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Abstract. Searches for 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 collaboration at centre-of-mass energies of 181-184 GeV. The observed candidate events in the data
are in agreement with the Standard Model expectations. Upper limits on the production cross-sections and
lower limits on the masses of charginos, sleptons, squarks and sneutrinos are derived.

1 Introduction

Minimal supersymmetric extensions of the Standard Mod-
el (MSSM) [1] usually assume that R-parity is conserved
[2]. R-parity is defined as R, = —138+L%25 where B de-
notes the baryon number, L the lepton number and S
the spin of a field. Conservation of R-parity forbids the
presence of the following L or B violating terms in the
superpotential [3]:

Wg, = NijkLiLj Ey 4+ X, LiQ; Dy, + X/;,. Ui D;Dy. (1)

Here D,U (E) are the down-like and up-like quark (lep-
ton) singlet superfields, and L (Q) are the lepton (quark)
doublet superfields respectively; A, X', and A" are Yukawa
couplings, and 4, j,k = 1,2,3 are generation indices. The
A term is anti-symmetric in ¢+ and j and the A\’ term
is anti-symmetric in j and k giving rise to a total of
9\ + 27N + 9N\ = 45 new parameters.
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Phenomenologically viable models, in which only sub-
sets of the terms in Equation (1) are non-zero are also
possible [4] and lead to decay topologies not covered by
the R-parity conserving analyses. This paper considers the
possible pair-production of Supersymmetric particles at
LEP 2 and their subsequent R-parity violating decays.
The following assumptions are made throughout:

— All three terms in Equation (1) are addressed, but
models in which more than one term is non-zero are
not considered. When the results are translated into
limits, it is also assumed that the couplings are non-
zero for only one choice of 4, j and k. Unless otherwise
stated the derived limits correspond to the choice of
indices for the coupling giving the worst limit.

— The lifetimes of the decaying sparticles are negligible,
i.e. their average decay length is less than 1 cm.

— Results are interpreted within the framework of the
MSSM. The unification relation M7 = %Mg tan? Oy is
assumed.

— For the case of the charginos and neutralinos, only
large values of the universal scalar mass (mg) are con-
sidered and it is therefore assumed that the lightest
neutralino is the LSP. Low mg scenarios for the cases
of non-zero LLE and LQD couplings were considered
at lower centre of mass energies, in [5] and [6] respec-
tively.

The search results reported here use 56.9 pb~! of data
collected by ALEPH in 1997 at centre-of-mass energies from
181 to 184 GeV. New searches for UDD topologies are
presented and the previously published ALEPH LLE and
LQD analyses [5,6] are updated to include the new data.

The organisation of the paper is as follows: in Sect. 2
the phenomenology of R-parity violating decays is dis-
cussed and then in Sect. 3 existing limits from lower energy
measurements are summarised. After a brief description of
the ALEPH detector in Sect. 4, the Monte Carlo samples
used are described in Sect. 5. In Sects. 6, 7 and 8 the se-
lections, results and their interpretation within the MSSM
are discussed for each of the R-parity violating operators.
Finally a summary is given in Sect. 9.

2 Phenomenology

The various possible decay modes of all supersymmetric
particles, sparticles, are grouped into two categories. De-
cays proceeding via the lightest neutralino are referred to
as the indirect decay modes; decays directly to Standard
Model particles are referred to as direct decay modes. The
sparticle decay modes studied are summarised in Table 1,
and decay diagrams of the direct decay modes considered
are shown in Fig. 1. As indicated in Table 1, the flavours
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Fig. 1. Direct R-parity violating decays of supersymmetric particles via the A\, A’ and A\” couplings. The black dot marks the

R-parity violating vertex in the decay

of the final state fermions depend upon the type and the
flavour structure of the Yukawa coupling.

