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Abstract. A search for excited fermions £* of the first generation in e'p scattering at the collider HERA
is presented using H1 data with an integrated luminosity of 37 pb~'. All electroweak decays of excited
fermions, £* — £+, fW, £Z are considered and all possible final states resulting from the Z or W hadronic
decays or decays into leptons of the first two generations are taken into account. No evidence for £* pro-
duction is found. Mass dependent exclusion limits on cross-sections and on the ratio of coupling constants
to the compositeness scale are derived.
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1 Introduction

Models of composite leptons and quarks [1] were intro-
duced in an attempt to provide an explanation for the
family structure of the known fermions and for their pat-
tern of masses. A natural consequence of these models is
the existence of excited states of leptons and quarks. It is
often assumed that the compositeness scale might be in
the TeV region, which would give excited fermion masses
in the same energy domain. However, the dynamics at
the constituent level being unknown, the lowest excita-
tion states could possibly have masses of the order of a
few hundred GeV. Electron!-proton interactions at very
high energies provide an excellent environment to look for
excited fermions of the first generation.

In this paper a search for excited fermions is presented
using etp HERA collider data of the H1 experiment. The
data collected from 1994 to 1997 at positron and pro-
ton beam energies of 27.5 GeV and 820 GeV respectively
correspond to an integrated luminosity of 37 pb~!. The
excited fermions are searched for through all their elec-
troweak decays into a fermion and a gauge boson. The
subsequent W and Z gauge boson decays considered are
those involving electrons, muons, neutrinos or jets. This
analysis profits from an increase in statistics by more than
a factor of 10 compared to previous H1 searches [2,3], and
more than a factor of 4 compared to published results by
the ZEUS collaboration [4].

The paper is organized as follows. The phenomenolog-
ical model used to interpret the results of the search for
excited fermions is discussed in Sect.2. The H1 detector
and the data preselection criteria are described in Sect. 3.
The generators used for the Monte Carlo simulation of
the Standard Model events and excited fermion signals are
briefly presented in Sect.4. The analyses for the various
possible final state topologies are described in Sect. 5. The
search results are interpreted in Sect. 6 and a summary is
presented in Sect. 7.

2 Phenomenology

Excited electrons (e*) could be singly produced in ep colli-
sions through t¢—channel v and Z boson exchange
(Fig. 1a). Single production of excited neutrinos (v*) could
result from t—channel W boson exchange (Fig. 1b). In the
same way excited quarks (¢*) could be produced through

! The term ‘electron’ stands generically for electron or
positron
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Fig. la—c. Leading diagrams
for the production and decay of
c excited fermions in ep collisions

t—channel gauge boson exchange between the incoming
positron and a quark of the proton (Fig. 1c).

Excited fermions can carry different spin and isospin
assignments [5]. In some models quarks and leptons are
composites of a scalar and a spin % constituent and the
lowest lying excitations have spin % Alternatively excited
fermions could consist of three spin % constituents and in
this case the lowest lying excitation levels could appear
as spin % states [5,6]. Given that the lowest spin states
are often considered as the most probable, we use a model
[7-9] in which excited fermions are assumed to have spin
% and isospin % This model describes the interaction be-
tween the excited fermionic particles £*, the gauge bosons
and the ordinary fermionic matter £ by an effective La-
grangian. Both left-handed and right-handed components
of the excited fermions form weak isodoublets F} and FJ.
In order to protect the light leptons from radiatively ac-
quiring a large anomalous magnetic moment [10,11], cou-
plings of excited fermions to ordinary fermions of both
chiralities should be avoided. We choose to consider cou-
plings to left-handed fermions only, in which case only
the right-handed component of the excited fermions takes
part in this magnetic-moment type Lagrangian. The form
of the Lagrangian is:

1 o T Y A%
Eim‘, = ﬂFRUu gf?vvlw + g/flgB/u/ + gSfS?GILy
xFr + h.c. (1)

where Wi, By, and Gy, are the field-strength tensors
of the SU(2), U(1) and SU(3)¢ gauge fields, 7%, Y and
A% are the Pauli matrices, the weak hypercharge operator
and the Gell-Mann matrices, respectively. The g, ¢’ and g,
are the standard electroweak and strong gauge couplings.
A is the compositeness scale and the f, f/ and f, can be
viewed as form factors (reduced here to parameters) allow-
ing for the composite fermion to have arbitrary coupling
strengths associated to the three gauge groups.

In this model the coupling constants of the £* with the
boson and the fermion f are related to the parameters f
and [’ as:

1 Y
Cfxf = 5 <f]3 + f/2>

% (f]3 cot Oy — f’};taHGW) (2)

_
2v/2sin Ow

CZtxt

Cwexs =
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where I3 is the third component of the isospin of the
fermion and 6y, is the Weinberg angle. The partial widths
for the various electroweak decay channels of an excited
fermion £* in a fermion f and a real boson V' are given as

[8,9]:
My
2ME

where M;+ is the mass of the excited fermion, My, the
mass of the electroweak boson and « the fine structure
constant. For the excited quark, the partial width to de-
cay to a quark and a gluon is obtained replacing («) by
(4/3 as) and (cys=¢) by (1/2 f5), where «; is the strong
coupling constant. For Mg« values between 50 to 250 GeV
and A = Mg, the intrinsic widths of the excited electrons
are typically of the order of some hundred MeV for f and
f' values ~ 1 while in the ¢* case for f, ~ 1 it varies
between 1 GeV to ~ 10 GeV.

