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P. Van Mechelen4, Y. Vazdik24, G. Villet9, K. Wacker7, R. Wallny13, T. Walter36, B. Waugh21, G. Weber11,
M. Weber14, D. Wegener7, A. Wegner11, T. Wengler13, M. Werner13, L.R. West3, G. White17, S. Wiesand33,
T. Wilksen10, M. Winde34, G.-G. Winter10, Ch. Wissing7, C. Wittek11, M. Wobisch2, H. Wollatz10, E. Wünsch10,
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32 Paul Scherrer Institut, Villigen, Switzerland
33 Fachbereich Physik, Bergische Universität Gesamthochschule Wuppertal, Wuppertal, Germanya

34 DESY, Zeuthen, Germanya

35 Institut für Teilchenphysik, ETH, Zürich, Switzerlandh
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Abstract. A search for new bosons possessing couplings to lepton-quark pairs is performed in the
H1 experiment at HERA using 1994 to 1997 data corresponding to an integrated luminosity of
37 pb−1. First generation leptoquarks (LQs) are searched in very high Q2 neutral (NC) and charged
(CC) current data samples. The measurements are compared to Standard Model (SM) expectations
from deep-inelastic scattering (DIS). A deviation in the Q2 spectrum previously observed in the
1994 to 1996 dataset at Q2>∼15000 GeV2 remains, though with less significance. This deviation
corresponded to a clustering in the invariant mass spectrum at M ' 200 GeV which is not observed
with the 1997 dataset alone. The NC DIS data is used to constrain the Yukawa couplings λ of
first generation scalar and vector LQs in the Buchmüller–Rückl–Wyler effective model. Scalar LQs
are excluded for masses up to 275 GeV for a coupling of electromagnetic strength, λ = 0.3. A
sensitivity to coupling values <∼ 1 is established for masses up to 400 GeV for any LQ type. The
NC and CC DIS data are combined to constrain λ for arbitrary branching ratios of the LQ into
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eq in a generic model. For a decay branching ratio into e+u pairs as small as 10%, LQ masses
up to 260 GeV are ruled out for λ = 0.3. LQs possessing couplings to mixed fermion generations,
which could lead to signals of lepton flavor violation (LFV), are searched in events with a high
transverse momentum µ or τ . No µ+X or τ +X event candidate is found that is compatible with
LQ kinematics. Constraints are set on the Yukawa coupling involving the µ and τ lepton in a yet
unexplored mass range.



The H1 Collaboration: A search for leptoquark bosons and lepton flavor violation 449

1 Introduction

The ep collider HERA offers the unique possibility to
search for s-channel production of new particles which
couple to lepton-parton pairs. Examples are leptoquark
(LQ) colour triplet bosons which appear naturally in var-
ious unifying theories beyond the Standard Model (SM)
such as Grand Unified Theories [1] and Superstring in-
spired E6 models [2], and in some Compositeness [3] and
Technicolour [4] models. Leptoquarks could be singly pro-
duced by the fusion of the 27.5 GeV initial state lepton
with a quark of the 820 GeV incoming proton, with masses
up to the kinematic limit of √

sep ' 300 GeV.
The interest in such new bosons has been consider-

ably renewed recently following the observation by the
H1 [5] and ZEUS [6] experiments of a possible excess of
events at very high masses and squared momentum trans-
fer Q2, above expectations from SM neutral current (NC)
and charged current (CC) deep-inelastic scattering (DIS).
These early results were based on data samples collected
from 1994 to 1996. Of particular interest was the apparent
“clustering” of outstanding NC events at masses around
200 GeV observed in H1 which has motivated considerable
work on LQ kinematics [7], constraints and phenomenol-
ogy [8], extending beyond the original effective model of
Buchmüller-Rückl-Wyler (BRW) [9].

In this paper, LQs are searched using all available e+p
data collected in H1 from 1994 to 1997. Inclusive single
and double differential DIS cross-sections obtained from
a similar dataset are presented in a separate paper [10].
Here, firstly, NC and CC measurements at high Q2 are
compared with SM expectations at detector level. Mass

† Deceased
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and angular distributions of NC- and CC-like events are
then used to set constraints on first generation LQs. The
search is then further extended to LQs possessing cou-
plings to leptons of different generations. Such lepton fla-
vor violating (LFV) LQs would lead to final states involv-
ing a second or third generation lepton.

The total integrated luminosity L amounts to 37 pb −1,
an increase in statistics of a factor ∼ 2.6 compared to
previous H1 analysis at very high Q2 [5] and a factor ∼ 13
compared to previous LQ searches at HERA [11–13].

2 The H1 detector

A complete description of the H1 detector can be found
elsewhere [14]. Here we introduce only the components
relevant for the present analysis in which the final state of
the processes involves either a charged lepton1 with high
transverse energy or a large amount of hadronic transverse
energy flow.

Positron energies and angles are measured in a liquid
argon (LAr) sampling calorimeter [15] covering the polar
angular2 range 4◦ ≤ θ ≤ 154◦ and all azimuthal angles.
The LAr calorimeter is divided in eight “wheels” along
the beam axis, themselves subdivided in up to 8 modules
with minimum inactive material (“cracks”) in between.
The modules consist of a lead/argon electromagnetic sec-
tion followed by a stainless steel/argon hadronic section.
Their fine read-out granularity is optimized to provide ap-
proximately uniform segmentation in laboratory pseudo-
rapidity and azimuthal angle φ. Electromagnetic shower
energies are measured with a resolution of σ(E)/E '
12%/

√
E/ GeV ⊕ 1% and pion induced hadronic energies

with σ(E)/E ' 50%/
√

E/ GeV ⊕ 2% after software en-
ergy weighting. These energy resolutions were measured
in test beams with electron energies up to 166 GeV [16,
17] and pion energies up to 205 GeV [17]. The energy
calibration was determined initially from test beam data
with an uncertainty of 3% and 4% for electromagnetic
and hadronic energies respectively. A new absolute energy
scale calibration for positrons detected in the actual H1
experiment has been recently established [10,18] in situ by
using the over-constrained kinematics of NC DIS, QED
Compton and e+e− pair production from two-photons
processes. A precision of 0.7% is reached in the LAr central
barrel region 80◦ <∼ θe <∼ 145◦, 1.5% in 40◦ <∼ θe <∼ 80◦ and

1 The analysis does not distinguish explicitly between + and
− charges

2 The z axis is taken to be in the direction of the incident
proton, the forward direction, and the origin of coordinates is
the nominal ep interaction point
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3.0% in the forward region 5◦ <∼ θe <∼ 40◦. The precision
on the hadronic energy scale was determined by requiring
the balance of the transverse momenta of the positron and
hadronic system in NC DIS events. This was performed us-
ing a method [10] correcting the energy flow associated to
jets by LAr wheel calibration constants. The hadronic en-
ergy scale is found to be understood at the 2% level when
comparing to Monte Carlo expectation. This represents an
improved understanding of both the electromagnetic and
hadronic energy scales compared to [5], made possible by
the increase of statistics accumulated in 1997. All analyses
described in the following rely on this updated calibration.
The resolution on the polar angle of the positron measured
from the electromagnetic shower in the calorimeter varies
from ∼ 2 mrad below 30◦ to <∼ 5 mrad at larger angles. A
lead/scintillating-fibre backward calorimeter [19] extends
the coverage3 at larger angles (153◦ ≤ θ <∼ 178◦).

Located inside the calorimeters is the tracking system
which is used here to determine the interaction vertex
and provide charged track information relevant for lep-
ton identification (see Sect. 5). The main components of
this system are central drift and proportional chambers
(25◦ ≤ θ ≤ 155◦), a forward track detector (7◦ ≤ θ ≤
25◦) and a backward drift chamber3. The tracking cham-
bers and calorimeters are surrounded by a superconduct-
ing solenoid providing a uniform field of 1.15 T parallel to
the z axis within the detector volume. The instrumented
iron return yoke surrounding this solenoid is used to mea-
sure leakage of hadronic showers and to recognize muons.
The luminosity is determined from the rate of the Bethe-
Heitler ep → epγ bremsstrahlung measured in a lumi-
nosity monitor. This consists of a positron tagger and a
photon tagger located along the beam line, −33 m and
−103 m respectively from the interaction point.

For the acquisition of events we rely on the timing in-
formation from a time-of-flight system and on the LAr
trigger system which provides a measurement of the en-
ergy flow using coarse trigger towers [15].

3 Leptoquark phenomenology and models

Leptoquark production at HERA can lead to final states
similar to those of DIS physics at very high Q2. The basic
DIS processes are illustrated in Fig. 1a. Leptoquarks can
be resonantly produced in the s-channel and exchanged in
the u-channel as illustrated by the diagrams in Fig. 1b,c.
Here and in the following, whenever specified, the indices
i and j of the couplings λij at the LQ−lepton−quark ver-
tices refer to the lepton ithand quark jth generation re-
spectively. Otherwise, λ designates a coupling of LQs to
first generation fermions. LQs coupling only to first gen-
eration fermions (henceforth called first generation LQs)
give e+q or ν +q′ final states leading to individual events
indistinguishable from SM NC and CC DIS respectively.
LQs with LFV couplings to second or third generation

3 The detectors in the backward region were upgraded in
1995 by the replacement of the lead/scintillator calorimeter
[20] and a proportional chamber

e+

Proton
(P)

γ,Z (W+)

e+ (ν)

q (q  ,)

q

(a)

e+

q i

LQ

l+n

q k

λ n kλ 1 i

(b)

e+ l+n

LQ

q k
– q i

–
λ n k

λ 1 i

(c)

Fig. 1a–c. Diagrams of (a) deep-inelastic scattering; (b) s-
channel resonant production and (c) u-channel exchange of a
leptoquark with fermion number F = 0. Diagrams involving a
|F | = 2 leptoquark are obtained from (b) and (c) by exchang-
ing q and q̄

leptons (henceforth called LFV LQs) can participate in
e+p → µ+ + jet + X or e+p → τ+ + jet + X processes.
Such exotic signatures are expected to be essentially back-
ground free for high transverse momentum of the observ-
able lepton.

