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Abstract

A search for scalar top quarks in R-parity violating supersymmetry is performed ine+p collisions at HERA using the H1
detector. The data, taken at

√
s = 319 GeV and 301 GeV, correspond to an integrated luminosity of 106 pb−1. The resonan

production of scalar top quarks̃t in positron quark fusion via an R-parity violating Yukawa couplingλ′ is considered with the
subsequent bosonic stop decayt̃ → b̃W . The R-parity violating decay of the sbottom quarkb̃ → dν̄e and leptonic and hadroni
W decays are considered. No evidence for stop production is found in the search for bosonic stop decays nor in
for the direct R-parity violating decaỹt → eq. Mass dependent limits onλ′ are obtained in the framework of the minim
supersymmetric Standard Model. Stop quarks with masses up to 275 GeV can be excluded at the 95% confidence
Yukawa coupling of electromagnetic strength.
 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Deep inelastic collisions at HERA are ideally suit
to the search for new particles coupling to an electr
quark pair.18 Such particles include squarks(q̃), the
scalar supersymmetric (SUSY) partners of quarks
models with R-parity violation(/Rp) [1]. In most sce-
narios the squarks of the third generation, stop(t̃ ) and
sbottom(b̃), are the lightest squarks. In the pres
analysis we focus on resonant stop quark produc
in eq-fusion which proceeds via an/Rp couplingλ′.
We investigate SUSY scenarios in which the sbott
mass is smaller than the stop mass,Mb̃ < Mt̃ , which
are complementary to previous/Rp SUSY searches fo
squark production by H1[2,3]. This study is partic-
ularly interesting following the observation of even
with isolated electrons or muons and missing tra
verse momentum[4]. The dominant Standard Mod
(SM) source for such events is the production of r
W bosons. Some of these events have a hadronic
state with large transverse momentum and are not
ical of SM W production. These striking events m
indicate a production mechanism involving proces
beyond the Standard Model, such as the productio
a scalar top quark and its decays as proposed in[5].

In this Letter a search is presented for stop qua

which are produced resonantly,e+q
λ′→ t̃ . Of particu-

lar interest is the bosonic decayt̃ → b̃W , where the

18 In the following, the termelectronrefers to both electrons an
positrons.
l

(a)

(b)

Fig. 1. Lowest order s channel diagram for/Rp stop production at

HERA followed by (a) the bosonic decay of the stop and (b) the/Rp

decay of the stop.

sbottom decay into SM particles,b̃
λ′→ ν̄ed , is also R-

parity violating. This decay mode is experimental
investigated for the first time. The analysis includ
both leptonic and hadronicW decays. A scenario i
investigated, in which decays of the light squarks i
neutralinos and charginos are kinematically not po
ble. In order to cover all decay modes, the/Rp decay
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t̃
λ′→ e+d is also considered. The corresponding d

grams are shown inFig. 1. At HERA, stop quarks with
masses close to the kinematic limit of∼ 300 GeV can
be produced. Such high masses are kinematically
accessible at LEP and the bosonic stop decay m
considered are difficult to observe at the tevatron.

The analysis uses the data collected with the H1
tector in positron–proton scattering in the years 19
2000, where the energy of the incoming positron
Ee = 27.6 GeV. The proton energy in 1994–19
is Ep = 820 GeV, which leads to a centre-of-ma
energy of

√
s = 301 GeV. The data correspond

an integrated luminosity ofL301 = 37.9 pb−1. In
the years 1999 and 2000, where the proton ene
is Ep = 920 GeV and the centre-of-mass energy√

s = 319 GeV, the data recorded correspond to
integrated luminosity ofL319= 67.9 pb−1.

2. Phenomenology

The most general supersymmetric theory which
gauge invariant with respect to the Standard Mo
gauge group allows Yukawa couplings between t
SM fermions and a squark or a slepton. These c
plings induce violation of R-parity, defined asRp =
(−1)3nB+nL+2S , wherenB is the baryon number,nL

is the lepton number andS is the spin of a particle. A
HERA the Yukawa couplings between a lepton–qu
pair and a squark are of particular interest[6]. Here
the resonant production of stop quarks and the/Rp de-
cay of stop and sbottom quarks via a non-vanish
couplingλ′

131 are investigated. Both processes are
scribed by the Lagrangian

(1)L/Rp ∼ λ′
131eLt̃Ld̄R + λ′

131νe,Lb̃Ld̄R,

where the indicesL andR denote the left and righ
states of the fermionic fields and their correspond
scalar superpartners. The couplingλ′

131 is a free para-
meter of the model with the subscripts 131 being
generation indices.

