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Abstract

A search for squarks ii-parity violating supersymmetry is performed dfip colli-
sions at HERA using the H1 detector. The data were taken attaecef-mass energy of
319 GeV and correspond to an integrated luminosityséf3 pb~—! for e*p collisions and
13.5 pb~1! for e~ p collisions. The resonant production of squarks via a Yukeaapling
A’ is considered, taking into account direct and indirBeparity violating decay modes.
No evidence for squark production is found in the multi-tepand multi-jet final state
topologies investigated. Mass dependent limits\bare obtained in the framework of the
Minimal Supersymmetric Standard Model. In addition, th&utts are interpreted in terms
of constraints on the parameters of the minimal Supergramtidel. At the95 % confi-
dence level squarks of all flavours with masses upitoGeV are excluded in a large part
of the parameter space for a Yukawa coupling of electromagstength. For a coupling
strength 100 times smaller, masses up20 GeV can be ruled out.

To be submitted t&ur. Phys. J. C.
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1 Introduction

Theep collider HERA is ideally suited to search for new particlesipling to electroh-quark
pairs. In supersymmetric models (SUSY) withparity violation (Z,), squarks can couple to
electrons and quarks via Yukawa couplingsAt HERA, squarks could be produced resonantly
via the fusion of the incoming@7.6 GeV electron and a quark from the incomifg0 GeV
proton. Squark masses up to the electron-proton centreast energy,/s = 319 GeV, are
kinematically accessible.

This paper describes a search for squarks of all flavourgudindata corresponding to
an integrated luminosity af4.3 pb~! for e*p collisions andi 3.5 pb™! for e~ p collisions. The
search is carried out in the framework of the Minimal Supemsetric Standard Model (MSSM)
in the presence of a non-vanishikg The analysis covers the major event topologies from di-
rect and indirect?, squark decays such that the results can be interpretednis tefra wide
range of SUSY parameters. The search presented here sigetbe results previously ob-
tained by H1 [1, 2] at a lower centre-of-mass energis (=~ 300 GeV) and with fewer data.
Complementary searches fif, SUSY have been carried out at the LEPe~ collider [3, 4]
and at the TeVatropp collider [5, 6].

2 Phenomenology

In the most general supersymmetric theory that is renosalalie and gauge invariant with re-
spect to the Standard Model (SM) gauge group, fhRparity B, = (—1)38+1+25 where B
denotes the baryon numbérthe lepton number anél the spin of a particle, is not conserved.
Couplings between two ordinary fermions and a squajlof a slepton {) are then allowed.
The i, Yukawa couplings responsible for squark production at HERAdescribed in the su-
perpotential by the term)\s;jkLinﬁk, wheres, 7 andk are family indices.L;, ); and D;, are
superfields, which contain the left-handed leptons, thteHahded quarks and the right-handed
down quark, respectively, together with their SUSY parsri'grc]i andd%,. The corresponding
part of the Lagrangian expanded in fields is given by

L1085, = ik —e&puydyy, — ey dfy — (en) uldly
o d) db 4 vpd) d 4 (03)°d).d5 | + c.c, (1)

where the superscriptdenotes the charge conjugate of a spinor-atite complex conjugate of
a scalar field. Non-vanishing coupling$;, allow the resonant production of squarks at HERA
througheq fusion [7]. The values of the couplings are not fixed by thetiieFor simplicity, it

is assumed here that one of tig;, dominates over all other possible trilinear couplings.

For the nine possible coupling$;,, the corresponding squark production processes jin
reactions are listed in table 1. At high Bjorkerthe density of antiquarks in the proton is
smaller than that of quarks. Thusp scattering gives the best sensitivity to the couplings

1n the following the termelectronwill be used to refer to both electron and positron unlessieixy stated
otherwise.
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111\ e +u—dr | e +d—ar | et +d— g e+—|—ﬂ—>§R
112 | e +u—3p | e +5—ar || et +s5s = ar | et +u — 3p
113 || e  +u—bp | e +b—ay | et +b—ay e+—|—ﬂ—>ZR
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Table 1: Squark production processes:ip collisions for different Yukawa couplings, ;. .
The ¢r andg;, symbols denote the squarks which are superpartners offhie and left-handed
quarks, respectively. Their antimatter counterparts eroted byj, andg; .

X, (k = 1,2,3), where mainlydg-type squarksi(e. the superpartneréz, i andbg of
right-handed quarks) can be produced. The dominant squadugption cross section i p
collisions is approximately proportional 83, - u(z) whereu(z) is the probability of finding
au quark in the proton with a momentum fractien= M?/s, M; being the squark mass.
In contrast,c*p scattering gives the best sensitivity to the couplings (; = 1,2,3), where
mainly @ -type squarksi(e. the superpartnerg;, ¢;, andiy, of right-handed quarks) can be
produced. Here the dominant squark production cross seist@pproximately proportional to
Xfﬂ -d(z). Since theu quark density in the proton is larger than theuark density at large
z, the squark production cross sectioreirp interactions is larger than that in thep case for
comparable couplings .

In this work the signal cross section is obtained in the mamadth approximation from the
leading order (LO) amplitudes given in [8], corrected by tiplicative factors [9] to account
for next-to-leading order QCD corrections. The parton dessare evaluated at the hard scale
M;. For cases, where the squark width is not negligible, theagui given in [10] is followed.

In £, SUSY all supersymmetric particles are unstable. Squarksleeay via their Yukawa

(b)

Figure 1: Lowest ordes-channel diagrams fdf, squark production via the Yukawa coupling
A'in (a) e~ p and (b)etp interactions, followed by¢, squark decays.
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Figure 2. Gauge decays of squarks. Example decays of theggmgereutralino, chargino or
gluino are shown in the dashed boxes for (a)thand (b) they .

coupling\’ into SM fermions. According to equation (1), tHg-type squarks can decay either
into e~ + w’/ or v, + d’, while thea,-type squarks decay inte" + d* only. The, squark
decays, proceeding directly via the couplingg, and )}, are illustrated in figure 1.

