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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 and301 GeV,

correspond to an integrated luminosity of106 pb−1. The resonant production of scalar top
quarkst̃ in positron quark fusion via an R–parity violating Yukawa couplingλ′ is consid-
ered with the subsequent bosonic stop decayt̃ → b̃W . The R–parity violating decay of the
sbottom quark̃b → dν̄e and leptonic and hadronicW decays are considered. No evidence
for stop production is found in the search for bosonic stop decays nor in a search for the
direct R–parity violating decaỹt → eq. Mass dependent limits onλ′ are obtained in the
framework of the Minimal Supersymmetric Standard Model. Stop quarks with masses up
to 275 GeV can be excluded at the95% confidence level for a Yukawa coupling of electro-
magnetic strength.

To be submitted to Phys. Lett. B
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E. Gabathuler18, K. Gabathuler34, E. Garutti10, J. Garvey3, J. Gayler10, R. Gerhards10,†,
C. Gerlich13, S. Ghazaryan36, S. Ginzburgskaya25, L. Goerlich6, N. Gogitidze26,
S. Gorbounov37, C. Grab38, H. Gr̈assler2, T. Greenshaw18, M. Gregori19, G. Grindhammer27,
C. Gwilliam21, D. Haidt10, L. Hajduk6, J. Haller13, M. Hansson20, G. Heinzelmann11,
R.C.W. Henderson17, H. Henschel37, O. Henshaw3, G. Herrera24, I. Herynek31, R.-D. Heuer11,
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C. Schwanenberger10, K. Sedĺak31, F. Sefkow10, I. Sheviakov26, L.N. Shtarkov26, Y. Sirois29,
T. Sloan17, P. Smirnov26, Y. Soloviev26, D. South10, V. Spaskov8, A. Specka29, H. Spitzer11,
R. Stamen10, B. Stella33, J. Stiewe14, I. Strauch10, U. Straumann39, V. Tchoulakov8,
G. Thompson19, P.D. Thompson3, F. Tomasz14, D. Traynor19, P. Trüol39, G. Tsipolitis10,40,
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40 Also at Physics Department, National Technical University, Zografou Campus, GR-15773
Athens, Greece
41 Also at Rechenzentrum, Bergische Universität Gesamthochschule Wuppertal, Germany
42 Also at Institut f̈ur Experimentelle Kernphysik, Universität Karlsruhe, Karlsruhe, Germany
43 Also at University of P.J.̌Saf́arik, Košice, Slovak Republic
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1 Introduction

Deep inelastic collisions at HERA are ideally suited to the search for new particles coupling to
an electron1–quark pair. Such particles include squarks (q̃), the scalar supersymmetric (SUSY)
partners of quarks, in models with R–parity violation (6Rp) [1]. In most scenarios the squarks of
the third generation, stop (t̃) and sbottom (̃b), are the lightest squarks. In the present analysis we
focus on resonant stop quark production ineq–fusion which proceeds via an6Rp couplingλ′. We
investigate SUSY scenarios in which the sbottom mass is smaller than the stop mass,Mb̃ < Mt̃,
which are complementary to previous6Rp SUSY searches for squark production by H1 [2,3].
This study is particularly interesting following the observation of events with isolated electrons
or muons and missing transverse momentum [4]. The dominant Standard Model (SM) source
for such events is the production of realW bosons. Some of these events have a hadronic final
state with large transverse momentum and are not typical of SMW production. These striking
events may indicate a production mechanism involving processes beyond the Standard Model,
such as the production of a scalar top quark and its decays as proposed in [5].

In this paper a search is presented for stop quarks which are produced resonantly,e+q
λ′
→ t̃.

Of particular interest is the bosonic decayt̃ → b̃W , where the sbottom decay into SM particles,

b̃
λ′
→ ν̄ed, is also R–parity violating. This decay mode is experimentally investigated for the first

time. The analysis includes both leptonic and hadronicW decays. A scenario is investigated, in
which decays of the light squarks into neutralinos and charginos are kinematically not possible.

In order to cover all decay modes, the6Rp decaỹt
λ′
→ e+d is also considered. The corresponding

diagrams are shown in figure 1. At HERA, stop quarks with masses close to the kinematic limit
of ∼ 300 GeV can be produced. Such high masses are kinematically inaccessible at LEP and
the bosonic stop decay modes considered are difficult to observe at the Tevatron.

