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A direct search for new particles in the H1 experiment at HERA is presented for masses
ranging from 35 GeV up to ~ 250 GeV. The data sample of 24 nb~! accumulated during
the first year of operation was analysed for signatures of scalar and vector leptoquarks,
leptogluons, excited electrons and excited neutrinos with flavours of the first generation. No
evidence for the production of such particles was found in various possible decay channels.
Rejection limits are derived.
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1. Introduction

The Standard Model of strong and electroweak interactions based on the
SU(3) ® SU(2) % U (1) gauge group has been successful in describing the phe-
nomenology of high-energy particle physics. Nevertheless many fundamental
facts, such as the quark-lepton symmetry or the existence of three generations
of fermions and their mass spectrum remain unexplained by the model. New
states that are not contained in the Standard Model particle spectrum would
strongly influence the construction of new theories explaining these facts. A
search for new particles 1s therefore a priority task at any new accelerator.

The ep collider HERA 1is an ideal machine to look for leptoquarks and lep-
togluons that could be produced as s-channel resonances in the electron—parton
system. Coloured leptoquark bosons appear naturally in many theories that ex-
tend the symmetry of the Standard Model in order to unify the known forces
(e.g. grand unified theories [1], superstring inspired models [2]), or models
postulating a new interaction (e.g. technicolour [3]), or in some composite mod-
els [4]. Leptogluons are predicted in those composite models where the weak
gauge bosons and the leptons are bound states of coloured constituents [5]. The
search for excited electrons is an obvious field of interest in electron scattering
experiments. Excited states of known leptons are a natural ingredient of compos-
ite models [6]. If found, they would constitute a strong proof for the existence of
a new layer of structure in leptons. HERA provides direct access to a new region
of possible values for the masses and coupling constants of these particles.

Although leptoquarks, leptogluons and excited leptons arise in very different
theoretical models they have a basic feature in common from a phenomenolog-
ical point of view. All states discussed in this paper are formed as a resonance
between the incoming electron and a constituent of the proton or a gauge boson
radiated off the proton. In the narrow-width approximation and to lowest order,
the ep cross section for the production of a heavy state H decaying into a specific
final state with a branching ratio B is given by

4r? I
olep—H + X) = == (2 + )7 Bfip(M/s).

where J, M are the angular momentum and the mass of H, and /s is the centre of
mass energy. The term f;;, (x) denotes for example the quark density functions
or the number of photons f,,, (x) radiated off the proton - as appropriate. The
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widths I and the branching ratios B contain the dependence on the couplings
of the new particles.

In this paper, we present a search for direct single production of new particles
based on an integrated luminosity of £ = 24 +2 nb ™! collected during 1992 at
Vs = 296 GeV. Early results from HERA have already been presented [7].

2. Experimental set-up

A detailed description of the H1 detector can be found elsewhere [8]. Here
we briefly describe the components relevant for the present analysis.

The interaction vertices along the z-axis are distributed symmetrically around
the centre of the H1 coordinate system* and ~ 90% of ep events are contained
within the interval | zy |< 50 em. The tracks of the emerging charged particles
are measured in an array of central and forward drift and proportional chambers
covering the angular range 7° < 6 < 176°.

The tracking system is surrounded by a finely segmented liquid argon (LAr)
sampling calorimeter covering 4° < 6 < 155° with a thickness varying be-
tween 20 and 30 radiation lengths for the lead/argon electromagnetic section and
from 4.5 up to 8 interaction lengths in total including the stainless-steel/argon
hadronic section. A lead/scintillator electromagnetic backward calorimeter ex-
tends the coverage at larger angles (155° < 6 < 176°). In the LAr calorimeter,
electron energies are measured with a resolution of ¢ (E)/E ~ 11 %/E and
hadron energies with o (E)/E ~ 50 %//E after software energy weighting.

The tracking chambers and calorimeters are surrounded by a superconducting
solenoid coil providing a uniform field of 1.2 T parallel to the z-axis within the
tracking volume. The return iron yoke surrounding this coil is fully instrumented
to measure leakage of hadronic showers and to recognize muons. Muon tracks
are measured in layers of streamer tube chambers between 5° < 6 < 170°. The
system is completed by a forward muon spectrometer in the region 3° < 8 <
17°.

The luminosity is determined from the rate of the Bethe—Heitler ep — epy
process measured in a luminosity monitor as described in ref. [9].

