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Abstract. A search for squarks in R-parity violating supersymmetry is performed in eip collisions at
HERA using the H1 detector. The data were taken at a centre-of-mass energy of 319 GeV and correspond
to an integrated luminosity of 64.3pb~! for e p collisions and 13.5pb~?* for e~ p collisions. The resonant
production of squarks via a Yukawa coupling )\’ is considered, taking into account direct and indirect
R-parity violating decay modes. No evidence for squark production is found in the multi-lepton and multi-
jet final state topologies investigated. Mass dependent limits on )\’ are obtained in the framework of the
Minimal Supersymmetric Standard Model. In addition, the results are interpreted in terms of constraints
on the parameters of the minimal Supergravity model. At the 95 % confidence level squarks of all flavours
with masses up to 275 GeV are excluded in a large part of the parameter space for a Yukawa coupling of
electromagnetic strength. For a coupling strength 100 times smaller, masses up to 220 GeV can be ruled
out.

% Supported by the Bundesministerium fiir Bildung und search Council, and formerly by the UK Science and Engineer-
Forschung, FRG, under contract numbers 05 H1 1GUA /1, ing Research Council
05 H1 1PAA /1, 05 H1 1PAB /9, 05 Hl1 1PEA /6, °Supported by FNRS-FWO-Vlaanderen, IISN-IIKW and IWT
05 H1 1VHA /7 and 05 H1 1VHB /5 4 Partially Supported by the Polish State Committee for Sci-
> Supported by the UK Particle Physics and Astronomy Re- entific Research, SPUB/DESY/P003/DZ 118/2003/2005
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1 Introduction

The ep collider HERA is ideally suited to search for
new particles coupling to electron!—quark pairs. In super-
symmetric models (SUSY) with R-parity violation (&),
squarks can couple to electrons and quarks via Yukawa
couplings \'. At HERA, squarks could be produced res-
onantly via the fusion of the incoming 27.6 GeV electron
and a quark from the incoming 920 GeV proton. Squark
masses up to the electron-proton centre-of-mass energy,
/s = 319 GeV, are kinematically accessible.

This paper describes a search for squarks of all flavours
using H1 data corresponding to an integrated luminosity
of 64.3pb~! for e*p collisions and 13.5pb~! for e~ p col-
lisions. The search is carried out in the framework of the
Minimal Supersymmetric Standard Model (MSSM) in the
presence of a non-vanishing \. The analysis covers the
major event topologies from direct and indirect &, squark
decays such that the results can be interpreted in terms of
a wide range of SUSY parameters. The search presented
here supersedes the results previously obtained by H1 [1,2]
at a lower centre-of-mass energy (/s & 300 GeV) and with
fewer data. Complementary searches for &, SUSY have
been carried out at the LEP eTe™ collider [3-5] and at
the TeVatron pp collider [6,7].

2 Phenomenology

In the most general supersymmetric theory that is renor-
malisable and gauge invariant with respect to the Stan-
dard Model (SM) gauge group, the R-parity R, =
(—1)3B+L+25  where B denotes the baryon number, L
the lepton number and S the spin of a particle, is not
conserved. Couplings between two ordinary fermions and
a squark (g) or a slepton (I) are then allowed. The R,
Yukawa couplings responsible for squark production at
HERA are described in the superpotential by the terms
)\gjkLinﬁk, where 4,j and k are family indices. L;, @Q;
and Dy, are superfields, which contain the left-handed lep-
tons, the left-handed quarks and the right-handed down
quark, respectively, together with their SUSY partners Z~ZL,

¢}, and ci’f% The corresponding part of the Lagrangian ex-
panded in fields is given by

IRV ~i 5 7k i~ 7k _iNe, J Gk
ELinDk = )‘ijk —epurdy — epuydyp — (er)‘urdy

¢ Supported by the Deutsche Forschungsgemeinschaft
f Supported by VEGA SR grant no. 2/1169/2001
& Supported by the Swedish Natural Science Research Council
! Supported by the Ministry of Education of the Czech Repub-
lic under the projects INGO-LA116/2000 and LNO0OA006, by
GAUK grant no 173/2000
J Supported by the Swiss National Science Foundation
X Supported by CONACYT, México, grant 400073-F
! Partially Supported by Russian Foundation for Basic Re-
search, grant no. 00-15-96584

! In the following the term electron will be used to refer to
both electron and positron unless explicitly stated otherwise.
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+0bdh d% 4 vpd) dY 4+ (02)°d, d% | 4 ce., (1)
where the superscript ¢ denotes the charge conjugate of a
spinor and * the complex conjugate of a scalar field. Non-
vanishing couplings X} ;1 allow the resonant production of
squarks at HERA through eq fusion [8]. The values of the
couplings are not fixed by the theory. For simplicity, it is
assumed here that one of the A} ;1 dominates over all other
possible trilinear couplings.

For the nine possible couplings A} jk» the corresponding

squark production processes in e®p reactions are listed in
Table 1. At high Bjorken-x the density of antiquarks in
the proton is smaller than that of quarks. Thus e p scat-
tering gives the best sensitivity to the couplings A}, (k =
1,2, 3), where mainly d r-type squarks (i.e. the superpart-
ners JR7§R and bg of right-handed quarks) can be pro-
duced. The dominant squark production cross section in
e~ p collisions is approximately proportional to )\/121 e w(@)
where u(z) is the probability of finding a u quark in the
proton with a momentum fraction x = M, (72 /s, Mg being

the squark mass. In contrast, e™p scattering gives the best
sensitivity to the couplings A} ;; (j = 1,2,3), where mainly
@iz-type squarks (i.e. the superpartners 4, ¢y, and £z, of
left-handed quarks) can be produced. Here the dominant
squark production cross section is approximately propor-
tional to )\’12jl - d(z). Since the u quark density in the pro-
ton is larger than the d quark density at large z, the squark
production cross section in e~ p interactions is larger than
that in the e*p case for comparable couplings and squark
masses.

In this work the signal cross section is obtained in the
narrow width approximation from the leading order (LO)
amplitudes given in [9], corrected by multiplicative fac-
tors [10] to account for next-to-leading order QCD correc-
tions. The parton densities are evaluated at the hard scale
Mg. For cases, where the squark width is not negligible,
the approach given in [11] is followed.

