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Abstract. A search for squarks of R-parity violating super-
symmetry is performed in ep collisions at HERA using H1
1994 e* data. Direct single production of squarks of each
generation by e*-quark fusion via a Yukawa coupling X’ is
considered. All possible R-parity violating decays and gauge
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decays of the squarks are taken into account. No significant
deviation from the Standard Model predictions is found in
the various multi-lepton and multi-jet final states studied and
exclusion limits are derived. At 95% confidence level, the
existence of first generation squarks is excluded for masses
up to 240 GeV for coupling values \' > /4w, The lim-
its obtained are shown to be only weakly dependent on the
free parameters of the Minimal Supersymmetric Standard
Model. Stop squarks are excluded for masses up to 138 GeV
for coupling A’ x cos 8, to e*d pairs > 0.1 X \/4T¢xeyr,, where
0; is the mass mixing angle.

Light stop squarks are furthermore searched for through
pair production in y-gluon fusion processes. No signal is
observed and exclusion limits are derived. Masses in the
range 9 to 24.4 GeV are excluded at 95% confidence level
for M x cosf; > 10~%.



1 Introduction

The search for squarks, the scalar supersymmetric (SUSY)
partners of the quarks, is especiaily promising at the ep
collider HERA if they possess a lepton number violating
Yukawa coupling A’ to lepton—quark pairs. Such squarks,
present in the R-parity violating (I{,) SUSY extension of
the Standard Model (SM), can be singly produced via the
coupling X' as s-channel resonances. Masses up to the kine-
matic limit of /s ~ 300 GeV are accessible by the fusion
of the 27.5 GeV initial state positron with a quark of the
820 GeV incoming proton. In the low mass range, pair pro-
duction via y-gluon fusion provides a complementary search
largely insensitive to the Yukawa coupling.

In this paper, squarks are searched through single pro-
duction via a &, coupling, considering both [, decays and all
possible decays via gauge couplings involving mixed states
of gauginos and higgsinos. A search for pair production of
light stops at low masses via - gluon fusion is also carred
out. The analysis uses the 1994 e*p data corresponding to an
integrated luminosity of %10 = 2.83 pb ~ ~! Earlier squark
searches at HERA were presented in [1].

2 Phenomenology

The general SUSY superpotential allows for gauge invari-
ant terms with Yukawa couplings between the scalar squarks
(q) or sleptons () and the known SM fermions. Such cou-
plings exist if one assumes the possibility of violating (mul-
tiplicatively) the conservation of E-parity which is imposed
in the Minimal Supersymmetric Standard Model (MSSM);

= (—=1)’B*L*2S where S denotes the spin, B the baryon
number and L the lepton number of the particles. Of par-
ticular interest for HERA are the 7, terms [, L;Q; Dy, of
the superpotential which allow for lepton number violating
processes. By convention the ijk indices correspond to the
generations of the superfields L;, ¢; and Dy containing re-
spectively the left-handed lepton doublet, quark doublet and
the right handed quark singlet. Expanded in terms of matter
fields, the interaction Lagrangian reads (2] :

o’ Y ~i .3 3k i =3 7k —i e, F Jh*
"gLinDk = A’L]k [—eLuLdR - eLuLdR - (GL) ULdR
+ihdl d% + vl Y + (pmggg*] +he.

where the superscripts ¢ denote the charge conjugate spinors
and the * the complex conjugate of scalar fields. For the
scalars the ‘R’ and ‘L’ indices distinguish independent fields
describing superpartners of right- and left-handed fermions.
Hence, with an e* in the initial state, the couplings Af;
allow for resonant production of squarks through positron-
quark fusion. The list of possible single production processes
is given in Table 1. In this paper, the squark search is carried
out with the simplifying assumptions that:

- only ore of the A}, dominates;

— squarks (§r and §) of the first and second generation
are quasi-degenerate in mass (the case of the stop squark
is considered separately);

— the lightest supersymmetric particle is the lightest neu-
tralino xY;
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Table 1. Squark production processes at HERA (e* beam) via a R-parity
violating A}, coupling

7
)‘IJ}C

111 et+a—dg

Production process

€++d—>ﬂL

112 et+@—-3p e +s5—ip
113 e"+a—bg- et +b—ap
121 e*+é—dp e'+d— @

122 e"+E—38g e +s5— &L

123 e*+c—bg e"+b— i
131 et+fi—odp et +d—ip
132 'e++f—»§_g et +s5— 1ty
133 e*+fby  et+b iy

~ gluinos are heavier than the squarks such that decays
g — q + § are kinematically forbidden.

The squarks decay either via their Yukawa coupling into
fermions, or via their gauge couplings into a quark and ei-
ther a neutralino x? (i = 1,4) or a chargino X; G =12).
The mass eigenstates X? and X; are mixed states of gaug-
inos and higgsinos and are in general unstable. In contrast
to the MSSM, this also holds in &, SUSY for the lightest
supersymmetric particle (LSP) which decays via A] jk INto a
quark, an antiquark and a lepton [2].

Typical diagrams for the production of first generation
squarks are shown in Fig. 1.

By gauge symmetry only the dg and iy are produced
via the A’ couplings. These have in general widely different
allowed or dominant decay modes.

In cases where both production and decay occur through
a A}, coupling (e.g. Fig. 1a and ¢ for Ay # 0), the squarks

behave as scalar leptoquarks [3, 4]. For A, # 0, the dg
resemble the SO leptoquark and decays in either e* + 4 or
v +d while the i resemble the S /2 and only decays into
e*d. Hence, the final state signatures consist of a lepton
and a jet and are, event-by-event, indistinguishable from the
SM neutral (NC) and charged current (CC) deep inelastic
scattering (DIS). The strategy is then to look for resonances
in DIS~like events at high mass, exploiting the characteristic
angular distribution of the decay products expected for a
scalar particle.

In cases where the squark decay occurs through gauge
couplings (e.g. Fig. 1b and d), one has to consider for the @y,
the processes @y, — ux(i’ or dX;f while for the dp only dp —
d_xg is allowed. This is because the SU(2); symmetry which
implies in the SM that the right handed fermions do not
couple to the W boson also forbids a coupling of dg to the
W. Hence, the dg can only weakly couple (in proportion to
the d quark mass) to the x} through its higgsino component.