3. Leptoquarks

3.1. PHENOMENOLOGY

Leptoquarks are colour-triplet bosons carrying a fractional electric charge and
both leptonic and baryonic quantum numbers. They may couple to electroweak

* The positive z-coordinate (i.e. forward direction) from which 6 polar angles are measured is
defined to coincide with the direction of the incident proton.



RAPID COMMUNICATION

8 H1 Collaboration / Leptoquarks, leptogluons and excited leptons at H1

TABLE 1
Isospin multiplets T of scalar (2S7) and vector (2F7) leptoquarks with electric charge Q,
branching ratio B, and fermion number F = 2 or F = 0, and the allowed production and decay
channels for first generation leptoquarks at HERA ( e~ beam). A coupling value 11 (g # O allows

for processes with incident e (R)-

F=2 I3 prod decay B [ E =10 T prod decay R
-1/38, 0 ey — e"u 172 213y 0 ef dg— e~ d 1/2
— Ve d 1/2 — Ve U 1/2
eg Ug — € u 1 eg dp — e~ d 1
—435, 0 eg dg — e d 1 =311, 0 eg U — e 0 1
—438, -1 ef dp — e~ d 1 -3 -1 e  Up — e” U 1
-13g, 0 e . u — e u /2 -3y, 0 ef dg— e~ d 172
— e d 1/2 — Ve U 1/2
+2/35, 1 None +13p 1 None
BV, —1/2 eg d— e d 1 81, =12 el U — e u 1
e, dg— e~ d 1 eg Ug — e~ u 1
B3V, 4172 egu — e 1 M8\, 412 epdg— e d 1
_1/3171/2 *1/2 CE up — € u 1 72/35‘1/2 —1/2 CE d[_*‘* e  d i
W3 +1)2 None 138, +1/2 None

bosons, gluons and electron—-quark (e-q) pairs, whereas at accessible masses
their coupling to q-pairs must vanish to avoid fast proton decay. In ep collisions
at HERA, the dominant production mechanism could be by direct resonant eq fu-
sion in the s-channel. This is unlike the situation at other current colliders where
the production would be dominated by pair production either via s-channel elec-
troweak gauge boson exchange (in e*e™ collisions) or via gluon—gluon fusion
or qq annihilation (in pp collisions).

At HERA, besides the dependence on the electric charge, the spin and the
weak i1sospin, leptoquark production also depends on the strength of unknown
Yukawa couplings A to the e—q pairs. In this paper, we consider the most general
effective lagrangian [10] for baryon and lepton number conserving scalar and
vector leptoquark bosons having dimensionless, SU (3)®SU(2)®U (1) invariant
couplings to fermions. The isospin families of allowed leptoquarks are given in
table 1 where we adopt the nomenclature from ref. [11].

Given the severe low-energy experimental constraints on flavour-changing
transitions [12], we assume that intergenerational mixing is forbidden and that
first generation leptoquarks are only allowed to decay into fermions of the same
generation. Moreover, there are limits and precision measurements on branching
ratios of pseudoscalar meson decays that constrain most leptoquarks with masses
M of O(100) GeV to have sizeable couplings only to either left-handed or right-



RAPID COMMUNICATION

H1I Collaboration / Leptoguarks, leptogluons and excited leptons at H1 9

handed leptons [12].

In the following, we consider the fixed branching ratios B into the ¢ + X and
v + X final states given in table 1. We do not distinguish between the various
charge states of a given isospin family and assume mass degeneracy within each
family. Hence we are left with 10 types of leptoquarks that would all have, to
lowest order, a final state consisting of a spectator jet from the proton remnant
together with a lepton and a jet from the decay of the resonance balancing each
other in transverse momentum Pr. This signature is indistinguishable from that
of the neutral- and charged-current modes in deep inelastic scattering (DIS).
Therefore these processes represent the most severe sources of background events
and can only be subtracted statistically.