In R, SUSY all supersymmetric particles are unstable.
Squarks can decay via their Yukawa coupling \ into SM
fermions. According to equation (1), the dgr-type squarks
can decay either into e~ 4+’ or v, 4+ d?, while the @i.-type
squarks decay into et + d* only. The R, squark decays,
proceeding directly via the couplings A}, and \{;;, are
illustrated in Fig. 1.

Squarks can also decay via their usual R, conserving
gauge couplings, as shown in Fig. 2. The uy-type squarks
can undergo a gauge decay into states? involving a neu-
tralino x? (i = 1...4), a chargino x;” (i = 1,2) or a gluino
g. In contrast, d r-type squarks decay to x or g only and
decays into charginos are suppressed, since the supersym-
metric partners of right-handed quarks do not couple to
winos.

The final state of these gauge decays depends on the
subsequent gaugino decay, of which examples are shown

2 The mass eigenstates x? (xi) are mixed states of the
photino, the zino and the neutral higgsinos (the winos and the
charged higgsinos). The g is the SUSY partner of the gluon.
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Table 1. Squark production processes in et p collisions for different
Yukawa couplings lek. The Gr and ¢, symbols denote the squarks
which are superpartners of the right- and left-handed quarks, respec-
tively. Their antimatter counterparts are denoted by G and G,

1k ep ep

111 e_—|—u—>cZR e +d—ur et+d—ap e+—|—u—>gR
112 e +u—8pr e +5—our et+s—ar et +u— g
113 e_—l—u—)i)R e +b—ur et+b—ag e+—|—ﬁ—>zR
121 eerc%JR e +d—cL et +d— ¢ e++E%ER
122 e +c—ép e +35—ér et ds—éL et +T—inr
123 ef+c%l~)R e~ +b—ér et +b—¢ér e++E%ZR
131 e +t—dr ef—l—a—)a et +d— 1L e++f—>ER
132 e +t— Sgr 67+§%;L et +s—oi, et +1—3r
133 e +t—br e +b—oin et+boin et +I—br

in Fig. 2. Neutralinos x? with i > 1 as well as charginos
(gluinos) are expected to undergo gauge decays into a
lighter x and two SM fermions (two quarks), through a
real or virtual gauge boson or sfermion (squark). The de-
cay chain ends with the &, decay of one sparticle, usually
the lightest supersymmetric particle (LSP), assumed here
to be a x°, xT or §. R, decays of gauginos are mainly
relevant for the lightest states. Neutralinos may undergo
the R, decays x° — e*qq’ or x° — vqq, the former (lat-
ter) being more frequent if the x° is dominated by its
photino (zino) component. Gluinos can undergo the same
R, decays. When a x" or a § decays via an R, coupling
into a charged lepton, both the “right” and the “wrong”
charge lepton (with respect to the incident beam) are
equally probable, the latter case leading to striking, largely
background-free signatures for lepton number violation.
In contrast, the only possible 2, decays for charginos are
xt = vuFd? and xT — etdFdl.

The @, (J’fz) decay chains analysed in this paper are
classified by event topology, as described in Table 2.
This classification relies on the number of charged lep-

Fig. 1. Lowest order s-channel diagrams for B, squark pro-

duction via the Yukawa coupling A in (a) e"p and (b) etp

interactions, followed by I, squark decays

tons and/or hadronic jets in the final state, and on the
presence of missing momentum. The channels labelled eq
and vq are the squark decay modes which proceed directly
via i, couplings, while the remaining channels result from
the gauge decays of the squark and are characterised by
multijet (MJ) final states. The channels labelled e*M.J,
e~ MJ and vMJ involve one or two SUSY fermions (x or
g) denoted by X and Y in Table 2. The channels e/M.J
and v¢MJ necessarily involve two SUSY fermions.

Decay patterns involving more than two gauginos are
kinematically suppressed and are therefore not explicitly
studied here. Processes leading to final states with tau lep-
tons are also not explicitly investigated. Cases where the

Fig. 2. Gauge decays of squarks. Example decays of the emerg-
ing neutralino, chargino or gluino are shown in the dashed
boxes for (a) the x§ and (b) the x
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Table 2. Squark decay channels in K, SUSY classified by event topology.
X and Y denote a neutralino, a chargino or a gluino. The H,, process is
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indicated by )\’

Channel Decay process Event topology
eq i 2 e g high pr e + 1 jet
vq d L) ve d missing pr + 1 jet
g — q¢ X
Y 1
— e qq
e (both charges
M G — q X (both charges)
_ + multiple jets
—  qq Y
>\/
‘—>eiq"q
g — q X
Y i
=  vqq
g — q¢ X
M —  qq 3; missiflg p?
< viq + multiple jets
g — q¢ X
—  vU Y
PN
— vqq
g — q X
— fl/g Y
A,
<—>6qu
g — q X e
elMJ = AT Y + £ (eor p)
Ea et qq + multiple jets
g — q X
— efe” Y
N
— vqq
g — q¢ X
— 127 Y
X
— vqq
g — q¢ X £ (e orp)
viMJ — VU Y + missing pr
X edqq + multiple jets
g — q¢ X
— utpm Y
A
< vqq

X has such a long lifetime that large displaced vertices
are expected are not considered, since the region of pa-
rameter space that allows a xJ to escape detection for a
finite value of the I, coupling is very strongly constrained
by the searches for gauginos carried out at LEP [5]. De-
cays of a x into states involving a Higgs boson are taken
into account when the Higgs decays into hadrons. The
contribution of these decays is, however, very small.

3 The H1 detector

A detailed description of the H1 experiment can be found
n [12]. The main components of the tracking system are
the central drift and proportional chambers which cover
the polar angle® range 25° < § < 155°, a forward track
detector (7° < 6 < 25°) and a backward drift chamber.

3 The polar angle 0 is measured with respect to the direction
of the outgoing proton beam (+2).
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The tracking system is surrounded by a finely segmented
liquid argon (LAr) calorimeter [13] which covers the polar
angle range 4° < 6 < 154° and has an energy resolu-
tion of o(E)/E ~ 12%/+/E/GeV & 1% for electrons and

o(E)/E ~ 50%/+/E/GeV @ 2% for hadrons, as obtained
in test beam measurements [14]. The tracking chambers
and the LAr are surrounded by a superconducting solenoid
and its iron yoke instrumented with streamer tubes. The
latter are used to detect hadronic showers which extend
beyond the LAr and to identify muons. The luminos-
ity is determined from the rate of Bethe-Heitler events
(ep — epy) measured in a luminosity monitor.