Squarks can also decay via their usfglconserving gauge couplings, as shown in figure 2.
The u.-type squarks can undergo a gauge decay into Stateslving a neutralinoy? (: =
1...4), a charginoy; (: = 1,2) or a gluinog. In contrast,dp-type squarks decay tg? or
g only and decays into charginos are suppressed, since teesgapmetric partners of right-
handed quarks do not couple to winos.

The final state of these gauge decays depends on the subsggqugmo decay, of which
examples are shown in figure 2. Neutralindswith i > 1 as well as charginos (gluinos) are
expected to undergo gauge decays into a lightand two SM fermions (two quarks), through
a real or virtual gauge boson or sfermion (squark). The debayn ends with thé, decay of
one sparticle, usually the lightest supersymmetric plar(icSP), assumed here to be3 *
or g. I, decays of gauginos are mainly relevant for the lightesestatleutralinos may undergo
the I, decaysy’ — c¢*qq or \° — rqq, the former (latter) being more frequent if thé is
dominated by its photino (zino) component. Gluinos can uléhe samé?, decays. When
a x" or ag decays via a®, coupling into a charged lepton, both the “right” and the “ngd
charge lepton (with respect to the incident beam) are egjpedbable, the latter case leading to
striking, largely background-free signatures for leptoamiber violation. In contrast, the only
possiblel?, decays for charginos asg” — vu*d’ andy* — etd*d’.

The a7 (J%) decay chains analysed in this paper are classified by evpotagy, as de-
scribed in table 2. This classification relies on the numlbeharged leptons and/or hadronic
jets in the final state, and on the presence of missing momenitbe channels labelled and
vq are the squark decay modes which proceed directlyfyiaouplings, while the remaining
channels result from the gauge decays of the squark and araotérised by multijet (MJ) final
states. The channels labelletiM.J, e~ M.J andv M.J involve one or two SUSY fermionsy(
or §) denoted byX andY in table 2. The channel’ M.J andv/M.J necessarily involve two
SUSY fermions.

2The mass eigenstatg$ (X;t) are mixed states of the photino, the zino and the neutrgdmgs (the winos
and the charged higgsinos). Thés the SUSY partner of the gluon.
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Decay patterns involving more than two gauginos are kingalét suppressed and are
therefore not explicitly studied here. Processes leadirfgal states with tau leptons are also
not explicitly investigated. Cases where thehas such a long lifetime that large displaced
vertices are expected are not considered, since the refjjperameter space that allows(a
to escape detection for a finite value of thie coupling is very strongly constrained by the
searches for gauginos carried out at LEP [4]. Decays\oirdo states involving a Higgs boson
are taken into account when the Higgs decays into hadrons.cdhtribution of these decays
is, however, very small.

3 The H1 Detector

A detailed description of the H1 experiment can be found ij.[The main components of the
tracking system are the central drift and proportional dbars which cover the polar angle
range 28 < § < 155, a forward track detector {/< § < 25°) and a backward drift chamber.
The tracking system is surrounded by a finely segmenteddigrgon (LAr) calorimeter [12]
which covers the polar angle range4 6 < 154 and has an energy resolutionft)/ £ ~
12%/+/E/GeV & 1% for electrons and(F)/FE ~ 50%/+/E/GeV & 2% for hadrons, as
obtained in test beam measurements [13]. The tracking cheand the LAr are surrounded
by a superconducting solenoid and its iron yoke instrunteniiéh streamer tubes. The latter
are used to detect hadronic showers which extend beyond&hard to identify muons. The
luminosity is determined from the rate of Bethe-Heitler e¢e(cp — epy) measured in a
luminosity monitor.

4 Monte Carlo Event Generation

In order to estimate the amount of SM background in the vargguark decay channels and
to determine the signal detection efficiencies, completeikitions of the H1 detector response
are performed for various Monte Carlo (MC) samples.

For each possible SM background source, a sample of MC eigented, corresponding
to a luminosity of more than ten times that of the data. Thermenation of the contribution
of neutral current (NC) deep inelastic scattering (DIS)cesses is performed using two MC
programs which both include LO QCD matrix elements but empliéferent models of QCD
radiation. The first is produced with the DJANGO [14] evemgator, where QCD radiation
is implemented using ARIADNE [15], based on the Colour DgpModel (CDM) [16]. This
sample is chosen to estimate the NC DIS contribution incthehannel. The second sample
is generated with the program RAPGAP [17], where higher 0€€D radiation is modelled
using leading-log DGLAP parton showers [18]. This samplesed to determine the NC DIS
background in the final states with an electron and multigle, jas RAPGAP gives the better
description of this particular phase space domain [10]. deth samples, the parton densities
in the proton are taken from the CTEQS5L [19] parameterisatidadronisation is performed

3The polar anglé@ is measured with respect to the direction of the outgoinggoroeam ¢ z).



Channel Decay process Event topology
eq i 25 e g highpr e + 1 jet
vq a2 oy d missingpr + 1 jet

g — q X
fA—/> eiqu
etMJ | ¢ — ¢ X e(both_cha_rges)
_ + multiple jets
—  qq Y
fA—>eich
g — q X
fA—> vqq
g — q X
— q Y missin
U MJ qq X issingpr
< g + multiple jets
g — q X
— U Y
‘A—>VQQ
g — q X
— gl/g Y
fA—>eich
g — q X e
el MJ — (T(T Y + 0 (e or )
2y et g + multiple jets
g — q X
— eTem Y
‘A—>VQQ
g — q X
— gl/g Y
‘A—>1/ch
g — q X l(eorp)
vIMJ N 2% Y + missingpr
2y egq + multiple jets
g — q X
— utpm Y
‘A—>1/ch

