Eur. Phys. J. C 31, 1-16 (2003)
Dlilgital é])?oject Identifier (DOI) 10.1140/epjc/s2003-01311-5 THE EUROPEAN
PHYSICAL JOURNAL C

Search for supersymmetric particles with R-parity violating decays
in eTe™ collisions at y/s up to 209 GeV

The ALEPH Collaboration

A. Heister, S. Schael
Physikalisches Institut das RWTH-Aachen, 52056 Aachen, Germany

R. Barate, R. Bruneliere, I. De Bonis, D. Decamp, C. Goy, S. Jezequel, J.-P. Lees, F. Martin, E. Merle, M.-N. Minard,
B. Pietrzyk, B. Trocmé
Laboratoire de Physique des Particules (LAPP), IN*?P3-CNRS, 74019 Annecy-le-Vieux Cedex, France

S. Bravo, M.P. Casado, M. Chmeissani, J.M. Crespo, E. Fernandez, M. Fernandez-Bosman, L1. Garrido!'®, M. Martinez,
A. Pacheco, H. Ruiz

Institut de Fisica d’Altes Energies, Universitat Autonoma de Barcelona, 08193 Bellaterra (Barcelona), Spain”

A. Colaleo, D. Creanza, N. De Filippis, M. de Palma, G. Iaselli, G. Maggi, M. Maggi, S. Nuzzo, A. Ranieri, G. Raso?*,
F. Ruggieri, G. Selvaggi, L. Silvestris, P. Tempesta, A. Tricomi®, G. Zito
Dipartimento di Fisica, INFN Sezione di Bari, 70126 Bari, Italy

X. Huang, J. Lin, Q. Ouyang, T. Wang, Y. Xie, R. Xu, S. Xue, J. Zhang, L. Zhang, W. Zhao
Institute of High Energy Physics, Academia Sinica, Beijing, P.R. China®

D. Abbaneo, P. Azzurri, T. Barklow?$, O. Buchmiiller?®, M. Cattaneo, F. Cerutti, B. Clerbaux??, H. Drevermann,
R.W. Forty, M. Frank, F. Gianotti, J.B. Hansen, J. Harvey, D.E. Hutchcroft, P. Janot, B. Jost, M. Kado?, P. Mato,
A. Moutoussi, F. Ranjard, L. Rolandi, D. Schlatter, G. Sguazzoni, W. Tejessy, F. Teubert, A. Valassi, I. Videau
J.J. Ward,

European Laboratory for Particle Physics (CERN), 1211 Geneva 23, Switzerland

F. Badaud, S. Dessagne, A. Falvard?°, D. Fayolle, P. Gay, J. Jousset, B. Michel, S. Monteil, D. Pallin, J.M. Pascolo,
P. Perret
Laboratoire de Physique Corpusculaire, Université Blaise Pascal, IN°P3-CNRS, Clermont-Ferrand, 63177 Aubiere, France

J.D. Hansen, J.R. Hansen, P.H. Hansen, B.S. Nilsson
Niels Bohr Institute, 2100 Copenhagen, Denmark®

A. Kyriakis, C. Markou, E. Simopoulou, A. Vayaki, K. Zachariadou
Nuclear Research Center Demokritos (NRCD), 15310 Attiki, Greece

A. Blondel'2, J.-C. Brient, F. Machefert, A. Rougé, M. Swynghedauw, R. Tanaka
Laoratoire Leprince-Ringuet, Ecole Polytechnique, IN?P3-CNRS, 91128 Palaiseau Cedex, France

V. Ciulli, E. Focardi, G. Parrini
Dipartimento di Fisica, Universita di Firenze, INFN Sezione di Firenze, 50125 Firenze, Italy

A. Antonelli, M. Antonelli, G. Bencivenni, F. Bossi, G. Capon, F. Cerutti, V. Chiarella, P. Laurelli, G. Mannocchi®,
G.P. Murtas, L. Passalacqua
Laboratori Nazionali del’INFN (LNF-INFN), 00044 Frascati, Italy

J. Kennedy, J.G. Lynch, P. Negus, V. O’Shea, A.S. Thompson
Department of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, UK!®

S. Wasserbaech
Department of Physics, Haverford College, Haverford, PA 19041-1392, USA

R. Cavanaugh?, S. Dhamotharan®!', C. Geweniger, P. Hanke, V. Hepp, E.E. Kluge, G. Leibenguth, A. Putzer,
H. Stenzel, K. Tittel, M. Wunsch'®
Kirchhoff-Institut fiir Physik, Universitit Heidelberg, 69120 Heidelberg, Germany'®

