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C. Jacobsson^^, M. Jaffrê **, J. Janoth'*, T. Jansen'^, L. Jonsson^^, K. Johannsen'**, D.P. Johnson*, L. Johnson", 
H. Jung'°, P.I.P. Kalmus^', M. Kander'^ D. Kant^', R. Kaschowitz^, U. Kathage'^ J. Katzy'*, H.H. Kaufmann3^ 
O. Kaufmann'*, S. Kazarian'^ I.R. Kenyon", S. Kermiche2^ C. Keuker', C. Kiesling^'', M. Klein^*, C. Kleinwort'^, 
G. Knies'2, T. Kohler', J.H. Kohne^^ H. Kolanoski^ F. Kole^ S.D. Kolya", V. Korbel'\ M. Kom', P. Kostka^*, 
S.K. Kotelnikov2^ T. Kramerkamper^ M.W. Krasny '̂̂ ", H. Krehbiel'^, D. Kriicker^, U. Kriiger'^, U. Kruner-Marquis'^, 
H. Kuster22, M. Kuhlen^^ T. Kurca^^ J. Kurzh6fer^ D. Lacour'°, B. Laforge'", R. Lander^ M.P.J. Landon^', W. Lange3^ 
U. Langenegger^^, J.-F. Laporte'°, A. Lebedev^*, F. Lehner'^, C. Leverenz'^, S. Levonian^', Ch. Ley^, G. Lindstrom'^, 
M. Lindstroem-2, J. Link^ F. Linsel'^, J. Lipinski"*, B. List'^, G. Lobo^ ,̂ H. Lohmander^^, J.W. Lomas^^, G.C. Lopez'^ 
V. Lubimov^*, D. Luke'-'^, N. Magnussen^*, E. Malinovski^*, S. Mani*, R. Maracek"*, P. Marage*, J. Marks^'', R. Marshall^^, 
J. Martens^*, G. Martin"*, R. Martin^", H.-U. Martyn', J. Martyniak'', T. Mavroidis^', S.J. Maxfield^", S.J. McMahon-°, 
A. Mehta*, K. Meier'*, T. Merz^*, A. Meyer'"*, A. Meyer'^, H. Meyer̂ *, J. Meyer'^ P.-O. Meyer^, A. Migliori^', 
S. Mikocki^ D. Milstead^°, J. Moeck^^ F. Moreau2^ J.V. Morris*, E. Mroczko^ D. Muller3^ G. Muller'^, K. Muller'^, 
P. Murln'^ V. Nagovizin^*, R. Nahnhauer^*, B. Naroska'"*, Th. Naumann^*, P.R. Newman'', D. Newton", D. Neyret^", 
H.K. Nguyen^", T.C. Nicholls^ F. Niebergall"*, C. Niebuhr'\ Ch. Niedzballa', H. Niggli", R. Nisius', G. Nowak^ 
G.W. Noyes*, M. Nyberg-Werther^^, M. Oakden^^ H. Oberlack^'', U. Obrock^ J.E. Olsson'^, D. Ozerov^*, P. Palmen^ 
E. Panaro'2, A. Panitch*, C. Pascaud2^ G.D. PateP, H. Pawletta^ E. Peppel^*, E. Perez"', J.P. Phillips^", A. Pieuchot^'', 
D. Pitzl", G. Pope^ S. Prell'^, R. Prosi'^, K. Rabbertz', G. Radel'^, F. Raupach', P. Reimer^', S. Reinshagen'^, H. Rick', 
V. Riech'\ J. Riedlberger'^ F. Riepenhausen^, S. Riess'", E. Rizvi^', S.M. Robertson'*, P. Robmann2^ H.E. Roloff̂ *, 
R. Roosen*, K. Rosenbauer', A. Rostovtsev^*, F. Rouse^ C. Royon'°, K. Riiter^ ,̂ S. Rusakov^*, K. Rybicki'', N. Sahlmann^, 
D.P.C. Sankey*, P. Schacht^'', S. Schiek"*, S. Schleif'*, P. Schleper'*, W. von Schlippe^', D. Schmidt^*, G. Schmidt'*, 
A. Sch6ning'^ V. Schroder'^ E. Schuhmann^'', B. Schwab'*, F. Sefkow'^ M. Seidel'^ R. Sell'^, A. Semenov^*, 
V. Shekelyan'-, I. Sheviakov^*, L.N. Shtarkov^*, G. Siegmon'"', U. Siewert'"', Y. Sirois^', I.O. Skillicom", P. Smimov^*, 
J.R. Smith^ V. Solochenko^*, Y. Soloviev^*, A. Specka"', J. Spiekermann^ S. Spielman^^ H. Spitzer'^ F. Squinabol2^ 
R. Starosta', M. Steenbock'*, P. Steffen'-, R. Steinberg-, H. Steiner'^'*, B. Stella^^ A. Stellberger'*, J. Stier'\ J. Stiewe'*, 
U. StoBlein^*, K. Stolze^*, U. Straumann^^ W. Struczinski^ J.P. Sutton", S. Tapprogge'*, M. Tasevsky-^^ V. Tchemyshov"*, 
S. Tchetchelnitski-*, J. Theissen^, C. Thiebaux-^ G. Thompson-', P. Tru61^^ J. Turnau^ J. Tutas'*, P. Uelkes", A. Usik^*, 
S. Valkar^-, A. Valkarova3\ C. Vallee-^ D. Vandenplas-'\ P. Van Esch*, P. Van Mechelen*, Y. Vazdik"*, P. Verrecchia"', 
G. Villet'", K. Wacker'̂  A. Wagener-, M. Wagene^'^ A. Walther^ B. Waugh-\ G. Weber'^ M. Weber'-, D. Wegener^ 