The analysis uses the data collected with the H1 detector in positron–proton scattering in
the years 1994–2000, where the energy of the incoming positron isEe = 27.6 GeV. The
proton energy in 1994–1997 isEp = 820 GeV, which leads to a centre–of–mass energy of√

s = 301 GeV. The data correspond to an integrated luminosity ofL301 = 37.9 pb−1. In
the years 1999 and 2000, where the proton energy isEp = 920 GeV and the centre–of–
mass energy is

√
s = 319 GeV, the data recorded correspond to an integrated luminosity of

L319 = 67.9 pb−1.

2 Phenomenology

The most general supersymmetric theory which is gauge invariant with respect to the Standard
Model gauge group allows Yukawa couplings between two SM fermions and a squark or a
slepton. These couplings induce violation of R–parity, defined asRp = (−1)3nB+nL+2S, where
nB is the baryon number,nL is the lepton number andS is the spin of a particle. At HERA
the Yukawa couplings between a lepton–quark pair and a squark are of particular interest [6].

1In the following, the termelectronrefers to both electrons and positrons.
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Here the resonant production of stop quarks and the6Rp decay of stop and sbottom quarks via a
non-vanishing couplingλ′131 are investigated. Both processes are described by the Lagrangian

L6Rp
∼ −λ′131eLt̃Ld̄R + λ′131νe,Lb̃Ld̄R, (1)

where the indicesL and R denote the left and right states of the fermionic fields and their
corresponding scalar superpartners. The couplingλ′131 is a free parameter of the model with the
subscripts131 being the generation indices.

In the third generation large mixings betweenq̃L andq̃R are conceivable [1]. Because of the
structure of the squark mass matrices the stop and sbottom are the most likely candidates for
the lightest squark states. The mixing anglesθq̃ (with q̃ = t̃ or q̃ = b̃) parameterise the mass
eigenstates,

q̃1 = q̃L cos θq̃ + q̃R sin θq̃ and q̃2 = −q̃L sin θq̃ + q̃R cos θq̃, (2)

with the conventionMq̃1 < Mq̃2. Since the6Rp stop interaction involves only thẽtL component
of the fields, the production cross sections of stop quarks scale as

σt̃1 ∼ λ′2131d(x) cos2 θt̃ and σt̃2 ∼ λ′2131d(x) sin2 θt̃, (3)

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

t̃1,2
/s, whereMt̃1,2

denotes the stop masses. The lighter state does not necessarily have the
larger production cross section. However, in the SUSY parameter space investigated in this
paper, it is assumed thatMt̃2 is large enough to ensure that the resonant production oft̃2 can be
neglected. Therefore in the following the notationt̃ will indicate the lighter̃t1.

Searches for fermionic squark decays via their usual gauge couplings (into neutralinos,
charginos or gluinos) are presented in [2]. In the present, complementary analysis the SUSY
parameter space is chosen such that these decays are kinematically suppressed. It is moreover
assumed that the sbottom quarkb̃1 (denoted bỹb) is lighter than the lightest stop, such that the
only possible decay modes aret̃ → b̃W with W → ff̄ ′ and the6Rp decay into SM fermions,
t̃ → e+d. It has been checked that the loop decay into a charm quark and a neutralino, when
kinematically allowed, is negligible compared with the6Rp stop decay for the values ofλ′131
which can currently be probed at HERA. It has also been verified that the three–body decays
via an off–shellW can be neglected compared with the6Rp decay of the stop. Thus, only the
regionMt̃ > Mb̃ + MW is investigated here, where the stop quark can decay into a sbottom
quark and a realW . The branching ratioBRt̃→b̃W for this decay mode depends only on the
masses of the squarks involved, the6Rp couplingλ′131 and the mixing angleθb̃. It is proportional
to cos2 θb̃. This branching ratio is shown for example values ofMb̃ andλ′131 as a function of the
stop mass in figure 2. Under the assumption that squark gauge decays into fermions are kine-
matically suppressed, the sbottom will subsequently undergo the6Rp decaỹb → ν̄ed and several
final states can be investigated depending on theW decay mode. The four signatures consid-
ered in this analysis are given in table 1, with the corresponding diagrams shown in figure 1.
Taking into account the lower bound from LEP on the sbottom mass [7], the mass range chosen
is 180 GeV < Mt̃ < 290 GeV and100 GeV < Mb̃ < 210 GeV.