R. Beuselinck, W. Cameron, G. Davies, P.J. Dornan, M. Girone', R.D. Hill, N. Marinelli, J. Nowell, S.A. Rutherford,



2 The ALEPH Collaboration: Search for supersymmetric particles with R-parity violating decays

J.K. Sedgbeer, J.C. Thompson'4, R. White
Department of Physics, Imperial College, London SW7 2BZ, Uk'®

V.M. Ghete, P. Girtler, E. Kneringer, D. Kuhn, G. Rudolph
Institut fiir Experimentalphysik, Universitat Innsbruck, 6020 Innsbruck, Austria'®

E. Bouhova-Thacker, C.K. Bowdery, D.P. Clarke, G. Ellis, A.J. Finch, F. Foster, G. Hughes, R.W.L. Jones,
M.R. Pearson, N.A. Robertson, M. Smizanska
Department of Physics, University of Lancaster, Lancaster LA1 4YB, UK

O. van der Aa, C. Delaere, V. Lemaitre
Institut de Physique Nucléaire, Département de Physique, Université Catholique de Louvain, 1348 Louvain-la-Neuve, Belgium

U. Blumenschein, F. Holldorfer, K. Jakobs, F. Kayser, K. Kleinknecht, A.-S. Miiller, B. Renk, H.-G. Sander,
S. Schmeling, H. Wachsmuth, C. Zeitnitz, T. Ziegler
Institut fiir Physik, Universitit Mainz, 55099 Mainz, Germany'®

A. Bonissent, P. Coyle, C. Curtil, A. Ealet, D. Fouchez, P. Payre, A. Tilquin
Centre de Physique des Particules de Marseille, Univ Méditerranée, IN?P3-CNRS, 13288 Marseille, France

F. Ragusa
Dipartimento di Fisica, Universita di Milano e INFN Sezione di Milano, 20133 Milano, Italy

A. David, H. Dietl, G. Ganis??, K. Hiittmann, G. Liitjens, W. Minner, H.-G. Moser, R. Settles, G. Wolf
Max-Planck-Institut fiir Physik, Werner-Heisenberg-Institut, 80805 Miinchen, Germany'®

J. Boucrot, O. Callot, M. Davier, L. Duflot, J.-F. Grivaz, Ph. Heusse, A. Jacholkowska®, L. Serin, J.-J. Veillet
C. Yuan,
Laboratoire de I’Accélérateur Linéaire, Université de Paris-Sud, IN?P3-CNRS, 91898 Orsay Cedex, France

G. Bagliesi, T. Boccali, L. Foa, A. Giammanco, A. Giassi, F. Ligabue, A. Messineo, F. Palla, G. Sanguinetti,
A. Sciaba, P. Spagnolo R. Tenchini A. Venturi P.G. Verdini
Dipartimento di Fisica dell’Universita, INFN Sezione di Pisa, e Scuola Normale Superiore, 56010 Pisa, Italy

O. Awunor, G.A. Blair, G. Cowan, A. Garcia-Bellido, M.G. Green, L.T. Jones, T. Medcalf, A. Misiejuk, J.A. Strong,
P. Teixeira-Dias
Department of Physics, Royal Holloway & Bedford New College, University of London, Egham, Surrey TW20 OEX, UK

R.W. Clifft, T.R. Edgecock, P.R. Norton, I.R. Tomalin,
Particle Physics Dept., Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 OQX, UK

B. Bloch-Devaux, D. Boumediene, P. Colas, B. Fabbro, E. Lancon, M.-C. Lemaire, E. Locci, P. Perez, J. Rander,
B. Tuchming, B. Vallage
CEA, DAPNIA /Service de Physique des Particules, CE-Saclay, 91191 Gif-sur-Yvette Cedex, France!”

N. Konstantinidis, A.M. Litke, G. Taylor
Institute for Particle Physics, University of California at Santa Cruz, Santa Cruz, CA 95064, USA?2

C.N. Booth, S. Cartwright, F. Combley?®, P.N. Hodgson, M. Lehto, L.F. Thompson
Department of Physics, University of Sheffield, Sheffield S3 7RH, UK'°

A. Bohrer, S. Brandt, C. Grupen, J. Hess, A. Ngac, G. Prange
Fachbereich Physik, Universitit Siegen, 57068 Siegen, Germany'®

C. Borean, G. Giannini
Dipartimento di Fisica, Universita di Trieste e INFN Sezione di Trieste, 34127 Trieste, Italy

H. He, J. Putz, J. Rothberg
Experimental Elementary Particle Physics, University of Washington, Seattle, WA 98195, USA

S.R. Armstrong, K. Berkelman, K. Cranmer, D.P.S. Ferguson, Y. Gao'3, S. Gonzélez, O.J. Hayes, H. Hu, S. Jin,
J. Kile, P.A. McNamara III, J. Nielsen, Y.B. Pan, J.H. von Wimmersperg-Toeller, W. Wiedenmann, J. Wu,
Sau Lan Wu, X. Wu, G. Zobernig

Department of Physics, University of Wisconsin, Madison, WI 53706, USA™!