Under the assumption of large myg, the indirect de-
cays of the lightest chargino and the next-to-lightest neu-
tralino, into W*x and Z*x respectively, dominate over
the direct decay modes; the latter are suppressed by the
large sfermion masses and are not considered here. The as-
sumption of large mq also implies that for the neutralino
decay, the intermediate sparticle is virtual and therefore
the decay kinematics is three body.

Sfermions can decay indirectly via the lightest neu-
tralino: | — Iy, ¥ — vx and ¢ — gx. If the chargino is
lighter than the sfermions, the decays [ — vx ™, 7 — [7xT
and ¢ — ¢'x T are viable decay modes, but are not consid-
ered in the following. Sfermions may also decay directly to
two fermions.

More detailed discussion of the various decay topolo-
gies are given in the relevant Sections.

3 Existing limits

An explicit search at LEP 1 for sparticles decaying via
the LLE coupling [7] yielded M; > 45 GeV/c? and M; >
46 GeV/c? for sleptons and sneutrinos. The limit for
squarks is Mg > 45 GeV/c? when ¢ = 0° for both
left and right handed states. For the lightest stop the
limit is Mg > 41 GeV/c? assuming the most conserva-
tive choice of mixing angle (¢mix = 56°). Although no
explicit searches for sparticles decaying via a dominant
LQD or UDD coupling have been performed at LEP 1,
constraints [6] from the precision measurement of I7 are
applicable for any R-parity violating coupling and yield:
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Table 1. Indirect and direct R-parity violating decay modes of supersymmetric parti-
cles. Here i, j and k are the generation indices. For example, the left handed selectron
can decay via the LQD coupling \},s, €, — cb. Dashes indicate that no direct decay
is possible for that coupling. Only those sfermions that have direct decay modes are
shown; all sfermions have indirect decay modes available if kinematically allowed. The
direct decay modes of the heavier neutralinos (x') are identical to those of lightest

neutralino (x)

Sparticle Indirect Direct Decay Modes
Decay Modes LLE (\ijx) LQD (Nj;z) UDD (X};.)
+ ff—,, I/»L'I/jlz_, l;‘—l;’_l; z/iujcfk7 lj_J]dk d)d} 7k7 uiujdk
X X ljl/jl/k, l/ilj—l/k ljﬁjuk, Diczjuk uidjuk
ol Ul L ugdy, 1 agd -
X - i ko lji r i W LS e, wadd
Vilj lk’ Vilj lk l/idjdk, I/id]'dk
- U oilt, Ul U uydy, Uady -
’ i CI% 0 Vi Y3k i IVRy By M) =
- - uid'd s uidd
~X ffX Dilj._l;:, Vzlj—l; l/idjdk, Ijidjdk Ik B %k
dir de - Didj, l;Uj ﬂidj
d;r djx - - aﬂk
d;r djx - Uidg
fle Uj X - ljdk -
W;R uiX - - 1;dy,
gi_L liX l/jl; ’Ujdk -
{j_L lix vily, - -
E;R 175% l/il;, vl - -
i viX U ddy, _
;, " L : -

M+ > 45 GeV/c?, M; > 38 GeV/c?, My > 41 GeV/c?
and Mg, > 44 GeV/c%.

A recent summary of mass limits for gauginos and
sfermions obtained by previous LEP 2 searches is given
in [8]. In particular, limits on the chargino mass of M, =+
> 85, 85 and 76 GeV/c? for the LLE[5], LQD[6] and
UDDI[9] couplings respectively have been obtained (as-
suming mo = 500 GeV/c?). Also, for the A\ coupling, a
lower limit on the lightest neutralino of M, > 23 GeV/c?
has been obtained for any choice of u, Ms, mg or genera-
tion indices ¢,5,k [5].