To lowest order and in the narrow-width approximation, the total leptoquark
production cross sections only depend on the square of the dimensionless cou-
pling constant A and the quark density of the quark flavour(s) involved in the
process. The partial decay widths are given by Iy = (A%/167) M for scalar
and Iy = (A%/24n) M for vector leptoquarks. For the smallest couplings ac-
cessible here (see subsect. 3.3) the decay widths are as small as ~ 3 MeV for
M ~ 50 GeV but reach = 2 GeV at M ~ 200 GeV. Hence, except for the high-
est masses, leptoquarks of mass M would appear as narrow resonances with an
observed width dominated by detector resolution and centered at a value of
Bjorken scaling variable x given by M = /(pe + pq)? ~ /X5, where pe, pq
denote the four-momenta of the beam electron and the incoming quark. For
the couplings and resolutions expected in this analysis, the contribution of the
interference with DIS diagrams to the cross section in a [M £ 30,,] bin centered
on the resonance is less than £1% for F = 2 and +5% for F = 0 leptoquarks
up to the highest mass considered and is henceforward neglected.

Further separation from the DIS background will be possible in particular
for scalar leptoquarks that decay isotropically and correspondingly yield a flat
distribution in y which distinguishes them from the 1/y? spectrum yielded by
standard vector boson exchange.

Direct searches for scalar leptoquarks have been carried out by et e~ collider
experiments at PETRA [13,14], TRISTAN [15] and LEP [16], as well as at
pp colliders by the UA1 and UA2 experiments at CERN [17] and by CDF at
Fermilab’s Tevatron [18]. In most cases, the rejection limits were obtained for
some scalars with specific quantum numbers. Nevertheless, these limits should
only weakly depend on these choices. At 95% confidence level (CL), the LEP
experiments exclude the domain 5 < Ms < 45 GeV while UA2 and CDF
(preliminary results) exclude 30 < Mg < 82(113) GeV for a 50% (100%) B
into € + X, almost independently of the coupling A.

Finally, it should be noted that an indirect limit of Ay, < M/1.7 TeV has
been derived [12] from the universality of the Fermi constant measured in
u-decays and B-decays. Leptoquark exchange with left-handed couplings could
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contribute to the latter. This limit would however be weakened if the Standard
Model prediction for the these decays is modified, for instance, by additional
Higgs scalars.

3.2. EVENT SELECTION AND KINEMATICS

A high transverse energy Et in the final state is a basic feature for leptoquark
events at large masses since E$ for e + X decays and Ef for v + X form a
jacobian peak at ~ M /2. In contrast, the background from photoproduction is
concentrated at low ET.

Hence, for e + X final states, a relatively clean sample of candidate events
(mostly from high Q2 neutral current DIS) is obtained by searching for a high-
Et electron in the final state. The events are required to have been registered by
LAr triggers based on the measured total or transverse energy. All the relevant
hardware triggers were simultaneously operational for =~ 85% of the integrated
luminosity. We require that an electron candidate with £ > 10 GeV is found
in the fiducial volume of the LAr calorimeter and at 6. > 10°. The e.m. shower
must have at least 90% of its energy deposited in the e.m. section. In addition
the shower must be isolated in the sense that there should be less than 10% ad-
ditional hadronic energy within a cone of azimuthal angle ¢ and pseudorapidity
n of opening \/(An)Z + (A¢)2 < 0.5 centered on the candidate electron and
viewed from the interaction vertex. The accepted events are required to have a
reconstructed vertex. In events where several “electron” candidates were found,
the one with the highest £1 was assumed to originate from the decay (i.e. to
be the scattered electron in case of DIS) and was kept for further kinematical
analysis. To further reduce contamination from cosmic muon induced showers,
we require that there be no track and no energy (> 1 GeV) within the isolation
cone in the instrumented iron behind the electron.

The leptoquark mass is calculated using M = ,/sx.. The Bjorken x measured
from the final state electron is given by

E.ES cos?(6./2)
E3[ES — Eesin®(0:/2)1°

,\,‘e -

where E¢ is the incident electron beam energy (26.7 GeV) and Ej is the proton
beam energy (820 GeV). The electron energy E. and the angle 0. are calculated
entirely from energy deposition in the LAr calorimeter viewed from the interac-
tion vertex. The angular resolution thus obtained is of about gy ~ 0.7°/VE (E
in GeV). The method of calculating the mass is well suited to the leptoquark
mass reconstruction at large y, our region of interest.

We require a matching between the Bjorken y. variable measured with the
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electron and y;, measured via the hadronic flow, | y. — yp |< 0.3 where

E.—P.
-] ===
Ye =1 2ES
and
__Eh_Pz,h
yh_ 2Eg .