G. Dissertori
Institute for Particle Physics, ETH Honggerberg, 8093 Ziirich, Switzerland



The ALEPH Collaboration: Search for supersymmetric particles with R-parity violating decays 3

Received: 10 October 2002 /

Published online: 19 September 2003 — (© Springer-Verlag / Societa Italiana di Fisica 2003

Abstract. Searches for the pair production of supersymmetric particles under the assumption that R-parity

is violated via a single dominant LLE, LQD or UDD coupling are performed using the data collected by
the ALEPH detector at LEP at centre-of-mass energies from 189 to 209 GeV. The numbers of observed
candidate events in the data are in agreement with the Standard Model expectation, and limits on the
production cross sections and on the masses of charginos, sleptons, squarks and sneutrinos are derived.

1 Introduction

The search for supersymmetric particles addressed in this
paper is performed in the framework of the minimal super-
symmetric extension of the Standard Model (MSSM) [1]
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with R-parity violation. Conservation of R-parity [2] is
usually assumed in order to prevent experimentally for-
bidden low energy processes (e.g. fast proton decay). Nev-
ertheless this symmetry is not required theoretically, and
models with R-parity violation can be constructed, which
are compatible with experimental constraints.

A generic model can be built from the R-parity violat-
ing terms of the superpotential [3]

WRp = Az’jkLiLjEk + )\;jkLinDk + )\;/ijlDJDk, (1)

where D, U and E are down-like quark, up-like quark and
lepton singlet superfields, ) and L are the quark and lep-
ton doublet superfields; A\, \ and A" are Yukawa couplings
and 4,7,k = 1,2,3 are generation indices. The presence
of such R-parity violating terms implies that the lightest
supersymmetric particle (LSP) is unstable and that super-
symmetric particles can decay directly to Standard Model
particles.

The sparticle decays which proceed directly to Stan-
dard Model particles are called direct decays (Fig. 1).
Decays in which the sparticle first decays, conserving R-
parity, to the lightest neutralino are referred to as indirect
decays (Fig. 2). Other cascade decays are possible but not
considered in the following.

The following assumptions are made throughout:

— All three terms in (1) are addressed, however only one
term at a time is considered to be nonzero for a specific
set of indices (7, j and k). Unless otherwise stated the
derived limits correspond to the choice of indices for
the coupling giving the least stringent limit.

— The lifetime of the sparticles can be neglected, i.e. the
mean flight path is less than 1 cm. This assumption
restricts the sensitivity of the search to R-parity vi-
olating couplings greater than 10~* for gauginos and
10~ for direct decays of sfermions, and constrains the
mass of the neutralino to be above 10 GeV /c? [4].

— Results are interpreted within the framework of the
MSSM with R-parity violation. In addition to R-parity
violating couplings, the parameters are the gaugino
mass terms (M;), the sfermion masses (mj;), the ratio of
the Higgs doublet vacuum expectation values (tans),
the higgsino mass term (u) and the trilinear couplings
(A;). Gaugino mass term unification at the GUT scale
is assumed, giving the condition M; = gMg tan? Oy
at the electroweak scale.

— For chargino and neutralino decays, only large values of
sfermion masses are considered, with the consequence
that the direct decays of the lightest chargino and the
next-to-lightest neutralino are suppressed. It also im-
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Fig. 1.
R-parity violating vertex in the decay
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Direct R-parity violating decays of supersymmetric particles via the A\, X’ and A" couplings. The points mark the
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Fig. 2. Indirect decays of supersymmetric particles. The neutralino x decays directly via the A, A’ and A" couplings as illustrated

in Fig. 1

plies three-body kinematics for the lightest neutralino
decay.

The searches presented in this paper cover all types
of sparticle pair production; the case of single sneutrino
production is addressed in [5]. The results reported are
based on all data collected by the ALEPH detector in the
years 1998, 1999 and 2000. The new data collected in year

2000 at the LEP 2 ete™ collider at centre-of-mass ener-
gies up to 209 GeV is grouped in two samples of 81.6 pb~!
and 133.7 pb~! luminosity at (\/s) = 204.9 GeV and
206.5 GeV, respectively. Those two samples will be called
205 GeV and 207 GeV in the following.