The possible decay modes of the chargino, when it is the
lightest chargmo X7, are the gauge decays x| — Oty and
xt — xVqq’, and the R, decays xt — vud and x} — etdd.
The fate of the x? depends on its gaugino-higgsino compo-
sition. The question of how this x" nature depends on free
fundamental parameters of the MSSM, as well as the cor-
responding § branching fractions for various possible decay
channels will be discussed briefly in relation to our analysis
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Table 2. Squark decay channels inf; SUSY classified per distinguishable event topologies (first part). The
dominant component of the x([) for which a given decay chain is relevant is given in the second column.
The list of processes contributing to a given event topology is here representative but not exhaustive, e.g.
the gauge decays of the x7 involving a virtual W™ (Fig. 1b) may also proceed via a virtual sfermion

Channel x? Decay processes Signature
nature
St 3.2,H i X e g High Pr e* + 1 jet
P = A -
s2 / ZH dr — ve d Missing Pr + 1 jet
q — q X
. i — g9 X
" ‘)‘_L e+qlqll
5,20 @, -— d X .
s3 2 erad High Pr e*
7.2 i, — d + multiple jets
A/ =1 1
LR
%2 9 — q X,
i = e qq" High Pr e~
S4 .2 i — d X (i.e. wrong sign lepton)

+ multiple jets

in Sect. 5 and was studied in more detail in [5, 6]. In general,
the X9 will undergo the decay X — e*qqd’ or x¥ — vqq.
The former will be dominant if the X9 is photino-like (i.e.
dominated by photino components) in which case both the
“right” and the “wrong” sign lepton (compared to incident
beam) are equally probable leading to largely background
free striking signatures for lepton number violation. The lat-
ter will dominate if the x{ is zino-like. A higgsino-like xd
will most probably be long lived and escape detection since

Fig. 1. Lowest order s-channel diagrams for first generation
squark production at HERA followed by (a),(c) B, decays
and (b),(d) gauge decays. In (b) and (d), the emerging neu-
tralino or chargino might subsequently undergo &, decays
of which examples are shown in the doted boxes for (b) the
x| and (d) the x?

its coupling to fermion-sfermion pairs (e.g. Fig. 1d) is pro-
portional to the fermion mass [7]. Hence processes involving
a H-like x? will be affected by an imbalance in transverse
momenta.

Taking into account the dependence on the nature of the
x!, the possible decay chains of the @y and dp squarks
can be classified into eight distinguishable event topologies
listed in Tables 2 and 3 and labelled S1 to S8.
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Table 3. Squark decay channels inHp SUSY classified per distinguishable event topologies (second part).

As in Table 2, the list of processes given here is not exhaustive, e.g. the gauge decays x; — x

XT — x?q(i' may also proceed via a virtual sfermion

?l"u and

Channel X? Decay processes Signature
nature
. q - q Xl
’}’,Z FalN mjlq/
- 5 iy — d X
3.Z Wi
A = 7 F—
S5 ‘—*? Iég q M155mg Pr
L . . + multiple jets
5.2.8 4 — d Xj
2\ -
. —  vud
iy, — d XT .
[ W)‘(l
—qd
A ap — 4 Xxj ; *or ut
L0 High Pr e* or p
S6 —  WY] + missine P+ 1 iet
oy missing Pr + 1 je
57 &, — d x5 High Pr e*
7 - Wi + high Pr e* or pu*
(A_’) etqq” + missing Pr
% 7Y + multiple jets
3.2 i, — d )‘i Wi High Pr e* or p*
S8 )\} + missing Pr
iy uﬂ"q’ + multiple jets

For a squark decaying into a quark and the lightest neu-
tralino, the partial width can be written as

2

. 1‘/[;(,
_ 1
Fﬁ—*x‘,’q = 8~7F (A +B ) A/[(i 1 Ajg =
r r 2e%el ]W% :
170 = Tjmeq —7 |1~ 75
% M;

where A and B in the left expression are chiral couplings
depending on the mixing parameters. Detailed expressions
for such couplings can be found in [7]. Under the simplifying
assumption that the neutralino is a pure photino 7, this gauge
decay width reduces to the expression on the right. Here
we introduced the partial width 5 ..y = /\’ZJVIq/ 167 for
squarks undergoing K, decays. It is seen that, in general,
gauge decays contribute strongly at low X} masses and small
Yukawa couplings.

The case A{3, # 0 (or i3, # 0) is of special interest [8]
since it allows for direct production of the stop via e*d — £
(e*s = ). The stop is particular in the sense that a “light”
stop mass eigenstate (£;) could (depending upon the mass
parameters for the chiral states and on the free parameters
of the model) exist much lighter than the top quark itself
and lighter than other squarks. This applies only for the
stop since the off-diagonal terms which appear in the mass
matrix associated to the superpartners of chiral fermions are
proportional to the partner fermion mass. Such a stop
mass eigenstate is considered in this paper and its search is
furthermore extended towards low mass by considering pair
production via -y-gluon fusion as illustrated in Fig. 2.

For the study of this process, we assume that the ) is
lighter than the lightest chargino. Hence the #; will decay

Fig. 2. Stop pair production via y-gluon fusion at HERA, followed by 7,
decay of the £

dominantly into a positron and a quark since, by assumption,
the decays into ¢x? and by} are forbidden and the one-loop
decay into cx? is negligible even for small. values of the &,
coupling of the ¥, to a positron-quark pair [5].

3 The H1 detector

A detailed description of the HIl detector can be found
in [9]. Here we describe only the components relevant for
the present analysis in which the event final state involves
either an e* (or e™) with high transverse energy or a large
amount of hadronic transverse energy flow.

The e* (or €7) energy and angle are measured in a finely
segmented liquid argon (LAr) sampling calorimeter [10]
covering the polar angle' range 4° < # < 153° and all

! The incoming proton moves by definition in the forward (z > 0)
direction with @ = 0° polar angle
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azimuthal angles. It consists of a lead/argon electromag-
netic section followed by a stainless-steel/argon hadronic
section. Electromagnetic energies are measured with a res-
olution of o(E)/E =~ 12 %//E & 1% and hadronic ener-
gies with o(E)/FE ~ 50 %IE & 2% after software energy
weighting [11]. The absolute scales are known to 2% and 5%
for electromagnetic and hadronic energies respectively. The
angular resolution on the scattered electron measured from
the electromagnetic shower in the calorimeter is < 4 mrad.
A lead/scintillator electromagnetic backward calorimeter ex-
tends the coverage at larger angles (155° < 8 < 176°).

Located inside the calorimeters is the tracking system
used here to determine the interaction vertex and the charge
of the final state lepton. The main components of this sys-
tem are central drift and proportional chambers (25° < 6 <
155°), a forward track detector (7° < 8 < 25°) and back-
ward proportional chambers (155° < § < 175°). The track-
ing chambers and calorimeters are surrounded by a super-
conducting solenoid coil providing a uniform field of 1.15 T
within the tracking volume. The instrumented iron return
yoke surrounding this coil is used to measure leakage of
hadronic showers and to recognize muons. The luminos-
ity is determined from the rate of the Bethe-Heitler process
ep — epy measured in a luminosity monitor.

4 Analysis
4.1 Single production of squarks

For the search for resonant production of squarks, the event
selection basically relies on the final state lepton finding and
on global energy-momentum conservation cuts. It is opti-
mized separately for each of the event topologies (see Ta-
bles 2 and 3) S1 to S8 by relying on Monte Carlo simulation.