The interpretation of the results is performed within a Minimal Supersymmetric Standard
Model (MSSM) in which the masses of the neutralinos and charginos, as well as the cou-
plings between any two SUSY particles and a standard model fermion/boson, are determined
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by the usual MSSM parameters: the “mass” termµ which mixes the Higgs superfields, the
soft SUSY–breaking mass parametersM1 andM2 for U(1) andSU(2) gauginos andtan β,
the ratio of the vacuum expectation values of the two neutral scalar Higgs fields. The rela-
tion M1 = (5/3) tan2 θW M2 is assumed to hold [1]. These parameters are defined at the elec-
troweak scale. All squark masses as well as the squark mixingsθt̃ andθb̃ are free parameters
in this model. The squark mass splittings are related to the trilinear couplingsAt, Ab and the
parametersµ andtan β by

M2
t̃1
−M2

t̃2
=

2Mt (At − µ cot β)

sin 2θt̃

and M2
b̃1
−M2

b̃2
=

2Mb (Ab − µ tan β)

sin 2θb̃

(4)

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

3 The H1 detector

A detailed description of the H1 detector can be found in [8]. The H1 detector components
relevant to the present analysis are briefly described here. The right–handed coordinate sys-
tem used is centered on the nominal interaction point with the positivez–direction defined to
be along the incident proton beam. The Liquid Argon (LAr) calorimeter is used to identify
jets and electrons and covers the polar angle range4◦ < θ < 154◦ with full azimuthal ac-
ceptance. It has an energy resolution ofσ(E)/E ≈ 12%/

√
E/ GeV⊕ 1% for electrons and

σ(E)/E ≈ 50%/
√

E/ GeV⊕ 2% for hadrons, as obtained in test beam measurements. The
energy measurement is complemented by a calorimeter in the backward region [8, 9]. The
central and forward tracking detectors are used to measure charged particle trajectories, to re-
construct the interaction vertex and to supplement the measurement of the hadronic energy. The
central part of the detector is surrounded by a superconducting magnetic coil with a strength of
1.15 T. The iron return yoke is the outermost part of the detector and is equipped with streamer
tubes to form the central muon detector (4◦ < θ < 171◦). It is supplemented by the forward
muon spectrometer (3◦ < θ < 17◦) which uses a toroidal magnetic field. The luminosity is
determined from the rate of the Bethe–Heitler processep → epγ, detected in a calorimeter
located downstream of the interaction point. The main triggers for the processes investigated
are provided by the LAr calorimeter and their efficiencies are close to100%.

4 Monte Carlo event generation and simulation

For each possible SM background source a detailed Monte Carlo simulation of the H1 detector
response is performed. All processes are generated with an integrated luminosity much higher
than that of the data.

To determine the contribution of neutral current (NC) deep inelastic scattering (DIS) events
ep → ejX, wherej indicates a jet, the RAPGAP [10] event generator is used, which includes
the Born, QCD Compton and boson gluon fusion matrix elements. Higher order QCD radia-
tive corrections are modelled using leading logarithmic parton showers [11]. An important SM
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background for the bosonic stop decay channels is charged current (CC) deep–inelastic scatter-
ing, which is simulated using DJANGO [12]. QCD radiation is implemented to first order via
matrix elements, while higher orders are modelled by parton shower cascades generated using
the colour–dipole model, as implemented in ARIADNE [13]. In both generators QED radia-
tive effects arising from real photon emission are simulated using HERACLES [14]. For the
simulation of the direct and resolved photoproduction of jets,ep → (e)jjX, the PYTHIA 6.1
program [15] is used, which includes light and heavy quark flavours. It contains the QCD
Compton and boson gluon fusion matrix elements and radiative QED corrections. In the above
event generators the parton densities in the proton are taken from the CTEQ5L [16] parameteri-
sation. The most important SM background to the leptonicW decay channels is the production
of W bosons, calculated in leading order (LO) using EPVEC [17]. By reweighting the events
as a function of the transverse momentum and rapidity of theW boson, next–to–leading order
QCD corrections are accounted for [18]. The production of multi–lepton events may also con-
tribute to the SM background for the leptonicW decay channels when one lepton is undetected
and some fake missing transverse momentum is reconstructed. This process is generated with
the GRAPE [19] program.