Table 2: Squark decay channelsip SUSY classified by event topologyX andY denote a
neutralino, a chargino or a gluino. Tl process is indicated by .



in the Lund string fragmentation scheme using JETSET [20je modelling of the charged
current (CC) DIS process is performed using the DJANGO paaogrith CTEQSL parton den-
sities. The direct and resolved photoproductiop)(of light and heavy flavours, including
prompt photon production, is generated using the PYTHIA f@tbgram, which relies on first
order matrix elements and uses leading-log parton showerstaing fragmentation. The SM
expectations foep — eW*X andep — ¢Z°X are calculated using EPVEC [22]. The LO
MC simulations used to model QCD multi-jet production givdyoapproximate descriptions
of the kinematic distributions. From the comparison of tigtributions of multi-jet events be-
tween the data and the LO MC simulations a normalisatiorofauit1.2 is derived [10] which
is applied to the yield of multi-jet events predicted by RA&Gand PYTHIA.

To allow a model independent interpretation of the resaltsquark decay processes given
in table 2 are simulated separately for a wide range of madfsbe SUSY particles involved.
The LEGO [23] event generator is used for the determinatfche signal detection efficien-
cies in theeq andvq channels, whereas for the gauge decays of squarks the SUS YZ3E
generator is used. The squark mass is varied ffoozeV to 290 GeV in steps of typically
25 GeV. For gauge decays of squarks involving a gaugino which dedagctly vialZ, (i.e.
processes corresponding to the first line of ¢#é/J andvM.J rows in table 2), the process
g — qx" is simulated fory{ masses ranging betwedf GeV and M;. In order to study the
cascade gauge decays which involve two gauginos, the meges— ¢y — ¢x\ff" and
q— qX2 — qx}f f' are simulated fox; andy masses ranging betweet GeV and M, and
for v masses betweet) GeV and M, + 0r Mo . The masses of the's are varied in steps of
typically 10 GeV. The lower mass values for squarks ayis are motivated by the exclusion
domains resulting fron¥, SUSY searches at LEP [3,4]. The simulations allow the datexm
tion of signal detection efficiencies as a function of the seaf the SUSY particles involved,
since the mass intervals are sufficiently small for line&npolations to be used.

5 Searches for SUSY Signals

5.1 Basic event selection

The recording of the events used in this analysis is trighjesing the LAr system [12], with
an efficiency close t@00 %. Background events not relateddp collisions are suppressed by
requiring that a primary interaction vertex be reconsedatithin +35 cm in = of the nominal
vertex position and by using topological filters againstneiesand proton-beam related back-
ground. The event time as determined by the central driftndd®as 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 contair@pgons, high transverse momen-
tum jets or missing transverse energy. @lectron is identified as an isolated and compact
electromagnetic cluster of energy greater thafieV in the LAr. For electrons in the central
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detector region3j0° < 6. < 145°) a charged track pointing to the electromagnetic cluster is
required. Amuon candidate is identified as a track measured in the centrakrasard tracking
system, which matches geometrically with a track in therumsented iron, a track in the for-
ward muon detector or an energy deposit in the LAr calorimestenpatible with that expected
from a minimum ionising particledadronic jets are reconstructed from energy deposits in the
calorimeter using a cone algorithm in the laboratory franii & radius,/An? + A¢? = 1,
wheren = — lntang is the pseudorapidity and denotes the azimuthal angle. Thmssing
transverse momentumpr miss IS obtained by the summation of all the energy deposits in the
calorimeter.

For further selection the following Lorentz invariants argortant:

E.(1— cosb.) 2 Pl Q?
) = — e — 6; Me — Ve .
2K° @ 1 -y . YeS ves

yezl_

They are determined using the measurement of the polar éndlee energyr. and the trans-
verse momentumy,. of the electron with the highesgt found in the event.E® denotes the
energy of the incident electron. Similar quantities can &lewdated using the Jacquet-Blondel
method [25]:

> (E—po),

pzTh Q%
_ . 2o PTh _ Yh. _ :
Yn = YT Qh_l_yha Th= S My = s ;

wherepr , and) (E —p. ), are calculated from the hadronic energy deposits in theicadber.

5.3 Systematic uncertainties

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

e The uncertainty on the electromagnetic energy scale ofdtegimeter varies from.7 %
to 3 % depending on the calorimeter region [26].
e The uncertainty on the hadronic energy scat2%s

e The uncertainty on the integrated luminosityt i§ %.

¢ An uncertainty of+7 % on the DIS expectation arises from the parton densitiesef th
proton at highe.

¢ An uncertainty of+10 % on the predicted cross section for multi-jet final statessis e
mated by comparing the LO MC simulations where higher ordéDQadiation is mod-
elled by either the CDM or DGLAP parton showers.

Furthermore, the following uncertainties related to thalgiling of the SUSY signal are taken
into account.
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e The theoretical uncertainty on the signal cross sectioestauincertainties in the parton
densities varies from % for e~u — d5, at low squark masses up 30 % for etd — a7}
at high masses.

e Choosing eithef)? or the square of the transverse momentum of the final statenlép
squark decays (proceeding directly via the couphlifignstead of}/? as the hard scale at
which the parton distributions are determined yields aretiainty of+7 % on the signal
cross section.

¢ An uncertainty ofl0 % is attributed to the signal detection efficiencies, resgltinainly
from the interpolation between the simulated mass values.

5.4 R-parity violating squark decays
5.4.1 Selection channetq

The final state with an electron and a jet of high transverseemium, resulting from squarks
decaying in the channel;, corresponds exactly to the NC DIS signature at higiHowever,
the M. andy. distributions of the two processes differ. Squark decawgsiyilead to a res-
onance in theVl, distribution which is measured with a resolution of betw8esand 6 GeV
depending on the squark mass. Squarks produced in-thannel decay isotropically in their
rest frame, leading to a flatr /dy distribution. In contrast, the distribution for NC DIS vesi
approximately ago /dy oc y~2.