The simulation of the leptoquark-like signatures (S1 and
S2) relies on the event generator LEGO [12]. For squarks un-
dergoing gauge decays followed by a x{ or x} R, decay into
a high Pr e* and multiple jets, i.e. processes belonging to
topologies S3 and S4, the generator SUSSEX [12] based on
the cross-sections given in [2] is used. Both generators also
simulate initial state bremsstrahlung in the collinear approx-
imation, initial and final state parton showers and fragmen-
tation [13, 14], and properly take into account the correction
of the kinematics at the decay vertex for effects of the parton
shower masses. The parton densities used [15, 16] are eval-
uated at the scale of the new particle mass, and this scale is
also chosen for the maximum virtuality of parton showers.
For these channels, a complete simulation of the H1 detec-
tor response is performed. The event topologies S5 to S8 (as
well as some of the processes in S3 or S4 which proceed
through the exchange of a virtual W or virtual sfermion),
were studied at four-vector level [6] taking into account ma-
trix element calculations {18] and multiparticle phase space.
For these channels, realistic efficiencies are then obtained
by smearing the particle four-vectors according to measured
resolutions, detector effects and acceptances. The efficien-
cies thus obtained were cross-checked and found to agree
typically within 5% with a complete simulation based on
SUSSEX for those S5 processes where the x| undergoes a
R, violating decay.

A complete Monte Carlo simulation of the H1 detector
response is performed for each possible background source.
For the DIS NC or CC background estimates we make use
of either the DJANGO [19] or the LEPTO [20] event gener-
ator. DJANGO includes first order radiative corrections and
simulation of real bremsstrahlung photons based on HER-
ACLES {21], as well as QCD dipole parton showers based
on ARIADNE [22]. LEPTO includes the lowest order elec-
troweak scattering process with QCD corrections to first or-
der in «a;, complemented by leading-log parton showers and
string fragmentation [23]. Both generators agree in channels
where one expects a single hard jet, 1.e. S1, S2 and S6. The
LEPTO event generator is used in the multijet channels S3,
S4, S5, S7 and S8.

The parton densities in the proton used for DIS through-
out are taken from the MRS H [16] parametrization which
is close to F, structure function measurements at HERA
(see [24]). For the direct and resolved photoproduction of
light and heavy flavours, the PYTHIA MC event genera-
tor [13] is used which includes QCD corrections to first
order in «y, leading-log parton showers and string fragmen-
tation [14]. The GRV LO (GRV-G LO) parton densities [25]
in the proton (photon) are used at low Q2.

The event selection for real data starts with the rejection
of non-colliding background. This selection step is common
to all channels and requires:

1. a primary interaction vertex in the range | 2—Z |< 35 c¢m
with Z=3.4 cm;

2. that the event survives a set of halo and cosmic muon
filters; for channel S2 these are complemented by visual
scan;

3. that the event be properly in time relative to interacting
bunch crossings.

Cut (1) mainly suppresses beam-wall, beam-residual gas
and, with (2) and (3), background from cosmic rays and
halo muons. We moreover impose that the events be ac-
cepted by LAr calorimetry triggers [10]: the events of S1,
S3 and S4 must satisfy “electron” or “transverse energy”
trigger requirements; events of S2 and S5 must fulfill “miss-
ing transverse energy” requirements; events of S6, S7 and S8
must satisfy either “electron” or “missing transverse energy”
requirements. )
The selection cuts and data reduction specific to each of
the event topologies for the ep-induced background is pre-
sented below. In each case the number of event candidates
observed are compared to SM expectations. The systematic
(syst.) errors quoted on the mean expected background in
each case take into account uncertainties on the absolute
electromagnetic and hadronic energy scales (see Sect. 3), on
the integrated luminosity (1.5%) and the contnibution due
to finite Monte Carlo statistics. Estimates of SUSY signal
detection efficiencies are also given in each channel.

Event topology S1. For the event topology Sl, i.e. events
characterized by the DIS NC-like signatures [3], it is neces-
sary to reject contaminating background from other physical
processes. We require:
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1. an isolated ‘e’ cluster [26] with Ep, = E.sinf, >
7 GeV and 10° < 0, < 145°; (here ‘e*’ includes all
et candidates except those having an associated track
with explicitly measured negative charge); the isola-
tion requires that less than 10% additional energy be
found within a.pseudorapidity-azimuth cone of opening
V(An)? + (Ad.)? < 0.25 centered on the e* candidate;

2. that if two ‘e™’ cluster candidates are found, they must
not be balanced in 7 and in azimuth, i.e. Ej. ./EF , >
1.25 and | A¢y» — 180° |> 2°, and the candidate with
highest Ep . must be at smallest rapidity;

3. a total missing transverse momentum Pr i, =

\/(Z E}:)z +(3 E;)2 < 15 GeV summed over all
energy depositions 4 in the calorimeters, with E: =
E'sinfcos ¢* and E} = E*sin 6 sin¢*;

4. a minimal “longitudinal momentum” loss in the direction
of the incident positron, —8 < 2EY - ST(E - P,) <
12 GeV, where Eg is the incident positron beam energy;

5. a y., measured from the final state ‘e*’, satisfying y. <
0.95.

Cuts (1) and (3) eliminate DIS CC events. Cut (2) suppresses
QED Compton events. Cut (4) provides a powerful rejection
of photoproduction contamination and also suppresses DIS
NC-like events with a very hard ~ emitted from the initial
state positron. Cut (5) further suppresses photoproduction
with a “fake” e which tends to cluster at largest y. for largest
M., where y, is the standard DIS Lorentz invariant and M,
the “squark mass” reconstructed from the final state ‘e*’
energy F. and angle 6. as :

2 E?
A i =

E.— E.cos0.
2E° ’

Ye=1-—

@? is the standard momentum transfer squared of DIS. In
addition to the above requirements, we apply a M, depen-
dent gy, cut which is designed [1, 3] via Monte Carlo stud-
ies to optimize the signal significance for scalar leptoquark
searches, given the expected background. This y. cut varies
from y, > 0.5 at 45 GeV to y. > 0.35 at 150 GeV and
down to y. > 0.05 at 275 GeV.

For these NC-like (leptoquark like) signatures, 362 events
satisfy the selection requirements and the y. cut in the mass
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CC+SUSY Monte Carlo

Fig. 3. Mass spectra for (a) e+ g (b) v + ¢
- final states for data (closed points) and DIS
Monte Carlo (shaded histograms). The su-
perimposed dashed histograms show typ-
ical I, SUSY signals near the sensitiv-
4 ity limit (see Table 4 in Sect. 5) for (a)
Mz = 150 GeV and M, o = 20 GeV and

1
for (b) Mg =75 GeV and JVIXo =20 GeV
1

M, (GeV)

range M, > 25 GeV. This observed number of events is in
good agreement with the mean expected DIS NC background
of 335 £ 36 (syst.) events. The measured mass spectrum is
compared to the DIS NC expectation in Fig. 3.