212 

A. Wegner^^ T. WengIer'^ M. Wemer'\ L.R. West\ T. Wilksen'^ S. Willard^ M. Winde^^ G.-G. Winter'^ C. Wittek'^ 
E. Wunsch'2, J. Zacek^^ D. Zarbock'^, Z. Zhang2^ A. Zhokin^^, M. Zimmer'^ F. Zomer2^ J. Zsembery'", K. Zuber'*, 
M. zurNedden^^ 

' I. Physikalisches Institut der RWTH, Aachen, Germany" 
- III. Physikalisches Institut der RWTH, Aachen, Germany" 
' Institut fiir Physik, Humboldt-Universitat, Beriin, Germany" 
* School of Physics and Space Research, University of Birmingham, Birmingham, UK'' 
^ Inter-University Institute for High Energies ULB-VUB, Brussels; Universitaire Instelling Antwerpen, Wilrijk; Belgium'̂  
* Rutherford Appleton Laboratory, Chilton, Didcot, UK*' 
' Institute for Nuclear Physics, Cracow, Poland'' 
* Physics Department and IIRPA, University of California, Davis, California, USA' 
' Institut fiir Physik, Universitat Dortmund, Dortmund, Germany" 
'° CEA, DSM/DAPNIA, CE-Saclay, Gif-sur-Yvette, France 
' ' Department of Physics and Astronomy, University of Glasgow, Glasgow, UK*" 
'^ DESY, Hamburg, Germany" 
" I. Institut fiir Experimentalphysik, Universitat Hamburg, Hamburg, Germany" 
'* II. Institut fur Experimentalphysik, Universitat Hamburg, Hamburg, Germany" 
'̂  Physikalisches Institut, Universitat Heidelberg, Heidelberg, Germany" 
'* Institut fiir Hochenergiephysik, Universitat Heidelberg, Heidelberg, Germany" 
" Institut fiir Reine und Angewandte Kemphysik, Universitat Kiel, Kiel, Germany" 
'* Institute of Experimental Physics, Slovak Academy of Sciences, Kosice, Slovak Republic' 
" School of Physics and Chemistry, University of Lancaster, Lancaster, UK'' 
^̂  Department of Physics, University of Liverpool, Liverpool, UK*' 
^' Queen Mary and Westfield College, London, UK'' 
-̂ Physics Department, University of Lund, Lund, Sweden^ 

^' Physics Department, University of Manchester, Manchester, UK'' 
^'* CPPM, Universite d'Aix-Marseille II, IN2P3-CNRS, Marseille, France 
^̂  Institute for Theoretical and Experimental Physics, Moscow, Russia 
^' Lebedev Physical Institute, Moscow, Rus.sia' 

Max-Planck-lnstitut fiir Physik, Miinchen, Germany" 
LAL, Universite de Paris-Sud, IN2P3-CNRS, Orsay, France 
LPNHE, Ecole Polytechnique, IN2P3-CNRS, Palaiseau, France 
LPNHE, Universites Paris VI and VII, IN2P3-CNRS, Paris, France 
Institute of Physics, Czech Academy of Sciences, Praha, Czech Republic'"'' 
Nuclear Center, Charles University, Praha, Czech Republic'''' 
INFN Roma and Dipartimento di Fisica, Universita "La Sapienza", Roma, Italy 

''' Paul Scherrer Institut, Villigen, Switzerland 
^' Fachbereich Physik, Bergische Universitat Gesamthochschule Wuppertal, Wuppertal, Germany" 
'* DESY, Institut fiir Hochenergiephysik, Zeuthen, Germany" 
' ' Institut fiir Teilchenphysik, ETH, Ztirich, Switzerland' 
'* Physik-Institut der Universitat Ziirich, Ziirich, Switzerland' 
" Visitor from Yerevan Phys. Inst., Armenia 
^° On leave from LBL, Berkeley, USA 

Received: 23 April 1996 

Abstract. A search for squarks of /^-parity violating super-
symmetry is performed in ep collisions at HERA using HI 
1994 e* data. Direct single production of squarks of each 
generation by e^-quark fusion via a Yukawa coupling A' is 
considered. All possible i?-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 A' > y/Airaem- 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 8t to e'^d pairs > 0.1 x ^/4naem, where 
6t is the mass mixing angle. 

Light stop squarks are furthermore searched for through 
pair production in 7-gIuon 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 A' X cos 6lt > IQ-^ 
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1 Introduction 

The search for squarks, the scalar supersymmetric (SUSY) 
partners of the quarks, is especially 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 /?-parity violating Qjip) SUSY extension of 
the Standard Model (SM), can be singly produced via the 
coupling A' as s-channel resonances. Masses up to the kine­
matic limit of i / i ~ 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 7-gluon fusion provides a complementary search 
largely insensitive to the Yukawa coupling. 