. M3, M2\?
(" —£V) =« A’; 2 s (1— Mf‘;) <1+

3 The H1 detector

A full description of the H1 detector can be found in [12].
Here we describe briefly the components relevant to this
analysis. The interaction region is surrounded by a system
of drift and proportional chambers covering the angular
range 7° < 6 < 176°. The tracking system is placed inside
a finely segmented liquid argon (LAr) calorimeter covering
the polar angular range 4° < 6 < 154°. The electromag-
netic part is made of lead/argon and the hadronic part of
stainless steel/argon [13]. Energy resolutions of og/E ~
12%/VE @© 1% for electrons and o /E ~ 50%/VE ® 2%
for hadrons have been obtained in test beam measure-
ments [14,15]. A lead-scintillating fiber calorimeter® [16]
is located in the backward® region (154° < 6 < 178°) of
the H1 detector. The tracking system and calorimeters are
surrounded by a super-conducting solenoid, producing a
uniform magnetic field of 1.15 T in the z direction, and
an iron yoke instrumented with streamer tubes. Leakage
of hadronic showers outside the calorimeter is measured
by analogue charge sampling of the streamer tubes with
a resolution [18] of op/FE ~ 100%/+/E. Muon tracks are
identified from their hit pattern in the streamer tubes.

4 Event generators

Final states of events selected in this analysis contain ei-
ther a high energy electron (or photon) or jets with high
transverse energy (or missing transverse momentum). The
main backgrounds from Standard Model processes which
could mimic such signatures are neutral current deep in-
elastic scattering (NC DIS), charged current deep inelas-
tic scattering (CC DIS), photoproduction processes, QED
Compton scattering and W and Z production.

2 This detector has replaced in 1995 a conventional lead-
scintillator sandwich calorimeter [17]

3 The forward direction, z >0, from which the polar angle 8
is measured is the proton beam direction
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For the determination of the NC DIS contributions we
used two Monte Carlo samples with different modelling of
the QCD radiation:

— The first one was produced with the event generator
DJANGO [19] which includes QED first order radia-
tive corrections based on HERACLES [20]. QCD ra-
diation is implemented using ARTADNE [21] based on
the Colour Dipole Model (CDM) [22]. This sample,
with an integrated luminosity of more than 10 times
the experimental luminosity, is chosen for the estima-
tion of the NC DIS contribution unless explicitly stated
otherwise.

— The second sample was generated with the program
RAPGAP [23], where QED first order radiative cor-
rections are implemented as described above. RAP-
GAP includes the leading order QCD matrix element
and higher order radiative corrections are modelled by
leading-log parton showers. This sample of events cor-
responds to an integrated luminosity of about 2 times
the experimental one.

For both samples the parton densities in the proton
are taken from the MRST [24] parametrization which in-
cludes constraints from DIS measurements at HERA up
to squared momentum transfer Q2 = 5000 GeV? [25,26]
and the hadronisation is performed in the Lund string
fragmentation scheme by JETSET [27].

The modelling of the CC DIS process is performed
by DJANGO using MRST structure functions. QED ra-
diation from quark lines is not fully included in the NC
DIS and CC DIS simulations. Whilst inelastic wide an-
gle bremsstrahlung (WAB) is treated in the generator
DJANGO, elastic and quasi-elastic WAB (QED Comp-
ton scattering) is simulated with the event generator EP-
COMPT [28,29]. Direct and resolved photoproduction
processes (p), including prompt photon production are
simulated with the PYTHIA [30] event generator. Other
processes, corresponding to much lower cross-sections,
such as lepton pair production or W production have also
been simulated. The lepton pair production (y7) is simu-
lated using the LPAIR generator [31]. It should be noted
that this generator contains only the Bethe-Heitler v pro-
cess. However the number of events with two high Ep
electromagnetic clusters given by LPAIR and by a gener-
ator taking into account all (electroweak) tree level graphs
and additional first order radiative corrections [32] agrees
within 5%. The W simulation is made with the EPVEC
program [33]. The luminosities generated for these Monte
Carlo simulations vary between 3 times to 100 times the
experimental luminosity.

Monte Carlo simulations of excited fermion produc-
tion and decay are necessary to evaluate acceptance losses
due to selection requirements. The excited fermion analy-
ses are based on the phenomenology described in Sect. 2.
The excited lepton (I*) simulation is performed by the
COMPOS [34] generator which makes use of the cross-
section formulae given in [7]. The excited quark gener-
ation is done following the cross-section given in [6]. In
both cases initial state radiation of a photon from the in-
coming electron is generated. The photon is taken to be
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collinear with the electron, with an energy spectrum given
by the Weizsdcker Williams formula. The hadronisation is
performed here also by the Lund string model and the
MRST parametrization of the parton densities is used.
The narrow-width approximation is assumed and the pro-
duction and decay of the excited fermions are assumed to
factorize.

All Monte Carlo generators are interfaced to a full sim-
ulation of the H1 detector response.

5 Event selection and comparison
with standard model expectation

In this Section the description of the selection criteria for
the analyses of the various decay channels is organized ac-
cording to the experimental signatures of the final states.
Other details of the analyses can be found in [35].

In common for all analyses, background not related to
eTp collisions is rejected by requiring that there is a pri-
mary vertex within +35 cm of the nominal vertex value,
and that the event time, measured with the central track-
ing chamber, coincides with that of the bunch crossing. In
addition topological filters against cosmic and halo muons
are used. A small number of cosmic and halo muons are
finally removed by a visual scan.