Here the subscript h denotes the sum over all particles measured in the LAr
calorimeter excluding the electron candidate. Besides removing events where a
hard undetected photon was radiated from the initial state electron, the main
purpose of this cut is to reject photoproduction events with a misidentified
“electron” candidate in the LAr calorimeter and for which the scattered electron
usually escapes undetected at low scattering angle in the beam pipe. The re-
maining event sample was visually scanned and one further cosmic muon event
was identified and rejected. Although we impose no explicit matching require-
ment of the electron shower with an inner central or forward track, all electron
candidates of the final sample were accompanied by at least one reconstructed
track within the isolation cone. After all selections have been applied, 43 events
remain with reconstructed “leptoquark”™ masses above 35 GeV.

A search for final states with v + X is made by requiring a missing transverse
momentum of

PP = \/ (> EX)2 + (L) >20Gev

measured by the calorimeters. Any event with an electron candidate (as defined
above) with E% > 10 GeV are rejected. Cosmic muon induced showers were
recognized and rejected on the basis of back-to-back tracks in the muon system.
Five events with clear cosmic induced patterns were finally rejected at a visual
scanning. One event with a PP = 37 GeV remained, showing the expected
signature of a high-Pr current jet together with the energy flow from the proton
remnant. The leptoquark mass for this event was calculated via the Bjorken x
variable computed from the hadronic energy flow, M = ,/5X, with

P,
T (=) s
The calculated mass of this ¥ + X candidate is 93 GeV.,

Xh

3.3. RESULTS

We first compare our e + X data sample with a Monte Carlo simulation. For
the DIS neutral current background, we used the DJANGO event generator [19]
which provides an interface to HERACLES [20] for the standard electroweak
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Fig. 1. P]'.niss distribution (a) and mass spectrum (b) for M = /X5 > 35 GeV before (open

points) and after (closed points) the final kinematical cut on y.. The histogram curves show the

absolute prediction of a DIS Monte Carlo simulation based on DJANGO before (dashed) and
after the (solid) kinematical cut.

interactions including first order QED radiative corrections, and LEPTO [21]
for QCD corrections (leading-log parton showers). The Lund string model is
used for fragmentation and decay. The events were passed through the full H1
simulation and reconstruction chain. The trigger efficiencies, monitored by using
track triggers, were folded in.

Fig. 1a shows the measured P™iss for the 43 events compared to the DIS event
simulation. The events are well balanced in the transverse plane and the DIS
Monte Carlo reproduces well the tail of the PPss distribution which is due to
detector resolution and energy losses. The electron E1 extends up to 50 GeV
and was found to be very well correlated with the total E1 flow. The electron
carries on average about 45% of the total Et, as one might anticipate for a
e + jet final state given the broadening of the jet caused by parton shower and
fragmentation effects. The mass distribution is shown in fig. 1b before and after
a final kinematical cut of y. > 0.25. This cut was chosen as a compromise
to optimise the signal-to-background ratio for scalar leptoquark searches while
maintaining efficient detection of vector leptoquarks. It also safely rejects the
low-y region where both v, and x. are badly measured. In fig. 1, both the absolute
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TABLE 2
Detection efficiency within [M =+ 3 0)s] after all selection and kinematical cuts, and including
trigger efficiencies for scalar (S) and vector (V) leptoquarks in € + X and v + X decay modes
as well as for charged leptogluons (eg).

Type M{( GeV) 50 100 150 200
S e eff. (%) 48 54 50 45
v eff. (%) 19 52 61 64

\ e eff (%) 30 34 29 21
v eff. (%) 16 50 61 51

e e eff. (%) 40 44 42 29

number of events and the shape of the mass spectra are well reproduced by a
DIS Monte Carlo simulation before and after the y. cut.

For v + X final states, we apply no additional kinematical cuts compared to
those described in subsect. 3.2. Using DJANGO as the basis for event simulation
and reconstruction and folding in the LAr trigger efficiencies for the hadronic
flow, one predicts a mean number of charged current events of 0.66.