The predictions of the RAPGAP, DJANGO and PYTHIA models are scaled by a factor of
1.2 for cases where three jets are required. This factor accounts for deficiencies in the parton
shower model for multi–jet production and is obtained by comparison with data [20].

For the SUSY signal simulation and the calculation of its cross section SUSYGEN [21]
is used which relies on the LO amplitudes fored → b̃W given in [5]. The parton densities
are taken from the CTEQ5L parameterisation and evaluated at the scale of the stop mass. All
bosonic stop decay topologies are simulated for a wide range of stop and sbottom masses in a
grid with steps of typically20 GeV; for the 6Rp stop decay only the stop mass is varied. The
events are passed through a detailed simulation of the H1 detector. These simulations allow the
signal detection efficiencies as a function of the stop (and sbottom) masses to be determined in
the entire phase space since the mass steps are sufficiently small for linear interpolations to be
used. The variation of the efficiencies with the couplingλ′131 when the stop mass and width are
both large is also taken into account.

5 Event selection and analysis

The selection of the event topologies, as given in table 1, relies on the identification of jets,
leptons and missing transverse momentum, as detailed below. The primary interaction vertex
has to be reconstructed within35 cm in z of the nominal position of the vertex. Non–ep back-
ground is rejected by searching for event topologies typical of cosmic ray and beam–induced
background [22] and the event timing is required to be consistent with theep bunch crossing.

5.1 Particle identification

The electron identification is based on the measurement of a compact and isolated electro-
magnetic shower in the LAr calorimeter. The hadronic energy within a cone defined byR =

7



√
(∆η)2 + (∆φ)2 < 0.5 around the electron direction is required to be below2.5% of the elec-

tron energy. Here,η = − ln(tan(θ/2)) is the pseudorapidity andφ denotes the azimuthal angle.
For electron polar angles in the region10◦ < θe < 140◦ a high quality track is also required
to be associated to the electromagnetic cluster. This allows efficient rejection of photons which
convert late in the central tracker material.

Themuon identification is based on the measurement of a track segment or an energy de-
posit in the instrumented iron associated with a charged particle track in the inner tracking
systems [4]. In addition, a track in the forward muon system is taken as a muon candidate.
The muon momentum is measured from the track curvature in the solenoidal or toroidal mag-
netic field. A muon candidate should not deposit more than8 GeV in the LAr calorimeter. The
distance between the muon candidate and the nearest track is required to beR > 0.5. If two
muons are present in an event, a cut on the opening angle between them and the sum of their
polar angles is applied to reject cosmic muons.

Jets are reconstructed from energy deposits in the LAr calorimeter combined with well
measured tracks using a modified inclusivek⊥ algorithm [23,24] in the laboratory frame. Elec-
tron and muon candidates are excluded from the algorithm. Only jets in the polar angle range
7◦ < θJet < 140◦ are considered to ensure that they are reliably measured. To reject elec-
trons which are misidentified as jets, topological criteria for electron–jet separation are applied.
About80% of fake jets and3% of genuine jets are rejected, as determined from simulations.

The missing transverse momentum6P⊥ is derived from a summation over all identified
particles and energy deposits in the event. In the channels where one or more neutrinos are
expected, an event is only accepted if the energy and the momentum in the beam direction fulfil∑

i(Ei − Pz,i) < 50 GeV, whereEi is the energy andPz,i is thez component of the momentum
and the indexi runs over all hadronic and electromagnetic objects and muons. This requirement
reduces the contamination due to badly measured NC DIS events2 where fake missing transverse
momentum is reconstructed.

5.2 Systematic uncertainties

The sources of experimental and theoretical systematic uncertainties considered in this analysis
are described in the following. They are added in quadrature.

• The electromagnetic energy scale uncertainty is between0.7% and3% depending on the
particle’s impact position on the LAr calorimeter [22]. The uncertainty on the polar angle
of electromagnetic clusters varies between1 mrad and3 mrad, depending onθ [22]. The
uncertainty on the azimuthal angle is1 mrad. The tracking efficiency is known with a
precision of2% for polar angles above37◦ and deteriorates to15% in the forward region.

• The muonPT scale uncertainty is5%. The uncertainty on the polar angle is3 mrad and
on the azimuthal angle is1 mrad.

2A NC DIS event is expected to have
∑

i(Ei − Pz,i) = 2Ee = 55.2 GeV due to energy and momentum
conservation.