For M. > 45 GeV, we are left with 91 events while
84+10.2 (syst.) events are expected from the SM. For M, >
100 GeV, 13 events are observed in good agreement with the
mean SM expectation of 12.4 £ 2.6 (syst.).

In this channel, the B, SUSY signal detection efficiency
is found to be weakly dependent on M; and ranges from
43% at 45 GeV to 68% at 150 GeV in the middle of the
mass range considered here.

Event topology S2. The event topology S2 is characterized
by DIS CC-like signatures [3] for which we require:

1. no et cluster satisfying the above S requirements;

2. PT,miss > 25 GeV;

3. the total transverse energy Er ~ > | Py | calculated
from energy depositions in the calorimeter should match
the total missing transverse momentum Pr ;s such that
(ET - PT,miss)/ET < 0.5.

Cuts (1) to (3) eliminate photoproduction and DIS NC back-
ground.

In total, 40 CC-like events satisfy all above requirements
in the relevant mass and y range at M, > 45 GeV and
yr < 0.95 where M}, and yj, are reconstructed by summing
over all measured final state hadronic energy:

A/[h = .b gz}l %L = ___PTZ“,miss
yn ' 1=y’

As is seen in Fig. 3b, this is in good agreement with the DIS
CC expectation of 33.4 + 3.6 (syst.) events.

The &, SUSY signal detection efficiency in this channel
rises from ~ 15% at 45 GeV to reach a plateau at ~ 80%
above 100 GeV.

_TE-P)
2B

Event topology S3. For a gauge decay of the squarks leading
to a “right” sign final state lepton (i.e. e*qg — § — xV+¢’ —
etq"§'q"), we impose the following stringent requirements
in complement to S| cuts :

1. the ‘e*’ must give y. > 0.4;
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2. an imbalance between the total hadronic Er ; and Pr,
such that (ET,h - PT,h)/ET,h > 0.25;

3. at least one reconstructed jet with Py e > 7 GeV;

4. the azimuthal opening angle A¢;; between the jet of
highest Pr (i.e. generally the current jet in a DIS NC
process) and the axis defined by the total hadronic trans-
verse momentum Prj = (O Eyp, . Eyn) be larger
than A¢;, > 2/5 x (50 — Er ) with Erp, in GeV and
Adj, in degrees;

5. the squark invariant mass calculated from all final state
particles (M ge.) excluding the proton fragments [1] must
deviate from M, by more than 10%.

Cut (1) strongly suppresses DIS NC background. The y,. dis-
tribution calculated from the ‘e*’ in SUSY events appears
strongly shifted towards large y. since the squark decays
uniformly in its center-of-mass frame and, further, since the
‘e** takes away only a fraction of the x? momentum. Cut (2)
exploits the fact that the hadronic energy of the event is not
concentrated within one single jet because of the decay prod-
ucts of the x?. Figure 4a shows how this value discriminates
the DIS NC background from the signal. The jet finding for
cuts (3) and (4) relies (here and throughout the paper) on a
simple cone algorithm in the laboratory reference frame with
a fixed pseudorapidity-azimuth opening radius of 1 unit. Cut
(4) further suppresses lowest order DIS NC events by impos-
ing sufficient hadronic activity far enough in azimuth from
the “current” jet. Cut (5) ensures that the events accepted
here (gauge decay modes) are not simultaneously accepted
as S1 candidates (f{, decay modes).

We find 405 candidates satisfying the previous cuts for
masses Mye. > 25 GeV, which is to be compared with the
mean SM background of 363439 events expected from DIS
NC. The measured mass spectrum is compared to Monte
Carlo expectations in Fig. 4b. Above 45 GeV we observe
220 events in the data, while 154 4= 17 (syst.) events are ex-
pected from DIS NC. This represents an excess of 2.9 stan-
dard deviations in the Gaussian limit approximation (com-
bining statistical and systematic errors in quadrature). The
slight excess of events is seen to be mostly concentrated at
low masses and in particular in the mass range from 40 to
85 GeV. Nevertheless, it should be recalled here that our DIS
NC Monte Carlo for multijet channels (LEPTO) does not in-
clude full QED corrections which could lead to a migration
of events with true y. below cut (1) towards larger appar-
ent y.. A good agreement is observed for My, > 100 GeV
where we find 14 events while the mean DIS NC expecta-
tion is 13.2 4= 2.6 (syst.) events. For My, > 140 GeV, 5
events are found which agrees well with the expectation of
1.9 £ 0.9 (syst.).

In this channel, the /T, SUSY signal detection efficiencies
(which experimentally sums that of both the right sign and
the unsigned events), depend mainly on the x°. For A[x? =
20 GeV it rises from ~ 20% for Mz = 45 GeV to a plateau
of ~ 33% for My 2> 75 GeV. For ZUX([) = 80 GeV it reaches

~ 60% for My > 100 GeV.

Event topology S4. For a gauge decay of the squarks lead-
ing to a “wrong” sign final state lepton (i.e. etq — § —
e~q"7'q") we perform a determination of the lepton charge

using the tracking chamber information. Hence, we impose
in addition to the above S3 criteria :

1. the e~ LAr cluster must be geometrically linked to a neg-
atively charged track and the cluster energy must match
the track momentum within | (£ — P)/(E + P) |< 0.5;

2. the track must be 'made of at least 40 digitisations in the:
central tracking chamber;

3. the error in the curvature x must fulfil | £/6k |> 1.

These cuts ensure a good quality of the track reconstruction
and track-cluster matching at the expense of a reduced ef-
ficiency (partly due to occasional inoperation of either the
inner or the outer central drift chambers) for accepting the
e~ track of about 70% in the angular range 8 > 35° well
covered by the central tracking chambers.

We observe no e~ (wrong sign) events among the 405
candidates satisfying the kinematical requirements for squark
gauge decays.

In this channel, the charge track requirements imply an
additional efficiency loss compared to S3 for the &, SUSY
signal which is negligible at 45 GeV but which increases to
10% at 150 GeV and 20% at 250 GeV.

Event topology S5. The event topology S5 is characterized
by large missing transverse momentum and multiple jets. We
require:

. no e cluster satisfying the above S1 requirements;

. PT,,M‘S_.; > 15 GeV;

. (Erpn — Prp)/Ern > 0.25;

. Pth > 50 x (1 — (ET'},, — PT,h)/ET,h) with PT,h in
GeV;

5. at least one reconstructed jet with Pr jo; > 7 GeV; the
jet of highest Pr should satisfy Ag;, > (4/7) x (100 —
Er ) with Agj, in degrees and Er jp in GeV.