4 Monte Carlo event generation

In order to estimate the amount of SM background in the
various squark decay channels and to determine the sig-
nal detection efficiencies, complete simulations of the H1
detector response are performed for various Monte Carlo
(MC) samples.

For each possible SM background source, a sample of
MC events is used, corresponding to a luminosity of more
than ten times that of the data. The determination of the
contribution of neutral current (NC) deep inelastic scat-
tering (DIS) processes is performed using two MC pro-
grams which both include LO QCD matrix elements but
employ different models of QCD radiation. The first is
produced with the DJANGO [15] event generator, where
QCD radiation is implemented using ARIADNE [16],
based on the Colour Dipole Model (CDM) [17]. This sam-
ple is chosen to estimate the NC DIS contribution in the eq
channel. The second sample is generated with the program
RAPGAP [18], where higher order QCD radiation is mod-
elled using leading-log DGLAP parton showers [19]. This
sample is used to determine the NC DIS background in
the final states with an electron and multiple jets, as RAP-
GAP gives the better description of this particular phase
space domain [11]. For both samples, the parton densities
in the proton are taken from the CTEQS5L [20] parame-
terisation. Hadronisation is performed in the Lund string
fragmentation scheme using JETSET [21]. The modelling
of the charged current (CC) DIS process is performed us-
ing the DJANGO program with CTEQ5L parton densi-
ties. The direct and resolved photoproduction (yp) of light
and heavy flavours, including prompt photon production,
is generated using the PYTHIA [22] program, which re-
lies on first order matrix elements and uses leading-log
parton showers and string fragmentation. The SM expec-
tations for ep — eW*X and ep — eZ°X are calculated
using EPVEC [23]. The LO MC simulations used to model
QCD multi-jet production give only approximate descrip-
tions of the kinematic distributions. From a comparison
of various kinematic distributions between the data and
the LO MC simulations for a loose multi-jet preselection, a
normalisation factor of 1.2 is derived [11], which is applied
to the yield of multi-jet events predicted by RAPGAP and
PYTHIA.

To allow a model independent interpretation of the re-
sults, the squark decay processes given in Table 2 are sim-
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ulated separately for a wide range of masses of the SUSY
particles involved. The LEGO [24] event generator is used
for the determination of the signal detection efficiencies in
the eq and vq channels, whereas for the gauge decays of
squarks the SUSYGEN [25] generator is used. The squark
mass is varied from 100 GeV to 290 GeV in steps of typ-
ically 25GeV. For all gauge decays of squarks involving
one gaugino which decays directly via R, (i.e. processes
corresponding to the first line of the e* M.J and vM.J rows
in Table 2), the process ¢ — ¢x{ is simulated for x{ masses
ranging between 30 GeV and Mj. In order to study all cas-
cade gauge decays which involve two gauginos, the pro-
cesses ¢ — qxi — oX{ff and § — gx5 — oV ff" are
simulated for Xf and XY masses ranging between 40 GeV
and My, and for x{ masses between 30 GeV and M, + or
M, 9. The masses of the x’s are varied in steps of typi-
cally 10 GeV. The lower mass values for squarks and x’s
are motivated by the exclusion domains resulting from
R, SUSY searches considering non-vanishing couplings \’
at LEP [4,5]. The simulations allow the determination of
signal detection efficiencies as a function of the masses of
the SUSY particles involved, since the mass intervals are
sufficiently small for linear interpolations to be used.

5 Searches for SUSY signals
5.1 Basic event selection

The recording of the events used in this analysis is trig-
gered using the LAr system [13], with an efficiency close to
100 %. Background events not related to ep collisions are
suppressed by requiring that a primary interaction vertex
be reconstructed within £35cm in z of the nominal ver-
tex position and by using topological filters against cosmic
and proton-beam related background. The event time as
determined by the central drift chambers is required to be
consistent with the bunch crossing time.

5.2 Particle identification and kinematic reconstruction

The following criteria are used to select events containing
leptons, high transverse momentum jets or missing trans-
verse energy. An electron is identified as an isolated and
compact electromagnetic cluster of energy greater than
11 GeV in the LAr. For electrons in the central detector
region (30° < 6. < 145°) a charged track pointing to
the electromagnetic cluster is required. A muon candi-
date is identified as a track measured in the central or for-
ward tracking system, which matches geometrically with
a track in the instrumented iron, a track in the forward
muon detector or an energy deposit in the LAr calorimeter
compatible with that expected from a minimum ionising
particle. Hadronic jets are reconstructed from energy
deposits in the calorimeter using a cone algorithm in the

laboratory frame with a radius v/ An? + A¢? = 1, where

n=—In tang is the pseudorapidity and ¢ denotes the

azimuthal angle. The missing transverse momentum
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DT,miss 1S obtained by the summation of all the energy
deposits in the calorimeter.

For further selection the following Lorentz invariants
are important:

E.(1—cosf pT
yo =1 Lell = cosfe) . o). Q2 = —=;
2EY 11—y
2
xez—Qe; M. = \/Tes .
YeS

They are determined using the measurement of the po-
lar angle 6., the energy E. and the transverse momen-
tum pr . of the electron with the highest pr found in the
event. EY denotes the energy of the incident electron. Sim-
ilar quantities can be calculated using the Jacquet-Blondel
method [26]:

2

W ZE=p) g Pha

h 2E2 ) h lfyh7
2

Jﬁh:TQ};; My = \/xps
h

where pry; and > (E — p,), are calculated from the
hadronic energy deposits in the calorimeter.

5.3 Systematic uncertainties

In each selection channel the systematic errors on the SM
background expectation are evaluated by considering the
following uncertainties.

— The uncertainty on the electromagnetic energy scale
of the calorimeter varies from 0.7 % to 3 % depending
on the calorimeter region [27].

— The uncertainty on the hadronic energy scale is 2 %.

— The uncertainty on the integrated luminosity is 1.5 %.

— An uncertainty of +7 % on the DIS expectation arises
from the parton densities of the proton at high x.

— An uncertainty of +£10% on the predicted cross sec-
tion for multi-jet final states is estimated by compar-
ing the LO MC simulations where higher order QCD
radiation is modelled by either the CDM or DGLAP
parton showers.

Furthermore, the following uncertainties related to the
modelling of the SUSY signal are taken into account.