In addition to the above SUSY mass limits, upper lim-
its on the size of the couplings from low energy measure-
ments also exist and are usually quoted assuming a mass
of 100 GeV/c? for the virtual sparticles involved in the
R-parity violating processes. Although these limits are of-
ten strong for products of couplings (e.g. non-observation
of proton decays implies \j;, A/}, < 10722 [10]), they
are considerably weaker if only one coupling is considered
dominant:

— The indirect upper limits on the nine possible A cou-
plings are in the range 1072 —10~1. The most stringent
upper limit is A\133 < 0.003[10], derived from the upper
limit on the mass of the electron neutrino.

— The indirect limits on the 27 possible X' couplings are
typically of the order A’ < 1072—10~!. The most strin-
gent upper limit is \j;; < 4.107%[10], from searches for
neutrinoless double beta decay.

— Except for the A{;, and A};5 couplings, which are well
constrained by double nucleon decay and n —n oscilla-
tions respectively (Aj;5 < 1076 M5 < 1074[10]), the
indirect limits provide little constraint on the value of
the nine possible A" couplings.

For sparticle masses close to the kinematic limit, the
assumption of negligible lifetime for the decaying sparti-
cle restricts the sensitivity for this analysis, to coupling
values of 107% — 10~° for gauginos and about 10~7 for
direct decay of sfermions[5]. In addition, when combined
with the above low energy constraints, the assumption of
negligible lifetime also limits the validity of this analysis
to M, 210 GeV/c? [5].

4 The ALEPH detector

The ALEPH detector is described in detail in [11]. An ac-
count of the performance of the detector and a description
of the standard analysis algorithms can be found in [12].
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 detectors are
immersed in a 1.5 T axial field provided by a supercon-
ducting solenoidal coil. The electromagnetic calorimeter
(ECAL), placed between the TPC and the coil, is a highly
segmented sampling calorimeter which is used to identify
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Table 2. Topologies arising from LLE couplings: the selec-
tions, the number of candidate events selected in the data, the
number of background events expected, and the signal pro-
cesses giving rise to the above topologies

Selection Data Standard Model Direct Indirect
Expectation Decays Decays

Leptons and Hadrons 7 2.4 X Xi, q

6 Leptons + £ 0 0.3 I

4 Leptons + £ 2 1.0 1

Acoplanar Leptons 43 48.9 [

4 Leptons 2 1.3 X, U

electrons and photons and to measure their energy. The lu-
minosity monitors extend the calorimetric coverage down
to 34 mrad from the beam axis. The hadron calorimeter
(HCAL) consists of the iron return yoke of the magnet
instrumented with streamer tubes. It provides a measure-
ment of hadronic energy and, together with the exter-
nal muon chambers, muon identification. The calorime-
try and tracking information are combined in an energy
flow algorithm which gives a measure of the total en-
ergy, and therefore the missing energy, with an error of
(0.6VE +0.6) GeV.

Lepton identification is described in [12]. Electrons are
identified using the transverse and longitudinal shower
shapes in ECAL. Muons are separated from hadrons by
their characteristic pattern in HCAL and the presence of
hits in the muon chambers.

5 Monte Carlo samples and selection
efficiencies

The signal topologies for the direct and indirect decays
were simulated using the SUSYGEN Monte Carlo (MC) pro-
gram [13] for a wide range of signal masses. The events
were subsequently passed through either a full simulation
or a faster simplified simulation of the ALEPH detector.
Where the fast simulation is used a subselection of these
were also passed through the full simulation to verify the
accuracy of the fast simulation and a small correction ap-
plied if necessary.

Within SUSYGEN the decays of the lightest neutralino
via the A" coupling to three quarks are simulated using a
simplified string fragmentation model, which is expected
to underestimate the jet activity in the event [13]. As
the UDD selections are optimised to select events with
large jet activity, the efficiency estimates for the signal
topologies are expected to be slightly underestimated and
therefore conservative. This was checked by comparing ef-
ficiencies obtained with the simplified string fragmenta-
tion model to those obtained with an independent frag-
mentation model [14].

