictions

(shaded histogram).
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FIG. 12. 95% confidence level upper limits on production cross-sections for a heavy resonance
decaying to fermion — gauge boson final states: a) final states accessible to an excited electron; b)
final states accessible to an excited neutrino; c) final states accessible to an excited quark. The dip
near 100 GeV seen in some channels results from the proximity of a candidate event.
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FIG. 13. 95% confidence level upper limits on the product of the coupling constant,
\/|cw*e|2 + |dyexe|?)/A, and the square root of the branching ratio (BR), for excited electrons
decaying to ey, eZ, and vW final states. In each channel the area above the curve is excluded.
Note that these limits must be divided by v/2 when comparing with some published limits [5] [6]
[30].
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FIG. 14. 95% confidence level upper limits on the product of the coupling constant,
V{ewuee? + |dwore|?)/A, and the square root of the branching ratio (BR), for excited neutri-
nos decaying to vy, vZ, and eW final states. In each channel the area above the curve is excluded.
Note that these limits must be divided by v/2 when comparing with some published limits [5] [6]
[30].
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FIG. 15. 95% confidence level upper limits on the product of the coupling constant,
\/(|Cw*q|2 + |d~q*4)?)/A, and the square root of the branching ratio (BR), for excited quarks de-
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Note that these are limits on ¢* production through electroweak coupling.
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