In the third generation large mixings betweenq̃L

andq̃R are conceivable[1]. Because of the structure o
the squark mass matrices the stop and sbottom ar
most likely candidates for the lightest squark sta
The mixing anglesθq̃ (with q̃ = t̃ or q̃ = b̃) parame-
Table 1
Analysed stop decay channels in/Rp SUSY. The/Rp processes are

indicated by the couplingλ′ , and/P ⊥ denotes the missing transver
momentum

Channel Decay process Signature

t̃ → b̃W

λ′
↪→ dν̄e

je/P⊥ W → eνe jet + e +/P⊥
→ τντ → eννν

jµ/P⊥ W → µνµ jet + µ +/P⊥
→ τντ → µννν

jjj/P⊥ W → qq̄ ′ 3jets+/P⊥

ed t̃
λ′
→ ed jet + high PT e

terise the mass eigenstates,

q̃1 = q̃L cosθq̃ + q̃R sinθq̃ and

(2)q̃2 = −q̃L sinθq̃ + q̃R cosθq̃ ,

with the conventionMq̃1 < Mq̃2. Since the/Rp stop in-
teraction involves only thẽtL component of the fields
the production cross sections of stop quarks scale

(3)

σt̃1
∼ λ′2

131d(x)cos2 θt̃ and σt̃2
∼ λ′2

131d(x)sin2 θt̃ ,

d(x) being the probability of finding ad quark in the
proton with a momentum fractionx = M2

t̃1,2
/s, where

Mt̃1,2
denotes the stop masses. The lighter state d

not necessarily have the larger production cross
tion. However, in the SUSY parameter space inv
tigated in this Letter, it is assumed thatMt̃2

is large
enough to ensure that the resonant production oft̃2 can
be neglected. Therefore in the following the notatiot̃
will indicate the lighter̃t1.

Searches for fermionic squark decays via th
usual gauge couplings (into neutralinos, chargino
gluinos) are presented in[2]. In the present, com
plementary analysis the SUSY parameter spac
chosen such that these decays are kinematically
pressed. It is moreover assumed that the sbottom q
b̃1 (denoted byb̃) is lighter than the lightest stop
such that the only possible decay modes aret̃ → b̃W

with W → f f̄ ′ and the/Rp decay into SM fermions
t̃ → e+d . It has been checked that the loop dec
into a charm quark and a neutralino, when kinem
ically allowed, is negligible compared with the/Rp

stop decay for the values ofλ′
131 which can currently
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Fig. 2. Examples of the stop branching ratios as a function of
stop mass forM

b̃
= 100 GeV andλ′

131 = 0.1, when the fermionic
decay modes of the stop via the usual gauge couplings are
matically suppressed. The solid lines show the branching ratio
θ
b̃

= 0.6 and the dashed lines forθ
b̃

= 1.2. The sum of the branch
ing ratios is slightly less than one since hadronicτ decays following
W → ντ are not considered.

be probed at HERA. It has also been verified that
three-body decays via an off-shellW can be neglecte
compared with the/Rp decay of the stop. Thus, on
the regionMt̃ > Mb̃ +MW is investigated here, wher
the stop quark can decay into a sbottom quark an
a realW . The branching ratioBR̃t→b̃W for this de-
cay mode depends only on the masses of the squ
involved, the/Rp coupling λ′

131 and the mixing an-
gle θb̃. It is proportional to cos2 θb̃. This branching
ratio is shown, for example, values ofMb̃ and λ′

131
as a function of the stop mass inFig. 2. Under the
assumption that squark gauge decays into ferm
are kinematically suppressed, the sbottom will sub
quently undergo the/Rp decayb̃ → ν̄ed and severa
final states can be investigated depending on theW

decay mode. The four signatures considered in
analysis are given inTable 1, with the correspond
ing diagrams shown inFig. 1. Taking into account the
lower bound from LEP on the sbottom mass[7], the
mass range chosen is 180 GeV< Mt̃ < 290 GeV and
100 GeV< Mb̃ < 210 GeV.