SN -

Cut (3) exploits the fact that more than one jet is expected in
such events. Cut (4) removes the DIS CC background, which
is mainly concentrated at low values of (Et  — Pr )/ E1 p.
Cut (5) removes photoproduction events for which one of
the two back-to-back jets is badly measured, so that the
Agj; is expected to be small. We are left with 9 events
in the data sample compared to an expectation of 3.9 £ 4
(syst.) events from vp photoproduction background and a
negligible DIS CC background. Here a sizeable contribution
to the systematic error originates from the dependence of the
LAr trigger efficiency on this S5 multijet topology.

It is shown in Fig. 5 how these 9 remaining events com-
pare to the SM photoproduction and DIS CC expectations
(respectively for 1 X Lyaee and 10 X Fygea). No LAr trig-
ger efficiency losses are folded in the Monte Carlo sample
of Figs. Sb,c, and d. It can be seen also that cut (5) still
ensures a good efficiency for a possible SUSY signal.

The efficiency for i, SUSY events in S5 rises with in-
creasing Mg up to a plateau for My > 150 GeV. It also rises
with increasing ]\IX? mainly because of the Pr ;s selection

cut imposed. For processes where the final state x? (or x7)
at the squark decay vertex directly undergoes a &, decay, the
efficiency at My 2> 150 GeV is ~ 26% for ‘Mx? =20 GeV

and ~ 52% for AIY? = 80 GeV. When the xV is H-like
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Eq p, for (a) data, (b) DIS CC and yp background
MC and (c), (d) i SUSY signal in topology S5 for
two example cases. The events above the cut (solid
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(stable) the mass difference between the X? and the x7 is
relatively smaller for heavier x? and this hampers the signal
detection. Hence in processes where the X} escapes detec-
tion, the efficiency which at M; 2> 150 GeV reaches ~ 50%
for Mx‘,’ =20 GeV is down to ~ 30% for Mx‘,’ = 80 GeV.
Finally, processes where the x7 undergoes a cascade decay
(e.g. xt — Wl X — e'dq” 1 W' — ¢g'), suffers
from an efficiency loss due to the Pr ,iss cut. In such case
the efficiency rises from ~ 6% at Mg ~ 100 GeV to ~ 32%
at My 2> 175 GeV.

Event topology S6. The event topology S6 is characterized
by the presence of a lepton (e* or p*) at large transverse
energy Er,, a large missing transverse momentum and a
single jet.

To search for cases where the final state lepton is a positron,
we require:

IR SOL 3
40 60 80 100 120 140 160 180 200

line) are accepted

Ern (GeV

. an isolated ‘e*’ with Ep . > 7 GeV;

. Promiss > 15 GeV;

. (Brp— Prp)/Ern <0.5;

. 04 <y, <095,

at least one reconstructed jet with Pr e, > 7 GeV;

. at least 1 charged track with P40, > 5 GeV originat-
ing from the primary vertex and linked to the electron

. cluster.

=V SNV S

Cut (1) suppresses DIS CC background while cut (2) sup-
presses photoproduction background. The other cuts are de-
signed to optimize the specific S6 signal significance relative
to tails of background distributions. We are left with 2 event
candidates in the data while 3.8 £ 1.3 (syst.) are expected
from DIS NC background.

To search for cases where the final state lepton is a muon,
we require:

1. no isolated e* with Fr . > 7 GeV;
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2. Promiss > 25 GeV calculated from the energy deposi-

tions in the calorimeters;

(ET,n — Prp)/Ern <0.5;

. at least one reconstructed jet with Pr ;e > 7 GeV;

. at least 1 charged track with Py, > 10 GeV linked to
the primary vertex and lying outside of a A¢ = 60° cone
centered on the direction of the jet at highest Pr je:;

6. that the charged track in cut (5) be “penetrating” in the
sense that there be < 5 GeV of total energy measured in
the LAr calorimeter within a A¢ = 15° cone centered on
the track direction; moreover the track should not point
to a cluster localized around the azimuthal cracks in the
LAr calorimeter.

We are left with 1 event candidate in the data of which an
event display is shown Fig. 6. A remarkable “u + jet”
signature is seen (Fig. 6a) with a positively charged isolated
track.

A detailed analysis of this event [27] reveals that the iso-
lated track has a transverse momentum of 23 + 2.4*_75 GeV
and appears in azimuth at A¢,p, = 183 £ 1° from an
hadronic system (Fig. 6b) which itself has in total Pr ) =
42.1 £4.2 GeV. This hadronic system is built from two
main “clusters” (Fig. 6¢) which are found to be merged into
a single jet with our cone algorithm within a radius of |
unit in the pseudorapidity-azimuth plane. This leaves over-
all a total missing transverse momentum of | Py, + P, |=

18.7 + 4.8%%, GeV and a “longitudinal momentum” loss in
the incident positron direction of 2EJ — {}" (Ej, — P, 1) +
(Ey — P, )} =358+ 1.6, GeV.

With our selection cuts (1) — (6), we expect on average
from DIS CC a background of 0.04 + 0.03 (syst.) event
corresponding to a probability of about 4% to observe here
one or more such event. The actual dominating background
is expected [27] to come from associated W* production
in NC and CC processes followed by a leptonic decay of
the W+, e*p — e*W*X — e*u*v X, where the final state
e" is lost in the beam pipe. With our selection cuts, this
process studied in a Monte Carlo calculation using the SM
cross-section of [28] gives a 15% probability for such a
background event to be accepted. '

The efficiency for &, SUSY events in S6 rises with in-
creasing My up to a plateau for My > 150 GeV, and de-
creases with increasing ]L[X? for reasons already explained
in topology S5 for H-like xJ. For M; > 150 GeV it is
of ~ 50% for Mx? = 20 GeV, and down to ~ 35% for
Mo =80 GeV.

It is interesting to note [29] that an [Z, SUSY signal is
consistent with the properties of the observed event candi-
date. Imposing more restrictive requirements such as: 2E° —
{3 (En—Pop) + (Ex— P )} > 12GeV, Adun >
140°, Pr; > 40GeV and Pr,, > 10 GeV, we find that



more than 30% of the [z, SUSY events satisfying the se-
lection cuts (1) to (6) in the muon channel also verify
these additional requirements provided that the % be in
the mass range 100 < My, < 200 GeV and the X7 be in
the range 20 < M,+ < 30 GeV for My, =~ 100 GeV or
205 My < 110 GeV for My, >~ 200 GeV.

Wlth “the  above stringent  requirement  that
Prp > 40 GeV applied on the background, which implies
in associated W™* production a very stiff recoiling hadronic
system, one is left with a ~ 3% probability for such in-
terpretation of the event and a negligible contribution from
misidentified DIS CC events.

Event topology S7. The event topology S7 is characterized
by the presence of an e* at large F7p, accompanied by an-
other lepton [*, large missing transverse momentum and mul-
tiple jets. We require:

1. an isolated e* with Ere > 7GeV and giving 0.4 <
Ye < 0.95; ,

2. Proniss > 15 GeV;

3. (Brp — PT,h)/ET,h > 0.25;

4. at least one reconstructed jet with Pr e > 7 GeV.