The identification of electrons or photons, performed
in the LAr calorimeter, first relies on calorimetric informa-
tion by exploiting the shape of the energy density expected
from the development of an electromagnetic shower to de-
fine electromagnetic clusters. An electron is identified as
an electromagnetic cluster with a track linked to it. A pho-
ton in contrast should have no track pointing to it within a
distance of 40 cm. In some analyses electrons and photons
are not distinguished and, in this case, only electromag-
netic (em) clusters are required. Hadronic jets (denoted
jets in the following) are searched for in the laboratory
reference frame, using a cone algorithm adapted from the
LUCELL scheme from the JETSET package [27], with a
radius R = /dn? + 0¢? = 1, where 7 is the pseudora-
pidity and ¢ the azimuthal angle. A muon is identified
as a well measured central track linked geometrically to a
track in the muon system or an energy deposit in the in-
strumented iron. A muon candidate should also satisfy an
isolation criterium imposed in the pseudorapidity-azimuth
(n — @) plane by requiring that the distances of the muon
track to the nearest hadronic jet and to the closest track
be greater than 1 and 0.5 in 1 and ¢ respectively.

The event selection makes use of the global variables
(E — P,), P§e° and P+ described in the following.

— (E—P;)=),(E;—P,,) where E; and P,, = E; cos 0;
are the energy and the longitudinal momentum mea-
sured in a calorimeter cell ¢. For an event where the
only particles which remain undetected are close to the
proton direction, momentum conservation implies that
(E—P,) nearly equals twice the energy of the incoming
positron (55 GeV).

— Pgalo = | Pgalo | where PS4 is a missing transverse
momentum vector with components calculated by

571

summing over all energy deposits recorded in cells of
the LAr and backward calorimeters. For the study of
the channels including a muon in the final state, this
sum is extended to the energy deposits in the instru-
mented iron. This Pf“l" variable measures the trans-
verse energy of undetected particles (neutrinos) and
is sensitive to escaping particles such as high energy
muons which leave only a minimum amount of energy
in the calorimeter.

— Pgalodl defined for events with at least one jet as the
projection of the vector P%‘”O perpendicularly to the
jet axis. For events containing more than one jet the
largest among all such projections is taken. In channels
with missing neutrino signatures, a substantial Pf«al‘)L
indicates that the missing momentum is not just due
to fluctuations of the hadronic energy measurement.

The selection criteria adapted to the different event
topologies are described in Sects. 5.1 for excited fermions
and 5.2 for excited quarks. For each of the possible decay
channels the number of selected events are compared to
the Standard Model expectations. The errors given corre-
spond to the statistical and the systematic uncertainties
added in quadrature. A description of the systematic un-
certainties can be found in Sect. 6.

5.1 Excited leptons

For e* and v* decays without muons or neutrinos in the
final state, all particles are detected besides fragments of
the proton. For these channels a cut 35 < (E — P,) <
65 GeV is applied to reject photoproduction events where
one jet is misidentified as an electron or a photon. The
selection criteria for final states with muons are described
in Sect.5.1.6. For channels involving a neutrino P >
20 GeV and (E — P,) < 50 GeV are required, with the
additional cut Pfal‘”- > 10 GeV when containing jets.
For the channels with a Z or W boson in the final state
which decays via W — ¢q7', Z — qq or Z — ee, a recon-
structed invariant mass compatible with the boson mass
within 20 GeV is imposed. This simple fixed size interval
corresponds to about three times (seven times) the ex-
perimental mass resolution in the case of hadronic decays
(leptonic decays). A similar mass cut is also imposed in the
case of the decay chain v* — eW ; W — ev by profiting
from kinematic constraints (Sect. 5.1.2).

5.1.1 The e* — ey channel

The e* — ey decay mode is the key channel to search for
e* because of its very clear signature and large branching
ratio. The analysis starts from a sample of events with two
electromagnetic clusters in the LAr calorimeter. The main
sources of background are the QED Compton process, NC
DIS with photon radiation or a high energy 7° in a jet and
the two-photon (y7v) production of electron pairs. Since
about half of the cross-section is expected [7] in the elastic
channel ep — e*p, the analysis is split into two parts. The



572

Table 1. Selection efficiencies in % for different decay modes
of the excited leptons [* for masses M;~ ranging from 50 to
250 GeV. The values given for the e* — ey correspond to the
combined efficiencies of the elastic and inelastic analyses

M+ (GeV) 50 75 100 150 200 250

e* — ey 73 8 87 86 83 79
vt = vy 24 41 47 37 32 21

M- (GeV) 110 120 150 200 250

€ > eZee TL T6 TT TT 76
e > eZou, 19 43 48 37 28
e > eZowy <1 16 72 78 80
€ eZ,y 22 44 46 40 36
e > uWie 27 37 44 40 34

I /A 11 29 40 34 29
V" > vZ qq 11 25 41 46 37
v — eW_ie 47 45 42 38 32
vt —eW,, 16 27 40 35 35
v —eWae 38 39 38 34 28

first (henceforward called “elastic”) is dedicated to the
search for e* produced elastically or quasi-elastically, the
second (“inelastic”) concerns the inelastic part of the e*
cross-section ep — e* X.