The interpretation of the results is performed with
a minimal supersymmetric Standard Model (MSS
in which the masses of the neutralinos and chargi
as well as the couplings between any two SUSY p
ticles and a Standard Model fermion/boson, are
termined by the usual MSSM parameters: the “ma
term µ which mixes the Higgs superfields, the s
SUSY-breaking mass parametersM1 andM2 for U(1)

and SU(2) gauginos and tanβ , the ratio of the vac-
uum expectation values of the two neutral scalar Hi
fields. The relationM1 = (5/3) tan2 θWM2 is assumed
to hold [1]. These parameters are defined at the e
troweak scale. All squark masses as well as the sq
mixings θt̃ andθb̃ are free parameters in this mod
The squark mass splittings are related to the trilin
couplingsAt , Ab and the parametersµ and tanβ by

M2
t̃1

− M2
t̃2

= Mt̃(At − µcotβ)

sin2θt̃

and

(4)M2
b̃1

− M2
b̃2

= 2Mb(Ab − µ tanβ)

sin 2θb̃

with Mt andMb being the top and bottom masses,
spectively.

3. The H1 detector

A detailed description of the H1 detector can
found in [8]. The H1 detector components releva
to the present analysis are briefly described here.
right-handed coordinate system used is centered o
nominal interaction point with the positivez-direction
defined to be along the incident proton beam. T
Liquid Argon (LAr) calorimeter is used to identif
jets and electrons and covers the polar angle ra
4◦ < θ < 154◦ with full azimuthal acceptance. It ha
an energy resolution ofσ(E)/E ≈ 12%/

√
E/ GeV⊕

1% for electrons andσ(E)/E ≈ 50%/
√

E/ GeV ⊕
2% for hadrons, as obtained in test beam meas
ments. The energy measurement is complemente
a calorimeter in the backward region[8,9]. The cen-
tral and forward tracking detectors are used to m
sure charged particle trajectories, to reconstruct
interaction vertex and to supplement the measurem
of the hadronic energy. The central part of the
tector is surrounded by a superconducting magn
coil with a strength of 1.15 T. The iron return yok
is the outermost part of the detector and is equip
with streamer tubes to form the central muon det
tor (4◦ < θ < 171◦). It is supplemented by the fo
ward muon spectrometer (3◦ < θ < 17◦) which uses
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a toroidal magnetic field. The luminosity is determin
from the rate of the Bethe–Heitler processep → epγ ,
detected in a calorimeter located downstream of
interaction point. The main triggers for the proces
investigated are provided by the LAr calorimeter a
their efficiencies are close to 100%.

4. Monte Carlo event generation and simulation

For each possible SM background source a deta
Monte Carlo simulation of the H1 detector respons
performed. All processes are generated with an i
grated luminosity much higher than that of the data

To determine the contribution of neutral curre
(NC) deep inelastic scattering (DIS) eventsep → ejX,
wherej indicates a jet, the RAPGAP[10] event gen-
erator is used, which includes the Born, QCD Com
ton and boson gluon fusion matrix elements. Hig
order QCD radiative corrections are modelled us
leading logarithmic parton showers[11]. An impor-
tant SM background for the bosonic stop decay ch
nels is charged current (CC) deep-inelastic scatter
which is simulated using DJANGO[12]. QCD radia-
tion is implemented to first order via matrix elemen
while higher orders are modelled by parton show
cascades generated using the colour-dipole mode
implemented in ARIADNE[13]. In both generator
QED radiative effects arising from real photon em
sion are simulated using HERACLES[14]. For the
simulation of the direct and resolved photoproduct
of jets,ep → (e)jjX, the PYTHIA 6.1 program[15]
is used, which includes light and heavy quark flavou
It contains the QCD Compton and boson gluon fus
matrix elements and radiative QED corrections. In the
above event generators the parton densities in the
ton are taken from the CTEQ5L[16] parameterisation
The most important SM background to the lepto
W decay channels is the production ofW bosons,
calculated in leading order (LO) using EPVEC[17].
By reweighting the events as a function of the tra
verse momentum and rapidity of theW boson, next-to-
leading order QCD corrections are accounted for[18].
The production of multi-lepton events may also co
tribute to the SM background for the leptonicW decay
channels when one lepton is undetected and some
missing transverse momentum is reconstructed. T
process is generated with the GRAPE[19] program.
The predictions of the RAPGAP, DJANGO an
PYTHIA models are scaled by a factor of 1.2 for cases
where three jets are required. This factor accounts
deficiencies in the parton shower model for multi-
production and is obtained by comparison with d
[20].