In this paper, squarks are searched through single pro­
duction via aĵ p coupling, considering both^p 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 7-gluon fusion is also carried 
out. The analysis uses the 1994 e*p data corresponding to an 
integrated luminosity of i%a(a = 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 
(g) or sleptons (J) and the known SM fermions. Such cou­
plings exist if one assumes the possibility of violating (mul-
tiplicatively) the conservation of /^-parity which is imposed 
in the Minimal Supersymmetric Standard Model (MSSM); 
i?p = (_j)3B+L+2S ^jjere 5 denotes the spin, B the baryon 
number and L the lepton number of the particles. Of par­
ticular interest for HERA are the Ijip terms X'^jf.LiQjDk of 
the superpotential which allow for lepton number violating 
processes. By convention the ijk indices correspond to the 
generations of the superfields L-i, Qj and Dk 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] : 

+ 4 4 4 + pJidik + (4)^44] + h.c. 
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 X\^f. 
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 one of the A', .̂  dominates; 
- squarks {qn and q^) 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 x?; 

Table 1. 
violating 

Squark production processes at HERA (e* beam) via a H-parity 
A' , coupling 

-^1)*: 

111 

112 

113 

121 

122 

123 

131 

132 

133 

Production 

e+ + u —• dfl 

e* + u —> s ^ 

e* -i-u —*b[i' 

e* + c —> dn 

e* + c —> Sn 

e* + c-*ba 

e+ + i-*dR 

e* + i —* ffi 

e* +t-> bfi 

1 process 

e* + d —• « £ 

e* + s —* ui^ 

e* + b —> UL 

e* + d —> ci^ 

e* + s -* ci^ 

e* + 6 —»• C£, 

e* + d —> t i 

e* + s - • t £, 

e* + h-*tL 

- gluinos are heavier than the squarks such that decays 
g -^ g + gf 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? (J = 114) or a chargino Xj 0 = 1 j 2). 
The mass eigenstates x? and Xj ire mixed states of gaug­
inos and higgsinos and are in general unstable. In contrast 
to the MSSM, this also holds in ^p SUSY for the lightest 
supersymmetric particle (LSP) which decays via \\-f. 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 dn and ui 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 \\,f. coupling (e.g. Fig. la and c for A ,̂, ^ 0), the squarks 

behave as scalar leptoquarks [3, 4]. For A'jn 7̂  0, the da 
resemble the 5° leptoquark and decays in either e"̂  + it or 
Ue + J while the UL resemble the S1/2 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. lb and d), one has to consider for the UL 
the processes UL —* ux^ or ^X) while for the dn only dn —> 
dx° is allowed. This is because the SU(2)L symmetry which 
implies in the SM that the right handed fermions do not 
couple to the W boson also forbids a coupling of dn to the 
W. Hence, the J R can only weakly couple (in proportion to 
the d quark mass) to the x'j through its higgsino component. 

The possible decay modes of the chargino, when it is the 
lightest chargino xj , are the gauge decays x | —* X?^*^ and 
Xl -^ X???'' and the Ijlp decays xj —> '^'u-d and xj —* e*dd. 
The fate of the x? depends on its gaugino-higgsino compo­
sition. The question of how this x'j* nature depends on free 
fundamental parameters of the MSSM, as well as the cor­
responding q 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 in^p 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 x | involving a virtual W'^ (Fig. lb) may also proceed via a virtual sfermion 

Channel 

SI 

S2 

nature 

7,Z,H 

l.Z,H 
H 

A ' 
9 > 

5H ^ 
q —> 

Decay processes 

e+ g' 

I'e d. 

Signature 

High PT e* + I jet 

Missing Px + 1 jet 

S3 

7,Z 

1,Z,H 

rz 

UL 

UL 

d Xt 
e*dd 

A' 

V^^g^'^^ 

High PT e+ 
+ multiple jets 

S4 

1.Z 

%Z 

q XT 
A' 

UL 

A ' 

1-^9 9 

High PT e~ 
(i.e. wrong sign lepton) 
+ multiple jets 

(a ) 

\i. d 

(c) 

Fig. 1. Lowest order s-channel diagrams for first generation 
squark production at HERA followed by (a),(c).^p 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? 

in Sect. 5 and was studied in more detail in [5, 6]. In general, 
the X? will undergo the decay x° —> e^qq' or x? —* vqq. 
The former will be dominant if the x? 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 x° 
will most probably be long lived and escape detection since 

its coupling to fermion-sfermion pairs (e.g. Fig. Id) is pro­
portional to the fermion mass [7]. Hence processes involving 
a H-Wks xl 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 S^ and dn squarks 
can be classified into eight distinguishable event topologies 
listed in Tables 2 and 3 and labelled SI to S8. 
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Table 3. Squark decay channels inlfp 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'j''*" ̂ ^'^ 
x\ -+ X^IQ' may also proceed via a virtual sfermion 

XT 
nature 

Decay processes Signature 

S5 

7.2 

i.Z 

l.Z,H 

H 

y-L 

X' 

UL 

A' 

i/ud 

Missing PT 
+ multiple jets 

S6 

S7 

S8 

H 

1,2 

i,z 

UL 

"Z, 

« L 

d 

d 

d 

x| 

xl 

x| 

High PT e* or fi* 
+ missing PT + 1 jet 

High PT e± 
+ high PT e* or ii* 
+ missing PT 
+ multiple jets 

High PT e* or p.* 
+ missing PT 
+ multiple jets 

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

^,-x',', = ?z (^ ' + S^)^^^ 1 -STT 

r- - = P-
A' 

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 Fq^^q' - ^' Mg/l6iT for 
squarks undergoing ^.p decays. It is seen that, in general, 
gauge decays contribute strongly at low x? masses and small 
Yukawa couplings. 