The selection criteria for they channel are the following.

e The total transverse momentum of the events must be balapggd. < 15 GeV.

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

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

e To improve the sensitivity, the differences in the andy. distributions of the SUSY sig-
nal and the DIS background are exploited by applying a layvesut which depends on
the mass of the squark under consideration. ¢theut is optimised by minimising the ex-
pected limit. It ranges from 0.5 for masses aroufi@lGeV to 0.2 around®90 GeV [10].

e The selection is restricted to the kinematic rargfe > 2500 GeV? andy. < 0.9. Ex-
cluding the highesy. values avoids the region where migration effects due tairstate
QED radiation are largest. Furthermore, background fromiggroduction events, in
which hadrons are misidentified as electrons, is suppressed

e To ensure that the various selections are excldsiatt events accepted in one of the
selection channels with an electron and several jets (sebtb) are not accepted in the
eq channel. About 10 % of the candidate events are removed femytchannel by this
requirement.
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Figure 3: Mass spectra for the selection channel in (a)" p and (b)e~ p collisions. The shaded
error band indicates the uncertainty on the SM backgroure. signal expected for a squark
of mass150 GeV is shown with arbitrary normalisation (dashed histograf&yents with an
electron and multiple jets are not included in the spectra.

The M., spectra for the data and the SM background simulation difiteselection are shown
in figure 3 fore™p and e p collisions. No significant deviation from the SM expectatis
found for either data sample. Table 3 gives the total numbesglected events and the SM
expectation. In the™p data set32 candidate events are found, which is to be compared with
628 + 46 expected from SM processes. In ey data sample204 events are observed while
the SM expectation i$92 + 14.

5.4.2 Selection channealq

Squarks undergoing a direfs, decay intorq lead to CC DIS-like events with high missing
transverse momentum. The events are expected to clustes ivi;t distribution with a resolu-
tion of 10 to 20 GeV, depending on the squark mass.

The selection criteria for theq channel are the following:

e The missing transverse momentum must be greaterihéiaV.
¢ No electron or muon must be found withh > 5 GeV.

e The events must lie in the kinematic ran@g > 2500 GeV* andy;, < 0.9. The resolu-
tions in bothM, andQ; degrades with increasing since bothy M), /M, and§Q? / Q7
behave as/(1 — y;,) for y, ~ 1. Hence the higly, range is excluded.

e To ensure exclusivity with respect to théd/.J channel (section 5.6), events with two or
more jets withprjec > 15 GeV are rejected. This removes abdut % of the candidate
events.

4This is necessary for the limit calculations (section 6).
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Figure 4: Mass spectrum for the selection channel ia~p collisions. The shaded error band
indicates the uncertainty on the SM background. The sigra¢aed for a squark of mass
150 GeV is shown with arbitrary normalisation (dashed histogramyents accepted in the
selection channelM .J are not included in the spectra.

Only dp-type squarks, which are produced mainlyirp collisions, can undergo a decay into
the vq final state. TheM,, spectrum of this data set and the SM background are shown in
figure 4. No significant deviation from the SM expectationogrid.261 events are observed in
the data and69 + 21 are expected according to the SM.

5.5 Squark gauge decays leading te + jets + X final states

For the channelstM.J, e-M.J, eeM.J, euM.J andveM.J a common preselection is carried
out:

¢ At least one electron must be found with, > 6 GeV in the angular rangg® < 0. <
110°. For central electron®( > 30°) the charged track, measured in the central tracking
system, must geometrically and kinematically match thetedenagnetic cluster. To dis-
criminate against fake-electron background from photdpction, electron candidates in
the forward regiond. < 30°) have to fulfill harsher isolation criteria and thé( £ — p.)
of the event must be greater thaihGeV. The latter cut causes only a small efficiency
loss for all channels discussed here.

e Atleast two jets must be found withrj.c > 15 GeV in the ranger® < 0., < 145°.

e For all final state topologies considered here, the squar&ydproducts are mainly emit-
ted in the forward direction. This is exploited by requiriigt:
— Q2 > 1000 GeV?2.

— At least one of the polar angles of the highgstelectron and the two highest
jets is less than0°.

— Of the two jets with highespr, that with the larger polar anglg,.... satisfies
Obackw < 180° - (y. — 0.3). This cut efficiently separates the SUSY signal events
from the NC DIS background [10].
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Figure 5: Mass spectra for (a) thg M .J selection channel ia*p collisions and (b) the= M .J
selection channel im~p collisions. The shaded error band indicates the unceytaintthe
SM background. The signal expected for a squark of méagsseV is shown with arbitrary
normalisation (dashed histogram).

After this preselection, 91 (22) events are found indhg (¢~ p) data sample whil&9.3 + 3.7
(22.6 £0.7) is the SM expectation. Further cuts are applied for eackchainnel.

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

For the channels* M .J ande~ M .J no neutrinos are involved in the final state. Therefore the
missing momentum is restricted accordin@gfQuiss < 15 GeV andd0 < > (E—p.) < 70 GeV.

To ensure that the selection is exclusive with respect tedhé/ andeu M J channels, events
with a second electron withy . > 5 GeV and5® < 6. < 110°, or a muon withpr , > 5 GeV
andl10° < 6, < 110°, are rejected.

Events are accepted in the channel having the “wrong” chigen,i.e. different from
the incident beam, if the electron/positron is found in thgwdar range). > 30° (where the
charge measurement is made with the central tracking systedthe charge is measured to be
opposite to that of the incident lepton, with a significanoeager than two standard deviations.
No candidates are found in the data and the SM expectatidmsrchannel is very low (see
table 3).