For the SUSY signal simulation and the calculat
of its cross section SUSYGEN[21] is used which re-
lies on the LO amplitudes fored → b̃W given in [5].
The parton densities are taken from the CTEQ5L
rameterisation and evaluated at the scale of the
mass. All bosonic stop decaytopologies are simulate
for a wide range of stop and sbottom masses in a
with steps of typically 20 GeV; for the/Rp stop de-
cay only the stop mass is varied. The events are pa
through a detailed simulation of the H1 detector. Th
simulations allow the signal detection efficiencies a
function of the stop (and sbottom) masses to be de
mined in the entire phase space since the mass
are sufficiently small for linear interpolations to b
used. The variation of the efficiencies with the co
plingλ′

131 when the stop mass and width are both la
is also taken into account.

5. Event selection and analysis

The selection of the event topologies, as given
Table 1, relies on the identification of jets, lepton
and missing transverse momentum, as detailed be
The primary interaction vertex has to be reconstruc
within 35 cm inz of the nominal position of the vertex
Non-ep background is rejected by searching for ev
topologies typical of cosmic ray and beam-induc
background[22] and the event timing is required
be consistent with theep bunch crossing.

5.1. Particle identification

The electron identification is based on the me
surement of a compact and isolated electromagn
shower in the LAr calorimeter. The hadronic ener
within a cone defined byR = √

(	η)2 + (	φ)2 < 0.5
around the electron direction is required to be be
2.5% of the electron energy. Here,η = − ln(tan(θ/2))

is the pseudorapidity andφ denotes the azimuthal an
gle. For electron polar angles in the region 10◦ < θe <

140◦ a high quality track is also required to be as
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ciated to the electromagnetic cluster. This allows
ficient rejection of photons which convert late in t
central tracker material.

The muonidentification is based on the measu
ment of a track segment or an energy deposit in
instrumented iron associated with a charged part
track in the inner tracking systems[4]. In addition, a
track in the forward muon system is taken as a m
candidate. The muon momentum is measured from
track curvature in the solenoidal or toroidal magne
field. A muon candidate should not deposit more th
8 GeV in the LAr calorimeter. The distance betwe
the muon candidate and the nearest track is requ
to beR > 0.5. If two muons are present in an event
cut on the opening angle between them and the su
their polar angles is applied to reject cosmic muon

Jetsare reconstructed from energy deposits in
LAr calorimeter combinedwith well measured track
using a modified inclusivek⊥ algorithm[23,24]in the
laboratory frame. Electron and muon candidates
excluded from the algorithm. Only jets in the polar a
gle range 7◦ < θJet < 140◦ are considered to ensu
that they are reliably measured. To reject electr
which are misidentified as jets, topological criteria
electron-jet separation are applied. About 80% of f
jets and 3% of genuine jets are rejected, as determ
from simulations.

The missing transverse momentum/P ⊥ is derived
from a summation over all identified particles and e
ergy deposits in the event. In the channels where
or more neutrinos are expected, an event is only
cepted if the energy and the momentum in the be
direction fulfil

∑
i (Ei − Pz,i) < 50 GeV, whereEi is

the energy andPz,i is the z component of the mo
mentum and the indexi runs over all hadronic an
electromagnetic objects and muons. This requirem
reduces the contamination due to badly measured
DIS events19 where fake missing transverse mome
tum is reconstructed.

5.2. Systematic uncertainties

The sources of experimental and theoretical s
tematic uncertainties considered in this analysis

19 A NC DIS event is expected to have
∑

i (Ei − Pz,i ) = 2Ee =
55.2 GeV due to energy and momentum conservation.
described in the following. They are added in quad
ture.