In the case where [* is a positron we require in addition a sec-
ond isolated e* with E > 5 GeV. We observe no candidate
in the data while 0.4 £0.3 event is expected on average from
DIS NC and none from DIS CC. In the case where [ is a
muon we impose a more stringent cut on Pr ;5 > 25 GeV.,
We observe no candidate in the data, while 0.4 £ 0.3 event
is expected on average from DIS NC and none from DIS
CC.

The efficiency for &, SUSY events in S7 depends weakly
on Mj and rises with M,o. It is of ~ 20% for M0 =20 GeV
and rises in the case where [* is a positron to ~ 60% for
]V[x‘,’ = 80 GeV. In the case where [* is a muon and for

heavy X?’ the apparent Pr ,;ss tends to be reduced by the
quasi-collinearity of the x and neutrino in the final state and
the efficiency only reaches ~ 30% for A[x? = 80 GeV.

Event topology S8. The event topology S8 is characterized

by the presence of one charged lepton (e* or u*) at large E,

a large missing transverse momentum and multiple jets.
For the case where the lepton is a positron, we require:

1. an isolated ‘e™” with Ex. > 7 GeV and giving 0.4 <
Ye < 0.95;

2. Prmiss > 15 GeV;

3. (ET,h - PT,h)/ET,h > 0.25;

4. at least one reconstructed jet with Pr jer > 7 GeV.

We are left with 3 candidates in the data while 2.3+1.0 are
expected from DIS NC. The background from DIS CC and
photoproduction is here negligible.

For the case where the lepton is a muon, we require:

no isolated e* with Ere>7TGeV;

PT,miss > 25 GeV;

(ET,h - PT,h)/ET,h > 0.25;

at least one reconstructed jet with Pr j.; > 7 GeV;
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5. at least 1 “penetrating” and isolated charged track with
Pirack > 10 GeV, such tracks were defined in cuts (5)
and (6) of the S6 selection.

We are left in the data with the same p+ X event candidate
as was found in S6 event topology while 0.04 + 0.03 event
is expected from DIS CC background.

The efficiency for K, SUSY events in S8 has similar
Mj and ]\/IX? dependence as in S7. It is of ~ 20 — 30% for
M, 0= 20 GeV and rises in the case where [* is a positron to
~ 65% for M., 0= 80 GeV. In the case where [* is a muon,
it remains at ~ 25% for M, 0 = 80 GeV.

While the efficiency is rather high for the &, SUSY sig-
nal to satisfy the basic cuts (1) to (5), it is here (contrary
to the S6 channel) difficult to meet the more restrictive con-
ditions [29] that could be imposed on the observed u*X
event candidate. In particular, the overlap of hadronic Pr
flow initiated by the three quark jets into a single observed
jet and with A¢, , > 140° is a unlikely configuration. It
is moreover difficult to satisfy simultaneously the stringent
cut 2E9 — {3 (Ep — Pop) + (Eu — Psp)} > 12 GeV. We
find that less than 10% of the /I, SUSY events satisfying the
selection cuts (1) to (5) also verify these additional require-
ments for iz, be in the mass range 100 < Mz, < 200 GeV.

4.2 Pair production of stop squarks

For squarks which are pair produced in y-gluon fusion pro-
cesses (Fig. 2), the scattered electron is generally lost in the
beam pipe. The optimization of the event selection relies on
Monte Carlo simulation. The simulation of stop pair produc-
tion in «y-gluon fusion [6] is based on the ., cross-section
calculated in the Weizsiicker-Williams approximation. The
resolved photon contribution [34] as well as the contribu-
tion from a Zy boson exchange are neglected. The GRV LO
gluon density in the proton [25] is used. The background
simulation is based on the event generator DJANGO [19] for
DIS NC and PYTHIA [13] for photoproduction processes.
We impose:

1. Prmiss <15 GeV;

2. two e* candidates i satisfying Ej., > 5GeV within
10° < 6 < 145°, the et must be isolated within
pseudorapidity-azimuth cones of opening
V(AR +(A¢L)? < R; where R;.; =0.5 and R, =
0.25;

3. the two e candidates must be acollinear in the trans-
verse plane, A¢;, < 140°;

4. there must be missing “longitudinal momenta” such that

2EY -ST(E~ P,) > 12GeV;

5. at least two jets must be found by the jet cone algorithm
each with E7 et > 5 GeV.

Cut (1) suppresses the contamination of b5 photoproduction
where the heavy b quarks can undergo semi-leptonic decays.
The transverse energy requirement in cut (2) is high enough
to eliminate contamination from J/1) photoproduction. Ask-
ing for two isolated et strongly suppresses the main DIS
NC and photoproduction background, leaving only events
where either a photon or a hadronic jet is misidentified as
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an e*. Such a misidentified jet in DIS NC events is most
probably found to be collinear with the true electron in the
transverse plane.

This can be seen in Fig. 7a where the azimuthal balance
Ag, ; between the two e* candidates found in the data is
compared with SM-Monte Carlo simulation. For this com-
parison with DIS NC, an additional cut of > (£ — P,) >
43 GeV is imposed. The observed acollinearity in ¢ between
the two e candidates is seen to be well described by the
Monte Carlo. .

The remaining background is suppressed with cut (3) and
we are left with 26.1 4 3.9 expected events from DIS NC
while the photoproduction contamination is negligible. The
estimated DIS NC background agrees well with the 28 ob-
served events. This background is further suppressed by cut
(4). The effect of this cut is seen in Fig. 7b showing Monte
Carlo expectations for the correlation between Y (E — P,)
and the azimuthal balance A¢;, for DIS NC (plotted for
3 X %Luyata) and stop pair production (arbitrary normaliza-
tion). Two events are rejected by cut (5).

With cuts (1) to (5), we are left with no observed event
candidate while 1.0 £ 0.8 event is expected from misidenti-
fied DIS NC background. The detection efficiencies for the
signal of £, pair production after all selection cuts are found
to rise from about 3% at 9 GeV to 32% at 24 GeV.

5 Results

In the absence of significant deviation from the SM expec-
tations, we now derive exclusion limits for the Yukawa cou-
plings /\’lj,c as a function of mass, combining all contributing
channels and making use of the number of observed events,
of expected background events, and the signal detection ef-
ficiencies for each contributing channel.

Single production of squarks. For the event topologies Sl
to S3, the detection efficiencies are folded with a mass
bin of variable width which slides over the accessible M;
range. The bin width is optimized taking into account the
mean expected background and the expected § mass res-
olution and contains about 68% of the signal at a given
mass, e.g. at 150 GeV we typically have a full bin width
of AM, ~ 25GeV in S1, of AM, ~ 35 GeV in S2, and
of AMy.. >~ 40 GeV in S3. For event topologies S4 to S8

L L 1 .y
3640 60 80 100 120 1407160 180

1.2

where the number of observed events and expected back-
ground is always < 10, the signal is integrated above the
selection cuts (i.e. without explicit restriction on the recon-
structed mass). More details on the methodology for the lim-
its derivation and on the procedure for folding the channel
per channel statistical and systematic errors are given in [1].