8



• The hadronic energy scale of the LAr calorimeter is known to2%. The uncertainty on the
jet polar angle determination is5 mrad forθ < 30◦ and10 mrad forθ > 30◦.

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

• Depending on the SM production process different theoretical uncertainties are used.
These amount to15% for W production,10% for NC DIS processes and15% for pho-
toproduction. Forep → νjjjX reactions, the theoretical uncertainties are about20%,
which takes into account the deficiencies of the parton shower modelling of multi-jet
production.

• For the SUSY signal detection efficiencies, an uncertainty of10% is assumed resulting
mainly from the linear interpolation in the grid of simulated mass values. An additional
theoretical systematic error, mainly due to the uncertainties on the parton densities, af-
fects the signal cross section. This uncertainty varies between12% at lower stop masses
(x ≈ 0.3) up to 50% for stop masses of290 GeV (x ≈ 0.8) at

√
s = 319 GeV. An ad-

ditional uncertainty of7% on the signal cross section [2] arises from the variation of the
scale at which the parton densities are evaluated.

5.3 Analysis of the bosonic stop decay channels

According to table 1 the bosonic stop decay leads to three different final state topologies. If
theW boson decays into leptons, the signature is a jet, a lepton (electron or muon) and miss-
ing transverse momentum (je 6P⊥ channel andjµ 6P⊥ channel). TheW decay intoνττ , where
τ → hadrons+ ν, is not investigated in this paper. If theW decays into hadrons the signature
is three jets and missing transverse momentum (jjj6P⊥ channel). The selection of the final states
analysed is described in the following sections.

5.3.1 The channels̃t → je6P⊥ and t̃ → jµ6P⊥

The selection criteria for theje 6P⊥ andjµ 6P⊥ channels are the following.

• A lepton must be found withP `
T > 10 GeV and with polar angle5◦ < θe < 120◦ for the

electron and10◦ < θµ < 120◦ for the muon.

• A jet must be found withP Jet
T > 10 GeV within the angular range7◦ < θJet < 140◦.

• The total missing transverse momentum must satisfy6P⊥ > 12 GeV.

• The difference in azimuthal angle between the leptonl and the direction of the system
Xtot, composed of all other measured particles in the event, must be∆φ(l −Xtot) < 165◦.
NC background events with a mismeasured electron are rejected by this cut.
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• The azimuthal balance of the event must satisfyVAP /VP < 0.3, whereVAP /VP is defined
as the ratio of the anti–parallel component to the parallel component of the measured
calorimetric transverse momentum with respect to the direction of the total calorimetric
transverse momentum [25]. This cut removes NC DIS events which generally have high
values ofVAP /VP .

• In the je 6P⊥ channel, the variableye = 1 − E ′
e(1 − cos θe)/(2Ee), whereE ′

e denotes
the energy of the scattered electron, is required to fulfilye > 0.3. This cut reduces the
remaining NC DIS background, since particles coming from a bosonic stop decay will
be boosted in the forward direction, 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 these channels since there are two neutrinos in the
final state. Therefore the transverse mass distributions are investigated. The transverse mass is
defined as

MT =

√
(6P⊥ + P `

T + P Jet
T )2 − ( ~6P⊥ + ~P `

T + ~P Jet
T )2, (5)

where ~6P⊥ , ~P `
T and ~P Jet

T are the missing transverse momentum, lepton and jet momentum, re-
spectively. The transverse mass distributions are shown in figures 3a and 3b. In theje 6P⊥
channel,3 events are found while the expectation from the SM is3.84 ± 0.92 events. In the
jµ 6P⊥ channel,8 events are found while2.69 ± 0.47 are expected. This slight excess could be
interpreted as a scalar top decaying viat̃ → b̃W [5]. All 11 events in theje 6P⊥ andjµ 6P⊥ chan-
nels were also found in [4], where additional events were selected since there were no explicit
jet requirements. Between60% and70% of the SM expectation arises from the production of
realW bosons. The numbers of events and the SM expectations can be found in table 2. The
stop signal efficiency amounts to typically35%–45% for theje 6P⊥ channel and30%–40% for
thejµ 6P⊥ channel and depends mainly onMt̃ andMb̃.

5.3.2 The channel̃t → jjj 6P⊥

For thejjj 6P⊥ 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 angle7◦ < θJet < 140◦.

• The total missing transverse momentum must satisfy6P⊥ > 25 GeV.