• The electromagnetic energy scale uncertainty i
between 0.7% and 3% depending on the pa
cle’s impact position on the LAr calorimeter[22].
The uncertainty on the polar angle of electrom
netic clusters varies between 1 mrad and 3 m
depending onθ [22]. The uncertainty on the az
imuthal angle is 1 mrad. The tracking efficien
is known with a precision of 2% for polar angle
above 37◦ and deteriorates to 15% in the forwa
region.

• The muonPT scale uncertainty is 5%. The u
certainty on the polar angle is 3 mrad and on
azimuthal angle is 1 mrad.

• The hadronic energy scale of the LAr calorime
is known to 2%. The uncertainty on the jet p
lar angle determination is 5 mrad forθ < 30◦ and
10 mrad forθ > 30◦.

• The uncertainty on the integrated luminosity
sults in an overall normalisation error of 1.5%.

• Depending on the SM production process d
ferent theoretical uncertainties are used. Th
amount to 15% forW production, 10% for NC
DIS processes and 15% for photoproduction.
ep → νjjjX reactions, the theoretical uncerta
ties are about 20%, which takes into account
deficiencies of the parton shower modelling
multi-jet production.

• For the SUSY signal detection efficiencies, an
certainty of 10% is assumed resulting mainly fro
the linear interpolation in the grid of simulate
mass values. An additional theoretical system
error, mainly due to the uncertainties on the par
densities, affects the signal cross section. This
certainty varies between 12% at lower stop mas
(x ≈ 0.3) up to 50% for stop masses of 290 Ge
(x ≈ 0.8) at

√
s = 319 GeV. An additional uncer

tainty of 7% on the signal cross section[2] arises
from the variation of the scale at which the part
densities are evaluated.

5.3. Analysis of the bosonic stop decay channels

According toTable 1the bosonic stop decay lea
to three different final state topologies. If theW bo-
son decays into leptons, the signature is a jet, a le
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(electron or muon) and missing transverse momen
(je/P ⊥ channel andjµ/P ⊥ channel). TheW decay into
ντ τ , whereτ → hadrons+ν, is not investigated in this
Letter. If theW decays into hadrons the signature
three jets and missing transverse momentum (jjj/P⊥
channel). The selection of the final states analyse
described in the following sections.

5.3.1. The channels̃t → je/P ⊥ and t̃ → jµ/P ⊥
The selection criteria for theje/P ⊥ and jµ/P ⊥

channels are the following.

• A lepton must be found withP�
T > 10 GeV and

with polar angle 5◦ < θe < 120◦ for the electron
and 10◦ < θµ < 120◦ for the muon.

• A jet must be found withP Jet
T > 10 GeV within

the angular range 7◦ < θJet< 140◦.
• The total missing transverse momentum must

isfy /P ⊥ > 12 GeV.
• The difference in azimuthal angle between

leptonl and the direction of the systemXtot, com-
posed of all other measured particles in the ev
must be	φ(l − Xtot) < 165◦. NC background
events with a mismeasured electron are rejec
by this cut.

• The azimuthal balance of the event must sat
VAP/VP < 0.3, whereVAP/VP is defined as the
ratio of the anti-parallel component to the par
lel component of the measured calorimetric tra
verse momentum with respect to the direction
the total calorimetric transverse momentum[25].
This cut removes NC DIS events which generally
have high values ofVAP/VP .

• In theje/P ⊥ channel, the variableye = 1−E′
e(1−

cosθe)/(2Ee), whereE′
e denotes the energy of th

scattered electron, is required to fulfilye > 0.3.
This cut reduces the remaining NC DIS bac
ground, since particles coming from a boso
stop decay will be boosted in the forward dire
tion, leading to a risingdσ/dy distribution. This
contrasts with the steeply fallingdσ/dy ∼ y−2

distribution of NC DIS events.