The case A', 3, 7̂  0 (or A132 ̂  0) is of special interest [8] 
since it allows for direct production of the stop via e*d —> i 
(e^s -^ i). The stop is particular in the sense that a "light" 
stop mass eigenstate (i\) 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 i[ 
mass eigenstate is considered in this paper and its search is 
furthermore extended towards low mass by considering pair 
production via 7-gluon fusion as illustrated in Fig. 2. 

For the study of this process, we assume that the i\ is 
lighter than the lightest chargino. Hence the i\ will decay 

Fig. 2. Stop pair production via 7-gluon fusion at HERA, followed by^p 
decay of the f\ 

dominantly into a positron and a quark since, by assumption, 
the decays into ix? ^nd 6x| are forbidden and the one-loop 
decay intb cx° is negligible even for small, values of the I^ 
coupling of the i| to a positron-quark pair [5]. 

3 The HI detector 

A detailed description of the HI 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 e~) energy and angle are measured in a finely 
segmented liquid argon (LAr) sampling calorimeter [lOJ 
covering the polar angle' range 4° < 9 < 153° and all 

' The incoming proton moves by definition in the forward (z > 0) 
direction with 9 = 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 a(E)/E ~ 12 %/\^ © 1% and hadronic ener­
gies with a{E)/E ~ 50 %/\/E © 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° < 0 < 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° < 0 < 
155°), a forward track detector 0° < 9 < 25°) and back­
ward proportional chambers (155° <9< 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 —> ejri 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) SI 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\ ^p decay into 
a high PT 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 HI 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 
I^p violating decay. 

A complete Monte Carlo simulation of the HI 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 Us, complemented by leading-log parton showers and 
string fragmentation [23]. Both generators agree in channels 
where one expects a single hard jet, i.e. SI, 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 Fj 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 a^, 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 Q^. 

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: —f |< 35 cm 
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 SI, 
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 contribution due 
to finite Monte Carlo statistics. Estimates of SUSY signal 
detection efficiencies are also given in each channel. 

Event topology SI. For the event topology SI, i.e. events 
characterized by the DIS NC-Iike signatures [3], it is neces­
sary to reject contaminating background from other physical 
processes. We require: 
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Fig. 3. Mass spectra for (a) e + q (b) u + q 
final states for data (closed points) and DIS 
Monte Carlo (shaded histograms). The su­
perimposed dashed histograms show typ­
ical Ifp SUSY signals near the sensitiv­
ity limit (see Table 4 in Sect. 5) for (a) 
M^ = 150 GeV and iW ô = 20 GeV and 
for (b) Ma = 75 GeV andV/ o = 20 GeV 

an isolated 'e*' cluster [26] with i?T,e = EeSinOe > 
7 GeV and 10° < Oe < 145°; (here'e" ' ' includes all 
e* 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 
\/iAT]e)'^ + (A(f>ey < 0.25 centered on the e^ candidate; 
that if two 'e*' cluster candidates are found, they must 
not be balanced in ET,e and in azimuth, i.e E^,c /E: T,e > 
1.25 and | A(pi^2 - 180° |> 2°, and the candidate with 
highest Ex^e must be at smallest rapidity; 

3. a total missing transverse momentum PT,miss ~ 

\/[T, EiY + {T. Eif < 15 GeV summed over all 
energy depositions i in the calorimeters, with E^ = 
E' sin 6' cos (j)' and El = E' sin 6' sin 0 ' ; 

4. a minimal "longitudinal momentum" loss in the direction 
of the incident positron, - 8 < 2E°-J2(E- Pz) < 
12 GeV, where JSj,' is the incident positron beam energy; 

5. a ye, 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 7 emitted from the initial 
state positron. Cut (5) further suppresses photoproduction 
with a "fake" e which tends to cluster at largest ye for largest 
Me, where ye is the standard DIS Lorentz invariant and Mg 
the "squark mass" reconstructed from the final state 'e'^' 
energy Ee and angle 9e as : 

Me = Ql = 
Ele 

2/. = 1 -
Ee - Ee COS 9e 

lEl 

Q^ is the standard momentum transfer squared of DIS. In 
addition to the above requirements, we apply a Mg depen­
dent ye 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 j/g cut varies 
from 2/e > 0.5 at 45 GeV to ye > 0.35 at 150 GeV and 
down to ye > 0.05 at 275 GeV. 