• The selection is restricted toyh > 0.4 exploiting the differentyh distributions of the stop
signal and the SM background. Here,yh is calculated usingyh =

∑
h(Eh − Pz,h)/2Ee

[26], where
∑

h(Eh − Pz,h) is calculated from the hadronic energy deposited in the de-
tector.

Assuming that only one neutrino is present in the event and applying the constraints~6P⊥ =
~P ν

T and
∑

i(Ei − Pz,i) + (Eν − Pz,ν) = 2Ee, the neutrino four–vector can be calculated. Hence,
the invariant massMrec can be reconstructed in this final state topology with a mass resolution
of about15 GeV. In figure 3c the reconstructed mass distribution for thejjj 6P⊥ channel is
shown. A total of5 events are found while6.24 ± 1.74 are expected from SM processes (see
table 2). The SM background arises predominantly from CC DIS processes. The stop detection
efficiency is typically35%–50% in this final state topology.
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5.4 Analysis of the R–parity violating stop decay channel̃t → ed

For stop and sbottom masses for whichMt̃ ≈ Mb̃ + MW , the 6Rp decayt̃ → ed becomes
dominant (see figure 2). Events from this process are characterised by highQ2 NC DIS–like
topologies. The momentum transfer squared, obtained from the scattered electron, is defined
by Q2

e = (P e
T )2/(1 − ye). Both the stop decay and the NC DIS final states consist of a jet and

an electron with high transverse momenta. However, the distributions of the events in mass
Me =

√
xes andye are different. Here, the Bjorken variablexe is related to the other kinematic

quantities byQ2
e = xeyes. Stop decays via6Rp lead to a resonance in theMe distribution. In

addition, stop quarks decay isotropically in 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 requiring40 GeV <
∑

i(Ei − Pz,i) <
70 GeV.

• An electron must be found withP e
T > 20 GeV and with polar angle5◦ < θe < 120◦.

• A jet must be found withP Jet
T > 20 GeV and with polar angle7◦ < θJet < 140◦.

• The total missing transverse momentum and
√

P e
T must fulfil 6P⊥ /

√
P e

T < 4
√

GeV,
which takes into account the energy resolution of the LAr calorimeter.

• Only events withQ2
e > 2500 GeV2 are considered.

• The selection is restricted toye < 0.9 to avoid the region where migration effects due to
QED radiation in the initial state are largest. Background from photoproduction, where a
jet is misidentified as an electron, is also suppressed by this cut.

• In order to maximise the signal sensitivity, a mass dependent lowerye cut is applied as
in [2], which exploits the differences in theMe andye distributions between the SUSY
signal and the DIS background.

The Me spectrum for data and for the SM expectation are shown in figure 3d for all H1
e+p data. The resolution inMe is between5 GeV and9 GeV, depending on the stop mass. No
significant deviation from the SM is found. In particular, at masses above∼ 180 GeV where the
stop signal is searched for, no significant peak is observed in the data. A total of1100 events
are found, while1120 ± 131 are expected from SM processes, mainly from NC DIS events.
The numbers of events and the SM expectations can be found in table 2. In theed channel, the
typical stop signal efficiency is about30%–45%.

6 Results of SUSY analysis

6.1 Interpretation of bosonic stop decay searches

In the jµ 6P⊥ channel a slight excess of events compared with the SM expectation is observed,
confirming the previous H1 analysis [4]. All other channels are in good agreement with the SM
(see table 2).
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Assuming the presence of a stop of massMt̃ decaying bosonically, the observed event yields
are used to determine the allowed range for a stop production cross sectionσt̃. The number
of observed and expected events satisfying the relevant selection cuts,Ndata and NSM , are
integrated within a mass bin (transverse mass bin) around the calculated stop mass (transverse
mass), corresponding to the decay channel under consideration. The width of the mass bin
is adjusted to the expected mass resolution, such that each bin contains events reconstructed
within ±2 standard deviations of the given stop mass. A signal cross sectionσt̃ dependent on
the stop mass can be determined fromNdata andNSM in each bosonic decay channel by folding
in the signal efficiencyε, the t̃ andW branching ratiosBRt̃→b̃W ·BRW→ff̄ ′ and taking into
account the integrated luminositiesL301 andL319:

σt̃(Mt̃) =
Ndata −NSM

ε ·BRt̃→b̃W ·BRW→ff̄ ′
· 1

rσ · L301 + L319

. (6)

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

s = 319 GeV and√
s = 301 GeV. The branching ratio for̃t → b̃W is assumed to beBRt̃→b̃W = 100%. The

uncertainty on the cross section,∆σt̃, is determined from the statistical error on the number
of observed events and the systematic uncertainty on the SM prediction. The bands in figure
4 represent the allowed cross section regions for all bosonic decay channels. The band for the
jjj 6P⊥ channel is narrow due to the large branching ratioBRW→qq̄′.