The detection efficiencies have to be folded with the
branching fractions in each of the possible event topolo-
gies, properly taking into account the relative production

cross-section of the various squark flavours (i.e. dp and Gy
for X}y, # 0). For small M,0/M; and/or small A}, values
where gauge decays of the squark are expected to dominate,
the dependence upon the values of the free parameters of
the MSSM has to be fully considered for the coupling con-
stants at the § — g+ x¥ or § — ¢’ + x| vertex as well as
the decay branchings of the x{ and x7. We will discuss our
results in terms of the usual parameters: the ratio tan 3 of
the two Higgs field vacuum expectation values, the higgsino
mixing parameter u, the mass parameter M, for the SU (2)
gauginos.

The domains of the (M, ) plane where decays into
a specific neutralino or chargino dominate for the @ are
shown in Fig. 8a for a squark mass in the middle of the
accessible M range.

The decay into the lightest chargino x7} is seen to domi-
nate as soon as kinematically allowed. This is contrary to the
dgr which mainly decays into d + x¥ (except when the x? is
H-dominant). For a H-dominant LSP the coupling constant
is small enough to suppress strongly squark gauge decays
into x%.

Reglons for various kinds of X9 in the parameter space
are shown in Fig. 8b. Similar plots of the admixture of the
weak ergenstates 3,2, HO and Hg in the neutralmo LSP
are given in [32]. In the region where the x? is ¥-like, the
branching ratio of the x¥ mto etqq is greater than =~ 60%
for tan3 = 1. When the X9 is a pure 4 (M, = 0), this
branchino saturates at about 88%. In the region where the
Xy is Z-like, for instance along the dotted line for a XY of
20 GeV, the branching ratio into et qq’ is about 20%

The relative contribution of each of the channels SI to
S8 is given in Table 4 for a few representative cases. For the
chosen examples, the mass of the x} is about twice that of
the x! expect for heavy (e.g. 80 GeV) H-like x? for which
My /Mo ~ 1.3. In the low squark mass region, the decay
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Fig. 8. (a) Regions in the Mj,p plane
where a 150 GeV w7, squark decays dom-
inantly into one of the X? or X7 states
for tan 8 = 1; (b) Main component of the
lightest neutralino in the plane (M3, w), for
tan3 = L. In (a) and (b) the region below
the full curve corresponds to a domain in
which the branching ratio of the X? into
etqq is greater than 80%. Along the dot-
ted curve, the branching into e*qq’ is of
about 20% for a X? of 20 GeV
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Table 4. Number of observed events, of expected background events and branching ratios é’ (in %)
corresponding to channels S1 to S8 for some values of My and A[Xo, and presented for §-like, Z-like and
L

H-like X?- The efficiencies ¢ are given in each channel for the §-like case except* for S6 where they are
given for the H-like case. Also given is the Z e./2 summed over all channels for each x? type

]\/Iq' M A/IX? S[ 52 53 S4 S5 56 S7 Sg ZE/)’
(GeV) ,
Nobserved 20 17 60 0 9 3 0 4
75 ; 40 Nezpectea 2066 229 414 0. 39 407 076 24
A 1.2 04 408 408 169 - 0 0 255
AZ) 12 50 54 30 714 - 02 1.7 13.3
AH) 89.9 100 0 - 0 0 - - 37.0
e(®) 357 488 348 243 47 0 0 0
Nobserved 3 8 5 0 9 3 0o 4
150; 40 Negpectea 162 858 271 0. 39 407 076 24
AF) 3.4 1.0 266 72 170 - 7.5 1.5 20.1
AZ) 7.3 1.8 167 05 450 - 07 5.8 28.2
AH 10.0 12 5.4 - 232 7.8 - 21.0
eF) 455 542 331 209 328 510 231 298
Nobserved 0 1 17 0 9 3 0 4
250; 40 Negpectea 00 059 162 0. 39 407 076 24
AF) 365 49 204 25 187 - 03 006 30.8
VA 433 42 159 02 197 - 004 03 326
AH) 456 43 42 - 0.6 0.2 - - 23.8
e(®) 46.1 299 255 143 367 43.1* 240 305
Nopserved 3 8 6 0 9 3 0 4
150; 80 Negpectea 162 8538 348 0. 39 407 076 24
AF) 23.1 12 263 263 230 - 0 0 414
AZ) 8.0 16 19 1.9 145 - 0 0 46.1
AH) 21.4 1.4 74 0 133 44 - - 17.6
56)) 455 542 429 270 516 36.5* 0 0-
Nopserved 0 1 6 0 9 3 0 4
250; 80  Negpected 0. 0359 310 0. 39 407 076 24
BEF) 52.1 44 25 1.8 22 - 03 0.3 28.1
(D) 565 43 96 006 141 - 0.04 141 40.0
AH) 582 46 35 0 02 008 - - 29.6
(%) 46.1 299 363 203 586 33.0 445 447

modes S3 and S4 dominate since the decay of the squark
into X7} is largely suppressed by phase space and since the
Yukawa couplings probed are small. For medium masses,
when the § is heavier than the x|, it decays dominantly
via S3 and S5. The channel S5 contributes mainly when
the X? is Z-like, since in that case the branching ratio for
X! — v+ 2jets is generally above 70%. At very large §

masses, we are only sensitive to high values of the coupling,
so that the i, decay Sl into e* + jet dominates whereas %,
decays S2 are strongly suppressed by the parton density.
From the total branching fraction (i.e. summed over all
above channels), it is inferred that the contribution of the
decays into heavier x(i > 1) and x} (j > 1) is generally
small. Hence, in order to simplify the derivation of lim-
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Fig. 9. Exclusion upper limits at 95% CL for the coupling A}, as a function
of the squark mass for various fixed photino masses and derived for tan 3 =
1. The regions above the curves are excluded. The limits combine I, and

gauge decays of the (-fR and 4,

its we have assumed conservatively that the § decay into
these heavy states are allowed but measured with vanish-
ingly small efficiencies. Folded in the derivation of limits are
systematic errors coming from the. uncertainty on the lumi-
nosity measurement (1.5%), the finite Monte Carlo statistics,
the absolute energy calibration which leads to an uncertainty
on the background estimation of about 10%, the choice of
the scale entering the structure function calculation (which
leads to = 7% uncertainties in the cross-section) and the
choice of the parton density parametrization.

The exclusion limits obtained on the coupling A at
95% confidence level (CL) are shown in Fig. 9 as function

of the § mass (i and dp) in the hypothesis that the X(,’ is
a pure 7.