In the “right” charge lepton channelg. the same charge as the lepton beam, events are
accepted if they contain either a central electrinx 30°) with a charge measurement of the
“right” sign or an electron found in the forward regiof (< 30°). In the latter case no charge
requirement is made. For the selected events, an invagaiairls massV/;,,, is calculated as:
My = \/AE? (X", E; — E9), where the sum runs over the electrons and the jets founein th
event withpy > 5 GeV. This method yields a good reconstruction of the squark matssa
typical resolution o’ to 10 GeV. The M,,,, distributions for the data and the SM expectation are
shown for the “right” charge M J channel in figure 5 foe™p ande™p collisions. No significant
deviation from the SM is observed at any mass value. In t@&#P0) events are selected in the
etp (e~ p) data set with67.5 & 9.5 (17.9 £ 2.4) predicted from SM background processes.

14



L T T 1 1T T 1L 9F 1 1 T T T3
S “IvMJchannel . epdata |5 gfVMJchannel . epdata -
> MCDIS+yp 1 3 7 MCDIS+yp
---- 150 GeV squark] 6 E ---- 150 GeV squark]

(arb. norm.) A 5 3 (arb.norm) ]

E 4 b —e— E

H1] 3| A Hlé

E 2 F R e

» @4 1 —+—_+_ ', \:% (b) ]

T W 1 =t bt ey ] L]

200 250 300 50 100 150 200 250 300

M. .. (GeV) M. .. (GeV)

Figure 6: Mass spectra for thel/.J selection channel in (&)tp and (b)e™p collisions. The
shaded error band indicates the uncertainty on the SM bacgkgr The signal expected for a
squark of mas$50 GeV is shown with arbitrary normalisation (dashed histogram).

5.5.2 Channels with an additional lepton

The further selection for the channelsM J andep M J requires either an additional electron
with the same criteria as described in the common presefeatr an additional muon with
pr.. > 5GeV in the polar angle rang)°® < 6, < 110°. To ensure exclusivity, events are ac-
cepted in one selection channet §/.J or e M J) only®. In these channels the SM background
(mainly NC DIS) is very low (see table 3). No candidate evéoi®itheree M .J orep M J are
found in either data set, which is compatible with the SM exaion.

For the channeleM.J, candidate events, possibly containing a neutrino, aectal by
requiringpr.miss > 15 GeV. A cut of y.(y. — y,) > 0.04 exploits the fact that for the SUSY
signal the escaping neutrino carries a non-negligiblegfa¥t (~ — p.) and hence the variable
v, 1S substantially smaller thap., while y. ~ y, is expected for NC DIS events. Events
previously accepted in theeM J or e M J channels are rejected. No events are found in this
channel. This is compatible with the SM expectation (maiiy DIS) as detailed in table 3.

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

The selection of’ M J andvp M .J candidates starts with the requirement that:

e The missing transverse momentum satisfigsi.. > 26 GeV.

o At least two jets withpr . > 15 GeV are reconstructed in the angular rarge< ;; <
145°.

o No electronis found in the event.

°Events with a muon wityp , > 5GeV and10° < 6, < 110° are not accepted in the:M.J channel.
Similarly, events with an additional electron in the range< 6. < 110° are not accepted in thg M J channel.
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e*tp collisions e~ p collisions
Channel Data SM expectation| Data SM expectation| Efficiency
eq 632 628+ 46 204 192+ 14 30 — 50 %
vq — — 261 269+ 21 40 — 60 %
eM J (“right” charge) 72 67.5£9.5 20 17.9+ 2.4 15 —50%
eM J (“wrong” charge) 0 0.20+0.14 0 0.06+ 0.02 10 —30%
eeMJ 0 0.91+0.51 0 0.13+£0.03 15 —45%
euMJ 0 0.91+0.38 0 0.20+£0.04 15 —-35%
veMJ 0 0.74+ 0.26 0 0.21+0.07 15 —40%
vMJ 30 24.3+ 3.6 12 10.1+ 1.4 10 — 60 %
vpuMJ 0 0.61+0.12 0 0.16+0.03 15 —50%

Table 3: Total numbers of selected events, SM expectatiotisamnges of selection efficiencies
of the squark decay channels consideredtimand ine~p collisions. Thei-type squarksd"p
collisions) cannot decay tay.

If no muon is found, the event is identified as'&/J candidate. Assuming that the missing
energy of a candidate event is carried by one neutrino otgykinematics are reconstructed
by exploiting energy-momentum conservation. The fourtaeof thisv is then added to that
of the hadronic final state to reconstruct the invariant nidss of the incoming electron and
qguark. The mass resolution of this method is ablduteV. The M,.. spectra of the data and
the expected SM background are shown in figure 6. Incthe(e~p) data set 30 (12)yM.J
candidate events are selected while3 + 3.6 (10.1 & 1.4) are expected from SM background
(mainly CC DIS).

If in addition to the above requirements a muon wit), > 5 GeV in the range 0° < 0, <
110° is found, the events are identifiedgsM J candidates. No candidate events are found in
either data set. This is compatible with the SM expectatmadominantly CC DIS), which is
shown in table 3.

6 Exclusion Limits

The total numbers of selected and expected events are susechar table 3 for all final state
topologies considered in this analysis. It is assured byckiwéce of the selection cuts for the
different channels that the selection of all topologiesuityfexclusive. No significant devia-
tion from the SM expectation is found in any channel. Thed#&la channels are combined,
separately for the*p ande™p data sets, to derive constraints BnSUSY models.

6.1 Method of limit derivation

For a given set of parameters in a certain supersymmetriemite full supersymmetric mass
spectrum and the branching ratios of all squark decay modesadculated using the SUSY-
GEN package. An upper limi¥;,, on the number of events coming from squark production is
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calculated at a confidence level (CL) @f % using a modified frequentist approach based on
Likelihood Ratios [27]. The following quantities enter @it calculation.

e The numbers of events observed in the data for all selechanrels. For the channels
where the SM background is considerahble, (¢, e M J with “right” lepton charge and
vM.J) the event numbers are integrated within a mass bin arowndghark mass under
consideration. For each decay channel the width of the masis loptimised,i.e. the
expected limit is minimised, using the reconstructed massiloutions from the SUSY
signal and SM background simulations. For the chanaéfs/ with “wrong” lepton
chargeeeMJ, euM J, veM J andvpMJ, N0 mass restriction is imposed, since the SM
backgrounds are small.

e The event numbers expected from SM background processdbeindystematic uncer-
tainties.

e The signal detection efficiencies (see table 3) and theienainties for all squark decay
processes in all selection channels, obtained using tlelesé¢d spectrum of sparticle
masses.

e The calculated branching ratios of all squark decay modes.