This paper is organized as follows: after a brief descrip-
tion of the ALEPH detector, the Monte Carlo generators
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used for signal and background are listed in Sect. 2. The
selections used for all topologies and the results obtained
when those selections are applied on data and Monte Carlo
events are presented in Sect. 3. Sect. 4 gives the interpre-
tations, within the MSSM framework, of the absence of
any supersymmetric signal in the data. A summary of the
results is presented in Sect. 5.

2 The ALEPH detector
and Monte Carlo generators

The ALEPH detector is described in detail in [6]. An ac-
count of the performance of the detector and a description
of the standard analysis algorithms can be found in [7].
Here, only a brief description of the detector components
and the algorithms relevant for this analysis is given.

The trajectories of charged particles are measured with
a silicon vertex detector, a cylindrical drift chamber, and a
large time projection chamber (TPC). The central detec-
tors are immersed in a 1.5 T axial magnetic field provided
by a superconducting solenoidal coil. The electromagnetic
calorimeter (ECAL), placed between the TPC and the coil,
is a highly segmented sampling calorimeter which is used
to identify electrons and photons and to measure their
energies. The hadron calorimeter (HCAL) consists of the
iron return yoke of the magnet instrumented with streamer
tubes. It provides a measurement of hadronic energy and,
together with the external muon chambers, muon identi-
fication. The luminosity monitors extend the calorimetric
coverage down to 34 mrad from the beam axis. The calori-
metric and tracking information are combined in an energy
flow algorithm which gives a measure of the total energy
with an uncertainty of (0.6v/E + 0.6) GeV.

Electron identification is primarily based upon the
matching between the measured momentum of the charged
track and the energy deposited in the ECAL. Additional
information from the shower profile in the ECAL and the
measured rate of specific ionisation energy loss in the TPC
are also used. Muons are separated from hadrons by their
characteristic pattern in HCAL and the presence of asso-
ciated hits in the muon chambers.

The signal topologies were simulated using the SUSYGEN
Monte Carlo program [8], modified as described in [9].
The events were subsequently passed either through a full
simulation, or through a faster simplified simulation of the
ALEPH detector for interpolation purposes.

Samples of all major backgrounds were generated and
passed through the full simulation. The PYTHIA genera-
tor [10] was used to produce qq events and four-fermion
final states from Wev, ZZ and Zee. Pairs of W bosons were
generated with KORALW [11]. Pair production of leptons was
simulated with BHWIDE [12] (electrons) and KORALZ [13]
(muons and taus). The vy — ff processes were generated
with PHOTO2 [14].

Table 1. The list of cuts for the “Four Jets 4+ Taus” and “Many
Jets + Taus” selections, as used for the search for indirect stau
decays via a UDD operator. Nj‘éltiﬂch is the number of charged
tracks in the lowest multiplicity jet. The other variables are

defined in [9]

Four Jets + Taus Many Jets + Taus

Nan > 8
|p;niss|/pmiss < 0.95 , 0.5 < Evis/\/g < 0.95
E < 95%Ejer , Er > 45GeV

jr:tigch <5
0.6 <T <0.92 0.6 <T <0.97
ys > 0.005 ya > 0.005
Y6 > 0.0025

|Mi2_34] < 10 GeV/c?
|Migy3a — 2Mz| < 5G€V/62

3 Selections and results

The selections were optimized to give the minimum ex-
pected 95% C.L. excluded cross section in the absence of a
signal for masses close to the high end of the expected sen-
sitivity. Selection efficiencies were determined as a function
of the SUSY particle masses and the generation structure
of the R-parity violating couplings A;jx, A ik and )\;'j & Two
new selections have been added with respect to previous
publications, the others are unchanged from those used
in [4,9,15-17], except for centre-of-mass energy rescaling.
The new selections : “Many jets + Taus” and “Four jets +
Taus” address topologies with many jets and taus and are
used in the search for indirect stau decays. The set of cuts
is shown in Table 1. Tau production is tagged by miss-
ing energy and a low multiplicity jet. The corresponding
event variable ( j‘:tiich) is the number of charged tracks
in the lowest multiplicity jet when forcing the event into
four jets.

3.1 Selections for a dominant LLE coupling

Direct decays with a dominant LLE coupling only involve
leptons and neutrinos in the final states. When indirect
decays occur, additional leptons, neutrinos and jets are
produced.