In the s-channel, a LQ is produced at a mass M =√
sepx where x is the momentum fraction of the pro-

ton carried by the struck quark. Over a large fraction
of the mass range accessible at HERA and for a rea-
sonable coupling strength, e.g. satisfying λ2/4π < 1, the
intrinsic decay width of a scalar (S) or vector (V) LQ
of nominal mass MLQ into a lepton and a quark is ex-
pected to be small. This width is calculated as ΓS =
(3/2)ΓV = λ2

ijMLQ/16π which corresponds for example
to ΓS ' 40 MeV for a scalar at MLQ = 200 GeV and
λij = 0.1. In the narrow-width approximation (NWA), the
resonant production cross-section σNWA is proportional
to λ2q(x) where q(x) is the density of the struck parton
in the incoming proton. However when approaching the
kinematic limit where the values of q(x) are very small,
the coupling strengths which can be probed with the ac-
tual integrated luminosities are too high for the NWA to
be valid. The convolution of the steeply falling q(x) with
the Breit-Wigner distribution of finite width characteriz-
ing the resonance leads to a strong distortion of the LQ
mass peak, and the mass spectrum shows very large tails
towards low values. As a result the LQ production cross-
section σs in the s-channel for MLQ approaching √

sep is
considerably larger than σNWA. The deviation from σNWA
is significant (typically > 10%) at MLQ

>∼ 250 GeV for a
LQ produced via a valence quark (u, d), and already at
MLQ > 200 GeV for a production via a sea quark (ū, d̄)
[21]. The analysis presented in the following fully takes
into account these effects originating from the finite LQ
decay width.

Scalar LQs produced in the s-channel decay isotropi-
cally in their rest frame leading to a flat dσ / dy spectrum
where y = Q2/sepx = 1

2 (1 + cos θ∗) is the Bjorken scat-
tering variable in DIS and θ∗ is the decay polar angle of
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Table 1. Main properties of the different LQ induced contri-
butions at HERA to e+ + qi → l+n + qj . For LQs coupling to
both eq and lnq pairs with ln 6= e, βn denotes the branching
ratio of the LQ into ln + qj . The interference contribution only
concerns processes with a first generation lepton in the final
state

Angular Spectrum Cross-Section
y Shape λ Dependence

Scalar Vector M � √
sep M � √

sep

s-channel flat (1 − y)2 λ2
1iβn λ2

1iλ
2
nj

u-channel (1 − y)2 flat λ2
1iλ

2
nj λ2

1iλ
2
nj

Interference λ2 λ2

the lepton relative to the incident proton in the LQ cen-
tre of mass frame. In contrast, events resulting from the
production and decay of vector LQs would be distributed
according to dσ / dy ∝ (1 − y)2. These y spectra (or in
other words the specific angular distributions of the de-
cay products) from scalar or vector LQ production are
markedly different from the dσ / dy ∝ y−2 distribution
expected at fixed x for the dominant t-channel photon ex-
change in neutral current DIS events 4. Hence, a LQ signal
in the NC-like channel will be statistically most prominent
at high y.

The u-channel contribution scales with λ4. It can com-
pete with resonant production only for LQs with fermion
number | F |= 2 and at high couplings and LQ masses. For
F = 0 LQs, it is highly suppressed by less favorable parton
densities as it proceeds via an exchange involving an an-
tiquark from the proton. Scalar LQ exchange would lead
to events distributed in y according to dσ / dy ∼ (1 − y)2
while vector LQ exchange would lead to a flat y spec-
trum. However the events originating from u-channel LQ
exchange would mainly be concentrated at mass values
much lower than MLQ. As such, the kinematic cuts used
in this analysis to reduce the number of NC-like and CC-
like events (see Sect. 5) also drastically suppress a possible
u-channel contribution.

In approaching MLQ ∼ √
sep, the interference of the

LQ s-channel production and u-channel exchange with SM
boson exchange can no longer be neglected. This interfer-
ence can be constructive or destructive5 depending on the
LQ type. As will be seen in Sect. 6, the set of cuts used
in the present analysis focuses on a phase space region
where the contribution of the interference is considerably
reduced.

4 At high momentum transfer, Z0 exchange is no longer neg-
ligible and contributes to less pronounced differences in the y
spectra between LQ signal and DIS background

5 The signs of the interference terms between SM gauge bo-
son and F = 0 LQ contributions given in the original BRW
paper [9] were found to be incorrect. The correct signs as pro-
vided in the erratum to [9] have been used here

The experiments at HERA are also sensitive to LQs
with MLQ

>∼
√

sep. For first generation LQs, the interfer-
ence between LQ induced and SM boson exchange pro-
cesses (which scales with λ2) generally dominates in this
mass range over the s-and u-channel contributions (both
scaling with λ4). For F = 0 LQs, a nevertheless sizeable
s-channel contribution originates from the convolution of
the parton density with the low mass tail of the LQ Breit-
Wigner resonance of finite width, provided that the cou-
pling λ is not too small. For example, for λ = 1 and for
the LQ labelled S1/2,L in the BRW model (see below), the
s-channel contribution competes with the interference for
MLQ up to ' 400 GeV, within the kinematic cuts used in
Sect. 6.4.

In the cases of MLQ � √
sep, the propagator entering

the LQ amplitudes can be contracted to a four-fermion
interaction. One is left with a contact interaction mostly
affecting the measured inclusive DIS Q2 spectrum through
interference effects. Constraints on such four-fermion cou-
plings translated into limits on MLQ/λ for first genera-
tion LQs will be discussed in a separate paper. For LFV
LQs above √

sep, both the s- and u-channel contributions
may in principle be important for large Yukawa coupling
values. There, the LFV LQ cross-sections σ(eqi → lnqj)
(s-channel) and σ(eq̄j → lnq̄i) (u-channel) only depend on
λ1i, λnj and MLQ via λ2

1iλ
2
nj/M

4
LQ.

Some essential characteristics of the different LQ in-
duced processes contributing at HERA are summarized
in Table 1.

The LQ searches will be discussed here either in the
strict context of the BRW phenomenological ansatz [9]
where the decay branching ratios are fixed by the model,
or in the context of generic models allowing for arbitrary
branching ratios. The BRW model considers all possible
scalar (SI) and vector (VI) LQs of weak isospin I with di-
mensionless couplings λL,R

ij to lepton-quark pairs, where
L or R is the chirality of the lepton. The general effective
Lagrangian which is introduced obeys the symmetries of
the SM. There are 10 different LQ isospin multiplets, with
couplings to left or right handed fermions, among which
there are 5 isospin families of scalar LQs. These are listed
in Table 2. We restrict the search to pure chiral couplings
of the LQs given that deviations from lepton universal-
ity in helicity suppressed pseudoscalar meson decays have
not been observed [22,23]. This restriction to couplings
with either left- (λL) or right-handed (λR) leptons (i.e.
λL ·λR ∼ 0), affects only two scalar (S0 and S1/2) and two
vector (V1/2 and V0) LQs. We make use of the so-called
Aachen nomenclature and classification scheme [24] and
do not use specific symbols to label the anti-leptoquarks
which are actually produced in e+p collisions. We make
the simplifying assumptions that one of the LQ multi-
plets is produced dominantly and that the mass eigen-
states within the LQ isospin doublets and triplets are de-
generate in mass.

For the determination of LQ signal detection efficien-
cies, we make use of the LEGO event generator [25] and
of a complete simulation of the H1 detector response.
LEGO incorporates s- and u-channel LQ exchange pro-
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Table 2. Leptoquark isospin families in the Buchmüller-
Rückl-Wyler model. For each leptoquark, the superscript cor-
responds to its electric charge, while the subscript denotes its
weak isospin. For simplicity, the leptoquarks are convention-
ally indexed with the chirality of the incoming electron which
could allow their production in e−p collisions, e.g. the S̃0 will
be denoted by S̃0,R (see text). βe denotes the branching ratio
of the LQ into e+ + q

F = −2 Prod./Decay βe F = 0 Prod./Decay βe

Scalar Leptoquarks

1/3S0 e+
RūR → e+ū 1/2 5/3S1/2 e+

RuR → e+u 1
e+

L ūL → e+ū 1 e+
LuL → e+u 1

4/3S̃0 e+
L d̄L → e+d̄ 1 2/3S1/2 e+

LdL → e+d 1

4/3S1 e+
Rd̄R → e+d̄ 1 2/3S̃1/2 e+

RdR → e+d 1
1/3S1 e+

RūR → e+ū 1/2

Vector Leptoquarks

4/3V1/2 e+
L d̄R → e+d̄ 1 2/3V0 e+

LdR → e+d 1
e+

Rd̄L → e+d̄ 1 e+
RdL → e+d 1/2

1/3V1/2 e+
L ūR → e+ū 1 5/3Ṽ0 e+

LuR → e+u 1

1/3Ṽ1/2 e+
RūL → e+ū 1 5/3V1 e+

RuL → e+u 1
2/3V1 e+

RdL → e+d 1/2

cesses depicted in Fig. 1b,c. It takes into account ini-
tial state QED radiation in the collinear approximation.
The parton showers approach [26] relying on the DGLAP
[27] evolution equations is used to simulate QCD correc-
tions in the initial and final states, and the kinematics at
the decay vertex is properly corrected for effects of the
parton shower masses. The non-perturbative part of the
hadronization is simulated using string fragmentation [26].
The Mandelstam variable ŝ characterizing the eq → lq
subprocess defines the scale at which the parton density
is evaluated as well as the maximum virtuality of parton
showers. The LQ signal cross-sections are calculated us-
ing the full matrix elements given in [9] and taking into
account the contributions from the s- and u-channels as
well as the interference with SM boson exchange. The re-
sulting cross-sections are further corrected to account for
next-to-leading order (NLO) QCD effects making use of
multiplicative K-factors [28] in a procedure described in
detail in Sect. 6.4. These NLO QCD corrections which de-
pend on the LQ signal shape expected for a given MLQ

and λ are typically of O(10%). For the parton densities,
use is made of the recent Martin-Roberts-Stirling-Thorne
MRST [29] parametrization which better describes exist-
ing measurements constraining the sea quark densities in
the proton [30,31].

The theoretical uncertainty on the signal cross-section
originating mainly from contributions of parton density
distributions extracted from “QCD fits” and the value of

the strong coupling constant αS is treated as a systematic
error. This uncertainty is ' 7% for leptoquarks coupling
to e+u, and varies between ' 7% at low LQ masses up
to ' 30% around 250 GeV for leptoquarks coupling to
e+d. Above 250 GeV, for coupling values corresponding
to the expected sensitivity, the small but finite width of
the resonance results in the fact that mainly relatively
low x partons are involved in the LQ production. Hence
the uncertainty on the signal cross-section decreases for
F = 0 LQs to ' 7% between 250 GeV and the kinematic
limit. For | F |= 2 leptoquarks, this uncertainty ranges
from ' 10% at low masses and reaches ' 40% around
200 GeV, and then goes down to ' 15% at the kinematic
limit. Moreover, choosing alternatively Q2 or the square of
the transverse momentum of the final state lepton instead
of ŝ as the hard scale at which the parton distributions
are estimated yields an additional uncertainty of ±7% on
the signal cross-section.