The stop mass cannot be reconstructed in th
channels since there are two neutrinos in the final s
Therefore the transverse mass distributions are in
tigated. The transverse mass is defined as

(5)

MT =
√(

/P ⊥ + P�
T + P Jet

T

)2 − (	/P⊥ + 	P�
T + 	P Jet

T

)2
,

where 	/P ⊥, 	P�
T and 	P Jet

T are the missing transvers
momentum, lepton and jet momentum, respectiv
The transverse mass distributions are shown inFig. 3a
and b. In theje/P ⊥ channel, 3 events are found wh
the expectation from the SM is 3.84± 0.92 events. In
the jµ/P ⊥ channel, 8 events are found while 2.69±
0.47 are expected. This slight excess could be in
preted as a scalar top decaying viat̃ → b̃W [5]. All
11 events in theje/P ⊥ andjµ/P ⊥ channels were als
found in [4], where additional events were select
since there were no explicit jet requirements. Betw
60% and 70% of the SM expectation arises from
production of realW bosons. The numbers of even
and the SM expectations can be found inTable 2. The
stop signal efficiency amounts to typically 35–45%
theje/P ⊥ channel and 30–40% for thejµ/P ⊥ channel
and depends mainly onMt̃ andMb̃.

5.3.2. The channel̃t → jjj/P⊥
For thejjj/P⊥ final state topology the following

criteria are required.

• Three jets must be found withP Jet1
T > 20 GeV,

P Jet2
T > 15 GeV andP Jet3

T > 10 GeV, each with
polar angle 7◦ < θJet< 140◦.

• The total missing transverse momentum must
isfy /P ⊥ > 25 GeV.

• The selection is restricted toyh > 0.4 exploit-
ing the differentyh distributions of the stop sig
nal and the SM background. Here,yh is calcu-
lated usingyh = ∑

h(Eh −Pz,h)/2Ee [26], where∑
h(Eh − Pz,h) is calculated from the hadron

energy deposited in the detector.

Assuming that only one neutrino is present
the event and applying the constraints	/P ⊥ = 	Pν

T and∑
i (Ei − Pz,i) + (Eν − Pz,ν) = 2Ee, the neutrino

four-vector can be calculated. Hence, the invar
massMrec can be reconstructed in this final sta
topology with a mass resolution of about 15 Ge
In Fig. 3c the reconstructed mass distribution for t
jjj/P⊥ channel is shown. A total of 5 events are fou



168 H1 Collaboration / Physics Letters B 599 (2004) 159–172

d

on

d

the
on.
Table 2
Total number of selected events in the various stop decay channels for the H1e+p data at

√
s = 301 GeV,

√
s = 319 GeV and the combine

data set. For theje/P ⊥ andjµ/P⊥ channels the SM expectations arising fromW production are given in brackets

Channel
√

s = 301 GeV
√

s = 319 GeV Combined

Data SM expectation Data SM expectation Data SM expectati

je/P⊥ 1 1.16± 0.28 2 2.68± 0.64 3 3.84± 0.92
(W : 0.75± 0.12) (W : 1.80± 0.29) (W : 2.55± 0.41)

jµ/P⊥ 4 0.84± 0.14 4 1.85± 0.33 8 2.69± 0.47
(W : 0.57± 0.09) (W : 1.36± 0.22) (W : 1.93± 0.31)

jjj/P⊥ 1 1.91± 0.54 4 4.33± 1.21 5 6.24± 1.74

ed 366 384± 45 734 736± 86 1100 1120± 131

Fig. 3. Mass spectra for the H1e+p data: (a) transverse mass of theje/P ⊥ channel; (b) transverse mass of thejµ/P ⊥ channel; (c) reconstructe

mass of thejjj/P⊥ channel; (d) invariant mass distribution of theed channel. The data are compared with the SM expectations with
systematic uncertainties shown as the shaded band. The expected signal from at̃ with mass 260 GeV is also shown with arbitrary normalisati
es
m-
ion
l-

e

while 6.24 ± 1.74 are expected from SM process
(see Table 2). The SM background arises predo
inantly from CC DIS processes. The stop detect
efficiency is typically 35–50% in this final state topo
ogy.
5.4. Analysis of the R-parity violating stop decay
channelt̃ → ed

For stop and sbottom masses for whichMt̃ ≈ Mb̃ +
MW , the /Rp decay t̃ → ed becomes dominant (se
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Fig. 2). Events from this process are characteri
by highQ2 NC DIS-like topologies. The momentu
transfer squared, obtained from the scattered elec
is defined byQ2

e = (P e
T )2/(1− ye). Both the stop de

cay and the NC DIS final states consist of a jet and
electron with high transverse momenta. However,
distributions of the events in massMe = √

xes andye

are different. Here, the Bjorken variablexe is related
to the other kinematic quantities byQ2

e = xeyes. Stop
decays via/Rp lead to a resonance in theMe distrib-
ution. In addition, stop quarks decay isotropically
their rest frame leading to a flatdσ/dy distribution,
contrasting with that of NC DIS events.