— Elastic channel
In this case the signature consists of only two electro-
magnetic clusters and no other signals in the calorime-
ters. The clusters are required to have energies F; >
5 GeV and angles 6; < 150° (i = 1,2), with a to-
tal energy sum F; + E5 above 20 GeV. Because only
high invariant masses of excited leptons are of inter-
est, a cut M5 > 10GeV on the invariant mass Mo
calculated from the two electromagnetic clusters is ap-
plied. The empty detector condition consists in a cut
FEiot — By — E5 < 4 GeV, where Fy,; is the total energy
deposited in the calorimeters. This cut strongly sup-
presses the NC DIS background. The remaining source
of background is the elastic QED Compton scattering.
After applying the above cuts 428 events remain. The
expectation from Standard Model processes is 424410
(418.9 QED Compton and 5.1 7).
— Inelastic channel

Complementing the elastic analysis, we select here
events with Ey,; — F1 — F5 > 4 GeV and require
two high Er electromagnetic clusters (E7, > 20 and
Eg, > 10 GeV and 6; < 150°). To reduce the NC DIS
contribution with a high energy #° in a jet, a cut is
applied on the multiplicity of tracks (niracks < 2) in
the direction close to that of the cluster with the sec-
ond highest energy.

With these criteria 150 candidates are selected, the ex-
pected Standard Model background is 158 413 events
(154.7 NC DIS events and 3.3 7).

The H1 Collaboration: A search for excited fermions at HERA

The combined efficiencies of the two selections are bet-
ter than 80% for an e* mass above 75 GeV. They are
listed in Table 1, as well as those of all other [* decay
channels described later. The distributions of the mea-
sured “e—~” invariant mass Mjs are shown together with
their corresponding expected background in Fig.2a and
Fig. 2b for the elastic and inelastic analyses respectively.
The expected mass resolution (o of a Gaussian fit) for the
reconstruction of an e* mass of M.« = 150 GeV is 4.2
GeV. The number of events with Mio above 50 GeV is 53
in the elastic analysis and 68 in the inelastic analysis, in
good agreement with the predictions from the Standard
Model of 52.5 £ 1.5 and 77.4 4+ 8.2 respectively.

5.1.2 The e* — eZ and v* — eW, vZ channels
with Z — ee and W — ev

The selection for these channels starts from a sample of
events with two high Er electromagnetic clusters (Ep, >
20 and Ep, > 10 GeV and 6; < 150°).

— Events with three electromagnetic clusters
In the case of the e* — eZ_,.. channel, a third elec-
tromagnetic cluster with Ep, > 5 GeV and 63 < 150°
is required. Furthermore at least one pair of the three
electromagnetic clusters should have an invariant mass
compatible with the Z mass. To reduce NC DIS back-
ground, events having a jet with Er, , above 15 GeV
are rejected. After this selection 1 event is left while
0.940.4 background events are expected (0.1 from NC
DIS and 0.8 from 7 processes).

— Events with two electromagnetic clusters and
missing Pr
In these cases, the four-momentum of the escaping neu-
trino is deduced by imposing transverse momentum
conservation and the (F — Pz) constraint. In the case
of the v* — eW_,., and v* — vZ_,.. decay chan-
nels, events are selected with the invariant mass from
the v and electromagnetic cluster (for W tagging) and
from the two electromagnetic clusters (for Z tagging)
to be compatible with the corresponding boson mass.
No candidate is found. The expectation from Standard
Model processes is 0.25 + 0.11 events (0.05 v, 0.1 NC
DIS, 0.1 W — ev) for the v* — eW channel, and 0.020
+ 0.005 W — ev events for the v* — vZ channel.

5.1.3 The e* — eZ,vW and v* — vZ,eW channels
with Z, W — qq’

The analysis for these channels uses a subsample of events
with at least two jets each having a transverse energy
greater than 20 GeV and a polar angle greater than 10°.
The jet-jet invariant mass must be compatible with the
relevant boson mass. When more than two jets are found
in an event, the pair of jets which has an invariant mass
closest to the relevant boson mass is selected. This sub-
sample is dominated by photoproduction and NC DIS
events.
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Fig. 2a,b. Invariant mass spectrum for a the elastic and b the inelastic e* — ey analyses. The invariant mass is calculated for
an event by combining the four-momenta reconstructed from the two electromagnetic clusters. Square symbols correspond to
the data and the histograms to the expectations from the different Standard Model processes

— Events with two high Er jets and one electron
The channels e* — eZ_,45 and v* — eW_, 44 are char-
acterized by two high Erp jets and an electron. Back-
ground events are expected from NC DIS. Candidates
are selected if they have an electron with Pr, > 15 GeV
and with 10° < 6, < 90°. This cut on the transverse
momentum of the electron induces an efficiency loss
towards low e* masses, already sizeable close to the Z
mass (see Table 1). The cut on the polar angle of the
electron discriminates the signal, where the lepton is
mainly emitted in the forward direction due the high
[* mass, from NC DIS background where the electron
is mainly scattered in the backward region. 18 events
are found in the search for the channel v* — eW with
an estimated background of 17.2 £ 4.8 events (16.6 NC
DIS, 0.4 vp and 0.16 W — ¢7’). 14 events survive the
selection criteria for the decay e¢* — eZ, in compari-
son to a background of 12.3 £ 3.4 events (12 NC DIS,
0.14 vp and 0.16 W — ¢q@’). Figure 3 shows the invari-
ant masses M,;; of the two jets and the electron. For
a [* mass of 150 GeV, the expected mass resolutions
are 8.6 and 13.8 GeV for the e* — eZ and v* — eW
channels, respectively. The v* mass resolution is worse
than the e* one, because the recoil jet is in some cases
wrongly taken as one of the jets associated to the W
decay. No excess of events is found compared to the
Standard Model expectation.