— The theoretical uncertainty on the signal cross sections
due to uncertainties in the parton densities varies from
7% for e~u — d% at low squark masses up to 50 % for
etd — @) at high masses.

— Choosing either Q? or the square of the transverse mo-
mentum of the final state lepton in squark decays (pro-
ceeding directly via the coupling \') instead of M, g as
the hard scale at which the parton distributions are de-
termined yields an uncertainty of +7 % on the signal
cross section.

— An uncertainty of 10 % is attributed to the signal de-
tection efficiencies, resulting mainly from the interpo-
lation between the simulated mass values.
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5.4 R-parity violating squark decays
5.4.1 Selection channel eq

The final state with an electron and a jet of high trans-
verse momentum, resulting from squarks decaying in the
channel eq, corresponds exactly to the NC DIS signature
at high . However, the M, and y. distributions of the two
processes differ. Squark decays via IZ,, lead to a resonance
in the M, distribution which is measured with a resolution
of between 3 and 6 GeV depending on the squark mass.
Squarks produced in the s-channel decay isotropically in
their rest frame, leading to a flat do/dy distribution. In
contrast, the distribution for NC DIS varies approximately
as do/dy < y~2.

The selection criteria for the eq channel are the follow-
ing.

— The total transverse momentum of the events must be
balanced: pr miss < 15 GeV.

— The reconstructed momentum loss in the direction of
the momentum of the incoming electron must be such
that 40 < > (E—p,) < 70 GeV, where the sum extends
over all reconstructed particles.

— An electron must be found in the LAr calorimeter with
pr.e > 16 GeV.

— To improve the sensitivity, the differences in the M,
and y, distributions of the SUSY signal and the DIS
background are exploited by applying a lower y.-cut
which depends on the mass of the squark under con-
sideration. The y.-cut is optimised by minimising the
expected limit. It ranges from 0.5 for masses around
100 GeV to 0.2 around 290 GeV [11].

— The selection is restricted to the kinematic range
Q? > 2500GeV? and y. < 0.9. Excluding the high-
est y. values avoids the region where migration effects
due to initial state QED radiation are largest. Fur-
thermore, background from photoproduction events,
in which hadrons are misidentified as electrons, is sup-
pressed.

— To ensure that the various selections are exclusive?, all
events accepted in one of the selection channels with
an electron and several jets (Sect. 5.5) are not accepted
in the eq channel. About 10 % of the candidate events
are removed from the eq channel by this requirement.

The M, spectra for the data and the SM background
simulation after this selection are shown in Fig. 3 for e™p
and e~ p collisions. No significant deviation from the SM
expectation is found for either data sample. Table 3 gives
the total numbers of selected events and the SM expecta-
tion. In the etp data set 632 candidate events are found,
which is to be compared with 628 £+ 46 expected from SM
processes. In the e™p data sample, 204 events are observed
while the SM expectation is 192 4 14.

5.4.2 Selection channel vq

Squarks undergoing a direct 2, decay into vq lead to CC
DIS-like events with high missing transverse momentum.

* This is necessary for the limit calculations (Sect. 6).
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Table 3. Total numbers of selected events, SM expectations and ranges of selection effi-
ciencies of the squark decay channels considered in eTp and in e p collisions. The @ -type

squarks (e p collisions) cannot decay to vq

etp collisions

e” p collisions

Channel Data SM expectation Data SM expectation Efficiency
eq 632 628 £ 46 204 192414 30 —50%
vq — — 261 269 + 21 40 — 60 %
eMJ (“right” charge) 72 67.5+9.5 20 17.9+24 15 — 50 %
eMJ (“wrong” charge) 0 0.20+0.14 0 0.06 £0.02 10 -30%
eeM J 0 0.914+0.51 0 0.13+0.03 15 —45%
euMJ 0 0.91+£0.38 0 0.20+0.04 15 —35%
veMJ 0 0.741+0.26 0 0.21+0.07 15 —40%
vMJ 30 24.3+3.6 12 10.1+14 10 — 60 %
vuMJ 0 0.6140.12 0 0.16 £0.03 15 — 50 %
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Fig. 3. Mass spectra for the eq selection channel in a etp and b
e~ p collisions. The shaded error band indicates the uncertainty
on the SM background. The signal expected for a squark of
mass 150 GeV is shown with arbitrary normalisation (dashed
histogram). Events with an electron and multiple jets are not
included in the spectra

The events are expected to cluster in the M}, distribution
with a resolution of 10 to 20 GeV, depending on the squark
mass.

The selection criteria for the vq channel are the follow-
ing:

— The missing transverse momentum must be greater
than 30 GeV.
— No electron or muon must be found with pr > 5 GeV.

My, and Q% degrades with increasing yj since both
My, /M), and 6Q3 /Q% behave as 1/(1—yj,) for y;, ~ 1.
Hence the high y;, range is excluded.

— To ensure exclusivity with respect to the v M J channel
(Sect. 5.6), events with two or more jets with pr et >
15 GeV are rejected. This removes about 3.5 % of the
candidate events.

Only d r-type squarks, which are produced mainly in e p
collisions, can undergo a decay into the vq final state. The
M, spectrum of this data set and the SM background
are shown in Fig. 4. No significant deviation from the SM
expectation is found. 261 events are observed in the data
and 269 £ 21 are expected according to the SM.

5.5 Squark gauge decays
leading to e + jets + X final states

For the channels et MJ, e"MJ, eeMJ, euM J and veM J
a common preselection is carried out:
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— At least one electron must be found with pr . > 6 GeV
in the angular range 5° < 6, < 110°. For central elec-
trons (6. > 30°) the charged track, measured in the
central tracking system, must geometrically and kine-
matically match the electromagnetic cluster. To dis-
criminate against fake-electron background from pho-
toproduction, electron candidates in the forward re-
gion (0. < 30°) have to fulfill harsher isolation criteria
and the Y (E — p,) of the event must be greater than
30 GeV. The latter cut causes only a small efficiency
loss for all channels discussed here.

— At least two jets must be found with prje¢ > 15GeV
in the range 7° < 8¢ < 145°.

— For all final state topologies considered here, the
squark decay products are mainly emitted in the for-
ward direction. This is exploited by requiring that:

— Q% > 1000 GeV?2.

— At least one of the polar angles of the highest pr
electron and the two highest pr jets is less than
40°.