A bound on the squark production cross sectigy is then obtained fromvy,,,,. Sets of model
parameters that lead to signal cross sections abgy&an be excluded.

The case of non-vanishing Yukawa couplings, or A}, which correspond to the resonant
production of stop and sbottom squarks, is treated sepasatee the top and bottom quark
masses cannot be neglected in the calculation of couplimg®&nching ratios. Furthermore,
a top quark could be produced in gauge decays. The top quesysleiaz — bWV, leading to
decay products different from those of the first two generatifor which the efficiencies are
determined. Diagrams which lead to a top in the final staterare not taken into account in
the calculation of the branching ratios. This representsrservative approach, since most of
the top decays are implicitly covered in the selection cleésxand would be visible in the mass
distributions and the total event numbers.

6.2 Limitsin the “phenomenological” MSSM

A version of the MSSM is considered here where the massesoafdhtralinos, charginos and
gluinos, as well as the couplings between any two SUSY pestiand a SM fermion/boson,
are determined by the usual parameters. These are the “teass/:, which mixes the Higgs
superfields, the SUSY soft-breaking mass parametarsi, and M; for U(1), SU(2) and
SU(3) gauginos, respectively, and the ratim 5 of the vacuum expectation values of the two
neutral scalar Higgs fields. The parameters are defined aiebgoweak scale. The gaugino
mass terms are assumed to unify at a Grand Unification (GUAIg $6 a common value: /,
leading to the usual relations [28] betwekh, M, and M;. The gluino mass is approximated
by the value of}M; at the electroweak scale. The sfermion masses are free gsnn this
model. Possible mixing between sfermions is neglected #drmehaarks are assumed to be
degenerate in mass. The possibility of a photino-jKes first discussed, before turning to a
complete scan of the SUSY parameter space.
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Figure 7: (a, b) Exclusion limits at th& % CL on (a)\};, with j = 1,2 and (b))}, with

k = 1,2. (c —f) Branching ratios to the decay channels considerdgemanalysis fon’ values

at the exclusion limits shown in (a) and (b). The results hosw for MSSM parameters leading
to a ! dominated by its photino component when slepton and squasses are assumed to be
degenerate (c, d) and for a slepton mass$idfeV (e, f).
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6.2.1 Exclusion limits for a photino-like x?

For an example set of the MSSM parameters<{ —200 GeV, My = 80GeV, tan 8 = 2)
leading to ax{ dominated by its photino component, exclusion limits at #%% CL on
X1 (5 = 1,2) and A, (k = 1,2) are shown in figures 7 (a, b) as a function of the squark
mass. The full curves represent cases in which sleptonsaradis are assumed to be degener-
ate in mass. The dashed curves indicate the limits for stepi@ssed/; fixed at90 GeV, close

to the lowest mass bound froff) sfermion searches at LEP [3]. The HERA sensitivity allows
tests offf, Yukawa couplings’ down to around 0~2 for squark masses af)0 GeV. For a high

squark mass the sensitivity degrades since the produati®s section decreases. At a squark

mass 0290 GeV, A}, (A};;) values larger than 0.6 (0.3) are ruled out.

The branching ratios to all channels calculated fof galue exactly at the exclusion limit
are illustrated in figures 7 (c — f). The total branching fractcovered exceeds % for all
points in the MSSM parameter space and is generally close@&4dl At large squark masses,
a large Yukawa coupling’ is necessary to allow visible squark production. As a rethdt
decay channelsy andrq proceeding directly via’ become important. For smaller masses, the
dominant channels in the case of a photino-lKeare those with an* and several jets in the
final state.

For uz-type squarks Xj;; # 0) the relative contributions of the gauge decay channels
strongly depend on the slepton mass. In the case of a ligbtosig}/; = 90 GeV), the de-
cays of ay] into a lepton-slepton pair are kinematically allowed. Thascade gauge decays
of u;-type squarks are possible, leading to enhanced conwitmitiom the channels M J and
vIMJ. In contrast, the cascade gauge decays; efype squarks are kinematically suppressed
for M; = M;. The dependence of thg, limit on the slepton mass is rather small since the

sensitivities of all selection channels are similar. In¢hse oflz-type squarksX,,, # 0), the
relative contributions of the decay channels and the rieguiimit on )7, are almost indepen-
dent of the slepton mass, since gauge decays sfjuarks via charginos are suppressed.

The branching ratios to the various decay channels depetifted®dUSY parameters. Thus,
for parameter values different from those discussed almbfferent decay channels are domi-
nant. For instance, for a zino-likg' the dominant channels at lower squark masses are those
with a and several jets in the final state [10]. Cascade decaygs sfluarks are also possible
for some parameter configurations via gauge decays inghautralinos or gluinos.