— Events with two high Er jets and missing Pr
In the searches e* — vW_,,q and v* — vZ_, .4, the
main background which is due to CC DIS interactions
is suppressed by the P&° (E — P,) and PgeoL cuts.
The NC DIS background is reduced by rejecting events

possessing an electromagnetic cluster with an energy
above 5 GeV. Three events survive. The background
expectation is 3.3 & 0.6 events (3 CC DIS, 0.3 yp) for
the e* — vW_,45 channel and 2.1 £ 0.8 events (2 CC
and 0.1 vp) for the v* — vZ_, ;7 channel.

5.1.4 The v* — v+ channel

For this analysis events containing one photon with E7, >

20 GeV and 10° < 6, < 90° and satisfying the Pgalo and
(E — P,) cuts are selected. As in Sect. 5.1.3, the aim of the
6 cut (6, < 90°) is to further reduce the NC DIS back-
ground for which the electromagnetic cluster is predom-
inantly reconstructed in the backward region. The final
state for the signal contains also in most of the cases a
recoil jet, due to the v* production through a t—channel
W boson exchange. Hence the final selection criteria are
one jet with Er, . > 5 GeV and no electron found with an
energy above 5 GeV. No candidate is left. The expected
Standard Model contribution is 1.0 £ 0.7 events and is
dominated by CC DIS events.

5.1.5 The e* — eZ_,,; channel

This channel is characterized by one high Pr electron and
missing Pr in the detector. For this channel the non ep
background (cosmic rays and halo muons) is severe and
hence the minimum P§° requirement is increased from
20 to 25 GeV. A requirement of large transverse momen-
tum for the electron is also necessary to reduce the back-
ground, so events with a high Pr electron (Pr, > 20 GeV
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with 10° < 6. < 150°) are selected. Events with either
another electromagnetic cluster of energy greater than 5
GeV or with a jet with Ep above 15 GeV are rejected.
This selection finds 1 event for an expected background of
2.7 £+ 0.4 events (1.3 NC DIS, 0.7 W — ev, 0.6 CC DIS
and 0.1 ).

5.1.6 The v* — eW_,,, and e* = eZ_,,,, channels

The search in these channels starts from a subsample of
events including at least one muon candidate found at a
polar angle greater then 10° with a transverse momentum
above 10 GeV.

— Events with one muon and an electron
For the v* — eW_,,, analysis we require Pfﬁlo > 25
GeV and a high Pp electron (Pp, > 20 GeV). No
events are left after this selection and the total ex-
pected background which survives these two cuts is
0.31 £+ 0.05 events dominated by the muon pair pro-
duction in 7y interactions (0.28 events) with a small
contribution (0.03 events) from single W — uv pro-
duction. It has been checked that applying the more
stringent cuts of [36] reduces the vy background by a
factor of ~10.

— Events with two muons and an electron
The signature of the e* — eZ_,,,, channel consists of
two muons plus an electron. Here, contrary to the pre-
ceding one muon case, no neutrino is expected. How-
ever as the energy deposited in the calorimeter by the
two muons is small, a cut P%alo > 15 GeV is ap-
plied. With the requirement of two identified muons no

events are left. The background due to the vy — pu
process, is 0.35 + 0.05 events.

5.2 Excited quarks

In a ¢* production process at HERA one would expect
that the scattered positron be often unseen in the detector
since the process is dominated by v exchange at small
values of Q2. Hence no restriction is imposed on the value
of (E— P,). The selection criteria for channels with one or
two muons are described in Sect. 5.2.5. For channels with
a neutrino, the cuts Pg° > 20 GeV and Pgo+ > 10 GeV
are applied. A compatibility within 20 GeV of the Z or W
boson mass is imposed here also in the case of W — ¢,
Z — qq or Z — ee decays.

5.2.1 The ¢* — ¢ channel

The final state for this channel is characterized by one
photon and one jet. The photon requirements are those
described in Sect. 5.1.4: one photon with (Er, > 20 GeV,
10° < 6, < 90°). In addition we require one jet with
Er,,, > 15 GeV and 0j; > 10° and no electron with an
energy above 5 GeV in the LAr calorimeter. The main
background sources are photoproduction processes with
prompt ~ production or events with high energy 7°, and
NC DIS events if the track of the scattered electron has
not been reconstructed. 35 events are selected compared
to a background estimation of 36 + 5 events (2.5 NC DIS
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and 33.5 vp). Figure4 shows the distributions of the in-
variant y-jet masses for the data and the expected back-
ground. The expected invariant mass resolution for a ¢*
mass of 150 GeV is 6.6 GeV. The two events with an in-
variant mass (y-jet) above 150 GeV are very likely NC DIS
events, both just surviving the criteria on the quality of
the nearest track or on its distance to the electromagnetic
cluster. The efficiency of this selection is listed in Table 2,
as well as those of all ¢* decay channels described later.

5.2.2 The ¢* — qZ_ .. channel

Starting from the subsample of events with at least two
electromagnetic clusters described in Sect.5.1.2, it is re-
quired in addition that there be a jet with Er,,, > 15 GeV
and ¢, > 10° and that the invariant mass calculated from
the two electromagnetic clusters be compatible with the
7 mass. No events survive these criteria, a fact consistent
with the Standard Model expectation of 0.65 4+ 0.53 NC
DIS events.