4 Deep inelastic scattering
and other background sources

The calculation of the SM expectation for NC and CC
DIS ep scattering is performed using the parton model in
the approximation of single γ/Z and W boson exchange,
and relies on a description of the proton in terms of scale
dependent structure functions. The structure functions
are expressed in terms of parton densities and are taken
here from the MRST parametrization which includes con-
straints from HERA data up to Q2 = 5000 GeV2 [32,
33]. The parton densities are evolved to the high Q2 do-
main relevant for this analysis using the next-to-leading
order DGLAP equations. The Monte Carlo event genera-
tor DJANGO [34] which follows such an approach is used
for the comparison with data. This generator includes the
QED first order radiative corrections [35] and a modelling
of the emission of QCD radiation via ARIADNE [36].
The ARIADNE generator makes use of the Colour Dipole
Model [37] to simulate QCD radiation to all orders and
string fragmentation to generate the hadronic final state.

The contributions from all background processes which
could give rise to events with true or misidentified iso-
lated leptons at high transverse energy or to events with a
large missing transverse momentum have been evaluated.
In particular, direct and resolved photoproduction pro-
cesses were modelled using the PYTHIA generator [38].
It is based on leading order QCD matrix elements and
includes initial and final state parton showers calculated
in the leading logarithm approximation, and string frag-
mentation. The renormalization and factorization scales
were both set to P 2

T , PT being the transverse momen-
tum of the jets emerging out of the hard subprocess. The
GRV (G) leading order parton densities in the proton
(photon) have been used [39]. The production of elec-
troweak vector bosons Z0 and W± was modelled using
the EPVEC [40] event generator. Contributions from two-
photon processes where one γ originates from the proton
were also considered and estimated using the LPAIR [41]
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event generator. A complete Monte Carlo simulation of
the H1 detector response has been performed for all back-
ground processes.

The following experimental errors are propagated as
systematic errors on the mean SM expectations :

– the uncertainty on the integrated luminosity (±1.5%);
– the uncertainty on the absolute calibration of the calo-

rimeters for electromagnetic energies, ranging between
±0.7% in the central LAr wheels to ±3% in the for-
ward region of the LAr calorimeter (see Sect. 2);

– the uncertainty on the calibration of the calorimeters
for hadronic showers of ±2% (see Sect. 2).

In addition, a 7% theoretical uncertainty on the pre-
dicted NC DIS cross-section originates mainly from the
lack of knowledge on the proton structure (see detailed
discussion in [5]) and, to a lesser extent, from the higher
order QED corrections. For CC DIS processes which are
mainly induced by d quarks, this uncertainty varies with
Q2 and ranges between 7% and ' 20% at the highest Q2

considered here. All analyses described in the following
sections have been repeated with an independent shift of
the central values by ±1 standard deviation of each of the
experimental and theoretical sources of errors. The overall
systematic error of the SM prediction is determined as the
quadratic sum of the resulting errors and of the statistical
error on the Monte Carlo simulation.

5 Event selection and comparison
with standard model expectation

The search for first generation LQs relies essentially on
an inclusive NC selection requiring an identified positron
at high transverse energy, and an inclusive CC selection
requiring a large missing transverse momentum. The se-
lection of NC- and CC-like events will be described in Sub-
sects. 5.1 and 5.2 respectively where the resulting samples
will be compared to SM expectations. For LQs possessing
couplings to mixed fermion generations, the selection of
e+p → µ++q+X and e+p → τ++q+X candidates which
will be discussed in Subsects. 5.3 and 5.4 respectively, re-
quires essentially an identified µ or τ lepton together with
a large amount of hadronic transverse energy.

In common for all channels analysed, the events must
have been accepted by a LAr trigger asking either for an
electromagnetic cluster, for a large transverse energy in
the central part of the calorimeter, or for a large imbalance
in the transverse energy flow. The rejection of background
from cosmic rays and from “halo” muons associated with
the proton beam mainly relies on constraints on the event
timing relative to the nominal time of the beam bunch
crossings. Beam-wall and beam-residual gas interactions
are furthermore suppressed by requiring a primary vertex
in the range | z − z̄ |< 40 cm where z̄ varies within ±5 cm
around z = 0 depending on the HERA beam settings.

In what follows, unless explicitly stated otherwise, the
energy flow summations run over all energy deposits i in
the calorimeters (apart from the electron and photon tag-
gers). Thus, the missing transverse momentum PT,miss is

obtained as

PT,miss ≡
√(∑

Ex,i

)2
+

(∑
Ey,i

)2

with Ex,i = Ei sin θi cos φi and Ey,i = Ei sin θi sinφi. The
momentum balance with respect to the incident positron
is obtained as

∑
(E − Pz) ≡ ∑

(Ei − Ez,i) with Ez,i =
Ei cos θi.

5.1 Neutral current deep-inelastic-like signatures

5.1.1 Event selection and kinematics

The selection of NC DIS-like events uses mainly ca-
lorimetric information for electron finding and energy-mo-
mentum conservation requirements, with selection cuts
similar to those considered in previous high Q2 analysis
[5]:

1. an isolated positron with ET,e > 15 GeV (ET,e =
Ee sin θe), found within the polar angular range 5◦ ≤
θe ≤ 145◦; the positron energy cluster should con-
tain more than 98% of the LAr energy found within a
pseudorapidity-azimuthal cone of opening√

(∆ηe)2 + (∆φe)2 = 0.25 where ηe = − ln tan θe

2 ; at
least one charged track is required within the positron
isolation cone;

2. a total transverse momentum balance PT,miss/
√

ET,e

≤ 4
√

GeV ;
3. a limited reconstructed momentum loss in the direc-

tion of the incident positron such that 40 GeV ≤ ∑
(E

− Pz) ≤ 70 GeV.

The identification of positron induced showers relies on
the detailed knowledge of the expected lateral and longi-
tudinal shower properties [16,18]. The efficiency for the
detection of positrons exceeds 90% everywhere within the
acceptance cuts, the main losses being due to showers de-
veloping through the inactive material between calorime-
ter modules. The cut (2) makes possible a very efficient NC
DIS selection up to the highest Q2 by taking into account
the natural dependence of the calorimetric energy resolu-
tion, ET,e being used as an estimate of the scale relevant
for the actual PT,miss measurement. The cut (3) retains
more than 90% of NC DIS events and exploits the fact
that by energy-momentum conservation, the

∑
(E − Pz)

distribution for NC DIS events is peaked at 2E0
e , where E0

e

is the positron beam energy. It rejects events where a very
hard collinear γ is emitted by the initial state positron. To
ensure a good control of the positron identification perfor-
mances, a fiducial cut is applied requiring:

4. an azimuthal impact of the track associated to the po-
sitron at | φe−φcrack |> 1◦ from the nearest projective
φ crack in the transverse plane.

The DIS Lorentz invariants Q2, y and M are deter-
mined using only the measurement of the “scattered” po-
sitron energy and angle as soon as | φe − φcrack |> 2◦,
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such that the measurement of Ee is reliable:

Me =

√
Q2

e

ye
, Q2

e =
E2

T,e

1 − ye
, ye = 1 − Ee − Ee cos θe

2E0
e

.

This method will henceforth be called the electron method
(e-method). In ∼ 4% of the acceptance corresponding to
the range 1◦ <| φe − φcrack |< 2◦ where calorimetry mea-
surements of positrons deteriorate, the reconstructed po-
sitron energy is corrected to the value given by the double
angle method [42] :

E2α =
2E0

e

αe + αh

1
sin θe

,

using

αe = tan(θe/2) =
Ee − Ez,e

ET,e

and

αh = tan(θh/2) =
∑

h(E − Pz)√
(
∑

h Ex)2 + (
∑

h Ey)2
,

where the summations run over all energy deposits of the
hadronic final state.

In the following analysis, the comparison with SM ex-
pectation is restricted to the kinematic range Q2 > 2500
GeV2 and 0.1 < y < 0.9. The resolution in Me degrades
with decreasing ye (δMe/Me ∝ 1/ye) and so the low y do-
main is excluded. Excluding the high y values avoids the
region where migrations effects due to QED radiation in
the initial state are largest for the e-method. In the kine-
matic range considered and given cuts (1) to (4), the NC
trigger efficiency exceeds 98% and is consistent with 100%
to within experimental error.

The y < 0.9 restriction also suppresses the photopro-
duction background where e.g. a jet has been misiden-
tified as an electron. Following [5], any possibly remain-
ing non-DIS contamination coming for example from γγ
or QED Compton processes as well as the background
from misidentified low Q2 NC DIS are further suppressed
through a minimal set of specific cuts [18]. Among these a
prominent one against multi-lepton final states is the re-
quirement of at least one reconstructed jet with ET,jet >
7 GeV found using a cone algorithm in the laboratory
frame, with a radius

√
(∆η)2 + (∆φ)2 = 1. The jet should

be in the polar angular range 7◦ ≤ θjet ≤ 145◦, and at
least 5% of its energy should be deposited in the hadronic
section of the LAr calorimeter. Against photoproduction
and low Q2 NC DIS, it is also required that there be less
than 7.5 GeV in the backward calorimeter. The specific
reduction of the background contamination induces only
small (< 5%) efficiency loss for high Q2 NC DIS-like pro-
cesses. The remaining contamination is estimated to be
below 0.15% and is henceforth neglected.

Leptoquark signal selection efficiencies are determined
over a coupling-mass grid with steps in mass of 25 GeV
and for coupling values corresponding roughly to the ex-
pected sensitivity to properly take into account the effect
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Fig. 2a,b. Kinematics in the ye - Me plane of (a) the selected
NC DIS candidate events from H1 data (two isocurves at Q2 =
2500 and 15000 GeV2 are plotted as full lines); (b) a scalar
F = 0 leptoquark of mass MLQ = 200 GeV decaying into
e + q, for a coupling λ = 0.05

of the intrinsic finite width of the searched resonance. De-
tailed Monte Carlo simulation of about 500 events per
point on the grid is performed followed by the application
of the full analysis chain. The above set of cuts ensures a
typical selection efficiency for LQ → e + q events which
varies between ' 40% and ' 75% for LQ masses ranging
in 75 to 250 GeV.

Applying all the above NC selection criteria, 1298 DIS
event candidates are accepted which is in good agreement
with the expectation of 1243 ± 95 events from standard
NC DIS.

5.1.2 Comparison with standard model expectation

Figure 2a shows the distribution of the NC candidates in
the ye - Me kinematic plane. In such a plane, the sig-
nal of a 200 GeV scalar LQ with F = 0 could mani-
fest as illustrated in Fig. 2b, for coupling values corre-
sponding to the expected sensitivity. Compared to other
commonly used kinematic methods for NC DIS at HERA
[10], the e-method provides the best peak resolution (trun-
cated Gaussian fit) in mass at high y, where a LQ signal
would be most prominent. This resolution on Me varies
within ' 3 − 6 GeV for LQ masses ranging between 100
and 250 GeV. It should be noted, as can be inferred from
Fig. 2b, that the e-method underestimates on average the
true LQ mass by ' 2% due to migrations caused by final
state QCD radiation.