— Of the two jets with highest pr, that with the larger
polar angle Op,ckw satisfies Opackw < 180° + (ye —
0.3). This cut efficiently separates the SUSY signal
events from the NC DIS background [11].

After this preselection, 91 (22) events are found in the e*p
(e~ p) data sample while 89.3 +3.7 (22.6 £0.7) is the SM
expectation. Further cuts are applied for each sub-channel.

5.5.1 Channels with “wrong” and "right” lepton charge

For the channels et MJ and e~ M J no neutrinos are in-
volved in the final state. Therefore the missing momen-
tum is restricted according to prmiss < 15GeV and
40 < Y (E — p,) < 70GeV. To ensure that the selection
is exclusive with respect to the eeMJ and euMJ chan-
nels, events with a second electron with pr. > 5GeV
and 5° < . < 110°, or a muon with pr, > 5GeV and
10° < 0, < 110°, are rejected.

Events are accepted in the channel having the “wrong”
charge lepton, i.e. different from the incident beam, if the
electron/positron is found in the angular range 6. > 30°
(where the charge measurement is made with the central
tracking system) and the charge is measured to be op-
posite to that of the incident lepton, with a significance
greater than two standard deviations. No candidates are
found in the data and the SM expectation in this channel
is very low (see Table 3).

In the “right” charge lepton channel, i.e. the same
charge as the lepton beam, events are accepted if they
contain either a central electron (6. > 30°) with a charge
measurement of the “right” sign or an electron found
in the forward region (6. < 30°). In the latter case
no charge requirement is made. For the selected events,
an invariant squark mass M,,, is calculated as: Mi,, =
VAE? (3, E; — E?), where the sum runs over the elec-
trons and the jets found in the event with pp > 5GeV.
This method yields a good reconstruction of the squark
mass with a typical resolution of 7 to 10 GeV. The My,
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Fig. 5. Mass spectra for a the et M.J selection channel in e*p
collisions and b the e~ M J selection channel in e™ p collisions.
The shaded error band indicates the uncertainty on the SM
background. The signal expected for a squark of mass 150 GeV
is shown with arbitrary normalisation (dashed histogram)

50 100 150

distributions for the data and the SM expectation are
shown for the “right” charge eM.J channel in Fig. 5 for
etp and e p collisions. No significant deviation from the
SM is observed at any mass value. In total 72 (20) events
are selected in the e*p (e”p) data set with 67.5 &+ 9.5
(17.9 £ 2.4) predicted from SM background processes.

5.5.2 Channels with an additional lepton

The further selection for the channels eeMJ and euM J
requires either an additional electron with the same crite-
ria as described in the common preselection, or an addi-
tional muon with pr, > 5GeV in the polar angle range
10° < 60, < 110°. To ensure exclusivity, events are ac-
cepted in one selection channel (eeM.J or euM.J) only®.
In these channels the SM background (mainly NC DIS)
is very low (see Table 3). No candidate events for either
eeMJ or euMJ are found in either data set, which is
compatible with the SM expectation.

For the channel veM J, candidate events, possibly con-
taining a neutrino, are selected by requiring pr miss >
15GeV. A cut of ye(ye — yrn) > 0.04 exploits the fact that

® Events with a muon with pr, > 5GeV and 10° < 0, <
110° are not accepted in the eeMJ channel. Similarly, events
with an additional electron in the range 5° < 6. < 110° are
not accepted in the euM J channel.
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for the SUSY signal the escaping neutrino carries a non-
negligible part of Y (F — p,) and hence the variable yy, is
substantially smaller than y., while y. ~ y;, is expected for
NC DIS events. Events previously accepted in the eeM J
or euMJ channels are rejected. No events are found in
this channel. This is compatible with the SM expectation
(mainly NC DIS) as detailed in Table 3.

5.6 Squark gauge decays
leading to v + jets + X final states

The selection of vMJ and vuMJ candidates starts with
the requirement that:

— The missing transverse momentum satisfies pr miss >
26 GeV.

— At least two jets with prjee > 15GeV are recon-
structed in the angular range 7° < 8, < 145°.

— No electron is found in the event.

If no muon is found, the event is identified as a vM J can-
didate. Assuming that the missing energy of a candidate
event is carried by one neutrino only, its kinematics are
reconstructed by exploiting energy-momentum conserva-
tion. The four-vector of this v is then added to that of
the hadronic final state to reconstruct the invariant mass
Mcc of the incoming electron and quark. The mass reso-
lution of this method is about 15 GeV. The M,.. spectra
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Fig. 6. Mass spectra for the M J selection channel in a etp
and b e p collisions. The shaded error band indicates the un-
certainty on the SM background. The signal expected for a
squark of mass 150 GeV is shown with arbitrary normalisation
(dashed histogram)
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of the data and the expected SM background are shown
in Fig. 6. In the e™p (e"p) data set 30 (12) vMJ candi-
date events are selected while 24.3 + 3.6 (10.1 + 1.4) are
expected from SM background (mainly CC DIS).

If in addition to the above requirements a muon with
pr,, > 5GeV in the range 10° < 6, < 110° is found, the
events are identified as vuMJ candidates. No candidate
events are found in either data set. This is compatible
with the SM expectation (predominantly CC DIS), which
is shown in Table 3.

6 Exclusion limits

The total numbers of selected and expected events are
summarised in Table 3 for all final state topologies con-
sidered in this analysis. It is assured by the choice of the
selection cuts for the different channels that the selection
of all topologies is fully exclusive. No significant deviation
from the SM expectation is found in any channel. The se-
lection channels are combined, separately for the e*p and
e~ p data sets, to derive constraints on £, SUSY models.

6.1 Method of limit derivation

For a given set of parameters in a certain supersymmetric
model, the full supersymmetric mass spectrum and the
branching ratios of all squark decay modes are calculated
using the SUSYGEN package. An upper limit N, on the
number of events coming from squark production is calcu-
lated at a confidence level (CL) of 95 % using a modified
frequentist approach based on Likelihood Ratios [28]. The
following quantities enter the limit calculation.

— The numbers of events observed in the data for all
selection channels. For the channels where the SM
background is considerable (eq, vq, eMJ with “right”
lepton charge and vMJ) the event numbers are inte-
grated within a mass bin around the squark mass un-
der consideration. For each decay channel the width
of the mass bin is optimised, i.e. the expected limit is
minimised, using the reconstructed mass distributions
from the SUSY signal and SM background simulations.
For the channels eMJ with “wrong” lepton charge,
eeMJ, euMJ, veMJ and vuMJ, no mass restriction
is imposed, since the SM backgrounds are small.