We now derive rejection limits for the hypothesis that all observed events are
standard DIS background. To compute efficiencies for the various leptoquark
types we make use of the COMPOS event generator [11] which implements
the differential cross sections calculated in ref. [10] and which includes radia-
tive corrections in the electron initial state in the collinear approximation. It
should be noted that the parton showering (here also generated through the
Lund model) is only applied to the final state quark (i.e. after leptoquark de-
cay) and to the “diquark” remnant of the proton. This is despite the fact that
for low masses and couplings (e.g. Mg < 100 GeV, 1 < 0.1), the lifetime of
the leptoquark is such (r 2 3 x 10723s) that it must itself participate_in the
fragmentation before decaying. Such a crude approximation is justified if one
considers that leptoquarks may have “hard” fragmentation functions not unlike
those of heavy quarks. The mass resolutions os v roughly scale with mass at small
coupling values (e.g. 4 < 0.3) for which the intrinsic width of the resonance
can be neglected. We find that og = 1.1 GeV + 9.6 x 1073 My for scalars and
ov = 1.9GeV + 9.0 x 1073 My for vector leptoquarks in the charged decay
mode while in the neutral mode we find g5 = 4.9 GeV + 5.7 x 1072 Mg and
ov = 3.9 GeV + 4.4 x 10~2 My. The global efficiencies are given in table 2 for
both decay modes.

By moving a mass window of +30sy around the nominal central value we
obtain cross section limits for scalar and vector leptoquarks. In the mass region
where we observe no events (e.g. M 2z 76 GeV when considering leptoquarks
having couplings only to e 4+ X final states), we exclude cross sections for lepto-
quark production of gep.sv 2 3/ (L x €) at 95% CL, where ¢ is an efficiency de-
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rived from table 2. We exclude, for example, Tep— 38 = 247 pb at 95% CL. From
the cross section limits we derive coupling limits for all leptoquarks. Whenever
possible, neutral and charged lepton decay modes have been combined. The re-
sults in the mass versus coupling-constant plane are shown in fig. 2. For couplings
of 2 = 0.3 which corresponds to an electromagnetic coupling, i.c. « = A2/4n,
the mass limits at 95% CL range from 145 GeV to 192 GeV for F = 2 and
from 98 to 121 GeV for F = 0 leptoquarks. The best limits are obtained for
the ST, M 2 192 GeV and Vll}z, M z 190 GeV. For the isosinglet scalars St

and S(}} which appear in particular in superstring motivated E¢ models [2], we
obtain at 4 = 0.3 mass limits of M = 181 GeV and M z 178 GeV respectively
at 95% CL. We have therefore improved on the current limits from pp experi-
ments after only a few months data taking on HERA (for the S& (SX) which has
B = 50% (100%) into ¢ + X, the CDF limit at 95% CL is 82 GeV (113 GeV)
almost independently of the coupling 4).

The 5‘1/2, for which we find A = 98 GeV at 95% CL for A = 0.3, only couples
to e—=d and has been proposed in a recent [22] extension of minimal SU(5). The
coupling limits for 5‘1/2 may also be interpreted in R-parity violating supersym-
metry [23] as limits on the coupling of scalar top squark (stop) provided that
a mass eigenstate of the stop exists which is lighter than the top quark and that
the total decay width is dominated by R-parity violating decays.

There is an uncertainty on the limits in fig. 2 due to ambiguities in the struc-
ture function used in the calculation of leptoquark cross sections. The results
presented here have been obtained using the MT-B1 parametrisation and were
compared with those obtained using MT-B2, MRS-DO0 and D— [24]. The dif-
ferences for the limits on the coupling constants amount to 7% for leptoquarks
coupling to quarks and to 12% for those interacting with anti-quarks. For the
QCD scale at which quark densities are evaluated we chose Q2. Alternative
choices like PZ and M? yield an additional uncertainty of 7%.

4. Leptogluons

Leptogluons are colour-octet states carrying lepton number which can have di-
mensionless renormalizable couplings only to gluons. At HERA, we essentially
study their coupling to electron-gluon pairs for which an interaction lagrangian,
for a magnetic-type coupling, is given in ref. [25] * where spin 1/2 leptoglu-
ons were considered. For such an electron-type leptogluon eg, chiral protection
must be imposed to avoid the stringent indirect mass limits from (g — 2), mea-
surements [26] valid for any reasonable scale 4. We perform the analysis for
couplings with left-handed electrons. For the dominant s-channel contribution,
the final-state angular distribution is independent of this assumption. At HERA,

* This lagrangian has been multiplied by 1/2 to be conform with the more common definition.
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Fig. 2. Rejection limits at the 95% CL for the coupling A g as a function of mass for scalar

and vector leptoquarks with fermion number F = 2 (a), (b) and F = 0 (c), (d). The regions

above the curves are excluded. The limits on Ay for Sp, Sy, ¥y and ¥} combine charged and neutral
decays.

leptogluons would be produced as narrow s-channel resonances through the di-
rect fusion of a lepton and a gluon from the proton. To lowest order, the cross
section depends only on the gluon density g (x, Q%) in the proton at x = M?/s
and on (M/A)%, where M is the leptogluon mass and A is a scale parameter.
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Fig. 3. Rejection limits at the 95% CL for the inverse of the scale parameter A versus M for eg
leptogluons. Values above the curve are excluded.