From figure 4 it can be seen that the excess observed in thejµ 6P⊥ channel cannot be inter-
preted as a stop signal since it is not supported by the other decay modes. For instance, the
probability that the observed event rate in thejjj 6P⊥ channel fluctuates upwards to produce at
least the number of events expected on the basis of the signal in thejµ 6P⊥ channel is around1%,
depending slightly on the stop mass. Hence, exclusion limits on the6Rp SUSY model described
in Section 2 are derived.

6.2 Exclusion limits in the MSSM

The results from the selection channels considered in this paper are combined to derive con-
straints in the MSSM. For a given set of parameters, the neutralino and chargino masses and the
branching ratios of all stop and sbottom decay modes are calculated. The gluino mass is taken
to be above200 GeV such that decays oft̃1 andb̃1 into gluinos are kinematically not possible.
The production of the heavier stop is kinematically suppressed (see section 2). An upper limit
σlim on the stop production cross section is calculated at the95% confidence level (CL) using a
modified frequentist approach based on likelihood ratios [27].

Each considered channel contributes via its branching ratio, the signal efficiencies and the
number of observed and expected events within sliding mass bins (transverse mass bins). Al-
though the selection criteria for the various channels are not explicitly exclusive, it was checked
that double counting of events is negligible. The given set of model parameters is excluded if it
predicts a cross section which is larger thanσlim.

In order to investigate systematically the dependence of the sensitivity on the MSSM para-
meters, a scan of the SUSY parameter space is performed. The SUSY parameter space is
selected such that the combined branching ratio is

BRtot = BRt̃→ed + BRt̃→b̃W ·BRb̃→νed > 85% . (7)
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The parameterM2 is set to1000 GeV andµ is restricted to the range400 GeV < µ < 1000 GeV,
which ensures that the gaugino masses are large. The mixing anglesθt̃ andθb̃ are allowed to
vary between0.6 rad and1.2 rad. For a given value oftan β the parametersMt̃1 , Mb̃1

, θt̃, θb̃ and
µ are scanned. The results are not sensitive toAt andAb, provided the stop and sbottom mass
splittings, see equation (4), are large enough.

For each point in the 5–dimensional parameter space an upper bound on the couplingλ′131

is obtained. The resulting limits are given for two cases: (i) every point of the scanned SUSY
parameter space is excluded, (ii) at least one point in the scanned SUSY parameter space is
excluded. The resulting limits obtained fortan β = 10 are shown in figure 5a and 5b in
the (Mt̃, Mb̃) plane forλ′131 = 0.1 andλ′131 =

√
4παem = 0.3. At λ′131 = 0.1 stop masses

Mt̃ ∼
< 250 GeV can be excluded, while massesMt̃ ∼

< 275 GeV are excluded at a Yukawa coupling
of electromagnetic strength, i.e.λ′131 = 0.3. The resulting limits projected on the(Mt̃, λ

′
131)

plane forMb̃ = 100 GeV are shown in figure 5c. ForMt̃ = 200 GeV, couplingsλ′131 ∼> 0.03 are
ruled out and forMt̃ = 275 GeV the allowed domain isλ′131 ∼

< 0.3. The limits do not signifi-
cantly depend ontan β or onM2, provided thatM2 > 400 GeV, which has been checked by
repeating the analysis withtan β = 2 or M2 = 400 GeV.

7 Conclusions

A search is performed for scalar top quarks resonantly produced ine+p collisions at HERA
in R–parity violating SUSY models. Final state topologies resulting from R–parity conserving
bosonic stop decays or R–parity violating direct decays are considered. In thejµ 6P⊥ channel,
a slight excess of events compared with the SM expectation is observed. Nevertheless, no
evidence for stop production is found, since this excess is not supported by the other three
channels analysed in the present paper.