— The event numbers expected from SM background pro-
cesses and their systematic uncertainties.

— The signal detection efficiencies (see Table 3) and their
uncertainties for all squark decay processes in all selec-
tion channels, obtained using the calculated spectrum
of sparticle masses.

— The calculated branching ratios of all squark decay
modes.

A bound on the squark production cross section oy, is
then obtained from Ny,. Sets of model parameters that
lead to signal cross sections above o3, can be excluded.
The case of non-vanishing Yukawa couplings A5, or
A 13, which correspond to the resonant production of stop
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and sbottom squarks, is treated separately since the top
and bottom quark masses cannot be neglected in the cal-
culation of couplings and branching ratios. Furthermore,
a top quark could be produced in gauge decays. The top
quark decays via t — bW, leading to decay products dif-
ferent from those of the first two generations for which
the efficiencies are determined. Diagrams which lead to a
top in the final state are thus not taken into account in
the calculation of the branching ratios. This represents a
conservative approach, since most of the top decays are
implicitly covered in the selection channels and would be
visible in the mass distributions and the total event num-
bers.

6.2 Limits in the “phenomenological” MSSM

A version of the MSSM is considered here where the
masses of the neutralinos, charginos and gluinos, as well
as the couplings between any two SUSY particles and a
SM fermion/boson, are determined by the usual parame-
ters. These are the “mass” term p, which mixes the Higgs
superfields, the SUSY soft-breaking mass parameters M,
My and M3 for U(1), SU(2) and SU(3) gauginos, respec-
tively, and the ratio tan § of the vacuum expectation val-
ues of the two neutral scalar Higgs fields. The parameters
are defined at the electroweak scale. The gaugino mass
terms are assumed to unify at a Grand Unification (GUT)
scale to a common value m, /5, leading to the usual rela-
tions [29] between My, My and Ms. The gluino mass is ap-
proximated by the value of M3 at the electroweak scale.
The sfermion masses are free parameters in this model.
Possible mixing between sfermions is neglected and all
squarks are assumed to be degenerate in mass. The possi-
bility of a photino-like x{ is first discussed, before turning
to a complete scan of the SUSY parameter space.

6.2.1 Exclusion limits for a photino-like x(l’

For an example set of the MSSM parameters (u =
—200 GeV, My = 80 GeV, tan 3 = 2) leading to a x{ dom-
inated by its photino component, exclusion limits at the
95% CL on Ay (j = 1,2) and A}y, (k = 1,2) are shown in
Fig. 7a,b as a function of the squark mass. The full curves
represent cases in which sleptons and squarks are assumed
to be degenerate in mass. The dashed curves indicate the
limits for slepton masses Mj fixed at 90 GeV, close to the
lowest mass bound from &, sfermion searches consider-
ing non-vanishing couplings A\’ at LEP [4,5]. The HERA
sensitivity allows tests of R, Yukawa couplings A down
to around 10~2 for squark masses of 100 GeV. For a high
squark mass the sensitivity degrades since the production
cross section decreases. At a squark mass of 290 GeV, A},
(A}1)) values larger than 0.6 (0.3) are ruled out.

The branching ratios to all channels calculated for a
A value exactly at the exclusion limit are illustrated in
Figs. Tc—f. The total branching fraction covered exceeds
75% for all points in the MSSM parameter space and is
generally close to 100 %. At large squark masses, a large
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Fig. 7. Exclusion limits at the 95% CL on a Aj;; with j =
1,2 and b M}y, with k¥ = 1,2. c-f Branching ratios to the
decay channels considered in the analysis for A\’ values at the
exclusion limits shown in a and b. The results are shown for
MSSM parameters leading to a x? dominated by its photino
component when slepton and squark masses are assumed to be
degenerate c, d and for a slepton mass of 90 GeV e, f

Yukawa coupling )\ is necessary to allow visible squark
production. As a result the decay channels eq and vq
proceeding directly via X' become important. For smaller
masses, the dominant channels in the case of a photino-
like ¥ are those with an e* and several jets in the final
state.

For diz-type squarks (\};; # 0) the relative contribu-
tions of the gauge decay channels strongly depend on the
slepton mass. In the case of a light slepton (M; = 90 GeV),
the decays of a Xf into a lepton-slepton pair are kine-
matically allowed. Thus cascade gauge decays of uy-type
squarks are possible, leading to enhanced contributions
from the channels elMJ and vIMJ. In contrast, the cas-
cade gauge decays of uy-type squarks are kinematically
suppressed for M; = M. The dependence of the A ;1 limit
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Fig. 8. Exclusion limits (95% CL) on Aj;; for a j = 1,2 and b j = 3 as a function of the squark mass from a scan of the
MSSM parameter space as indicated in the figures. The two full curves indicate the strongest and the weakest limits on )\ in
the parameter space investigated. Indirect limits from neutrinoless double beta decay experiments (380r) and atomic parity

violation (APV) are also shown

on the slepton mass is rather small since the sensitivities
of all selection channels are similar. In the case of dr-type
squarks (A}, # 0), the relative contributions of the de-
cay channels and the resulting limit on A|;, are almost
independent of the slepton mass, since gauge decays of G
squarks via charginos are suppressed.

The branching ratios to the various decay channels de-
pend on the SUSY parameters. Thus, for parameter val-
ues different from those discussed above, different decay
channels are dominant. For instance, for a zino-like x! the
dominant channels at lower squark masses are those with
a v and several jets in the final state [11]. Cascade de-
cays of Gp squarks are also possible for some parameter
configurations via gauge decays involving neutralinos or
gluinos.