The decay topologies consist either of purely leptonic
final states — as few as two acoplanar leptons in the sim-
plest case (direct slepton decay) or as many as six leptons
plus four neutrinos in the most complicated case (indirect
chargino decay) — or of multi-jet and multi-lepton final
states.

The various selections addressing the above topologies
are summarized in Table 2 together with the references of
the papers in which detailed descriptions of the selection
cuts can be found. The numbers of selected data candidates
and the expected backgrounds are also given in this table.
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Selection Ref. 205 GeV 207 GeV Table 2. The observed numbers of events in
Data  Background Data  Background fche i;ea]ifooo (iiata Sarr;p%: andfthetiorrLesz_ond-
ing background expectations for the se-
Leptons and Hadrons  [4,15] > 3.5 8 5.6 lecgtions. 'gfhe select?ons are given together with
6 Leptons + ¥ (4] 0 0.5 0 0.8 the references to the papers in which they are
4 Leptons + & [4] 1 2.3 4 3.1 described
eeee [4] 1 3.8 3 3.5
UrT [4] 0 1.1 1 1.4
TTTT [4] 1 24 5 2.6
Acoplanar Leptons [4,9] 71 89 139 138
Selection Ref 205 GeV 207 GeV Table 3. The observed numbers of events in
Data Background Data  Background jche }];eaiQOOO (ilata Sanépiff andfthet Eorzeé%md'
ing background expectations for the se-
MultiJets + Leptons  [15,16] > 52 14 8.6 lecgtions. gThe selectri)ons are given together with
Jets-HM (15] 3 2.2 7 3.3 the references to the papers in which they are
4 Jets + 27 [15,16] 9 5.0 6 8.0 described
Four-Jets [15,16] 341 348 541 561
2 Jets + 27 [15,16] 7 4.9 7 7.9
AJ-H [17] 12 10.7 19 18.5
4JH [17] 4 3.7 4 5.9
5 Jets 4+ 1 Iso. ¢ [15] 2.1 2 3.7
4 Jets + 2 Iso. ¢ [15] 0 1.3 1 2.0
Selection Ref. 205 GeV 207 GeV Table 4. The observed numbers of events in
Data Background Data Background .the year 2000 data samplg and the correspond-
P B B B A T i pSendovedaion brihe UDD s
Many Jets (9] 6 3.8 6 6.2 the references to the papers in which they are
Many Jets + Leptons [9] 6 7.6 14 12 described
Four Jets + 2 Leptons 9] 2 2.1 3.6
Many Jets + 2 Leptons [9] 2.9 1 4.9
Four Jets+¥ [9,15] 32 33.3 48 51.4
Many Jets+£ [9,15] 30 33.3 48 51.4
Four Jets 4+ Taus 78 76.1 144 125.5
Many Jets + Taus 8 9.7 17 15.0

3.2 Selections for a dominant LQ D Coupling

For a dominant LQD operator the event topologies are
mainly characterized by large hadronic activity, possibly
with some leptons and some missing energy. In the simplest
case the topology consists of four jets, and in the more
complicated scenarios, of several jets or leptons, with or
without missing mass. The various selections are listed
in Table 3 together with the corresponding numbers of
observed data candidates and expected background events.

3.3 Selections for a dominant U DD coupling

For a dominant U DD operator the final states are charac-
terized by topologies having many hadronic jets, possibly
associated with leptons or taus and missing energy.
These selections rely mainly on two characteristics of
the signal events: the reconstructed mass of pair produced
sparticles and the presence of many jets in the final state. In

Table 4 the list of all the selections is given, together with
the numbers of data candidates and expected background
events.

4 Interpretation within the MSSM framework

For all selections, the number of candidate events observed
in the data is in agreement with the Standard Model back-
ground expectations. The results of the selections have
been used to set limits on the MSSM parameter space.

The cross section limits were evaluated at 208 GeV.
Data taken at lower centre-of-mass energies also contribute
to the limits with a reduced weight. The weight was cal-
culated from the expected evolution of the cross section
with /s.

The systematic uncertainties on the selection efficien-
cies are of the order of 4-5% and are dominated by the
statistics of the simulated signal samples, with small addi-
tional contributions from lepton identification and energy
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flow simulation. They were taken into account by reduc-
ing the selection efficiencies by the estimated systematic
uncertainty.