For these NC-like (leptoquark like) signatures, 362 events 
satisfy the selection requirements and the ye cut in the mass 

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

In this channel, the ^p SUSY signal detection efficiency 
is found to be weakly dependent on M,j 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: 

"* cluster satisfying the above SI requirements; 
•rrnss > 25 GeV; 

1. no e-" 
2. PT,n 
3. the total transverse energy ET ~ Yl \ ^T \ calculated 

from energy depositions in the calorimeter should match 
the total missing transverse momentum PT,miss such that 
{ET - PT,mise)/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 Af/j > 45 GeV and 
yfi < 0.95 where Mh and yh are reconstructed by summing 
over all measured final state hadronic energy: 

M^ = J^, Ql = 
Vh 

p2 
T,miss 

1 - 2 / / 1 ' 
Vh 

T.iE-P,) 

lE'i • 

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

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

Event topology S3. For a gauge decay of the squarks leading 
to a "right" sign final state lepton (i.e. e*q —^ q -^ X? + 9' ~* 
e*q"q"q'), we impose the following stringent requirements 
in complement to S1 cuts : 

1. the 'e"^' must give ye > 0.4; 
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2. an imbalance between the total hadronic Er,h and P^ / , 
such that (ET,h - PT,h)/ET,h > 0.25; 

3. at least one reconstructed jet with Pj-jet > 7 GeV; 
4. the azimuthal opening angle Acpjt 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 Pr,/, = (X^-Ex,/i, Zl-^y,/t) ^e larger 
than A(j)jt > 2/5 x (50 - ETJI) with ET,h in GeV and 
A4>jt in degrees; 

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

Cut (1) strongly suppresses DIS NC background. The j/e dis­
tribution calculated from the 'e*' in SUSY events appears 
strongly shifted towards large ye 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 backgroiind 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 SI candidates (^p decay modes). 

We find 405 candidates satisfying the previous cuts for 
masses Mdec > 25 GeV, which is to be compared with the 
mean SM background of 363 ±39 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 ± 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 ye below cut (1) towards larger appar­
ent 2/e- A good agreement is observed for Mdec > 100 GeV 
where we find 14 events while the mean DIS NC expecta­
tion is 13.2 ± 2.6 (syst.) events. For M^ec > 140 GeV, 5 
events are found which agrees well with the expectation of 
1.9 ± 0 . 9 (syst.). 

In this channel, thc^p SUSY signal detection efficiencies 
(which experimentally sums that of both the right sign and 
the unsigned events), depend mainly on the Y°. For Mo = 
20 GeV it rises from ~ 20% for Mq = 45 GeV to a plateau 
of ~ 33% for Mg > 75 GeV. For A/-̂ o = 80 GeV it reaches 
- 60% for M,- > 100 GeV. 

Event topology S4. For a gauge decay of the squarks lead­
ing to a "wrong" sign final state lepton (i.e. e^q —> f] —> 
e~q"q"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 clu.ster must be geometrically linked to a neg­
atively charged track and the cluster energy must match 
the track momentum within | {E - 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 K must fulfil | K/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 9 > 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 l^p 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: 

1. no e^ cluster satisfying the above SI requirements; 
2. PT,,ni.,.. > 15 GeV; 
3. (ET,h - PT,h)/ET,h > 0.25; 
4. PT,k > 50 X (1 - (ET,h - PT,h)/ET,h) with PT,h in 

GeV; 
5. at least one reconstructed jet with Prjet > 7 GeV; the 

jet of highest Pr should satisfy Acpjt > (4/7) x (100 -
ET,h) with A(pjt in degrees and Ex,h in GeV. 

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,h — PT,h)/ET,h-
Cut (5) removes photoproduction events for which one of 
the two back-to-back jets is badly measured, so that the 
Acl)jt 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 jp photoproduction background and a 
negligible E)IS 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 ^'data and 10 x J^data)- No LAr trig­
ger efficiency losses are folded in the Monte Carlo sample 
of Figs. 5b,c, and d. It can be seen also that cut (5) still 
ensures a good efficiency for a possible SUSY signal. 

The efficiency for l^p SUSY events in S5 rises with in­
creasing Mg up to a plateau for M,-, > 150 GeV. It also rises 
with increasing Mo mainly because of the Pr.miss selection 

cut imposed. For processes where the final state x? (or x t ) 
at the squark decay vertex directly undergoes a^.p decay, the 
efficiency at M,- > 150 GeV is ~ 26% for M^o = 20 GeV 

and ~ 52% for A/^o = 80 GeV. When the x? is ^'-like 
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Fig. 5. Correlation between the azimuthal opening 
angle Acf>jt and the total hadronic transverse energy 
i?r,/i for (a) data, (b) DIS CC and -yp background 
MC and (c), (tD.̂ 'p SUSY signal in topology S5 for 
two example cases. The events above the cut (solid 
line) are accepted 

(stable) the mass difference between the x° and the x t 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 Mq > 150 GeV reaches ~ 50% 
for M^o = 20 GeV is down to 

-^1 
30% for M^o = 80 GeV. 

•^1 
Finally, processes where the x t undergoes a cascade decay 
(e.g. xT -^ ^V^X°i ; X? -^ e+g'g" ; W-" -> qq'), suffers 
from an efficiency loss due to the Pr.miss cut. In such case 
the efficiency rises from ~ 6% at Mq'~ 100 GeV to ~ 32% 
at Mg > 175 GeV. 