The decay width is given by I' = a,M?3/44%, where o is the strong coupling
constant.

Limits on eg leptogluons were derived by JADE [14,25] from the ¢-channel
contribution to the total hadronic cross section, M., 2 (240 GeV)3/44?% and
from direct production via one photon exchange, M., 2 20 GeV. A mass limit
of M > O(110 GeV) from direct pair production via colour gauge interactions
has also been derived from pp collider data [27].

The final state of a lepton and a gluon jet (instead of a quark jet) only differs
from the one expected for leptoquarks in the details of the jet fragmentation. The
analysis presented in the previous section is insensitive to the detailed topology
of the hadronic final state. Hence, we make use of the event selection presented
there for e + X final states and the corresponding mass distribution presented
in fig. 1. We also use COMPOS [11] event generator for this analysis together
with the full H1 simulation to estimate leptogluon detection efficiencies after
the final e + X kinematical cuts. For leptogluons, the mass resolution g, scales
like g, = 0.6 GeV + 1.7 x 1072M,,. These efficiencies are given in table 2 as a
function of mass.

Assuming that all the observed events are standard DIS background, we obtain
rejection limits at the 95% CL following the procedure described in the previous
section. The limits in the 4~! versus M., plane are shown in fig. 3. We exclude
at 95% CL scale parameters 4 < 1.8 TeV for a leptogluon at M ~ 100 GeV and
A < 200 GeV at M ~ 200 GeV.
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5. Excited leptons

5.1. PHENOMENOLOGY

Strong evidence for a structure of the known fermions would be provided by
the direct observation of their excited states. If they exist, such first generation
lepton excited states could be produced at HERA in a collision between the in-
coming electron and a gauge boson radiated from the proton (quark). Excited
electrons (e*) would be generated dominantly via the exchange of low-Q? pho-
tons whereas excited neutrinos (»*) would be formed at much higher Q? through
the interchange of a W gauge boson.

The current maximum available centre-of-mass energy for the direct produc-
tion of excited leptons at HERA is 296 GeV. This allows a mass range to be
explored for the first time where the decay of the e* and the v* into heavy gauge
bosons (W, Z) and a light fermion may become dominant. To date, searches
for e* and v* have been pursued using the decay channel with a photon in the
final state. The best current rejection limits for the direct single production of
excited leptons were obtained by LEP experiments [28-31] and exclude masses
M.. £ 90 GeV almost independently of the composite scale A for 4 < 2.5 TeV.

Although there is no predictive model for composite dynamics, the existence of
heavy excited states can still be tested. We make use of an effective SU(2)®U (1)
invariant lagrangian [32] for spin 1/2 excited states. In this model the transition
magnetic-type couplings of an ordinary lepton (¢) and an excited lepton (£*) to
a vector boson (V) with the four-momentum g are studied: —i(e/A4)a,, ¢* (1 —
7s5)¢y,.,. Here, e 1s the electric charge and all the coupling constants c,,,, are
explicitly given by

(AN

=—(f+/)/4,

Guew = (S = f1)/4,

Czee = —(fcotfy — f'tanBy)/4,
czvy = (fcotbw + f'tanbw)/4,
CWie = Cwery = [/(2V2sinbyw),

Cyere

where 6w is the weak mixing angle and f and f’ are free parameters associ-
ated with the gauge groups SU(2) and U(1). The production of the excited
leptons depends mainly on the couplings ¢, e« . and cw, - . while for the decay of
the excited states the other couplings have to be considered, too. The width I”
introduced in sect. 1 is given by I' = a M3 ci,.,/ A2

The branching ratios, given in refs. [33,34] are a priori unknown since they
depend crucially on the ratio of the free coupling parameters / and f”. If one
sets f = f' = 1, the e* at low masses decays dominantly into a photon and
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TABLE 3

Branching ratios (in %) of the three decay channels for the excited electron and neutrino. The
first number in the columns refers 10 a setting of /'=f’=1, the second to f=—/f'=1.