A differential analysis in the ye-Me plane of the very
high Q2 events from the 1994 to 1996 datasets [5] had
revealed a noteworthy excess of NC DIS-like events at
Q2

e
>∼ 15000 GeV2 or for ye > 0.4 at masses Me ' 200 GeV.

A comparison of the measured M , y and Q2 spectra with
standard DIS model expectations can now be re-examined
with higher statistics.
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Fig. 3a–f. Distributions of Me and ye for the selected NC DIS
candidate events, (a) and (b) for 2500 < Q2

e < 15000 GeV2,
(c) and (d) for Q2

e > 15000 GeV2; distributions of (e) Me for
ye > 0.4 and (f) ye for Me > 180 GeV; superimposed on the
data points (• symbols) are histograms of the standard NC
DIS expectation

We first consider the Me and ye information. The pro-
jected Me and ye spectra are shown in Fig. 3 in several
kinematic domains. Figures 3a and 3b show the projected
Me and ye distributions of the NC DIS-like selected events
at “moderate” Q2 (2500 < Q2

e < 15000 GeV2) and Fig. 3c
and 3d at “very high” Q2 (Q2

e > 15000 GeV2). The dis-
tributions of the measured data are well reproduced by
standard DIS predictions in the low Q2 range. At high
Q2 the data slightly exceed the NC DIS expectation at
Me ∼ 200 GeV as can be seen in Fig. 3c. Moreover, Fig. 3d
shows that the excess of observed events is more prominent
at high ye, so that at high Me and large ye the experiment
tends to exceed the SM expectation.

Figure 3e shows the measured and expected Me dis-
tributions for a minimum ye value of ymin = 0.4. An ex-
cess of events over the NC DIS expectation at high mass
(∼ 200 GeV) is still visible. In the mass range 200 GeV ±
∆M/2 with ∆M = 25 GeV, Nobs = 8 events are observed
for an expectation of NDIS = 2.87±0.48. The mean mass
value of these 8 events as determined with the e-method
〈Me〉 = 202.5 ± 7.0 GeV (RMS) agrees within 1.4% with
the one obtained from the invariant mass of the final e-jet
pairs. Of the observed events, 5 originate from the 1994 to
1996 data (40.3% of L) and 3 from the 1997 data (59.7%
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Fig. 4. (a) Q2
e distribution of the selected NC DIS candidate

events for the data (• symbols) and for standard NC DIS ex-
pectation (histogram); (b) ratio of the observed and expected
(from NC DIS) number of events as a function of Q2

e; the lines
above and below unity specify the ±1σ levels determined using
the combination of statistical and systematic errors of the DIS
expectation

of L). It should be emphasized here that Nobs and NDIS

are quoted for the same ∆M − ∆y region where the most
significant excess was observed in the original analysis of
the 1994 to 1996 data [5] despite the fact that the in-
dividual events are slightly (within originally estimated
systematic errors) displaced in the M − y plane. In this
domain, 7 events were reported in [5]. These events are
measured here at Me values on average 2.4% higher due
to the new in situ calibration of the electromagnetic sec-
tion of the LAr calorimeter, and thus, one event has now
migrated outside this ∆M domain. The estimated mass of
one of the other 6 events in which the positron lies within
less than 2◦ from the closest φ crack was and remains
measured outside this mass region when using the dou-
ble angle method in contrast to the e-method used in [5].
It was explicitly checked that repeating the 1994 to 1996
analysis procedures of [5] but using this new calibration
leaves the statistical significance and the physics messages
of [5] unchanged.

At large mass Me > 180 GeV and for ye > 0.4, we
observe in the 1994 to 1996 data Nobs = 7 in slight excess
of the expectation of NDIS = 2.21 ± 0.33 while in the
1997 data alone Nobs = 4 events are observed, in good
agreement with the expectation of NDIS = 3.27 ± 0.49.
The ye distribution of these high mass events is shown in
Fig. 3f.

Hence, no significant excess is seen in the mass spec-
trum for the 1997 data alone and the “clustering” around
Me ∼ 200 GeV is, overall, thus rendered less significant
than that observed with 1994 to 1996 data only.

We then consider the Q2 information. Figure 4a shows
the measured Q2

e distribution in comparison with the ex-
pectation from standard NC DIS processes. Also shown in
Fig. 4b is the ratio of the observed Q2

e distribution to the
NC DIS expectation. The errors resulting from the con-
volution of the systematic errors and the statistical error
of the Monte Carlo sample are correlated for different Q2

e

bins and are indicated in Fig. 4b as lines above and below
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unity joining the ±1σ errors evaluated at the centre of
each bin. These errors are dominated by the uncertainty
in the electromagnetic energy scale of the calorimeter and
vary between 7.7% at low Q2

e and 25% at the highest val-
ues of Q2

e. The NC DIS expectation agrees well with the
data for Q2

e
<∼ 10000 GeV2 while at larger Q2

e, deviations
are observed, with a slight deficit around 15000 GeV2 and
a number of observed events at Q2 >∼ 15000 GeV2 in ex-
cess of the NC DIS expectation. For Q2 > 15000 GeV2,
22 events are observed while 14.1 ± 2.0 are expected from
standard NC DIS.

5.2 Charged current deep-inelastic-like signatures

5.2.1 Event selection and kinematics

The inclusive selection of CC DIS-like events requires:
1. no e± candidate with ET > 5 GeV found in the LAr

calorimeter;
2. the total missing transverse momentum PT,miss > 30

GeV.
These cuts eliminate the photoproduction and NC DIS
background. To deal with specific background sources to
CC DIS, it is required that there be no isolated track
with PT > 10 GeV found within the angular range 10◦ ≤
θ ≤ 145◦. This reduces the remaining contamination to <
0.3% from misidentified NC DIS events where the positron
has been scattered through a crack of the calorimeter and
also suppresses eventual background from single W boson,
while causing negligible efficiency losses for the CC DIS
selection.

The Q2, y and M are calculated using the Jacquet-
Blondel ansatz [43] by summing over all measured final
state hadronic energy deposits using:

Mh =

√
Q2

h

yh
, Q2

h =
P 2

T,miss

1 − yh
, yh =

∑
(E − Pz)
2E0

e

.

This method will henceforth be called the hadron method
(h-method).

In addition to the cuts (1) and (2) above, the analysis
is restricted to the kinematic domain Q2

h > 2500 GeV2

and yh < 0.9. The resolutions in both Mh and Q2
h de-

grade with increasing y since both δMh/Mh and δQ2
h/Q2

h
behave as 1/(1 − yh) for yh ∼ 1. Hence the high yh do-
main is excluded. Throughout the remaining domain, the
CC trigger efficiency is 96.5±2%. For LQ → ν + q events,
these selection criteria ensure typical efficiencies varying
between ' 32% and ' 79% for LQ masses ranging in 75
to 250 GeV.

Following this CC selection, 213 DIS event candidates
are accepted in good agreement with the standard CC DIS
expectation of 199.1 ± 11.5 events.

5.2.2 Comparison with standard model expectation

Figure 5a shows the two dimensional distribution of yh

against Mh for the CC candidates. Signal Monte Carlo
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Fig. 5a,b. Kinematics in the yh - Mh plane of (a) the selected
CC DIS candidate events from H1 data (two isocurves at Q2 =
2500 and 15000 GeV2 are plotted as full lines); (b) a scalar
leptoquark resonance of mass MLQ = 200 GeV decaying into
ν + q, for a coupling λ = 0.05
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events coming from the decay of a 200 GeV narrow scalar
resonance into ν+q are shown in the same plane in Fig. 5b,
where the degradation of the resolution in Mh at high yh

is clearly visible. This resolution on the LQ mass is of
about 10%. While the relative calibration of the hadronic
scale is known at the 2% level (as discussed in Sect. 2 and
controlled comparing real and simulated NC DIS events),
the energy scale procedure which relies on transverse mo-
mentum balance does not attempt to correct on average
in DIS events the measured Mh to a “true” value. The
measured Mh underestimates the resonance mass system-
atically by ' 6% and this shift will be taken into account
in deriving LQ results.

Figures 6a and 6b show for the CC selection the mea-
sured Q2

h distribution in comparison with the standard
CC DIS expectation. As can be seen in Fig. 6b, the sys-
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tematic errors are relatively large and dominated by the
uncertainty on the hadronic energy scale of the calorime-
ter. In the kinematic region Q2

h > 15000 GeV2, there are
Nobs = 7 observed events compared with an expectation
of 4.84 ± 1.42 from standard CC DIS.

5.3 High PT muon signatures

For LQs possessing a coupling to a second gen-
eration lepton, leading to µ + q final states, we start
from a CC-like selection in the kinematic domain Q2

h >

1000 GeV2 and PT,miss > 25 GeV, and then require:
1. an identified isolated muon with transverse momen-

tum PT,µ > 10 GeV and within polar angular range
10◦ < θµ < 145◦, where the momentum and angle are
determined by the associated track. There should be no
other charged track linked to the primary interaction
vertex within the pseudorapidity-azimuthal isolation
cone centred on the µ track of opening√

(∆ηµ)2 + (∆φµ)2 = 0.5;
2. at least one jet found in the angular range 7◦ < θ <

145◦, with a transverse momentum PT > 15 GeV, us-
ing the cone algorithm mentioned in 5.1.1.

The muon identification combines inner tracking and calo-
rimetric information. Within the µ isolation cone, at least
1 GeV must be visible in the calorimeters. Restricting to
the LAr calorimeter, this energy should be smaller than
one third of the µ track momentum. Less than 5 GeV
should be seen in the conical envelope between 0.5 <√

(∆ηµ)2 + (∆φµ)2 < 1.0. The centroid of the energy
deposits in the calorimeters within the µ isolation cone
should not be in the LAr electromagnetic section. With
these identification criteria, muons are found with a typi-
cal efficiency of ' 85% over most of the angular range.

Only four µ + jet events are observed after applying
these basic requirements. These four “outstanding” events
are amongst6 the high PT lepton events discussed in [44].
With these selection criteria 0.60 ± 0.10 events are ex-
pected from SM processes, coming mainly from W pro-
duction and inelastic photon-photon interactions γγ →
µ+µ−.

For the 2 → 2 body LQ induced processes, where
the final state consists of only the muon and the scat-
tered quark, the energy-momentum conservation relates
the polar angle θl of the muon to the measurement of the
hadronic final state, by :

tan
θl

2
=

2E0
e − ∑

(E − pz)√
(
∑

Ex)2 + (
∑

Ey)2
.