Event topology S6. The event topology S6 is characterized 
by the presence of a lepton (e^ or fi^) at large transverse 
energy ET,I, a large missing transverse momentum and a 
single jet. 
To search for cases where the final state lepton is a positron, 
we require: 

1. an isolated 'e^' with ET,e > 7 GeV; 
2. PT,miss > 15 GeV; 
3. {ET,h-PT,h)/ET,h< 0.5; 
4. 0.4 < 2/e < 0.95; 
5. at least one reconstructed jet with Prjet > 7 GeV; 
6. at least 1 charged track with Ptrack > 5 GeV originat­

ing from the primary vertex and linked to the electron 
cluster. 

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 ca.ses where the final state lepton is a muon, 
we require: 

1. no isolated e* with ETC>1 GeV; 
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Fig. 6. Display of the e*p —> /j + jet candidate from HI run number 84295 showing (a) an R-z view, (b) a R-̂ i view and (c) the calorimetric transverse 
energy flow 

2. PT,miss > 25 GeV calculated from the energy deposi­
tions in the calorimeters; 

3. (ET,h - PT,h)/ET,h < 0.5; 
4. at least one reconstructed jet with Prjet > 1 GeV; 
5. at least 1 charged track with PtTack > 10 GeV linked to 

the primary vertex and lying outside of a A4> = 60° cone 
centered on the direction of the jet at highest Prjeu 

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<f) = 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 "^ + 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 ± 2A'*2^ GeV 
and appears in azimuth at Zii;̂ ,̂̂  = 183 ± 1° from an 
hadronic system (Fig, 6b) which itself has in total PTJI -
42.1 ± 4.2 GeV. This hadronic system is built from two 
main "clusters" (Fig. 6c) which are found to be merged into 
a single jet with our cone algorithm within a radius of 1 
unit in the pseudorapidity-azimuth plane. This leaves over­
all a total missing transverse momentum of | Pr,;i + Pr,;i |= 

18.7 ± 4.8t?7 GeV and a "longitudinal momentum" loss in 

the incident positron direction of 2_E° — { ^ [Eh - Pz,h) + 

[E^ - P,,^)} = 35.8 ± \.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'-fi^pX, 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 ^p SUSY events in S6 rises with in­
creasing Mq up to a plateau for Mq > 150 GeV, and de­
creases with increasing M^o for reasons already explained 

in topology S5 for H-liks x1- For M,- > 150 GeV it is 
of ~ 50% for A/^o = 20 GeV, and dow'n to ~ 35% for 
A/^o = 80 GeV, 

It is interesting to note [29] that an ^.p SUSY signal is 
consistent with the properties of the observed event candi­
date. Imposing more restrictive requirements such as: 2E° — 
{E{Eh-P.,h) + {E,,-P,^^)} > 12GeV, Zi<^̂ ,ft > 
140°, PTH > 40 GeV and Pp ^, > 10 GeV, we find that 
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more than 30% of the Ijip SUSY events satisfying the se­
lection cuts (1) to (6) in the muon channel also verify 
these additional requirements provided that the ui be in 
the mass range 100 < Mu^ < 200 GeV and the X\ be in 
the range 20 < M^^< 30 GeV for Nh^ ~ 100 GeV or 
20 < My* < n o GeV for M^, ~ 200 GeV. 

With the above stringent requirement that 
Pr^h > 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 ET, accompanied by an­
other lepton r , large missing transverse momentum and mul­
tiple jets. We require: 

1. an isolated e* with ET e > 7 GeV and giving 0.4 < 
Ve < 0.95; 

2. PT,rni3s > 15 GeV; 
3. {ET,h - PT,h)/ET.h > 0.25; 
4. at least one reconstructed jet with Prjet > 7 GeV. 

In the case where /"̂  is a positron we require in addition a sec­
ond isolated e* with ET > 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 T is a 
muon we impose a more stringent cut on Pr.mias > 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.^p SUSY events in S7 depends weakly 
on Mn and rises with M^o. It is of ~ 20% for M^o = 20 GeV 
and rises in the case where t is a positron to ~ 60% for 
M^n = 80 GeV. In the case where I* is a muon and for 

heavy x?. the apparent Premiss tends to be reduced by the 
quasi-collinearity of the fx and neutrino in the final state and 
the efficiency only reaches ~ 30% for A/ o = 80 GeV. 

Event topology S8. The event topology S8 is characterized 
by the presence of one charged lepton (e"̂  or p,'^) at large ET, 
a large missing transverse momentum and multiple jets. 

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

1. an isolated 'e"^' with ET e > 1 GeV and giving 0.4 < 
Ve < 0.95; 

2. PT > 15 GeV; 
3. (ET,h - PT,h)/ET,h > 0.25; 
4. at least one reconstructed jet with PTJCI > 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: 

1. no isolated e* with ET,e > 7 GeV; 
2. PT.miss > 25 GeV; 
3. (ET,h - PT,h)/ET,h > 0.25: 
4. at least one reconstructed jet with Prjei > 7 GeV; 

5. at least 1 "penetrating" and isolated charged track with 
Ptrack > 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 DK CC background. 

The efficiency for ^p SUSY events in S8 has similar 
Mq and M^o dependence as in S7. It is of - 20 - 30% for 
M^o = 20 GeV and rises in the case where /"̂  is a positron to 
~ 65% for M^o = 80 GeV. In the case where t is a muon, 
it remains at ~ 25% for M^o = 80 GeV. 