M(GeV) e* —ey e* —eZ e* — v W v* > vy vt —rvZ v* —>eW
100 73/0 1/ 14 26 / 86 0/73 14 /1 86 / 26
150 40/ 0 8/ 34 52/ 66 0/ 40 34/8 66 / 52
200 34/0 10 / 37 56 / 63 0/ 34 37 /10 63/ 56

an electron while at higher masses the contribution of the charged weak boson
is most significant (see table 3). However, for this choice of the parameters the
v* can only decay into a W+ ora Z°. For / = —f” = 1, the e* has the photon
channel completely suppressed while in this channel the ~* has its maximal
branching ratio. This complementary behaviour together with the arbitrariness
of f and /' motivates a search for both the e* and the v* and suggests that as
many decay channels as possible should be studied.

Therefore, as well as e* — e~ + y, the weak boson decay channels also have to
be considered for both e* and »~*, leading to signatures with electrons, photons
or muons in the final state. Table 4 summarizes the decay channels which are
studied with the H1 detector. The production and decay of heavy excited leptons
considered here, is characterized by one or more energetic e.m. clusters with high
ET in the final state. In addition in some channels a signature with one or two
muons and/or missing visible energy should occur.

5.2. EVENT SELECTION

The candidate sample for excited leptons was selected by requiring isolated
e.m. clusters in the H1 calorimeter. We searched for event topologies with one,
two or three such clusters in the final states, and for two muon candidates to-
gether with one cluster.

Candidates for events with one-electron or one-photon must have at least
one isolated e.m. cluster with more than 15 GeV. The quantity Et + P{“iss was
required to be greater than 30 GeV and P should be above 16 GeV. Events
with a single cluster in the backward region are excluded to eliminate the DIS
ep scattering at low Q2. For background suppression, we demand one track in
the central drift chambers (with Py > 0.2 GeV) or forward tracking system. The
reconstruction efficiency for these tracks is determined from isolated tracks in
a DIS data sample with the scattered electron in the LAr calorimeter and from
muons crossing the forward chambers. The efficiencies agree with those found
in Monte Carlo calculations.

To select candidates for the decay channels with two electrons or with one
electron and one photon, two isolated e.m. clusters are demanded with energies
above 30 GeV and 15 GeV. At least one cluster has to be in the barrel region
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(15° < 6 < 150°). No events are expected with both clusters in the forward
and backward part of the detector from excited lepton decays.

Candidates for e* — eee are selected requiring three isolated clusters each
having an energy above 10 GeV. Here again one cluster should be in the barrel
region and only one cluster may be below 10°.

The search for muon event candidates requires two reconstructed muon tracks
in the muon system linked to tracks of the forward or central tracking system.
Events with two muon candidates where both tracks are in the forward part of
the detector below a radius of 100 cm from the beam pipe are discarded. This cut
rejects mainly hadron induced background in the forward direction. In addition
an isolated cluster with more than 5 GeV above a f#-angle of 10° is required
and events with a cluster in the backward region are rejected. The track link
efficiency as determined from cosmic muons is 95 + 2% which is in agreement
with Monte Carlo expectations.

Applying the above cuts, which were motivated by Monte Carlo studies and
allow for a high detection efficiency for the expected signal, we finally obtain
a data sample with no candidate, after rejecting contamination from cosmic
and halo muons with showers on their tracks by a visual scan. Events in the
“two-cluster” class would be candidates for e* — ey decays or for the Compton
process ep — eyp(X) which is the natural background source for that decay
channel. For a total luminosity of 24 nb~' less than 0.1 events are expected
from the Compton process for invariant masses of the e y system above 75 GeV
as calculated using formulae of ref. [35]. Further studies are restricted to masses
above 75 GeV, since a signal at smaller masses is already ruled out by existing
data.

We then determine the detector acceptance for excited leptons as a function
of the mass. This requires knowledge of the geometrical acceptance, the trig-
ger efficiency and the event-selection efficiency. For detailed studies, the event
generator COMPOS [11] is used. This generator is based on the cross section
calculated in ref. {32] and makes use of the same structure function as for the
leptoquark analysis.

The transverse and total energy LAr trigger efficiency for the cluster analysis
is determined from data triggered by cosmic and halo muons. The efficiency for
triggering the decay channel e* — euu is fixed by Monte Carlo studies where
the muon trigger is completely simulated. The total efficiency for an event to
trigger and to survive the selection steps is then derived from the Monte Carlo
simulation which includes the trigger study results. In table 4, values for total
efficiencies are summarized for various decay channels and masses. Typical
values for the total detection efficiencies are about 80 %.