The selection of µ + jet candidates induced by LQ decay
or u-channel exchange requires that :
(i) the polar angle θµ of the high PT isolated track agrees

with θl within 30◦;
6 The event labelled µ3 in [44], in which both an isolated

muon and the scattered positron are identified, does not fulfil
the first requirement (see Sect. 5.2.1) we apply to select CC-like
events
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Fig. 7. (a) Azimuthal opening between the track associated
to the high PT muon in e+p → µ+jet events and the hadronic
energy flow; (b) polar angle opening between the muon track
and the final state lepton angle predicted from the hadronic
energy flow for a 2 → 2 body process. Arrows indicate the
∆φ and ∆θ values for the “outstanding” events reported in
[44] and labelled as therein. Histograms represent the expected
distributions of these variables for eq → µq′ LQ Monte Carlo
events

(ii) the track and the hadronic flow are back-to-back
(∆φµ−h > 170◦) in the plane transverse to the beam
axis.

As seen in Fig. 7, these criteria induce a minute efficiency
loss for a LQ signal simulation. The actual loss was esti-
mated to be ' 5% using real NC-like data by searching
for the charged track angles associated with the positron
candidate as deduced using the hadronic energy flow. The
above requirements lead to typical efficiencies to select
LQ → µ+q events which vary between ' 30% and ' 60%
for LQ masses ranging in 75-250 GeV. For LQ masses far
above the kinematic limit (MLQ � √

sep), the distribu-
tion of the polar angle of the final state lepton depends
on the LQ spin and fermion number (this latter affecting
the relative contributions of the s- and u-channels). With
the above selection criteria the efficiency to select µ + jet
events induced by very heavy LQs varies between ' 20%
and ' 33% depending on the LQ quantum numbers, but
independently on the LQ mass.

We observe no candidate satisfying the LQ µ + jet
selection while 0.12 ± 0.05 are expected from SM pro-
cesses (mainly from inelastic photon-photon interactions).
In particular, the e+p → µ+X outstanding events dis-
cussed in [44] fail significantly the kinematic constraints
for LQ induced eq → µq′ processes as can be seen in Fig. 7.
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5.4 High PT tau signatures

For LQs possessing a coupling involving a third
generation lepton leading to τ+q final states, the analy-
sis is restricted to hadronic decays of the τ 7. The identifi-
cation of “pencil-like” jets induced by hadronic decays of τ
requires that the jet invariant mass satisfies Mjet ≤ 7 GeV
and has a low multiplicity, namely 1 ≤ Ntracks ≤ 3,
Ntracks being the number of vertex fitted tracks with PT >
0.15 GeV in the jet identification cone. The jet mass Mjet

is here calculated as the invariant mass of all energy de-
posits associated to the jet, each of those being treated as
a massless object.

Inclusive τ + jet signatures, where the τ lepton decays
into hadrons, are selected by requiring that :

1. no e± candidate with ET > 5 GeV is found in the LAr
calorimeter;

2. two jets are found in the angular range 7◦ < θ < 145◦
using the cone algorithm mentioned in 5.1.1 with a
transverse momentum PT > 30 GeV; one of these jets
must satisfy the “loose” τ -jet identification criteria de-
scribed above;

3. there is at most a small amount of energy deposited in
the backward calorimeter, Eback < 7.5 GeV;

4. the impact point of the “leading track” associated to
the τ -jet candidate at the inner surface of the LAr
calorimeter must be at least 2◦ apart in azimuth from
each of the eight φ cracks of the LAr. The “leading
track” is, among the vertex fitted tracks found in the
jet identification cone, the one which has the highest
momentum projected on the jet axis;

5. the leading track associated to the τ -jet candidate car-
ries a large enough fraction Etrack/Ejet > 10% of the
jet energy Ejet;

6. the fraction of the τ -jet candidate energy carried by
the leading track and the energy deposition fraction
fem in the LAr electromagnetic section of the τ -jet are
such that

fem + Etrack/Ejet < 1.5 ;

7. the energy deposits of the jet should present an impor-
tant longitudinal dispersion RL =

√〈l2〉 − 〈l〉2 > 7 cm
where, for each deposit, l is the distance from the im-
pact point at the calorimeter surface along the jet axis;

8. at most two vertex fitted tracks are found in the az-
imuthal hemisphere containing the τ -jet candidate.

Cuts (1) to (3) ensure a preselection of τ + jet candi-
date events at high PT ; low Q2 NC DIS is suppressed by
cut (3). At this stage, 375 events are selected in the data
while 365.7 are expected from NC DIS and γp processes.
Figure 8a shows, for these selected candidates, the dis-
tribution of the polar angle θτ−jet of the τ -jet candidate.
Photoproduction background, where a low multiplicity jet

7 The τ+ → µ+νµν̄τ channel is covered implicitly by the
above µ + q search since the τ decay products are strongly
boosted in the τ direction; the τ+ → e+νeν̄τ channel is not
covered here
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Fig. 8a–e. Distributions of (a) the polar angle θτ−jet of the
τ -jet candidate; (b) the transverse momentum of the τ -jet can-
didate; (c) the total missing transverse momentum; (d) the
fraction of the energy of the τ -jet candidate carried by the
leading track and (e) the number of tracks in the azimuthal
hemisphere containing the τ candidate. Symbols correspond to
data events and histograms to SM simulation

can fake a τ -jet, is seen to contribute mainly at low θτ−jet

in contrast to NC DIS background arising when the scat-
tered positron has not been identified. NC DIS contami-
nation at low values of θτ−jet is due to events where the
positron has been scattered at large angle through a crack
of the calorimeter, and where the “current jet” has been
identified as a high PT τ -jet. Figures 8b and c show the
distributions of the transverse momentum of the τ -jet and
of the whole final state. Figure 8d shows the ratio of the
energy of the leading track associated with the τ -jet candi-
date, to the τ -jet energy. The observed distribution of this
fraction Etrack/Ejet is shifted by 9% compared to the one
expected from the simulation. This shift is taken into ac-
count as a systematic error on the quantity Etrack/Ejet,
propagated when estimating the uncertainty on the SM
expectation. On Fig. 8e the number of tracks found in
the azimuthal hemisphere containing the τ -jet candidate
is shown to be well described by the simulation.

NC DIS and γp backgrounds are further reduced by
requirements (4) to (8). Cut (4) avoids regions close to φ
cracks of the calorimeter and hence suppresses NC DIS
background. Cut (5) efficiently reduces γp background
where a low multiplicity jet could fake a τ -jet. Cut (6)
ensures a powerful suppression of the remaining NC DIS
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Fig. 9a–c. Correlation between the electromagnetic fraction
of the τ -jet candidate and the fraction of the jet energy carried
by the leading track for (a) NC DIS and (b) LQ → τ + q
simulated events; (c) shows the sum of these variables and the
cut applied. Events where the track associated to the τ -jet
candidate is at less than 2◦ in azimuth from a φ crack of the
calorimeter have been excluded

background events where the scattered positron has not
been identified. It exploits the fact that the electromag-
netic fraction of a τ -jet is high mainly when the τ lepton
decays to nπ0 + X, which generally implies a small value
for the ratio Etrack/Ejet. On the contrary, for NC DIS
events where the positron has been misidentified because
its shower has a substantial leakage into the hadronic sec-
tion of the calorimeter, this ratio Etrack/Ejet is expected
to peak at one. Figure 9 illustrates this property of τ jets
and shows how cut (6) discriminates the searched signal
from the DIS background. Remaining NC DIS events are
further removed by cut (7). The more stringent require-
ment on the track multiplicity imposed by cut (8) further
reduces the remaining γp contamination. This cut takes
into account the fact that two reconstructed tracks can
be associated to a single charged particle, especially when
scattered in the forward region.

The efficiency to identify τ leptons decaying hadroni-
cally using the above criteria is ' 25%.

We observe 21 events satisfying the above inclusive τ
+ jet requirements, which agrees well with the mean ex-
pectation of 25.4 ± 4.3 events coming from NC DIS and
γp processes.

For the τ +X channel, additional cuts relevant for the
specific LQ search are applied :

(i) a total transverse momentum PT,miss > 10 GeV ;
(ii) the τ -jet candidate is at ∆φτ−h > 160◦ from the total

hadronic flow.
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Fig. 10a–c. Distributions of (a) the azimuthal angular open-
ing ∆φτ−h between the τ -jet candidate and the hadronic
energy flow; (b) the missing transverse momentum PT,miss.
White and hatched histograms correspond to the SM expecta-
tion and the LQ induced τ+jet signal respectively. (c) Corre-
lation of these two variables for the data events satisfying cuts
(1) to (8). The full lines show the cuts applied, which retain
the upper-right part of this plane

Both these cuts exploit the fact that neutrino(s) emerg-
ing from the τ decay are collimated with the τ -jet di-
rection, and that the other jet in LQ induced τ + jet
events is formed by the fragmentation of a quark and
thus should not contribute to the missing transverse mo-
mentum. Moreover, cut (i) efficiently reduces the remain-
ing NC DIS contamination. The correlation between the
PT,miss and the ∆φτ−h for the 21 data events which sat-
isfy the criteria (1) to (8) listed above is shown in Fig. 10,
together with the expected distributions of ∆φτ−h and
PT,miss for LQ induced τ + jet Monte Carlo events.

The final selection efficiency on the LQ τ + q signal is
' 10% for LQ masses of 100 GeV and reaches a plateau at
' 25% above 200 GeV. The small efficiency at low masses
is mainly due to the requirement of two high PT jets. For
LQ masses far above the kinematic limit, this efficiency
varies between ' 8% and ' 12% depending on the LQ
spin and fermion number.

We observe no candidate satisfying the additional cuts
designed specifically for LQ induced processes involving
third generation leptons for an expectation of 0.77 ± 0.30
event from misidentified electrons in NC DIS processes.

It should be noted that the absence of τ + jet can-
didates accompanied by a large PT,miss, despite the rel-
atively loose τ -jet requirements, makes it rather unlikely
for the µ’s in the e+p → µ+X events [44] to originate
from a jet fluctuating in one single particle. Conversely,
these muon events fail significantly the kinematic require-
ments of a two body decay LQ → q + τ followed by a
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τ → µ+νµν̄τ decay since the final state µ+ would appear
boosted in the τ direction and the ∆θ-∆φ restrictions of
Fig. 7 would still apply.

6 Constraints on first generation leptoquarks

6.1 The leptoquark specific angular cut

We first consider LQs possessing couplings to e−q or e− q̄
pairs only.