5.2.3 The ¢* — ¢W_,.,, channel

For this channel events retained by the Pe°, (E—P,) and
PgaloL cuts and with only one high Pr electron (Pr, >
15 GeV and 10° < 0. < 150°) and a jet (Er,,, > 15
GeV and 6, > 10°) are selected. The main sources of
background in this channel are NC and CC DIS processes

and W production. One event survives this selection and
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Table 2. Selection efficiencies in % for different decay modes
of the excited quarks ¢* for masses My« ranging from 50 to
250 GeV

Mg (GeV) 50 75 100 150 200 250
g = qy 22 33 36 42 41 40
M, (GeV) 110 120 150 200 250

@ = qZsee 16 35 40 47 4l
¢ = qZop. T 16 25 32 32
¢ —=qZ54 <1 3 31 47 44
¢ = qWeoew 31 38 42 44 38
¢ —qWau 6 24 41 41 37
> qWag 5 16 42 51 47

the number of events expected from the Standard Model
is 1.10 & 0.35 events, equally shared between the NC DIS
and W — ev processes.

5.2.4 The ¢* — qW_,4q and ¢* — qZ_, 44 channels

The final state in these channels contains three high Ep
jets and the main backgrounds are photoproduction and
NC DIS processes. We require three jets with a polar an-
gle above 10° and transverse energies greater than 30, 25
and 15 GeV, respectively. Furthermore, in these ¢* decays,
the jet with lowest transverse energy often originates from
the boson (W/Z) decay, when the ¢* mass is above 150
GeV. Events are kept only when the jet-jet invariant mass
calculation which is the nearest to the W/Z mass includes
this jet. For the channel ¢* — ¢Z_, 44, the loss of efficiency
due to this requirement varies between 30% for a ¢* mass
of 150 GeV to less than one percent when the ¢* mass
is equal to 250 GeV. In the ¢* — ¢W_, 45 case the losses
are smaller. We require that this invariant jet-jet mass be
compatible with the boson mass. These cuts select 39 and
32 events for the ¢* — ¢W_, 43 and the ¢* — ¢Z_, 45 chan-
nels, respectively. These numbers are to be compared to
the Standard Model expectations of 45.3 + 17.3 events
(30.4 vp, 13.2 NC DIS and 1.7 W) for the ¢* — ¢W anal-
ysis, and of 25.3 £+ 9.1 events (17.6 vp, 6.4 NC DIS and
1.3 W) for ¢* — ¢Z. The NC DIS expectation has been
calculated using the generator RAPGAP, in which lead-
ing log parton showers are used to model QCD radiations.
The DJANGO generator which uses the CDM to simulate
QCD effects is not able to describe the data in this par-
ticular phase space domain. A similar observation in the
measurement of 2-jet rates in DIS has been reported pre-
viously [37]. Detailed investigations of discrepancies be-
tween different QCD cascade models are underway [38].
The shapes of the invariant three-jet mass distributions
are in good agreement with the Standard Model expecta-
tions, as can be seen in Fig. 5. For a ¢* mass of 150 GeV,
the expected resolution on the 3-jet invariant mass is 9
GeV.
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5.25 The ¢* — qW_,,, and ¢* — qZ_,,,,, channels

These analyses use the muon subsample described in

Sect.5.1.6, together with the cuts Pgel > 25 GeV and

Pgalo > 15 GeV for the one muon and two muon searches,

respectively.

— Events with one muon and a jet
In the ¢* — ¢W_,,,, search, events including a high Er
jet (B, > 25 GeV and 0;¢; > 10°) are selected. To re-
duce the vy — pp background, events with more than
one isolated muon are rejected and an acoplanarity cut
Ap(p — jet) < 175% in the transverse plane is applied.
Three events are found. They correspond to the events
labelled muon-2, muon-4 and muon-5 observed already
in a previous search for events with high Pr leptons
and a large missing transverse momentum [36]. The
background (0.41 £ 0.03 events) is here due to W pro-
duction (0.31 events) and vy muon pair production
(0.1 events).

— Events with two muons and a jet

The signature of the ¢* — ¢Z_,,,, channel consists of
two muons plus a jet. When requesting two muons and
applying a P£° > 15 GeV cut no events remain. The
background is equal to 0.35 4+ 0.05 events from the

Yy — 4L process.

6 Limits on excited fermion production
6.1 Upper limits on cross-sections

A summary of the number of events surviving the selec-
tion cuts in the various channels is given in Table 3 for the

excited lepton decay channels and in Table 4 for the ex-
cited quark decay channels. The uncertainties taken into
account on the background determination are listed in the
following.

— The statistical error of the Monte Carlo generations.

— An uncertainty on the absolute electromagnetic energy
scale ranging from £0.7% in the central part of the LAr
calorimeter to £3% in the forward part.

— An uncertainty of +4% on the energy of the jets due to
the uncertainty on the calibration of the calorimeters
for hadronic showers.

— A 7% uncertainty on the predicted DIS cross-sections
coming mainly from the lack of knowledge on the pro-
ton structure (see detailed discussion in [40]).

— An uncertainty of £10% on the expectation for the 2-
jet cross-section estimated by comparing leading order
and next-to-leading order Monte Carlo simulations. In
the same way an uncertainty of 15% on the three-jet
cross-section was determined by a comparison to data
of either a Monte Carlo with O(as) QCD matrix el-
ements which approximates the higher order emission
of partons using the concept of parton showers, or per-
turbative QCD calculations to order O(a?) which pro-
duces an exact leading order calculation of the three
parton final state [41].