While the efficiency is rather high for the ^p 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 p^X 
event candidate. In particular, the overlap of hadronic PT 
flow initiated by the three quark jets into a single observed 
jet and with A4ip,,h > 140° is a unlikely configuration. It 
is moreover difficult to satisfy simultaneously the stringent 
cut 2£° - {Y: {Eh - P,,h) + (^M - Pz,f^)} > 12 GeV. We 
find that less than 10% of the .^p SUSY events satisfying the 
selection cuts (1) to (5) also verify these additional require­
ments for ui be in the mass range 100 < Mu^ < 200 GeV. 

4.2 Pair production of stop squarks 

For squarks which are pair produced in 7-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 7-gluon fusion [6] is based on the cxsiop cross-section 
calculated in the Weizsacker-Williams approximation. The 
resolved photon contribution [34] as well as the contribu­
tion from a ZQ 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. PT,mi«3< 15 GeV; 
2. two e* candidates i satisfying E\- g > 5 GeV within 

10° < ei < 145°, the e± must be isolated within 
pseudorapidity-azimuth cones of opening 
^y{Ar]i)^ + (A(pi)^ < Ri where Ri^i ='0.5 and Ri=2 = 
0.25; 

3. the two e* candidates must be acollinear in the trans­
verse plane, Zl0i^2 < 140°; 

4. there must be missing "longitudinal momenta" such that 
2E°~Z(E~Pz)> 12 GeV; 

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

Cut (1) suppresses the contamination of bb 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 ]/ip photoproduction. Ask­
ing for two isolated e* 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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Fig. 7. (a) Azimuthal balance i4(/>î 2 of 'he 
two e^ candidates for data (closed dots) 
and DIS Neutral Current Monte Carlo (his­
togram) when ^ ( E - P j ) > 43 GeV. 
(b) Comparison of Monte Carlo expecta­
tions for the missing longitudinal momen­
tum ^ ( - B —Pz) versus the balance in 
azimuth of the two e* candidates A(j>\^2 
for DIS Neutral Current (closed dots) and 
stop pair production in 7-gluon fusion (open 
squares) for Mj = 20 GeV 

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 
Z\^i,2 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 oi ^{E - P^) > 
43 GeV is imposed. The observed acollinearity in (j) 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 ±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 suppres.sed by cut 
(4). The effect of this cut is seen in Fig. 7b showing Monte 
Carlo expectations for the correlation between ^ ( E — Pz) 
and the azimuthal balance A(f)\^2 for DIS NC (plotted for 
3 X '^/J'data) 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 i\ 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 A'l̂ ^ 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 S1 
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 q 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 AMe =̂  25 GeV in SI, of AMh -^ 35 GeV in S2. and 
of ziMj,,,. ~ 40 GeV in S3. For event topologies S4 to S8 

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. d/j and ui 
for A'lii ^ 0). For small M^o/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 —> (7 -I- X? or 7 —> (j' + x | vertex as well as 
the decay branchings of the x? and x|- We will discuss our 
results in terms of the usual parameters: the ratio tan /? of 
the two Higgs field vacuum expectation values, the higgsino 
mixing parameter p., the mass parameter Mi for the SU(2) 
gauginos. 

The domains of the (M2,/i) plane where decays into 
a specific neutralino or chargino dominate for the UL are 
shown in Fig. 8a for a squark mass in the middle of the 
accessible A/, range. 

The decay into the lightest chargino x | is seen to domi­
nate as soon as kinematically allowed. This is contrary to the 
dfi which mainly decays into rf + x? (except when the x° is 
fl^-dominant). For a 5-dominant LSP the coupling constant 
is small enough to suppress strongly squark gauge decays 
into X?- ~ 

Regions for various kinds of x? in the parameter space 
are shown in Fig. 8b. Similar plots of the admixture of the 
weak eigenstates 7, Z, H^ and H2 in the neutralino LSP 
are given in [32]. In the region where the x? is 7-like, the 
branching ratio of the x° into e^qq' is greater than « 60% 
for tan/? = 1. When the x? is a pure 7 (M2 = 0), this 
branching saturates at about 88%. In the region where the 
X? is Z-like, for instance along the dotted line for a x? of 
20 GeV, the branching ratio into e^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'l' expect for heavy (e.g. 80 GeV) H-Uke x° for which 
M^*/M 0 ~ 1.3. In the low .squark mass region, the decay 
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e^qq' is greater than 80%. Along the dot­
ted curve, the branching into e^qq' is of 
about 20% for a x? of 20 GeV 

Table 4. Number of observed events, of expected background events and branching ratios •/? (in %) 
corresponding to channels SI to S8 for some values of Mq and M o , and presented for 7-like, Z-like and 

H-like Xp The efficiencies e are given in each channel for the 7-Uke case except* for S6 where they are 
given for the H-like case. Also given is the V^ e.y^ summed over all channels for each x? type 
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modes S3 and S4 dominate since the decay of the squark 
into x\ is largely suppressed by pha.se space and since the 
Yukawa couplings probed are small. For medium masses, 
when the q is heavier than the xl- 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 