6.2.2 Scan of the parameter space

In order to investigate the dependence of the sensitivitthenMSSM parameters, a scan of
M, andy is performed fottan 5 = 6. Again, sleptons are assumed to be degenerate and their
mass is set to a fixed value 86 GeV. Other values forM; andtan 3 lead to very similar
results. The parameterd, and . are varied in the range) GeV < M, < 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 theilwalue forM,, are mo-
tivated by the exclusion domains resulting fronmsearches inf, SUSY at LEP [4]. Upper
bounds on the couplings,;; and\},, are obtained for each point in tiig, ;) plane. The
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Figure 8: Exclusion limits45 % CL) on A}, for (a); = 1,2 and (b); = 3 as a function of
the squark mass from a scan of the MSSM parameter space aatedlin the figures. The
two full curves indicate the strongest and the weakest dioit)\’ in the parameter space in-
vestigated. Indirect limits from neutrinoless double lokaay experimentsi(30) and atomic
parity violation (APV) are also shown.

results are shown fox; ;, in figure 8 and for\},, in figure 9. For each plot, the two full curves
indicate the strongest and weakest limits obtained\fan the parameter space investigated.
As can be seen from the narrowness of the region that is eadlundonly part of the parameter
space, the limits on both);, and\},, are widely independent of the SUSY parameters. For a
Yukawa coupling of electromagnetic strengtl, X\, = 4maem = 0.3 (A, = 0.3), ur, ¢
andi;, (dg, $r andby) squarks with masses below 275 GeV (280 GeV) are excluded at the
95% CL. For a coupling strength smaller by a factor of 100, maage® ~ 220 GeV are ruled
out.

In figures 8 and 9 the results for the direct production of skgiare compared with indirect
limits from virtual squark exchange in low energy experinsd@9]. The production of. andd
squarks via &/, coupling is tightly constrained by the non-observationeiitninoless double
beta decay/{30v) [30]. The best indirect limit on the couplingg,, and \|;; comes from
atomic parity violation (APV) measurements [29, 31]. Thethedirect limit on the couplings
A, and X}, results from tests of charged current universality (CC2)[3he HERA results
improve the limits on\’ for squarks of the second and third familye( A},,, Aja1, Alie, Alia)
for masses up te- 255 GeV.
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Figure 9: Exclusion limitsq5 % CL) on X}, for (a) ¥ = 1,2 and (b)k = 3 as a function
of the squark mass from a scan of the MSSM parameter spacetwbhill curves indicate
the strongest and the weakest limitson Indirect limits from neutrinoless double beta decay
experiments{30v) and tests of charged current universality (CCU) are alsavah

6.3 Limits in the minimal Supergravity model

In this section the minimal Supergravity (InNSUGRA) model][8Xonsidered, where the num-
ber of free parameters is reduced by assuming, in additidhedSUT relation between/,

M, and M3 mentioned previously, a universal mass parametgifor all scalar fields at the
GUT scale. By requiring in addition Radiative Electroweaknetry Breaking (REWSB) the
model is completely determined by, m,/,, tan 3, the sign ofu and the common trilinear
coupling at the GUT scald,. The modulus of: is related to the other model parameters. The
program SUSPECT 2.1 [34] is used to obtain the REWSB solditiofy:| and calculate the full
supersymmetric mass spectrum.

Assuming a fixed value for th#, couplings)};, and\},;, constraints on the mSUGRA
parameters can be set, for example(on, m,/,), whentan 3, Ay, and the sign of: are fixed.
Ao enters only marginally in the interpretation of physicsuttsat the electroweak scale and
it is set to zero. The efficiencies for the detection of allgmudecays of squarks involving a
gaugino lighter than0 GeV are set to zero since the parameterisation of the efficisigieot
valid in this domain. The corresponding parameter spackaady excluded by searches in
R, SUSY at LEP [4].
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Figure 10: Excluded region83% CL) in mSUGRA withX;, = 0.3 for (a) tan 3 = 2 and (b)

tan 8 = 6. The region marked “not allowed” corresponds to values efghrameters where
no REWSB solution is possible or where the LSP is a sfermidre dashed lines indicate the
curves of constant squark,(, #;) mass. The limits from LEP and the TeVatron are given by the
dotted lines.

6.3.1 Results for the first and second families

For 1« < 0, the exclusion limits at the5 % CL obtained for a Yukawa coupling;;, = 0.3

(7 = 1,2) inthe(mo, m1/2) plane are shown by the hatched histograms in figure 10 fomtbe t
example values (aan = 2 and (b)tan 3 = 6. The corresponding results faf,, = 0.3
(k = 1,2) are shown in figure 11. The domains marked “not allowed” espond to parameter
values where no REWSB solution is possible or where the L@Rsfsrmion.

The constraints ofyng, m4 ;) are very similar for both values ofin 5 and bothiZ, coupling
types,\};; andAy,,, since the mixing of the squark states is very smalfjfer 1,2 andk = 1, 2.
The excluded regions approximately follow curves of comsgguark mass. Fox;;, = 0.3,
the parameter space defined b < 275 GeV is nearly fully excluded. Fon,, = 0.3, the
squark mass limit is slightly higheif; < 285 GeV, because of the higher squark production
cross section im~p collisions for equal couplings.

The results of the searches i#y SUSY by the DO experiment [6] at the TeVatron, which
exploit di-electron events, are also shown in figures 10 d@ndFbrtan 5 = 2, the H1 limits
are more stringent only for low values of,, whereas fotan 5 = 6 the domain excluded by
H1 extends considerably beyond the region ruled out by theXp@riment. Foran 5 = 2,
the parameter space is more strongly constrained by thelsesafory’s and sleptons at the L3
experiment [4] at LEP, as shown in figures 10 and 11. This i®tiietan S value considered
in [4]. Results for higher values are expected to be similére LEP and TeVatron limits are
independent of the Yukawa coupling.
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6.3.2 Results on stop and sbottom production

A non-vanishing coupling;; would lead to the production of a stop squark. The weak stop
eigenstates; andiy mix through an anglé; to form the mass eigenstatés = cos0;{; +
sin0; {r and{, = —sin ;11, + cos 0; 1, whose production cross sections scale\ s cos? 6;

and A%, sin? 0;, respectively. Thus the lighter state does not necessarily have the largest
production cross section. Similarly, for a non-vanishixg,, sbottom production could be
possible. The weak sbottom sta@sandbR mix to form the mass elgenstatﬁs_ cos 0; by, +

sin §; b and by = — sin §; by + cos §; br and the production cross section far (b,) scales

as )\113 sin? 0; (A5 cos? ; ). The treatment of stop production is described in the falhaw
Shottom mixing is treated in the same way.