When setting the limits, background subtraction was
performed for two- and four-fermion final states accord-
ing to the prescription described in [18]. The systematic
uncertainty on the expected Standard Model background
has been evaluated by detailed comparison of the simula-
tion with the data on control samples obtained with re-
laxed cuts. The subtracted background has been reduced
by the systematic uncertainty derived from these compar-
isons (typically a few percent depending on the analysis).
For the Wev and Zee processes the subtracted background
has been further reduced by 20% due to the poor knowl-
edge of the production cross section in the kinematic region
selected by this analysis. No background is subtracted for
the vy — ff process.

The absolute lower limit on the mass of the lightest
neutralino of 23 GeV/c? obtained in [4] for a dominant
LLE coupling, which is valid for any choice of u, M,,
mo (the unified sfermion mass term at the GUT scale)
and generational indices (i, j and k), is used to restrict
the range of neutralino mass considered for the indirect
decays of the LLFE searches.

The limits on sfermion masses derived from searches
and indirect constraints obtained at LEP 1 are discussed
in [9]. They range from 40 to 45 GeV/c? and are indicated
on the exclusion plots.

4.1 Charginos and neutralinos decaying via LLE

The results are interpreted assuming large scalar masses
(mo = 500 GeV/c?). Depending on the masses of the gaug-
inos and on the lepton flavour composition in the decay, the
indirect decays of charginos to neutralinos populate differ-
ent regions in track multiplicity, visible mass and leptonic
energy. The “Leptons and Hadrons” selection, optimized
for each possible topology, is used.

In the framework of the MSSM, 95% C.L. exclusion
limits are derived in the (u,M3) plane as shown in Fig. 3a
for tan 3 = 1.41. The corresponding lower limit on the
mass of the lightest chargino is 103 GeV /c?.

The searches for the lightest and second lightest neu-
tralino do not extend the excluded region in the (u,Ms)
plane beyond that achieved with the chargino search alone.

4.2 Squarks decaying via LLE

Squarks cannot decay directly with an LLE coupling but
they may decay indirectly via the lightest neutralino. Be-
cause the resulting topology is close to that arising from the
indirect chargino decay, the “Leptons and Hadrons” selec-
tion is used. The 95% C.L. squark mass limits are presented
as functions of m, in Fig. 4 for the case of t1 and by squarks.
The results are displayed for left-handed squarks and for
the values of the mixing angle for which the coupling to
the Z vanishes. In the case of purely left-handed squarks,
the following limits can be derived: mg, > 91GeV/c? and

my > 90GeV/c? for any Ajji.

~400
©
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Fig. 3a—c. Regions in the (p, M3) plane excluded at 95%

C.L. at tan = 1.41 and mo =
operators a A, b A’ and ¢ \”.
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4.3 Sleptons decaying via LLE

A slepton can decay directly via the LLE coupling to a
lepton and anti-neutrino, hence the “Acoplanar Leptons”
selection is used. For a given choice of LLE coupling, the
decay of a right-handed slepton produces two different final
states, (7’% — 0Dy, or Uyil7, with equal branching ratios. Ex-
cluded cross sections are shown in Fig. 5a for the different
mixtures of acoplanar lepton states. The MSSM produc-
tion cross sections for right-handed smuon pairs, and for
selectron pairs at u = —200 GeV/c? and tan 3 = 2, are su-
perimposed. The cross section limits translate into lower
bounds of mj, 7 > 87GeV/c? and mg, > 96 GeV/c?
(u = —200GeV/c?, tan 8 = 2).

Indirect decays of sleptons are selected using the “Six
Leptons +£” selection. Limits corresponding to this case
are shown in Figs. 5b, 5¢c and 5d. Using the bound of
m, > 23GeV/c? these limits can be interpreted as the

mass limits mg, > 96 GeV/c? (u = —200 GeV/c?, tan 3 =
2), muy > 96 GeV/c? and mz, > 95GeV /2.

4.4 Sneutrinos decaying via LLE

Sneutrinos can decay directly via LLE into pairs of charged
leptons. For pair produced sneutrinos, the final states, de-
pending on the generation indices, are eeee, eeup, eerT,
pppe, purT and 7777, and can be selected with the “Four
Lepton” selection. The exclusion limits on the sneutrino
pair production cross section are shown in Fig. 6a. These
limits translate into a lower bound on the electron sneu-
trino mass of mz_>100GeV/c? (u = —200GeV/c?, tan 3
= 2) and the muon sneutrino mass of mz, >90 GeV /c?.
Indirect decays of sneutrinos are selected using the
“Four Leptons +F” selection. The limits in the (m,, my)
plane corresponding to this case are shown in Figs. 6b and
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6¢. Using the bound m, > 23GeV/c? this limit can be
interpreted as mp, . > 89GeV/c? and my, > 98 GeV/c?,
where the cross section for the electron sneutrino is eval-
uated at = —200 GeV/c? and tan 8 = 2.