In summary, after applying selection criteria which are motivated by Monte
Carlo studies, no candidates are left in any of the channels under study.
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TABLE 4
Total efficiencies (in %) for different decay channels and masses of the excited leptons e* and v*

M(GeV) 75 100 150 200 250

e* —ey 71 82 87 88 87
e*—vW/W—ev - 66 67 72 75
e* —»eZ/Z—cee - 72 89 90 85
et —eZ/Z—pupu — 47 68 85 88
e* —weZ/Z—vv - - 68 84 87

vt — vy 65 73 79 83 85
v* —eW/W-oev - 63 75 81 83
v* - eW/W - uvw - 25 62 76 84
v* —vZ/Z —ee - 75 81 87 91

5.3. RESULTS

With a typical efficiency of 80%, cross sections above 160 pb are ruled out
with 95% CL for each channel under study. This result depends only weakly on
the used model.

We have calculated coupling limits as a function of the parameter cy;«¢, the
scale parameter 4 and the square root of the branching ratios of the excited
leptons introduced in subsect. 5.1. These limits are shown in fig. 4 for different
decay channels (see table 4) as a function of the mass of the excited lepton.

In principle, coupling limits can be calculated up to the maximum of the centre-
of-mass energy of the collisions for the direct search of excited leptons. But the
calculations are limited in this analysis to masses and coupling values where
the decay width is below 30 GeV. This ensures that the width is always much
less than the corresponding mass. For / = 0, /' = 1 this width is reached at
M = 215 GeV for the excited electron and at 165 GeV for the excited neutrino.
If it should happen in nature that / = f’ = 1 then the width of 30 GeV would
be obtained at 175 GeV for the e*, whereas if f = 1, /' = —1 should be true,
then limits for the v* can only be derived up to 125 GeV.

The dominant uncertainty on these limits is due to the possible choice of the
different proton structure functions. Using the same functions as in subsect. 3.3
we obtain uncertainties on the limits up to 10%.

At 100 GeV the value for ¢ye-oVVB/A is 7 x 1072 GeV™'. Values at LEP ex-
periments at a centre of mass energy of 90 GeV for cpe-e \/E/A are about
2 x 1074 GeV™! for the channel e* — ey. In order to reach this magnitude
for a mass of 100 GeV at HERA, an integrated luminosity of O (50 pb_1 ) has to
be collected. In the scattering process e* e~ — y  indirect limits for ¢ye- VB/ A
exist [28-30], and are in the order of 10~2 GeV ™! up to masses of 127 GeV.
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Fig. 4. Rejection limits with a CL of 95% for the e* and the v*. Regions above the curves are

excluded. For masses above 120 GeV the main contribution in the decay channel e* — e Z stems

from the decay Z — vv. For lower masses the trigger efficiency for this channel decreases and in
that region the limits are determined by the decays Z — ee(u p).

6. Conclusions

We have searched with the H1 detector for direct production of scalar and vec-
tor leptoquarks, leptogluons, excited electrons (e*) and excited neutrinos (v*)
in a mass range extending up to ~ 250 GeV. This mass range is not accessible
directly at other existing colliders.

Scalar and vector leptoquarks of all possible SU(2) ® U(1) multiplet assign-
ments were searched for. No evidence was found for the production of such
states and coupling limits were calculated as a function of mass. For a coupling
value of 1 = (0.3 we obtain mass limits at 95% CL ranging from M z 145 GeV
to M =z 192 GeV for leptoquarks resulting from the fusion of an electron and a
quark and from 98 to 121 GeV for leptoquarks formed with an antiquark. We
obtain, e.g., M > 192 GeV for SlL and M > 190 GeV for Vll;‘z at 95% CL. Finally
we found no evidence for leptogluons and at 95% CL exclude the scale region
A £ 1.8 TeV for M ~ 100 GeV.

The analysis of the e* and v* included an investigation of several decay topolo-
gies. This search for channels with electroweak bosons in the final state is possible
owing to the available centre-of-mass energy and is necessary because depending
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on the models some channels are suppressed while others are enhanced. No evi-
dence was found for the production of e* or v*. Cross sections above 160 pb are
ruled out with 95% CL for a detection efficiency of 80%. For this direct search,
limits on couplings have been presented in a new accessible mass domain.
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