The limits represent an improvement of about a factor
two to three compared to our previously published results 1]
at low squark masses. The gain from integrated luminosity
is only partially cancelled by a less favourable quark den-
sity since for incident positron, the e*d — 1 production

dominates over e*i — dg whilst e"u — dgr dominates
over e~d — &, for incident electron data. The limits also
improve at largest mass where the smaller coupling probed
implies a narrow observable resonance width.

For the smallest couplings accessible here, a squark
lighter than = 230 GeV undergoes dominantly a gauge de-
cay. Hence in contrast to earlier searches [1], we are here
sensitive to event topologies immediately distinguishable
from those of leptoquarks. The existence of first genera-
tion squarks with &, Yukawa coupling A}, is excluded for
masses up to 240 GeV (depending on the x¥ mass) at cou-

pling strengths /\’%”/4# 2 Qem (up to 130 GeV for cou-
pling strengths > 0.01 X aem).

In the more general case, where the ! is a mixture of
gauginos and higgsinos, the exclusion limits on the coupling
Ay at 95% CL are shown in Fig. 10 as function of the §
mass.

Here, the limits are derived for a reference point in the
MSSM parameter space chosen as = —160 GeV and M, =
60 GeV for a -like X9, ¢ = 150 GeV and M, = 150 GeV

H1

[ A ! "
200 225 250 275

quuark (Ge\/)

10 lloas ity ] . Lo,
50 75 100 125 150 175

Fig. 10. Exclusion upper limits at 95% CL for the coupling A{,, as a func-

tion of squark mass for different natures of the X? for M. 0= 40 GeV and
1

for tan 3 = 1 (region above the curve excluded). The full curve corresponds

to cases where the LSP is §-like, the dotted one to a A-dominant LSP and

the dashed one to a Z-like LSP

Table 5. Exclusion upper limits at 95% CL on the couplings /\’1].,c for
My = 150 GeV and M,o = 80 GeV. The quoted values for A, are
1

given for §-dominant and for Z-dominant 7. In other cases, the higgsino

component of the x? is assumed to be vanishingly small. Moreover, the
results for cases with j = 3 are only valid under the additional restriction
that fo > My

Mk Mim Ycase X Z case
Al 0.056 0.048
A 0.14 0.12

'”3 0.18 0.15
’\/121 0.058 0.048

’122 0.19 0.16

;23 0.30 0.26

;31 0.06 0.05
N 0.22 0.19
A 0.55 0.48
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for a Z-like X%, and p = —44 GeV and M, = 140 GeV
for a H-like x}. These points in the parameter space lie
outside the domain excluded from the invisible Z; width
measurement at LEP [33]. The rejection limits for a 4-like
x? are found not to differ much from those obtained for
pure 4. The limits are also seen not to depend too strongly
on the nature of the LSP. The three curves merge together
at highest squark masses, where the branching of the squark
into x%q becomes negligible relative to K, decay. The limits
obtained are found moreover not to depend strongly on the
parameter tan 3. Varying tan 8 from 1 to 40, we find that
the. limits only slightly degrade and mainly at very low §
masses, by 30% at M; =45 GeV down to 2% at 200 GeV.

From the analysis of the A}, case involving the dg and
iy, squarks, limits can be deduced on the lek by folding in
the proper parton densities. Such limits are given in Table 5
at M; = 150 GeV. For M; 2 150 GeV, the exclusion limits
for A{,, and X}, in particular are found to coincide within
5%.

Our rejection limits extend considerably beyond the only
other collider limits of My > 100 GeV for )}, inferred
in [30] trom dilepton data of the Tevatron experiments.
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Moreover, this Tevatron limit was derived only under the
restrictive assumption that the LSP is the ¥ and that squarks
other than the stop are degenerate in mass. If one assumes
that one squark is substantially lighter than the others, this
bound is much weaker [2] and only slightly above the mass
reach of LEP 1. On the contrary, our Aj,; coupling lim-
its only weakly depend on the mass degeneracy assumption
since, as mentioned above, the @ production strongly domi-
nates. Hence, if the first generation @ is significantly lighter
than other squarks, we probe here (and similarly for the d
in [1]) a large portion of the mass-coupling domain unex-
plored by other experiments.

There are no other direct limits published for X, (j or
k # 1). This is particularly interesting since indirect limits
for this coupling are also weaker [2] than those [35] for A{;,.

Production of stop squarks. For the derivation of exclusion
limits for the pair production of stop squarks, a 15% un-
certainty on the cross-section (which varies from osop ~
200 pb at 9 GeV to o440p = 1 pb at 24 GeV) is due to the
specific choice of gluon density. The uncertainty was deter-
mined by comparing with MRSD- [15] and constitutes the
main source of systematic error.

The exclusion limit obtained on the stop mass at 95%
CL is shown in Fig. 11.

A stop in the range 9 < M; < 24.4 GeV is excluded
at 95% CL. This limit does not depend upon the value of
Msx (as far as A}y, x cos@; > 1074, below which value
the decay into ¢ and x¥ cannot be neglected anymore). The
angle 6, is the mixing angle in the mass matrix of the stop
(see for example [36]).

If the coupling A|;, dominates, the stop can be singly
produced in reactions of the type e* +d — . Under our
phenomenological assumptions (see Sect. 2) and as long as
(Aj3; % cosf;) > 1074, the search of the { borrows from
the analysis for I, decays of first generation squarks. We
find that masses below 138 GeV are excluded at 95% CL
for coupling strength of (M5, X cos6)?/4r > 0.0lcem.
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This represents an increase of sensitivity of about an order
of magnitude compared to our previous results [1]. As a
comparison with other experiments, a f lighter than 38 GeV
is excluded at 95% CL from LEP data [37] for 8, = 0 from
the width of the Zy. But for 6; close to the value for which
the Zy decouples from the stop (0.7 < 6; < 1.4) there are
no existing limit from LEP for &, stops.

The coupling limit in Fig. 11 is extended beyond M ~
Myop. This portion of the exclusion limit curve is only valid
for M; < Mtop + MX[,"

6 Concluasions

We have searched for squarks from R-parity violating su-
persymmetry. The search was carried out for the first time at
HERA in all possible decay processes allowed when wander-
ing in the parameter space of the Minimal Supersymmetric
Model. No significant evidence for the production of squarks
was found and mass dependent limits on the couplings were
derived. The existence of first generation squarks at masses
up to 240 GeV are excluded at 95% confidence level for a
strength of the Yukawa coupling \},, of N3,,/47 = qep.
The limits extend far beyond results obtained at other collid-
ers where our excluded domain in the mass-coupling plane
for masses > 100 GeV has never been explored.

Scalar stop squarks were searched in pair and single pro-
duction modes. The existence of light scalar stops with A{;,
couplings to light fermions is excluded for masses 9 < m; <
24.4 GeV at 95% confidence level. Stop squarks with X5,
couplings are excluded below 138 GeV at 95% confidence
level for couplings (X3, x cos 6;)?/4n 2 0.0laem.
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