XT I' + Ijets is generally above 70%. At very large q 

masses, we are only sensitive to high values of the coupling, 
so that thc^p decay SI into e^ + jet dominates whereas.^p 
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 Xi('' > 1) ^nd x*j 0 > 1) is generally 
small. Hence, in order to simplify the derivation of lim-

http://pha.se
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Fig. 9. Exclusion upper limits at 95% CL for the coupling Aj |, as a function 
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Fig. 10. Exclusion upper limits at 95% CL for the coupling X'.., as a func­
tion of squark mass for different natures of the x? for Mo - 40 GeV and 
for tan/3 = 1 (region above the curve excluded). The full curve corresponds 
to cases where the LSP is 7-like, the dotted one to a .ff-dominant LSP and 
the dashed one to a Z-like LSP 

its we have assumed conservatively that the q 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 cros.s-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 q mass {UL and rfj?) 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 mas.ses. The gain from integrated luminosity 
is only partially cancelled by a less favourable quark den­
sity since for incident positron, the e'd —* UL production 
dominates over e^u -^ d/j whilst e~u -^ dR dominates 
over e~d —> ui 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 w 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 ^.p Yukawa coupling Aj,, is excluded for 
masses up to 240 GeV (depending on the x? mass) at cou­
pling strengths A'ni/47r > aem ( up to 130 GeV for cou­
pling strengths > O.OI x agrn)-

In the more general case, where the x'\ 's a mixture of 
gauginos and higgsinos, the exclusion limits on the coupling 

Table 5. Exclusion upper limits at 95% CL on the couplings A', j . for 
A/,- = 150 GeV and M^o = 80 GeV. The quoted values for A^,, are 

given for 7-dominant and for Z-dominant x''- In other cases, the higgsino 
component of the x'j' is assumed to be vanishingly small. Moreover, the 
results for cases with j = 3 are only valid under the additional restriction 
that M^+ > A/g 

A'. Kirn ^ case 

-^111 

^in 
-^113 

"^121 

-̂ 12.1 

-^131 

-^132 

0.056 
0.14 
0.18 

0.058 
0.19 
0.30 
0.06 
0.22 
0.55 

0.048 
0.!2 
0.15 
0.048 
0.16 
0.26 
0.05 
0.19 
0.48 

for a Z-like x°, and fj. = -44 GeV and M2 = 140 GeV 
for a .&-like x?- These points in the parameter space lie 
outside the domain excluded from the invisible ZQ width 
measurement at LEP [33]. The rejection limits for a 7-like 
X° are found not to differ much from those obtained for 
pure 7. 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°9 becomes negligible relative to.^p decay. The limits 
obtained are found moreover not to depend strongly on the 
parameter tan/?. Varying tan/3 from 1 to 40, we find that 
the limits only slightly degrade and mainly at very low q 
masses, by 30% at Mq = 45 GeV down to 2% at 200 GeV. 

From the analysis of the A',,, case involving the (IR and 
UL squarks, limits can be deduced on the A,̂ ^ by folding in 
the proper parton densities. Such limits are given in Table 5 
at Mr, = 150 GeV. For Mg > 150 GeV, the exclusion limits 

A'lii at 95% CL are shown in Fig. 10 as function of the q for A',,, and A'lji in particular are found to coincide within 
mass. 5%. 

Here, the limits are derived for a reference point in the 
MSSM parameter space chosen a.s ^ = —160 GeV and AL = 
60 GeV for a 7-like x?, /« = 150 GeV and A/, = 150 GeV 

Our rejection limits extend considerably beyond the only 
100 GeV for A ,̂, inferred other collider limits of Mq > 

in [30J from 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 7 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 A',,, coupling lim­
its only weakly depend on the mass degeneracy assumption 
since, as mentioned above, the u production strongly domi­
nates. Hence, if the first generation u 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 A', j. (j or 
k ^ I). 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 (Jstop ~ 
200 pb at 9 GeV to a^top = 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 < Mf, < 24.4 GeV is excluded 
at 95% CL. This limit does not depend upon the value of 
A[3j. (as far as X\^^. x cos^j > lO "̂*, below which value 
the decay into c and xl cannot be neglected anymore). The 
angle 6t is the mixing angle in the mass matrix of the stop 
(see for example [36]). 

If the coupling A'lj, dominates, the stop can be singly 
produced in reactions of the type e"̂  + d —> i. Under our 
phenomenological assumptions (see Sect. 2) and as long as 
(A'|3| X cosdt) > lO""*, the search of the t borrows from 
the analysis for Ijlp decays of first generation squarks. We 
find that masses below 138 GeV are excluded at 95% CL 
for coupling strength of (A',31 x cos5t)~/47r > O.Olaem-

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 t lighter than 38 GeV 
is excluded at 95% CL from LEP data [37] for 01=0 from 
the width of the ZQ. But for 0t close to the value for which 
the Zo decouples from the stop (0.7 < 9t < 1.4) there are 
no existing limit from LEP for l^p stops. 

The coupling limit in Fig. 11 is extended beyond Mf ~ 
Mtop- This portion of the exclusion limit curve is only valid 
for Ml < Mtop+ M^o. 

6 Conclusions 

We have searched for squarks from i?-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 A ,̂, of A'|||/47r = aem-
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 X'^^k 
couplings to light fermions is excluded for masses 9 < m.f < 
24.4 GeV at 95% confidence level. Stop squarks with A'ljj 
couplings are excluded below 138 GeV at 95% confidence 
level for couplings (A^j, x cos9t)^/4TT > O.Olaem. 
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