The selection criteria for thẽt → ed channel are
the following.

• The longitudinal momentum loss is limited by r
quiring 40 GeV<

∑
i (Ei − Pz,i) < 70 GeV.

• An electron must be found withPe
T > 20 GeV and

with polar angle 5◦ < θe < 120◦.
• A jet must be found withP Jet

T > 20 GeV and with
polar angle 7◦ < θJet< 140◦.

• The total missing transverse momentum and
√

Pe
T

must fulfil /P ⊥/
√

Pe
T < 4

√
GeV, which takes

into account the energy resolution of the L
calorimeter.

• Only events withQ2
e > 2500 GeV2 are consid-

ered.
• The selection is restricted toye < 0.9 to avoid the

region where migration effects due to QED ra
ation in the initial state are largest. Backgrou
from photoproduction, where a jet is misidentifi
as an electron, is also suppressed by this cut.

• In order to maximise the signal sensitivity, a ma
dependent lowerye cut is applied as in[2], which
exploits the differences in theMe andye distribu-
tions between the SUSY signal and the DIS ba
ground.

The Me spectrum for data and for the SM expe
tation are shown inFig. 3d for all H1 e+p data. The
resolution inMe is between 5 GeV and 9 GeV, d
pending on the stop mass. No significant deviat
from the SM is found. In particular, at masses ab
∼ 180 GeV where the stop signal is searched for,
significant peak is observed in the data. A total of 11
events are found, while 1120± 131 are expected from
SM processes, mainly from NC DIS events. The nu
,

bers of events and the SM expectations can be fo
in Table 2. In the ed channel, the typical stop sign
efficiency is about 30–45%.

6. Results of SUSY analysis

6.1. Interpretation of bosonic stop decay searches

In thejµ/P ⊥ channel a slight excess of events co
pared with the SM expectation is observed, confirm
the previous H1 analysis[4]. All other channels are in
good agreement with the SM (seeTable 2).

Assuming the presence of a stop of massMt̃ de-
caying bosonically, the observed event yields are u
to determine the allowed range for a stop product
cross sectionσt̃ . The number of observed and expec
events satisfying the relevant selection cuts,Ndataand
NSM, are integrated within a mass bin (transve
mass bin) around the calculated stop mass (transv
mass), corresponding to the decay channel under
sideration. The width of the mass bin is adjusted to
expected mass resolution, such that each bin con
events reconstructed within±2 standard deviations o
the given stop mass. A signal cross sectionσt̃ depen-
dent on the stop mass can be determined fromNdata
andNSM in each bosonic decay channel by folding
the signal efficiencyε, the t̃ andW branching ratios
BR̃t→b̃W · BRW→f f̄ ′ and taking into account the inte
grated luminositiesL301 andL319:

(6)

σt̃ (Mt̃ ) = Ndata− NSM

ε · BR̃
t→b̃W

· BRW→f f̄ ′
· 1

rσ ·L301+L319
.

Here,rσ is the ratio of the theoretical stop producti
cross sections at

√
s = 301 GeV and

√
s = 319 GeV.

The branching ratio for̃t → b̃W is assumed to b
BR̃t→b̃W = 100%. The uncertainty on the cross se
tion, 	σt̃ , is determined from the statistical err
on the number of observed events and the syst
atic uncertainty on the SM prediction. The bands
Fig. 4 represent the allowed cross section regions
all bosonic decay channels. The band for thejjj/P ⊥
channel is narrow due to the large branching ra
BRW→qq̄ ′ .