For the first time, direct constraints on stop quarks decaying bosonically are derived. Includ-
ing the direct6Rp stop decay, mass dependent limits on the couplingλ′131 are obtained within
a Minimal Supersymmetric Standard Model. In a large part of the model parameter space, the
existence of stop quarks coupling to ane+d pair with masses up to275 GeV is excluded at the
95% CL for a strength of the Yukawa coupling ofλ′131 =

√
4παem = 0.3.

Acknowledgements

We are grateful to the HERA machine group whose outstanding efforts have made this ex-
periment possible. We thank the engineers and technicians for their work in constructing and
maintaining the H1 detector, our funding agencies for financial support, the DESY technical
staff for continual assistance and the DESY directorate for support and for the hospitality which
they extend to the non DESY members of the collaboration.

13



References

[1] For reviews on supersymmetry see:
H. P. Nilles, Phys. Rept.110(1984) 1;
H. E. Haber and G. L. Kane, Phys. Rept.117(1985) 75.
For a review on R–parity violating supersymmetry see:
R. Barbieret al., hep-ph/0406039, submitted to Phys. Rept.

[2] A. Aktas et al. [H1 Collaboration], “Search for Squark Production in R–Parity Violating
Supersymmetry at HERA”, submitted to Eur. Phys. J. C, DESY-04-025, hep-ex/0403027.

[3] C. Adloff et al. [H1 Collaboration], Eur. Phys. J. C20 (2001) 639 [hep-ex/0102050].

[4] V. Andreevet al. [H1 Collaboration], Phys. Lett. B561(2003) 241 [hep-ex/0301030].

[5] T. Kon, T. Matsushita and T. Kobayashi, Mod. Phys. Lett. A12 (1997) 3143 [hep-
ph/9707355].

[6] J. Butterworth and H. Dreiner, Nucl. Phys. B397(1993) 3 [hep-ph/9211204].

[7] A. Heisteret al. [ALEPH Collaboration] Eur. Phys. J. C31 (2003) 1 [hep-ex/0210014].

[8] I. Abt et al. [H1 Collaboration], Nucl. Instrum. Meth. A386(1997) 310 and 348.

[9] R. D. Appuhnet al. [H1 SPACAL Group], Nucl. Instrum. Meth. A386(1997) 397.

[10] H. Jung, Comput. Phys. Commun.86 (1995) 147.

[11] T. Sjöstrand, Phys. Lett. B157(1985) 321.

[12] G. A. Schuler and H. Spiesberger, Proceedings “Physics at HERA” (1992) vol. 3, 1419.
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Channel Decay process Signature

t̃ → b̃ W
λ′

↪→ dν̄e

je 6P⊥ W → eνe jet + e + 6P⊥
→ τντ → eννν

jµ 6P⊥ W → µνµ jet + µ + 6P⊥
→ τντ → µννν

jjj 6P⊥ W → qq̄′ 3 jets + 6P⊥

ed t̃
λ′
→ ed jet + highPT e

Table 1: Analysed stop decay channels in6Rp SUSY. The6Rp processes are indicated by the
couplingλ′, and6P⊥ denotes the missing transverse momentum.

Channel
√

s = 301 GeV
√

s = 319 GeV combined

data SM expectation data SM expectation data SM expectation

je 6P⊥ 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 6P⊥ 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 6P⊥ 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

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 combined data set. For theje 6P⊥ andjµ 6P⊥ channels
the SM expectations arising fromW production are given in brackets.
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Figure 1: Lowest order s channel diagram for6Rp stop production at HERA followed by a) the
bosonic decay of the stop and b) the6Rp decay of the stop.
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Figure 2: Examples of the stop branching ratios as a function of the stop mass for
Mb̃ = 100 GeV andλ′131 = 0.1, when the fermionic decay modes of the stop via the usual
gauge couplings are kinematically suppressed. The solid lines show the branching ratios for
θb̃ = 0.6 and the dashed lines forθb̃ = 1.2. The sum of the branching ratios is slightly less than
one since hadronicτ decays followingW → ντ are not considered.
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Figure 3: Mass spectra for the H1e+p data: a) transverse mass of theje 6P⊥ channel; b) trans-
verse mass of thejµ 6P⊥ channel; c) reconstructed mass of thejjj 6P⊥ channel; d) invariant mass
distribution of theed channel. The data are compared with the SM expectations with the system-
atic uncertainties shown as the shaded band. The expected signal from at̃ with mass260 GeV
is also shown with arbitrary normalisation.
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