For the selection channels where the signal is integrated v whole mass range, the
fraction of the visible signal in a given selection chanhels >°,_, ,(e8)x,:0:/0wt, Where
(¢8)1. is the total visible branching rafiof the selection channél for the state/;, o; is the
production cross section 6fando.. = o +0; is the total signal cross section. For the channels
in which the signal is integrated over a mass bin only therdmmtion of the state; for which
the sensitivity is maximali.e. for which (>, (8¢)x,) is maximal, is taken into account in
the above summation. The numbers of observed and expectatsare then integrated in the
mass bin corresponding tponly.

Using this procedure for both the stop and the sbottom caskjson limits are derived for
Ag = 0andy < 0 fortan f = 2 andtan 5 = 6. The excluded regions in then,, m;/,) plane
for \j5; = 0.3 and)\{,;; = 0.3 are shown in figures 10 and 11, respectively. The domain below
the linem,,, ~ 10 GeV is not considered since it corresponds to cases where thgossible
LSP decay, intabd, is kinematically forbidden.

In the case of stop production fean 8 = 2, shown in figure 10 (a), the excluded domain is
slightly larger than that ruled out previously 8., = 0.3 ( = 1,2) due to the mixing in the
stop sector which leads tpmasses smaller than the masses of the other squarks. Centiggu
larger values ofn; ,, andm, can be probed. As shown in figure 10 (b) this remains the case
for tan 3 = 6 as long asn;, is large enough to ensure that the mass of the lightest tieatra
is above30 GeV. When they? becomes too light, the detection efficiencies for the chinne
involving a ! (in particular the procesg! — \Y) are set to zero and the sensitivity is only
through thecq channel or the decays— by followed by af¢, decay of the chargino. For
even smallenn, ,, if the X7 mass is belows0 GeV, only the eq channel contributes. For
tan 5 = 2 (tan § = 6), t; masses up ta65 GeV (270 GeV) can be excluded fok},, = 0.3.
These masses are smaller than the maximal sensitivity eddon the same coupling value for

= 1,2 because of theos? §; reduction of thel; cross section. Foran 3 = 2, the limits
obtained from this analysis are comparable to the LEP $eihsin y and slepton searches at
intermediate values of,. In the same part of the parameter space, the H1 limits fdrdnig
values oftan 5 extend considerably beyond the LEP sensitivity which iseexgd to be similar
to that fortan g = 2.

The total visible branching ratit3), of a selection channé is given by(z3), = > €k,iBj, whereg; is

the branching ratio of the squark decay mgdends;, ; is the corresponding efficiency in the selection charnel
The sum runs over all decay modgesonsidered in the selection channel.
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Figure 11: Excluded region8% % CL) in mSUGRA with\},, = 0.3 for (a) tan 5 = 2 and (b)
tan 8 = 6. The region marked “not allowed” corresponds to values efghrameters where
no REWSB solution is possible or where the LSP is a sfermidre dashed lines indicate the
curves of constant squark mass. The limits from LEP and tMatfen are given by the dotted
lines.

In the case of sbottom production (figure 11) the limits areilsir to those obtained for
k = 1,2, since the mixing in the sbottom sector is small attthe/ values considered. Thus,
the mass difference betwegnandb, is small. The sensitivity follows curves of equaimasses
because the production cross section for this state is migbleththan fow, if the mixing angle
is small. The parameter space leadingtmasses less thax30 GeV is ruled out.

6.3.3 Dependence of the results otan 3

In order to extend the parameter space to larger valuesmof, a scan of this parameter is
carried out. The number of free parameters is reduced bingette masses:, andm; /, to a
common valueV/. The 95% CL limits onM are shown in figure 12 as a functiontafh 3 for
Al = 0.3. All squark flavours are considered. For the first two farsitiee exclusion curves
are rather flat since mixing effects are very small. Assunaiggal/?, couplings, a larger part
of the parameter space is excluded dand3 production than for: andé production because
of the higher squark production cross sectiomip collisions. For squarks of the third family,
mixing effects become important. Fain 5 2 10 the increase of the mixing anglg results
in an improvement of the sbhottom limit since it leads to a $endh mass, giving a higher
b, production cross section. The mixing effects are largeshénstop sector, leading to more
stringent limits onM . For very low values ofan /3, thecos? §; reduction of the; production
cross section is important. At valuestefi 7 2 37, the mixing of the two staur states leads to
decay chains involving lights which result in final states includingleptons. These channels
are not searched for explicitly. Thus, in this region of tlaegmeter space, the limit on stop
production becomes less restrictive.
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Figure 12: Exclusion limits forng = m,/, = M in mSUGRA as a function ofan 3. The
95 % CL exclusion limits for\};, = 0.3 are shown. The areas below the curves are excluded.
The region marked “not allowed” corresponds to values ofpgheameters where no REWSB
solution is possible or where the LSP is a sfermion.

7 Conclusion

A search for thd?, production of squarks ia*p ande™p collisions at HERA has been pre-
sented. No significant deviation from the SM is observed w @inthe final state topologies
resulting from direct or indireck,, violating squark decays. Mass dependent limits onithe
couplings)\;, are derived within a phenomenological version of the MSSkk &xistence of

i1z -type anddp-type squarks of all three generations with masses @pidieV and280 GeV,
respectively, is excluded at t®6% CL, for a Yukawa coupling equal t¢/4rc.n, in a large
part of the MSSM parameter space. These mass limits extersidayably beyond the reach of
other collider experiments. For lower squark masses, thdtemprove the indirect bounds set
by low-energy experiments. Exclusion limits are also d=tiin the more restricted mSUGRA
model, for which the limits obtained are competitive wittdasomplementary to those derived
at the LEP and TeVatron colliders.
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