In order to enhance the significance of a possible LQ
signal over the NC DIS background remaining after the
selection requirements described in Sect. 5.1.1, the spe-
cific angular distributions for LQ induced processes are
exploited. For scalar or vector LQs with either F = 0 or
| F |= 2, distinct mass dependent lower ye > ycut cuts
have been optimized using Monte Carlo generator pro-
grams to maximize the signal significance. This has been
achieved by finding the best compromise between the ef-
ficiency loss on the LQ signal and the important back-
ground reduction. Thus, with increasing LQ mass, the ycut

decreases together with the NC DIS expectation. However,
for LQ masses close to the kinematic limit, the mass spec-
trum is highly distorted towards low values (as explained
in Sect. 3). Thus, a higher ycut will be needed to enhance
the signal significance of such a high mass LQ observed
at Me � MLQ where a larger NC DIS background is
expected. The evolution of ycut as a function of the LQ
mass is represented in Fig. 11a, for the example of F = 0
and | F |= 2 scalar LQs. For a scalar F = 0 LQ, the
ycut monotonously decreases from ' 0.6 around 60 GeV
to ' 0.2 around 260 GeV, and then rises up to ' 0.5 at
300 GeV. The behaviour is similar for a scalar | F |= 2
LQ, but the effect of the distortion of the mass spectrum
is significant already at ' 200 GeV. A similar description
holds for vector LQs but smaller values of the ycut are
obtained, because of the (1 − y)2 shape of their y spectra.

6.2 The mass spectra

The comparison of the measured mass spectrum with SM
predictions is shown in Fig. 12a for the NC DIS analysis.
The measured and expected NC spectra are seen before
and after applying the mass dependent ye cut relevant
for a F = 0 scalar LQ. After this ye cut, we observe 310
events in the mass range Me > 62.5 GeV while 301.2±22.7
are expected. The observed mass spectrum is seen to be
well described by the SM expectation, with nevertheless
a slight excess in the mass range 200 GeV ± ∆M/2 with
∆M = 25 GeV, due to the same 8 events already discussed
in Sect. 5.1.2 (the cut optimal for F = 0 LQs is ycut ' 0.4
for M ' 200 GeV). For CC DIS-like final states, the mass
distribution of the 213 events fulfilling the requirements
described in Sect. 5.2.1 is seen in Fig. 12b to be in good
agreement with the SM prediction.
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Fig. 11a–d. Lower cut applied (a) on ye and (b) on Me to
enhance the signal significance for a F = 0 (full line) and a
| F |= 2 (dashed line) scalar leptoquark, for NC DIS-like final
states; contribution σLQ of the LQ induced e+p → e + q + X
processes (s- and u-channels summed) and of their interference
σint with SM DIS for (c) S0,R (| F |= 2) and (d) S1/2,L (F = 0)
leptoquark, with λ = 0.5. In (c), the contribution of the u-
channel LQ exchange alone is also represented (dotted line).
Each contribution has been integrated over the phase space
allowed by the mass dependent Me and ye cuts applied in the
analysis

6.3 The limits derivation

Assuming that the observed excess of events in the NC
DIS-like channel is due to a statistical fluctuation (or ei-
ther, formally, that the event sample contains at most two
components, an unknown LQ signal and a known expec-
tation from NC DIS), models containing first generation
leptoquarks can be constrained.

An upper limit Nlim on the number of events coming
from leptoquark induced processes can be obtained assum-
ing Poisson distributions for the SM background expecta-
tion and for the signal. For each contributing channel, we
use the numbers of observed and expected events within
a mass bin [Mmin, Mmax] of variable width, adapted to
the expected mass resolution and measured mass values
for a given true LQ mass, and which slides over the ac-
cessible mass range. For example, only NC DIS (respec-
tively CC DIS) candidates Me ∈ [186; 204] GeV (Mh ∈
[170; 214] GeV) will be used to constrain a 200 GeV LQ
undergoing a NC (CC) DIS-like decay. For high LQ mas-
ses, the mass bin becomes very large because of the dis-
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Fig. 12a,b. Mass spectra for (a)
NC DIS-like and (b) CC DIS-like fi-
nal states for data (symbols) and DIS
expectation (histograms). In (a), the
NC DIS-like comparison is shown be-
fore (open triangles, white histogram)
and after (closed dots, hatched his-
togram) a y cut designed to maximize
the significance of an eventual scalar
LQ signal. The greyed boxes indicate
the ±1σ band combining the statisti-
cal and systematic errors of the NC
and CC DIS expectations

tortion of the mass spectrum mentioned in Sect. 3. The
evolution of Mmin as a function of the LQ mass is rep-
resented in Fig. 11b for F = 0 and | F |= 2 scalar LQs
in the NC-like channel. For LQs undergoing NC DIS-like
decays, typical signal detection efficiency including the op-
timized y and mass cuts is found to vary between 24% at
75 GeV, ' 35% around 200 GeV and 48% at 250 GeV. In
the CC DIS-like decay channel, this efficiency ranges be-
tween ' 19% for a 75 GeV leptoquark, ' 39% at 100 GeV
and reaches 53% at 200 GeV.

In Sect. 6.4, we will consider the BRW model where
the only free parameter is the Yukawa coupling λ. Only
NC DIS-like data will be used to derive Nlim, which can
then be translated into an upper limit on σLQ +σint, σLQ

being the part of the e+p → e + q + X cross-section in-
duced by the LQ s- and u-channel processes, and σint the
interference term with DIS, both integrated over the phase
space allowed by the mass dependent cuts applied in the
analysis on Me and ye. The evolution of these integrated
contributions σLQ and σint as a function of the LQ mass
is shown in Fig. 11c for the S0,R (| F |= 2) scalar lepto-
quark, as the dashed and dash-dotted lines respectively,
and in Fig. 11d for the S1/2,L (F = 0), with emphasis
on the high mass domain where the interference contribu-
tion becomes visible. In the former case the interference
between LQ induced processes and SM boson exchange
is constructive, while it is destructive for the latter. The
cross-sections have here been calculated for a fixed value
λ = 0.5, which is typical for the experimental sensitivity in
the displayed mass range. In Fig. 11c the contribution σu

of the u-channel S0,R exchange alone is also shown as the
dotted line (for the case depicted in Fig. 11d, σu is below
10−4 pb and is not represented in the figure). As was men-
tioned in Sect. 3, the mass dependent cuts applied on Me

and ye considerably reduce the contributions of the inter-
ference and of virtual exchange (e.g. by a factor O(10) for
a S0,R LQ at MLQ = 250 GeV). As can be seen in Fig. 11c
and d, the interference is negligible for F = 0 leptoquarks
and masses up to ' 275 GeV, but plays an important role

for | F |= 2 LQs as soon as MLQ ' 220 GeV. Moreover
the u-channel contribution is always negligible.

In the mass domain where the interference between
standard DIS and LQ induced processes can be neglected,
we will move away from the BRW model and consider a
more general case where the branching βe = β(LQ →
eq) is not determined by λ only. Taking βe and βν =
β(LQ → νq) as free parameters, NC and CC DIS-like
data can be combined to derive Nlim, which can then be
translated into an upper limit on the signal cross-section
σLQ = σs + σu and thus on the Yukawa coupling λ. This
will be done in Sect. 6.5. The signal cross-section in the
mass domain considered being largely dominated by the
s-channel resonant production as mentioned above, an up-
per limit on σs × βe can also be derived. Fixing λ, mass
dependent upper limits on the branching ratio βe can then
be obtained, as will be done in Sect. 6.6 using NC DIS
data only. In these two cases, we make use of the signal
detection efficiencies given above to translate Nlim into an
upper limit on the signal cross-section.

The procedure which folds in, channel per channel, the
statistical and systematic errors is described in detail in
[11].

6.4 Mass dependent limits on the Yukawa coupling
in the BRW model

We first establish constraints on the BRW model described
in Sect. 3 taking into account all LQ induced contribu-
tions, but restricting the analysis to NC DIS-like pro-
cesses. For the decay of resonantly produced LQs, the
values of βe are specified and given in Table 2. As dis-
cussed in Sect. 3, the constraints can be extended beyond
the kinematic limit by profiting from the tail expected in
the s-channel towards low masses, and by properly tak-
ing into account the interference with SM boson induced
processes.

In the very high mass domain, the interference σint of
LQ induced processes with NC DIS generally dominates
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Fig. 15a,b. Mass dependent exclusion limits
at 95% CL on the branching ratio β(LQ →
eq) for scalar leptoquarks produced by (a)
e+d and (b) e+u fusion. Two exclusion re-
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0.05 are represented as greyed areas. For λ =
0.1, the error bands on the exclusion lim-
its in (a) and (b) illustrate the sensitivity to
d and u quark densities respectively (see text).
The D∅ limit is also shown as hatched region

the LQ cross-section σLQ. Instead of σLQ alone, we are
thus directly sensitive to σsum = σLQ + σint, which, for
those LQ species which interfere destructively with DIS,
could be negative when integrated over the whole phase
space, but remains positive within the kinematic cuts ap-
plied. We thus proceed the following way :

– For a given LQ mass MLQ, the numbers of observed
and expected events within the optimized cuts Mmin <
Me < Mmax and ye > ycut are used to set an upper
limit Nlim on the number of signal events. For LQ
masses above the kinematic limit, the optimized Me

and ye cuts are nearly independent of MLQ and close
to those displayed in Fig. 11a,b for MLQ = 300 GeV.
A first estimate λ0 of the upper limit on λ is then
obtained by solving : Nlim = Lσsum,cuts(λ). σsum,cuts

is calculated analytically by integrating over the phase
space allowed by the cuts the squared amplitude for the
LQ process and its interference with NC DIS. The cuts
applied, by reducing the NC DIS contribution, ensure
that σsum,cuts is positive for reasonable λ values.

– The event generator LEGO is then used to produce LQ
events at (MLQ, λ0), from which we get the acceptance
correction factor A defined as the ratio of the number
of events satisfying the NC DIS selection cuts as well as
the Me and ye cuts, to the number of events generated
within these cuts.

– To take into account next-to-leading order QCD cor-
rections on the LQ production cross-section, we cal-
culate the convolution K∗ of the K-factor given in
[28] for the NWA, with the LQ Breit-Wigner distribu-
tion corresponding to (MLQ, λ0). The resulting func-
tion K∗(MLQ) will be used henceforth to calculate the
signal cross-sections. The NLO corrections lead to a
sizeable enhancement of the cross-section as will be
seen below.

– The final rejected coupling is then obtained by solving
the equation Nlim = L × A × K∗ × σsum,cuts(λ).

The resulting rejection limits at 95% confidence level (CL)
are shown in Fig. 13 up to MLQ = 400 GeV for | F |= 0
or 2 scalars or vectors. Constraints for even larger masses
where one is probing “strong” (i.e. λ > 1) coupling values
in a contact interaction will be discussed in a separate
paper. The case of | F |= 0 LQs, which can be produced
via fusion between the e+ and an incident valence quark,
naturally offers the best sensitivity.