FromFig. 4 it can be seen that the excess obser
in the jµ/P ⊥ channel cannot be interpreted as a s
signal since it is not supported by the other de
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Fig. 4. Bands representing the allowed stop cross section reg
σt̃ ±	σt̃ as a function of the stop mass as obtained from the ana
of each bosonic stop decay channel.

modes. For instance, the probability that the obser
event rate in thejjj/P ⊥ channel fluctuates upwards
produce at least the number of events expected on
basis of the signal in thejµ/P ⊥ channel is around 1%
depending slightly on the stop mass. Hence, exclu
limits on the/Rp SUSY model described in Section2
are derived.

6.2. Exclusion limits in the MSSM

The results from the selection channels conside
in this Letter are combined to derive constraints in
MSSM. For a given set of parameters, the neutralin
and chargino masses and the branching ratios o
stop and sbottom decay modes are calculated.
gluino mass is taken to be above 200 GeV such
decays of̃t1 andb̃1 into gluinos are kinematically no
possible. The production of the heavier stop is ki
matically suppressed (see Section2). An upper limit
σlim on the stop production cross section is calcula
at the 95% confidence level (CL) using a modified f
quentist approach based on likelihood ratios[27].

Each considered channel contributes via its bran
ing ratio, the signal efficiencies and the number
observed and expected events within sliding mass
(transverse mass bins). Although the selection crit
for the various channels are not explicitly exclusive
was checked that double counting of events is neg
ble. The given set of model parameters is exclude
it predicts a cross section which is larger thanσlim.

In order to investigate systematically the dep
dence of the sensitivity on the MSSM parameters
scan of the SUSY parameter space is performed.
SUSY parameter space is selected such that the c
bined branching ratio is

(7)BRtot = BR̃t→ed + BRt̃→b̃W · BRb̃→νed
> 85%.

The parameterM2 is set to 1000 GeV andµ is re-
stricted to the range 400 GeV< µ < 1000 GeV, which
ensures that the gaugino masses are large. The m
anglesθt̃ andθb̃ are allowed to vary between 0.6 rad
and 1.2 rad. For a given value of tanβ the parameter
Mt̃1

, Mb̃1
, θt̃ , θb̃ andµ are scanned. The results are n

sensitive toAt andAb, provided the stop and sbotto
mass splittings, see Eq.(4), are large enough.

For each point in the 5-dimensional parame
space an upper bound on the couplingλ′

131 is ob-
tained. The resulting limits are given for two cas
(i) every point of the scanned SUSY parameter sp
is excluded, (ii) at least one point in the scanned SU
parameter space is excluded. The resulting limits
tained for tanβ = 10 are shown inFig. 5a and b in the
(Mt̃ ,Mb̃) plane forλ′

131= 0.1 andλ′
131= √

4παem =
0.3. At λ′

131 = 0.1 stop massesMt̃ � 250 GeV can be
excluded, while massesMt̃ � 275 GeV are exclude
at a Yukawa coupling of electromagnetic streng
i.e., λ′

131 = 0.3. The resulting limits projected on th
(Mt̃ , λ

′
131) plane for Mb̃ = 100 GeV are shown in

Fig. 5c. ForMt̃ = 200 GeV, couplingsλ′
131� 0.03 are

ruled out and forMt̃ = 275 GeV the allowed domai
is λ′

131 � 0.3. The limits do not significantly depen
on tanβ or on M2, provided thatM2 > 400 GeV,
which has been checked by repeating the analysis wit
tanβ = 2 orM2 = 400 GeV.

7. Conclusions

A search is performed for scalar top quarks r
onantly produced ine+p collisions at HERA in R-
parity violating SUSY models. Final state topolog
resulting from R-parity conserving bosonic stop d
cays or R-parity violating direct decays are consid
ered. In thejµ/P ⊥ channel, a slight excess of even
compared with the SM expectation is observed. Ne
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theless, no evidence for stop production is found, si
this excess is not supported by the other three chan
analysed in the present Letter.

For the first time, direct constraints on stop qua
decaying bosonically are derived. Including the dir
/Rp stop decay, mass dependent limits on the coup
λ′

131 are obtained within a minimal supersymmet
Standard Model. In a large part of the model param
ter space, the existence of stop quarks coupling to
e+d pair with masses up to 275 GeV is excluded
the 95% CL for a strength of the Yukawa coupling
λ′

131= √
4παem = 0.3.
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