4.5 Charginos and neutralinos decaying via LQ D

The results are interpreted assuming large scalar masses
(mo = 500 GeV /c?). For the various topologies produced
in the indirect decays of the chargino pairs via an LQD
coupling, the “MultiJets + Leptons” selection is used.

In the framework of the MSSM, 95% C.L. exclusion
limits are derived in the (u,M3) plane as shown in Fig. 3b.
The corresponding lower limit on the mass of the lightest
chargino is 103 GeV /c?.

The searches for the lightest and second lightest neu-
tralino do not extend the excluded region in the (u,Ms)
plane beyond that achieved with the chargino search alone.

4.6 Squarks decaying via LQD

A squark can decay directly via LQD to a quark and either
a lepton or a neutrino, leading to topologies with acoplanar
jets and up to two leptons. Couplings with electrons or
muons in the final state are not considered as existing limits
from the Tevatron [19] exclude the possibility of seeing
such a signal at LEP. To select ¢ — q7 and q — qv, the
“2J427” and the “AJ-H” selections are used. Examples
of limits for squark production are shown in Fig. 7. In
particular, for a dominant A, coupling, which implies
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cross section is evaluated at p = —200GeV/c? and tan 3 = 2

Br(tr, — q7) = 100%, a lower limit of mz, > 97 GeV/c? is
obtained.

Indirect decays of squarks via the LQD operator lead
to six jets and up to two charged leptons. The selections
used are “Jets-HM” %4 Jets + 277, “5 Jets + 1 Iso. £” and
“Multi-jets plus Leptons”.

Limits for left-handed squarks are shown in Fig. 8.
The following limits for t;, and by, are derived: mg, >
85GeV/c¢® and my > 80GeV/c?.

4.7 Sleptons and Sneutrinos decaying via LQD

Direct decays of sleptons and sneutrinos via the LQ D oper-
ator lead to four-jet final states. The “Four-Jets” selection

is applied. The distributions of the di-jet masses for data
and Monte Carlo are shown in Figs. 9a and 9b. Limits are
derived by sliding a mass window of 5 GeV/c? across the
di-jet mass distribution. The results are shown in Fig. 9c
and imply mg, > 79GeV/c? and my, > 81 GeV/c?.

Indirect decays of the sleptons via the LQD operator
yield two, three or four leptons and four jets in the final
state; two leptons are of the same flavour as the initial slep-
tons. The indirect decays of sneutrinos produce a final state
with four jets, up to two leptons and missing energy. For se-
lectrons and smuons the “4 Jets + 2 Iso. £” selection is used
except for the special case of A3, # 0 and (mz, —my) <
10 GeV/c? where the “4 Jets + 277 selection is used. Indi-
rect stau decays are selected with the “5 Jets + 1 Iso. £” se-
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production of squarks decaying directly via a dominant LQD
operator: the limits are shown for t, (Mjsx), br, (Ms) or br
(Xi33), and br (\3;3) in a, b and c, respectively. The expected
MSSM cross sections are superimposed

lection if m,, > 20 GeV /c? and either /\’2‘7-,C #0or N, # 0.
The combination of the “5 Jets + 1 Iso. £” and the “Leptons
and Hadrons” selections is used otherwise. The sneutrinos
are selected with the “4JH” selection for m, > 20 GeV/c?
and “AJ-H” (acoplanar jets) otherwise. Limits for sleptons
with indirect decays are shown in Figs. 10 and 11 with
the selectron and electron sneutrino cross sections evalu-
ated at p = —200GeV/c? and tan 3 = 2. The limits are
Me, > 93GeV/c?, my, > 90GeV/c?, mz, > 76 GeV/c?,
my, > 91GeV/c? and mp, > 78 GeV/c2.

4.8 Charginos and neutralinos decaying via U DD

The decay of the lightest neutralino leads to six hadronic
jets in the final state. The indirect decays of a chargino
or the second lightest neutralino give rise to a variety of
final states which range from ten hadronic jets to six jets
associated with leptons and missing energy. The “Many
Jets”, “Four Jets” and “Many Jets + Lepton” selections
are used to cover these topologies.

In the framework of the MSSM, 95% C.L. exclusion
limits in the (u, Ma2) plane are obtained as shown in
Fig. 3c. The lower limit on the lightest chargino mass is
103 GeV/c?.

The searches for the lightest and second lightest neu-
tralino do not extend the excluded region in the (u,Ms)
plane beyond that achieved with the chargino search alone.