For LQs having F = 0, these limits represent an im-
provement by a factor ' 3 compared to H1 published re-
sults [11]. For a Yukawa coupling of the electromagnetic
strength λ2/4π = αEM (i.e. λ ' 0.3), such scalar (vector)
LQs are excluded at 95% CL up to 275 GeV (284 GeV) by
this analysis. As can be seen in Fig. 13b the S1/2,R is the
scalar for which HERA has the highest sensitivity since
both charge states can be produced via a fusion e+u or
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e+d. On the contrary, only an e+u (e+d) fusion is possible
for the production of S1/2,L (S̃1/2,L), for which the cross-
sections are thus smaller. Note also that, due to the more
favorable parton density, a higher cross-section (and thus
a better rejection limit) is expected for S1/2,L than for
S̃1/2,L. However at very high masses, the S1/2,L interferes
destructively with NC DIS, on the contrary to the S̃1/2,L,
so that the limits become similar.

For | F |= 2 leptoquarks, the improvement compared
to our previous published results is less substantial since
e−p data collected in 1994 had been also taken into ac-
count in [11]. These LQs will be best probed with e−p
data which are being collected since 1998.

For coupling values equal to the obtained limits, NLO
QCD corrections enhance the production cross-section of
a F = 0 LQ by ' 10% for MLQ = 100 GeV to ' 30% at
250 GeV. For higher masses this enhancement decreases
because of the distortion of the LQ mass spectrum. For
| F |= 2 LQ, this enhancement remains below ' 20%.

S1,L and S0,L leptoquarks being allowed to undergo
CC DIS-like decays with a branching ratio βν = 0.5, the
combination of NC and CC DIS analysis is expected to
better constrain these leptoquarks. The result of this com-
bination is given for the S0,L by the curve βe = βν = 0.5
in Fig. 14a. It can be seen that combining the two con-
tributing channels improves the sensitivity on S0,L up to
that achieved on S0,R, recalled on Fig. 14a by the curve
βe = 1.

The DELPHI [45] experiment at LEP recently per-
formed a direct search for single leptoquarks using data
accumulated at e+e− centre of mass energies

√
se+e− up

to 183 GeV. Constraints relevant for some LQ species have
also been obtained indirectly by ALEPH [46], OPAL [47]
and L3 [48] Collaborations from measurements of hadronic
cross-sections and asymmetries at

√
se+e− = 130 to 183

GeV. For a Yukawa coupling of the electromagnetic
strength, the direct search via single production results
in a limit of 171 GeV which is not yet competitive with
this H1 analysis. For similar coupling values, the indirect
search at LEP is yet only competitive for the S0,L, S1,L,
V0,L, Ṽ0,R and V1,L, for which limits up to 240 GeV and
470 GeV have been obtained in the scalar and vector case
respectively. However the sensitivity of the indirect search
drops quickly with the Yukawa coupling, and for λ = 0.1
bounds lie below 100 GeV for all LQ species [47].

In constrast to an ep collider, the limits derived at
the TeVatron where LQs are mostly produced in pair via
the strong interaction, with larger cross-sections expected
for vector than for scalar leptoquarks, are essentially in-
dependent of the Yukawa coupling. Recent results have
been published for scalar leptoquarks by D∅ [49] and CDF
[50] Collaborations. In the BRW model, a combination of
these results [51] excludes scalar leptoquark masses up to
242 GeV. Comparisons of our results with limits obtained
at the TeVatron collider in more general models will be
presented in Sects. 6.5 and 6.6.

6.5 Mass dependent limits on the Yukawa coupling
in generic models

Moving away from the BRW model, we now consider lep-
toquarks for which the branching ratios βe and βν in NC
and CC DIS-like decays are free parameters. As an exam-
ple, the 95% CL exclusion contour for a scalar LQ with
| F |= 2 decaying with βν = 90% in νq and βe = 10% in eq
is shown in Fig. 14a as the dash-dotted line. In this case,
limits are shown only in the mass domain where the inter-
ference of LQ processes with DIS can be neglected. The
gain obtained by the combination of both channels can be
seen when comparing this contour with the greyed domain
showing the sensitivity achieved using only NC DIS-like
channel. For βν = 90% and βe = 10%, scalar LQ masses
below 200 GeV are excluded at 95% CL by our analy-
sis, for Yukawa couplings of the electromagnetic strength.
This extends far beyond the domain excluded by TeVa-
tron experiments [49,50] which for such small values of βe

only exclude scalar leptoquark masses below ' 110 GeV.
At HERA the sensitivity will be considerably enhanced
with an electron incident beam where these LQs can be
produced via a fusion with a valence u quark. Hence a
large discovery potential is opened for HERA, for high
mass leptoquarks decaying in νq with a high branching
ratio.

Similar results are given for a vector LQ coupling to
e+d in Fig. 14b. For the above values of (βe, βν) and of
the Yukawa coupling, the excluded mass domain extends
in this case to 250 GeV.

6.6 Mass dependent limits on β(LQ → eq)

We consider here leptoquarks which undergo NC DIS-like
decays with a branching ratio βe and do not make any
assumption on the other possible decay modes of the LQ.
For a fixed value of the Yukawa coupling λ upper limits
on LQ production cross-section are translated in terms of
mass dependent limits on the branching βe. Exclusion lim-
its at 95% CL are shown in Fig. 15a,b as greyed areas for
scalar LQs produced via a e+d or e+u fusion respectively.
On Fig. 15a, the central limit contour for λ = 0.1 has been
obtained assuming an uncertainty on the d quark density
distribution which varies with x as mentioned in Sect. 3.
Curves above and below this contour define the error band
obtained when the lack of knowledge on the proton struc-
ture is directly applied on the parton densities, instead of
entering as a systematic uncertainty : the d quark density
is enhanced/lowered by a factor varying linearly between
7% at low masses and up to 30% at 250 GeV. For LQs
coupling to e+u (Fig. 15b), a constant scaling factor of
±7% has been applied on the quite well-known u density,
resulting in a much narrower error band.

Despite the small λ values considered, domains ex-
cluded by this analysis extend beyond the region covered
by the D∅ experiment [49] at the TeVatron also in the
less favourable case of LQs coupling to e+d. This is es-
pecially the case for small values of βe. For example, for
βe = 10%, this analysis rules out masses below ' 240 GeV
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Fig. 16a,b. (a) Mass dependent exclusion limits at 95% CL on the Yukawa coupling λ11, for scalar leptoquarks produced by
e+u fusion. Different hypotheses for the branching ratios into eq, τq are considered. Domains above the curves are excluded.
(b) Exclusion domains in the plane λ3j (j = 1, 2) against the leptoquark mass for several fixed values of λ11 (greyed areas). A
mass dependent indirect limit on λ31 is also represented by the dashed line

(' 200 GeV) if λ = 0.1 (λ = 0.05) independently of other
possible decay modes of the leptoquark, as can be seen in
Fig. 15b. This limit extends up to 260 GeV for an elec-
tromagnetic strength of the Yukawa coupling λ as will be
shown by the greyed domain in Fig. 16a. Hence, a yet un-
explored region in the high mass - low βe domain is probed
by this analysis.

7 Constraints on couplings
to mixed generations

In this section, we consider LFV LQs which couple to both
the electron and a second or third generation lepton.

The case of low mass (M <
√

sep) LFV LQs is first
addressed in Sect. 7.1. The analysis is there restricted to
LQs possessing a coupling λ11, allowing the LQ to be pro-
duced or exchanged between the incident lepton and a
valence quark coming from the proton. Moreover we do
not consider e ↔ µ transitions induced by a low mass LQ,
such processes being strongly constrained by low energy
experiments as will be seen in Sect. 7.2 where high mass
(M >

√
sep) LFV LQs are considered. In this latter case,

the study will be extended to any λ1i, and both λ2j and
λ3j .

7.1 Low mass (M <
√

sep) LFV leptoquarks

We now consider LFV LQs possessing a coupling λ11 to
first generation lepton-quark pairs as well as a coupling
λ3j with leptons of the third generation.

Mass dependent exclusion limits on λ11 at 95% CL
are shown in Fig. 16a when fixing the relative branch-
ing fractions βe and βτ into e + jet and τ + jet final
states. A generic scalar leptoquark coupling to e+ + u
pairs (such as the S1/2,L in the BRW model) has been
considered for three different sets of (βe, βτ ). Here both
e+ + jet and τ+ + jet channels are combined. This latter
channel is background free but the former benefits from a
higher selection efficiency, such that finally both provide
a comparable sensitivity to the signal. Thus, as soon as
βe + βτ approaches 1, the limits derived are very similar
to those obtained for βe = 1. Assuming βe = 10% and
βτ = 90%, masses below 275 GeV are excluded at 95%
CL for an electromagnetic strength of the λ11 coupling.
Such limits are especially interesting since, for small βe

and high βτ , the mass domain excluded by the TeVatron
does not extend very far. The CDF experiment has per-
formed a search for third generation LQs looking at ττbb
final states [52], and excluded scalar LQs with masses be-
low 99 GeV if β(LQ → τb) = 1. A complementary search
has been carried out by D∅ [53], where the analysis of
ννbb final states leads to a lower mass limit of 94 GeV for
β(LQ → νb) = 1. HERA thus appears to provide access
to an unexplored domain for LQs decaying with a small
branching ratio in eq and a high branching ratio in τq.

An alternative representation of our results is given in
Fig. 16b in the plane λ3j against the LQ mass, for dif-
ferent fixed values of λ11. We consider here a scalar LQ
formed via e+u fusion (carrying the quantum numbers of
the S1/2,L in the BRW model) such that only couplings
λ3j with j = 1, 2 are relevant and make the additional
assumption that βe + βτ = 1. The τ + jet final states
analysis provides a sensitivity on λ31 so long as the LQ
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Fig. 17. Rejection limits at 95% on
λ1iλ2j/M

2
LQ in units of 10−4 GeV−2

for F = 0 leptoquarks, compared
to constraints from indirect processes.
The first column indicates the genera-
tions of the quarks qi and qj coupling
respectively to LQ − e and LQ − µ.
In each box, the process which pro-
vides a most [22] stringent indirect
constraint is listed (first line) together
with its exclusion limit (second line)
and compared to the actual H1 result
(third line). Shadowed boxes empha-
size where HERA limit is compara-
ble to (within a factor of 2) or bet-
ter than the indirect constraints. The
open boxes marked with a ∗ are cases
which would involve a top quark

is light enough to have a substantial production cross-
section via λ11, as can be seen on the 95% CL exclusion
domains shown in Fig. 16b. For both couplings λ11 and
λ3j of the electromagnetic strength, such LQs lighter than
270 GeV are excluded at 95% CL. This limit still reaches
237 GeV for LQs formed by e+d fusion (not shown). A
similar lepton flavour violation analysis has been carried
out by ZEUS Collaboration [13] using an integrated lu-
minosity of ' 3 pb −1. For λ11 = λ3j = 0.03, the analy-
sis presented here extends their excluded mass range by
' 65 GeV. Also shown in Fig. 16b is the best indirect
limit [22] on λ31 in the case λ11 = 0.03. This indirect
constraint comes from the upper limit on the branching
ratio β(τ → π0e) which could be affected by the process
τ+ → ū + LQ followed by the e+ + u decay of the vir-
tual leptoquark. Here the most recent upper limit [54] on
β(τ → π0e) has been used to update the bound derived in
[22]. The H1 direct limit improves this indirect constraint
by typically one order of magnitude. No low energy pro-

cess constrains the coupling products involving λ32. In this
case, H1 covers a yet unexplored domain.