— An uncertainty on the estimation of the radiative CC
DIS background for the v* — w7y channel, coming
from the fact that photon radiation from the quark
lines is not fully taken into account in our CC DIS
simulation. Comparisons between the event generator
WWGAMMA [42], in which the radiation off quarks
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Table 3. Number of events observed in the various e* and v*
decay channels and the corresponding Standard Model expec-
tation and total uncertainty on the mean expectation. It should
be noted that these numbers correspond to different invariant
mass intervals, as the effective mass threshold depends on the
channel
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Table 4. Number of events observed in the various ¢* de-
cay channels and the corresponding Standard Model expecta-
tion and total uncertainty on the mean expectation. It should
be noted that these numbers correspond to different invariant
mass intervals, as the effective mass threshold depends on the
channel

Channel selection criteria events background Channel selection criteria events background
e* — ey (el. an.) 2 em clusters only 53 52.5 £ 1.5 q — qy 1 photon + 1 jet 35 36 +5
e* — ey (inel. an.) 2 high Er em clusters 68 774 £ 8.2 q" = qZee 2 em clusters + 1 jet 0 0.65=%0.53
e* > eZ _see 3 em clusters 1 0.9+ 04 " = qZup 2 muons + 1 jet 0 0.35 £ 0.05
e* =~ eZ yup 2 muons + 1 electron 0 0.35 &+ 0.05 q" = qZ-qq 3 jets 32 253 +9.1
e* = eZ i 1 electron + Ppiss 1 2.7+ 04 q" — qWoey 1electron + 1jet + Pp"*** 1 1.10 £ 0.35
e* = eZ_yqq 2 jets 4+ 1 electron 14 12.3 £ 34 T = W 1 muon + 1 jet 3 0.41 £ 0.03
e* = vWeygg 2 jets + P}niss 3 3.3+ 0.6 q* — qW*}qq 3 jets 39 45.3 £ 17.3
v* = vy 1 photon + P;I‘i“ 0 1.0 £ 0.7

* miss
V¥ 5 v e 2 em clusters + ,PT 0 0.020 =+ 0.005 p(a) _ H ' (Eka + bk)nk expf(ekaerk) (4)
v = vZ g 2 jets + Pptte® 3 2.1 £0.8 L Nk:
v* = eW_e 2 em clusters + P}”“S 0 0.25 £ 0.11
Vs W 1 muon + 1 electron 0 031 + 0.05  Where a is the Poisson parameter of the signal. For a single
v S eWorag 9 jets + 1 electron 18 172 4 48 decay channel this is identical to the Bayesian prescription

is fully implemented, and DJANGO show that the de-
structive interference between radiation from the elec-
tron and quark lines could decrease the rate of photons
emitted close to the current jet by up to 70%.

— An overall systematic error of 1.5% on the luminosity.

The observed number of events are compared to the
expected Standard Model background in Tables 3 and
4. Good agreement is found for all channels, except for
a slight excess, already quoted in [36], observed in the
q¢* — gW_,,, channel where 3 events are observed for a
Standard Model expectation of 0.41 £ 0.03 events. How-
ever, combining the contributions from the three W decay
channels, no significant deviation to the Standard Model
prediction remains within the present analysis.

No evidence was seen for either excited leptons or
quarks in any of the channels. Therefore, upper limits on
the product of the £* production cross-section and the
decay branching fraction have been derived. These limits
are determined at a Confidence Level (CL) of 95% as a
function of the excited fermion mass. A mass window is
shifted over the whole mass range in steps of 5 GeV. The
width of each window is chosen according to the resolu-
tion for the corresponding mass. When combining several
decay channels, for each decay channel k£ and in each mass
interval, the number of observed events ny, the number of
expected background events b, and ¢, the product of the
efficiency times branching ratio of the channel, are calcu-
lated and used to determine the value A of the upper limit
for the signal such that:

CL = /OA p(a)da/ /000 p(a)da ;

given by the Particle Data Group [39]. For the background
estimation and the selection efficiency, statistical and sys-
tematic errors are taken into account by folding Gaussian
distributions into the integration of the Poisson law used
to determine the limit.

Because the branching ratios of the hadronic decay of
the W or Z bosons are dominant, the limit for the £* de-
caying into a fermion and a W or a Z mainly depends
on final states with at least two jets. So the error is dom-
inated by the uncertainty on the absolute calibration of
the calorimeters for hadronic clusters and the uncertainty
on the expected 2-jet and 3-jet cross-sections.

The limits on the product of the £* production cross-
section and the decay branching fraction are shown in
Fig.6, 7 and 8. In all three cases the lowest limits are
obtained using the electromagnetic decay channels. For
the derivation of these limits it is assumed that the natu-
ral width of the £* is much smaller than the experimental
mass resolution. For masses above 120 GeV, the values of
these limits are below 0.2 pb for the e*, 0.5 pb for the v*
and 0.4 pb for the ¢* productions. These results improve
by an order of magnitude earlier H1 results [3].