4.9 Squarks decaying via UDD

The direct decay of pair produced squarks leads to four-
quark final states. The “Four Jet” selection is therefore
used to extract the mass limits. As shown in Fig. 9c the
mass limits are 82.5GeV/c? for up-type squarks and
77 GeV/c? for down-type squarks.

For indirect squark decays, which lead to eight-jet top-
ologies, the “Four Jets Broad” and “Four Jets” selections
are used. Fig. 12 shows the 95% C.L. exclusion limits in
the (m,, mg) plane for left-handed stop and sbottom.
The corresponding mass limits are mg > 71.5 GeV/c?

and mp > 71.5GeV/c?.

4.10 Sleptons decaying via U DD

No direct slepton decays are possible via the UDD cou-
pling. For the indirect decays of pair produced selectrons
and smuons, which lead to six-jet plus two-lepton final
states, the “Four Jets + 2 Leptons” selection is used for
large mass differences between the slepton and neutralino,
and the “Many Jets + 2 Leptons” for the low mass differ-
ence region. In addition, for the very low mass difference
region the leptons are very soft and the “Four Jets” se-
lection is used. For indirect stau decays, which lead to
six-jet plus two tau final states, the “Four Jets + Taus”
and “Many Jets + Taus” selections are used for large and
low mass differences between the stau and the neutralino,
respectively.
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The resulting 95% C.L. exclusion limits in the (m,, m;)
plane are shown in Fig. 13. The selectron cross section is
evaluated at g = —200GeV/c? and tan 8 = 2. For m; —
my > 10GeV/c? this yields mg, > 94GeV/c?, mp, >
85GeV/c? and msz, > 70 GeV/c?.

4.11 Sneutrinos decaying via U DD

No direct sneutrino decays are possible via the UDD cou-
pling. Sneutrinos decaying indirectly lead to six-jet final
states plus two neutrinos. For small mass differences be-
tween the sneutrino and neutralino, the six jets are well
separated and the “Many Jets + E” selection is used. For
large mass differences the event is characterized by a sig-
nificant missing energy, and the “Four Jets + E” selection

is used.

The 95% C.L. exclusions in the (m,, m;) plane are
shown in Fig. 14a for the electron sneutrino and in Fig. 14b
for the muon or tau sneutrino. The electron sneutrino cross
section is evaluated at u = —200GeV/c? and tan 3 = 2.
The limits mp, > 88GeV/c? and my, | > 65GeV/c? are

obtained for my —m, > 10GeV/c? .

5 Summary

Pair production of supersymmetric particles, followed by
direct or indirect decays involving R-parity violating cou-
plings, has been searched for in the data collected with
the ALEPH detector at LEP 2 at centre-of-mass energies
between 189 and 209 GeV. It has been assumed that the
LSP has a negligible lifetime, and that only one A, )\;jk
or )\;’]  coupling is nonzero. Several selections covering all
the possible final states have been applied. No evidence for
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Table 5. The 95% C.L. lower mass limits for indirect sparticle
decays for each of the three R-parity violating couplings, assum-
ing m; ; —my > 10GeV/c® for UDD and p = —200GeV /¢
and tan 3 = 2 for é and Ze

Lower mass limit (GeV/c?)

Sparticle LLE LQD UDD

tr 91 85 71.5

br 90 80 71.5
&R 96 93 94
iR 96 90 85
R 95 76 70
Do 98 91 88
Dyr 89 78 65
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Fig. 12. The 95% C.L. limits in a the (m,, m; ) plane
and b the (my, my ) plane for indirect decays via the UDD

couplings

a signal has been found and various limits have been set
within the framework of the MSSM with R-parity violat-
ing couplings. These results improve on those previously
published by ALEPH [15] and by the other LEP collabo-
rations [20].

The limits obtained for direct decays of sfermions are

— for an LLE coupling:
- meay > 96GeV/c? (u= —200GeV/c?, tan 8 = 2)
- mgp, > 100GeV/c? (p = —200GeV/c?, tan 3 = 2
- Mg 7 > 87 GeV/c?,
- mg, >90GeV/c2.
— for an LQD coupling:
- mp, > 81GeV/c?,
- mg, > T9GeV/c?,
- mg, > 97GeV/c? for Br(ty — q7) = 1.
— for a UDD coupling:
- mg, > 82.5GeV/c?,
- mg, > 77.0GeV/c?.

)
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For the indirect decays of sfermions, mass limits are

listed in Table 5. For large sfermion masses, an absolute
limit of 103 GeV/c® has been set on the chargino mass,
irrespective of the R-parity violating operator.
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