6.2.2 Scan of the parameter space

In order to investigate the dependence of the sensitivity on
the MSSM parameters, a scan of My and p is performed
for tan § = 6. Again, sleptons are assumed to be degen-
erate and their mass is set to a fixed value of 90 GeV.
Other values for M; and tan (3 lead to very similar re-
sults. The parameters M; and p are varied in the range
70GeV < My < 350 GeV and —300 GeV < u < 300 GeV.
Parameter sets leading to a scalar LSP or to LSP masses
below 30 GeV are not considered. The latter restriction,
as well as the lower value for M, are motivated by the
exclusion domains resulting from x searches in R, SUSY
at LEP [4,5]. Upper bounds on the couplings \};; and
A1, are obtained for each point in the (p, M) plane. The
results are shown for \};; in Fig. 8 and for A}, in Fig. 9.
For each plot, the two full curves indicate the strongest
and weakest limits obtained for A’ in the parameter space
investigated. As can be seen from the narrowness of the

region that is excluded in only part of the parameter
space, the limits on both \};; and A}, are widely inde-
pendent of the SUSY parameters. For a Yukawa coupling
of electromagnetic strength, i.e. \1;; = V4maem = 0.3
(N1, = 0.3), 1z, ¢, and g, (JR, Sr and BR) squarks with
masses below ~ 275GeV (280 GeV) are excluded at the
95% CL. For a coupling strength smaller by a factor of
100 (N = 0.03), masses up to ~ 220 GeV are ruled out.

In Figs. 8 and 9 the results for the direct production
of squarks are compared with indirect limits from virtual
squark exchange in low energy experiments [30]. The pro-
duction of @ and d squarks via a A7 coupling is tightly
constrained by the non-observation of neutrinoless dou-
ble beta decay (860v) [31]. The best indirect limit on
the couplings Aj5; and A3, comes from atomic parity vi-
olation (APV) measurements [30, 32]. The best indirect
limit on the couplings A\j;5 and \j;5 results from tests of
charged current universality (CCU) [33]. The HERA re-
sults improve the limits on A for squarks of the second
and third family (i.e. Nj51, M31, A1, N113) for masses up
to ~ 255 GeV.

6.3 Limits in the minimal supergravity model

In this section the minimal Supergravity (mSUGRA)
model [34] is considered, where the number of free pa-
rameters is reduced by assuming, in addition to the GUT
relation between M7, Ms and M3 mentioned previously,
a universal mass parameter mg for all scalar fields at
the GUT scale. By requiring in addition Radiative Elec-
troweak Symmetry Breaking (REWSB) the model is com-
pletely determined by mg, my 2, tan 3, the sign of y and
the common trilinear coupling at the GUT scale Ag. The
modulus of p is related to the other model parameters.
The program SUSPECT 2.1 [35] is used to obtain the
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Unconstrained MSSM, k=3
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Fig. 9. Exclusion limits (95% CL) on A}y, for (a) k = 1,2 and (b) k = 3 as a function of the squark mass from a scan of the
MSSM parameter space. The two full curves indicate the strongest and the weakest limits on \’. Indirect limits from neutrinoless
double beta decay experiments (550r) and tests of charged current universality (CCU) are also shown
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Fig. 10. Excluded regions (95% CL) in mSUGRA with Xj;; = 0.3 for a tan8 = 2 and b tan 3 = 6. The region marked “not
allowed” corresponds to values of the parameters where no REWSB solution is possible or where the LSP is a sfermion. The
dashed lines indicate the curves of constant squark (@r, t1) mass. The limits from LEP and the TeVatron are given by the

dotted lines

REWSB solution for || and calculate the full supersym-
metric mass spectrum.

Assuming a fixed value for the K, couplings )\/1]'1 and
A1k, constraints on the mSUGRA parameters can be set,
for example on (mg, my/2), when tan 3, Ag, and the sign of
u are fixed. Ay enters only marginally in the interpretation
of physics results at the electroweak scale and it is set to
zero. The efficiencies for the detection of all gauge decays
of squarks involving a gaugino lighter than 30 GeV are set
to zero since the parameterisation of the efficiencies is not

valid in this domain. The corresponding parameter space
is already excluded by x searches in i, SUSY at LEP [4,5].

6.3.1 Results for the first and second families

For p < 0, the exclusion limits at the 95 % CL obtained for
a Yukawa coupling \};; = 0.3 (j = 1,2) in the (mo, m1/3)
plane are shown by the hatched histograms in Fig. 10 for
the two example values (a) tan 8 = 2 and (b) tan 3 = 6.



438

mSUGRA, ¥ |, = 0.3, tan=2

—~ 180 ———————— .
% 160 T ~<-,0’ Ay=0 I:I excluded for k=3

% b @ V] excluded foIiIkil,z _
E 120k ' _:

0 50 100 150 200 250 300 350
m, (GeV)

The H1 Collaboration: Search for squark production in R-parity violating supersymmetry at HERA

mSUGRA, ¥ ,, = 0.3, tan=6

~ 180 ———— T
% 160 u<0,A,=0 |:| excluded for k=3
%140 _ ®) 7)) excluded for k=1,2 _

m, (GeV)

Fig. 11. Excluded regions (95% CL) in mSUGRA with \{;;, = 0.3 for a tan3 = 2 and b tan 3 = 6. The region marked “not
allowed” corresponds to values of the parameters where no REWSB solution is possible or where the LSP is a sfermion. The
dashed lines indicate the curves of constant squark mass. The limits from LEP and the TeVatron are given by the dotted lines

The corresponding results for Aj;, = 0.3 (k = 1,2) are
shown in Fig. 11. The domains marked “not allowed” cor-
respond to parameter values where no REWSB solution
is possible or where the LSP is a sfermion.

The constraints on (19, my 2) are very similar for both
values of tan 8 and both 7, coupling types, \};; and A}y,
since the mixing of the squark states is very small for
j=1,2and k = 1, 2. The excluded regions approximately
follow curves of constant squark mass. For A};; = 0.3, the
parameter space defined by Mz < 275 GeV is nearly fully
excluded. For A}, = 0.3, the squark mass limit is slightly
higher, My < 285 GeV, because of the higher squark pro-
duction cross section in e p collisions for equal couplings.

The results of the searches for &, SUSY by the DO
experiment [7] at the TeVatron, which exploit di-electron
events, are also shown in Figs. 10 and 11. For tan 3 = 2,
the H1 limits are more stringent only for low values of
mg, whereas for tan 8 = 6 the domain excluded by H1
extends considerably beyond the region ruled out by the
DO experiment. For tan 8 = 2, the parameter space is more
strongly constrained by the searches for x’s and sleptons
at the L3 experiment [5] at LEP, as shown in Figs. 10
and 11. This is the largest tan 3 value considered in [5].
Results for higher values are expected to be similar. The
LEP and TeVatron limits are independent of the Yukawa
coupling.