It should be noted however that for most other LFV
LQ species (except namely Ṽ0,R, S0,R and Ṽ1/2,L) the cou-
pling products involving λ32 and λ33 can be constrained
by low energy experiments, in particular by τ → K0e,
B → τeX, Vub measurements or K → πνν̄ [22]. This
latter process yields the most severe bound, relevant for
λ11 × λ32, but which for F = 0 LQs only applies to those
possessing the quantum numbers of the V1,L in the BRW
model. It has been checked (not shown here) that for all
other F = 0 LQs, the H1 direct limits on these coupling
products extend beyond the domain covered by low energy
phenomena. More detailed comparisons of HERA sensi-
tivity with indirect bounds will be discussed in the next
section.
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Fig. 18. Rejection limits on
λ1iλ2j/M

2
LQ in units of 10−4 GeV−2

for | F |= 2 leptoquarks, compared
to constraints from indirect processes.
The first column indicates the genera-
tions of the quarks qi and qj coupling
respectively to LQ − e and LQ − µ.
In each box, the process which pro-
vides a most [22] stringent indirect
constraint is listed (first line) together
with its exclusion limit (second line)
and compared to the actual H1 result
(third line). Shadowed boxes empha-
size where HERA limit is comparable
to (within a factor of 2) or better than
the indirect constraints. The super-
scripts Z indicate where earlier HERA
[13] results already improved indirect
bounds. The open boxes marked with
a ∗ are cases which would involve a top
quark

7.2 High mass (M >
√

sep) LFV leptoquarks

In this section, we make use of the fact that no µ + jet
or τ + jet candidate was found (with kinematic properties
compatible with a 2 → 2 body process) to set constraints
on very high mass LFV leptoquarks. For LQ masses well
above the kinematic limit, the cross-section σ(e+ + p →
l+n + jet+X) depends only on (λ1iλnj/M

2
LQ)2, with i and

j indexing the generation of the quark coupling to LQ− e
and LQ − ln respectively, and where ln = µ for n = 2 and
ln = τ for n = 3.

The 95% CL rejection limits are given for a e ↔ µ
transition in Fig. 17 for F = 0 and Fig. 18 for | F |= 2
leptoquarks. Results are obtained for all possible quarks
involved, qi being the quark coupling to LQ − e and qj

the one coupling to LQ − µ. The limits are given in units
of 10−4 GeV−2. For processes involving a b quark in the
initial state (i = 3 or j = 3), it has been checked that the
correction to the cross-section due to the finite mass of
the b remains below ∼ 5% [55]. Early HERA results were

presented in a similar representation by the ZEUS Collab-
oration in [13]. The nomenclature defined in Table 2 has
been kept to distinguish all possible LQ quantum num-
bers. Also given for each entry in the depicted tables are
the constraints from the indirect process which currently
provides the most stringent bound [22]. Figures 19 and 20
show similar limits for the e ↔ τ transition.

In Figs. 17-20, the bounds derived in [22] have been
updated to take into account the latest results on sup-
pressed or forbidden decays [54], and on the µ − e nuclear
conversion [56]. Significant such updates concern in par-
ticular D and K decays into µe, B → µe [57] as well as
K → πνν̄, τ → πe, τ → eγ and µ → eγ [58]. Previous
HERA results [13], now superseeded, are given in cases
where there exists no known indirect constraint.

Provided that the quarks involved do not both belong
to the first generation, it is seen that in some cases H1
limits supersede or come close to existing indirect bounds.
For LQs coupling to muons, this concerns in particular the
leptoquarks which can contribute to µ → eγ and D → µe
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Fig. 19. Rejection limits on
λ1iλ3j/M

2
LQ in units of 10−4 GeV−2

for F = 0 leptoquarks, compared
to constraints from indirect processes.
The first column indicates the genera-
tions of the quarks qi and qj coupling
respectively to LQ − e and LQ − τ .
In each box, the process which pro-
vides a most [22] stringent indirect
constraint is listed (first line) together
with its exclusion limit (second line)
and compared to the actual H1 result
(third line). For the S̃1/2,L, which does
not couple to the neutrino, limits on
λ11 × λ32 and on λ12 × λ31 derived
in [22] from K → πνν̄ have been re-
placed by the bounds obtained from
τ → Ke. Shadowed boxes emphasize
where HERA limit is comparable to
(within a factor of 2) or better than
the indirect constraints. The super-
scripts Z indicate where earlier HERA
[13] results already improved indirect
bounds. The open boxes marked with
a ∗ are cases which would involve a top
quark

processes. For LQs coupling to taus, this concerns more
cases and in particular the leptoquarks which can con-
tribute to τ → Ke, τ → eγ and various forbidden B de-
cays. The sensitivity improves over indirect constraints by
up to an order of magnitude and some cases are covered
uniquely by HERA experiments.

8 Conclusions

First generation leptoquarks (LQs) as well as leptoquarks
possessing lepton flavor violating couplings have been
searched at the HERA collider using 1994 to 1997 H1 data
in a mass range extending from 75 GeV to beyond the ep
kinematic limit of √

sep ' 300 GeV.
The search for leptoquarks which only couple to first

generation fermions involved an analysis of very high Q2

neutral (NC) and charged current (CC) deep-inelastic scat-
tering data. The comparison of these data with Standard
Model expectations has shown deviations in the Q2 spec-

trum at Q2 >∼ 10000 GeV2 which are less significant than
those previously observed in 1994 to 1996. No significant
clustering of events in excess of SM expectations has been
found in the mass spectra for NC or CC-like events in the
1997 dataset alone. Exclusion domains for LQ masses and
couplings have been derived.

For first generation leptoquarks of the Buchmüller-
Rückl-Wyler (BRW) effective model, masses up to 275
GeV (284 GeV) are excluded for scalars (vectors) with a
Yukawa coupling of electromagnetic strength, λ =√

4παEM = 0.3. Constraints on the LQ couplings have
been established for λ <∼ 1.0 for all LQ types for masses
up to 400 GeV. For λ = 0.3 but in generic models with
arbitrarily small decay branching ratio βe into NC-like fi-
nal states, the exclusion domain extends to 260 GeV for
βe as small as 10%, far beyond the present reach of other
existing colliders.

No event candidate has been found with either µ+ jet
or τ + jet final states compatible with the production of
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Fig. 20. Rejection limits on
λ1iλ3j/M

2
LQ in units of 10−4 GeV−2

for | F |= 2 leptoquarks, compared
to constraints from indirect processes.
The first column indicates the genera-
tions of the quarks qi and qj coupling
respectively to LQ − e and LQ − τ .
In each box, the process which pro-
vides a most [22] stringent indirect
constraint is listed (first line) together
with its exclusion limit (second line)
and compared to the actual H1 result
(third line). Shadowed boxes empha-
size where HERA limit is compara-
ble to (within a factor of 2) or bet-
ter than the indirect constraints. The
open boxes marked with a ∗ are cases
which would involve a top quark

a LQ with couplings mixing the first and second or third
generation in the leptonic sector. The constraints derived
on the Yukawa couplings extend for some LQ types and
coupling products beyond the reach of other colliders as
well as of low energy experiments.
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(1986) 347; T. Sjöstrand and M. Bengtsson, Comp. Phys.
Comm. 43 (1987) 367.

39. M. Glück, E. Reya and A. Vogt, Phys. Rev. D 45 (1992)
3986; idem, Phys. Rev. D 46 (1992) 1973.

40. H1 generator based on EPVEC 1.0; U. Baur, J.A.M. Ver-
maseren and D. Zeppenfeld, Nucl. Phys. B 375 (1992)
3.

41. S. Baranov et al., Proc. of the Workshop Physics at
HERA, W. Buchmüller and G. Ingelman (Editors), (Oc-
tober 1991, DESY-Hamburg) Vol. 3, p. 1478; J.A.M. Ver-
maseren, Nucl. Phys. B 229 (1983) 347.

42. S. Bentvelsen, J. Engelen and P. Kooijman, Proc. of the
Workshop Physics at HERA, W. Buchmüller and G. In-
gelman (Editors), (October 1991, DESY-Hamburg) Vol. 1
p. 25; K.C. Hoeger, idem. p. 43; and references therein.

43. A. Blondel, F. Jacquet, Proceedings of the Study of an
ep Facility for Europe, ed. U. Amaldi, DESY report 79-48
(1979) 391.

44. H1 Collaboration, C. Adloff et al., Euro. Phys. J. C 5
(1998) 575.

45. DELPHI Collaboration, P. Abreu et al., Phys. Lett. B 446
(1999) 62.

46. ALEPH Collaboration, R. Barate et al., “Study of
Fermion Pair Production in e+e− Collisions at 130 −
183 GeV”, CERN-EP/99-042, Apr. 1999



The H1 Collaboration: A search for leptoquark bosons and lepton flavor violation 471

47. OPAL Collaboration, G. Abbiendi et al., Euro. Phys. J.
C 6 (1999) 1.

48. L3 Collaboration, M. Acciarri et al., Phys. Lett. B 433
(1998) 163.

49. D∅ Collaboration, B. Abbott et al., Phys. Rev. Lett. 79
(1997) 4321; D∅ Collaboration, B. Abbott et al., Phys.
Rev. Lett. 80 (1998) 2051.

50. CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 79
(1997) 4327.

51. LQ Limit Combination Working Group, for the CDF and
D∅ Collaborations, “Combined Limits on First Generation
Leptoquarks from the CDF and D0 Experiments”, hep-
ex/9810015 (Oct. 98), 9pp.

52. CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 78
(1997) 2906.

53. D∅ Collaboration, B. Abbott et al., Phys. Rev. Lett. 81
(1998) 38.

54. Review of Particle Physics, European Phys. Journal C,
Vol 3, Nb 1-4 (1998).

55. M. Spira, Private Communication; see also A. Djouadi et
al., Z. Phys. C 46 (1990) 679.

56. SINDRUM II Collaboration, S. Eggli et al., “Search for
µ− → e− Conversion on Titanium”, submitted to Phys.
Rev. C (1999).

57. CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 81
(1998) 5742.

58. MEGA Collaboration, M.L. Brooks et al., LA-UR-99-
2268, hep-ex/9905013.