6.2 Upper limits on coupling parameters

Assuming fixed numerical relations between f and f’, the
cross-section depends only on f/A and Mg+, and thus con-
straints on f/A can be derived. Conventional assumptions
are f = f’ or f = —f’. From the coupling constant rela-
tions (see (2)) it can be seen that the coupling of the e*
to the ey mode is proportional to (f+ f’), and that of the
v* to the vy decay channel is proportional to (f — f7).
In Fig.9, limits on the ratio f/A are given for the e*
for the hypothesis f = f’. We do not consider the case f =
—f’, because the coupling constant c,e+. would be equal
to 0 and the production cross-section of the e* is then very
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Fig. 7. Upper limits at 95% Confidence Level on the prod-
uct of the production cross-section o and the decay branch-
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The different decay channels of the W and Z gauge bosons are
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Fig. 9. Exclusion limits on coupling constants at 95% Confi-
dence Level as a function of the mass of the excited electron.
The assumption f = f’ is made for the different decay channels
(full, dashed and dotted-dashed lines) and for all decay chan-
nels combined (dotted line). Values of the couplings above the
curves are excluded. The light grey area corresponds to the ex-
clusion domain obtained by H1 in this analysis. The dark grey
area is excluded by the L3 experiment [45]
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Fig. 10a,b. Exclusion limits on coupling constants at 95% Confidence Level as a function of the mass of the excited neutrino.
The assumptions f = —f" and f = f’ are made for figures a and b respectively. The results for the different decay channels
are shown separately (full, dashed and dotted-dashed lines) and for all decay channels combined (dotted line). Values of the
couplings above the curves are excluded. The light grey area corresponds to the exclusion domain obtained by H1 in this
analysis. The dark grey area is excluded by the L3 [45] experiment

small. Upper limits for f/A ranging from 7 x 10~% GeV~1
to 1072 GeV~! are obtained at 95 % CL for an e* mass
ranging from 50 GeV to 250 GeV.

In Fig. 10, limits on the ratio f/A are given for v*,
assuming f = —f’ and f = f’. These two assumptions
correspond to very different v* branching ratios, as shown
in Table 5 for the example of two v* masses. In particular
when f = f/ the v* — ey has a branching ratio equal to
0. Somewhat better limits are obtained when f = —f’.
The values of the limits for f/A vary between 3 x 1073
to 107! GeV~! for an v* mass ranging from 50 to 200
GeV. These upper limits are conservative for masses above
~ 170 GeV where the narrow-width approximation under-
estimates the total v* production cross-section.

Assuming f/A = 1/M;«, masses below 223 and 114
GeV are excluded at 95 % CL for the e* (f = f’) and v*
(f = —f') production, respectively.

Limits for the ¢* assuming f = f’ and only electroweak
couplings (i.e. fs = 0) are shown in Fig. 11. The exclusion
limits for ¢* masses between 50 to 250 GeV corresponds
to values of f/A between 9 x 107* and 2 x 1072 GeV 1.
Assuming f/A = 1/M,+, masses below 188 GeV are ex-
cluded at 95 % CL. The f; = 0 assumption allows to make
a study which is complementary to the analysis done by
the CDF experiment [43,44] at the Tevatron. At a pp col-
lider excited quarks are produced in a quark-gluon fusion
mechanism which requires f; # 0. Assuming A = Mg,
CDF excludes excited quarks in the mass range 80-300
GeV for f = f' = f, values greater than 0.2 and up to
760 GeV if f = f' = fs = 1.

The complementarity of the H1 results to those of CDF

Table 5. Branching ratios in % of the v* decay modes for
different relations between f and f’

M,- (GeV) 100 200
f=f

vt — vy 0 0

v —vZ 13 37

V' —eW 87 63
f=-f

vt — vy 72 34

A 1 10

v —eW 27 56

is illustrated on Fig.12, where a comparison of the ex-
clusion domains of f = f’ values, obtained by CDF and
H1, is shown for different hypotheses on the f; value. As
soon as fs is smaller than ~ 0.1 and for My« < 130 GeV,
our analysis probes a domain not excluded by Tevatron
experiments.

LEP experiments have also reported searches for ex-
cited leptons at eTe™ center of mass energies up to /s =
189 GeV [45-47]. The results for excited leptons produced
in pairs, when the limits are independent of f and f/, as
well as results for single e* and v* production assuming
f=f or f=—f are included in Fig.9 and 10. In [47]
results independent from a hypothesis on the relation be-
tween f and f’ are also given. Figure 11 shows the result
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of a ¢* search [46] at LEP, assuming a branching ratio of
1 for ¢* — q.

7 Summary

Using etp data taken from 1994 to 1997 corresponding to
an integrated luminosity of 37 pb~!, a search for produc-
tion of excited fermions has been carried out. No evidence
has been found for excited electrons, excited neutrinos or
excited quarks for decays into any of the gauge bosons -,
Z, W and Standard Model fermions.

New limits for the production of excited fermions have
been obtained, which improve previous H1 results by a
factor 10 and previous published ZEUS results [4] based
on 4 times smaller integrated luminosity. For masses above
180 GeV, i.e. in a domain extending beyond the kinematic
reach of LEP, compositeness scales of f/A in the range
of 1.5 x 1073 to 2 x 1072 GeV~! are excluded from the
search for excited electrons, and 5.6 x 1072 to0 0.32 GeV !
for excited neutrinos. Assuming f/A = 1/M;«, excited
fermions with masses below 223, 114, and 188 GeV, for
e*, v* and ¢* productions, respectively, are excluded. The
results obtained on ¢* production via electroweak cou-
plings are complementary to the results obtained at the
Tevatron pp collider where ¢* production via strong cou-
pling is investigated.
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