6.3.2 Results on stop and sbottom production

A non-vanishing coupling \}5; would lead to the produc-
tion of a stop squark. The weak stop eigenstates £; and
tr mix through an angle 07 to form the mass eigenstates
t, = cos@;fL + sin9;t~R and ty = —sin@;fL + cosH;fR,
whose production cross sections scale as A3, cos? 0; and
A2, sin? 07, respectively. Thus the lighter state #; does not
necessarily have the largest production cross section. Sim-

ilarly, for a non-vanishing A/;5, sbottom production could
be possible. The weak sbottom states by, and bp mix to
form the mass eigenstates by = cos o by + sin o5 br and
by = —sin 07 by + cos 05 br and the production cross sec-
tion for by (b)) scales as A2, sin? o7 (A2 cos? 0;). The
treatment of stop production is described in the follow-
ing. Sbottom mixing is treated in the same way.

For the selection channels where the signal is in-
tegrated over the whole mass range, the fraction of
the visible signal in a given selection channel k, is
Zizl’z(sﬁ)k,ioi/atot, where (e8)k,; is the total visible

branching ratio® of the selection channel k for the state £;,
o; is the production cross section of t; and oyoy = 01 + 09
is the total signal cross section. For the channels in which
the signal is integrated over a mass bin only the contribu-
tion of the state ¢; for which the sensitivity is maximal,
i.e. for which o;(>°, (8¢)k,;) is maximal, is taken into ac-
count in the above summation. The numbers of observed
and expected events are then integrated in the mass bin
corresponding to £; only.

Using this procedure for both the stop and the sbottom
case, exclusion limits are derived for Ag = 0 and u < 0
for tan 8 = 2 and tan 8 = 6. The excluded regions in the
(mo, my/2) plane for Aj3; = 0.3 and \j;3 = 0.3 are shown
in Figs. 10 and 11, respectively. The domain below the
line my /5 ~ 10 GeV is not considered since it corresponds
to cases where the only possible LSP decay, into vbd, is
kinematically forbidden.

In the case of stop production for tan 5 = 2, shown in
Fig. 10a, the excluded domain is slightly larger than that

5 The total visible branching ratio (¢8)x of a selection chan-
nel k is given by (¢8)r = >_; €x,;/3j, where f3; is the branching
ratio of the squark decay mode j and &g, ; is the correspond-
ing efficiency in the selection channel k. The sum runs over all
decay modes j considered in the selection channel.
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Fig. 12. Exclusion limits for mo = m;,, = M in mSUGRA as
a function of tan 3. The 95 % CL exclusion limits for X} ;;, = 0.3
are shown. The areas below the curves are excluded. The region
marked “not allowed” corresponds to values of the parameters
where no REWSB solution is possible or where the LSP is a
sfermion

ruled out previously for Aj;; = 0.3 (j = 1,2) due to the

mixing in the stop sector which leads to f; masses smaller
than the masses of the other squarks. Consequently, larger
values of my /5 and mg can be probed. As shown in Fig. 10b
this remains the case for tan3 = 6 as long as my, is
large enough to ensure that the mass of the lightest neu-
tralino is above 30 GeV. When the x! becomes too light,
the detection efficiencies for the channels involving a x{
(in particular the process xf — xY) are set to zero and
the sensitivity is only through the eq channel or the de-
cays t — by followed by a I, decay of the chargino. For
even smaller my /o, if the Xf mass is below 30 GeV, only
the eq channel contributes. For tan8 = 2 (tanf8 = 6),
t; masses up to 265GeV (270 GeV) can be excluded for

131 = 0.3. These masses are smaller than the maximal
sensitivity reached for the same coupling value for j = 1,2
because of the cos? f; reduction of the #; cross section. For
tan 8 = 2, the limits obtained from this analysis are com-
parable to the LEP sensitivity in x and slepton searches
at intermediate values of mg. In the same part of the pa-
rameter space, the H1 limits for higher values of tan 3
extend considerably beyond the LEP sensitivity which is
expected to be similar to that for tan g = 2.

In the case of sbottom production (Fig. 11) the limits
are similar to those obtained for k = 1, 2, since the mixing
in the sbottom sector is small at the tan 3 values consid-
ered. Thus, the mass difference between by and by is small.
The sensitivity follows curves of equal by masses because
the production cross section for this state is much higher
than for b; if the mixing angle is small. The parameter
space leading to by masses up to 285 GeV is ruled out.

6.3.3 Dependence of the results on tan 3

In order to extend the parameter space to larger values of
tan (3, a scan of this parameter is carried out. The num-
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ber of free parameters is reduced by setting the masses
mo and my/; to a common value M. The 95% CL lim-
its on M are shown in Fig. 12 as a function of tan 3 for
M i1 = 0.3. All squark flavours are considered. For the first
two families the exclusion curves are rather flat since mix-
ing effects are very small. Assuming equal i, couplings, a

larger part of the parameter space is excluded for d and
§ production than for % and ¢ production because of the
higher squark production cross section in e~ p collisions.
For squarks of the third family, mixing effects become im-
portant. For tan 8 2 10 the increase of the mixing angle
0; results in an improvement of the sbottom limit since it

leads to a smaller by mass, giving a higher by production
cross section. The mixing effects are largest in the stop sec-
tor, leading to more stringent limits on M. For very low
values of tan 3, the cos? f; reduction of the #; production
cross section is important. At values of tan 3 2 37, the
mixing of the two stau (7) states leads to decay chains
involving light 7s which result in final states including
7 leptons. These channels are not searched for explicitly.
Thus, in this region of the parameter space, the limit on
stop production becomes less restrictive.

7 Conclusion

A search for the R, production of squarks in e*p and e p
collisions at HERA has been presented. No significant de-
viation from the SM is observed in any of the final state
topologies resulting from direct or indirect R, violating
squark decays. Mass dependent limits on the &, couplings
A1, are derived within a phenomenological version of the

MSSM. The existence of @z-type and dp-type squarks
of all three generations with masses up to 275 GeV and
280 GeV, respectively, is excluded at the 95% CL, for a
Yukawa coupling equal to /4T, in a large part of the
MSSM parameter space. These mass limits extend con-
siderably beyond the reach of other collider experiments.
For lower squark masses, the results improve the indirect
bounds set by low-energy experiments. Exclusion limits
are also derived in the more restricted mSUGRA model,
for which the limits obtained are competitive with and
complementary to those derived at the LEP and TeVa-
tron colliders.
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