For the stop, the decays via loop diagrams to a charm
quark and the lightest neutralino result in a lifetime larger
than the typical hadronisation time scale. The scalar bot-

tom can also develop a substantial lifetime in certain re-
gions of parameter space. It is also possible that the life-
time of squarks decaying directly is sufficiently long for
hadronisation effects to become important. This has been
taken into account by modifying SUSYGEN to allow stops
and sbottoms to hadronise prior to their decays according
to the spectator model [15].

Samples of all major backgrounds have been gener-
ated and passed through the full simulation, correspond-
ing to at least 20 times the collected luminosity in the
data. Events from vy — hadrons, ete™ — qq and four-
fermion events from Wev, ZZ and Zee were produced with
PYTHIA [14], with a vector-boson invariant mass cut of
0.2 GeV/c? for ZZ and Wev, and 2 GeV/c? for Zee. Pairs
of W bosons were generated with KORALW [16]. Pair pro-
duction of leptons was simulated with UNIBAB [17] (elec-
trons) and KORALZ [18] (muons and taus), and the process
~7y — leptons with PHOTO2 [19].

The selections were optimised to give the minimum
expected 95% C.L. excluded cross-section (ogs) for signal
masses close to the high end of the expected sensitiv-
ity[20]. Selection efficiencies are determined as a function
of the SUSY particle masses and the generation structure
of the R-parity violating couplings Ak, A} and A s
for indirect and, where considered, direct decay topolo-
gies. When more than one selection is used for a search,
the selection yielding the best ogs is chosen.

The systematic uncertainties on the selection efficien-
cies are of order of 4-5% and are dominated by the statis-
tical uncertainty of the Monte Carlo signal samples, with
small additional contributions from lepton identification
and energy flow reconstruction. They are taken into ac-
count by reducing the selection efficiencies by one stan-
dard deviation. Background subtraction is only performed
for the “Four Jets” and the “Acoplanar leptons” selec-
tions, for which the error on the background estimates is
taken into account by reducing the background by one
standard deviation.

6 Decays via a dominant LLE ()\) coupling

Under the assumption of a dominant A coupling, the decay
topologies can consist of as little as two acoplanar leptons
in the simplest case (direct slepton decay), or they may
consist of as many as six leptons plus four neutrinos in the
more complicated case (indirect chargino decay). In addi-
tion to the purely leptonic topologies, the MSSM cascade
decays of heavier gauginos into lighter gaugino states may
produce multi-jet and multi-lepton final states. No direct
decays are possible for the squarks.

The various selections addressing the above topolo-
gies, the corresponding SUSY signals, the expected back-
grounds and the candidates selected in the data at /s =
181—184 GeV are summarised in Table 2. Details of the “6
Leptons + £”, the “4 Leptons + £’ and the “4 Leptons”
analyses are given in [5]. The “Leptons and Hadrons” and
the “Acoplanar Leptons” selection were updated and reop-
timised for the higher centre-of-mass energy as described
below.



The ALEPH Collaboration: Search for R-parity violating decays of supersymmetric particles 35

ALEPH
400

a)
350

M, (GeV)
—
—
m

300+

LEPL
tarp=1.41
2004 m,=500GeV |

250+

150

100

50 excluded at 95% C.L.

0 T T T
-200 -150 -100 -50 O

50 100 150 200

ALEPH
400

LQD

Il LEP2
LEP1

b)

350+

M, (GeV)

300+

2501
tarp=1.41

200 m;=500GeV "

150

100

50 excluded at 95% C.L.

0 T T 1
-200 -150 -100 -50 O 50 100 150 200

U (GeV) H (GeV)
ALEPH
< 400
3 ubD ©)
< 3501
=
I LEP2
300
LEP1
250

tarp=1.41
200 m,=500GeV

150

100+

50

excluded at 95% C.L.

——

O T T T
-200 -150 -100 -50

T T
100 150 200
1 (GeV)

0 50

Fig. 2. Regions in the (u, M2) plane excluded at 95% C.L. at tan 8 = 1.41 and mo = 500 GeV/c? for the three operators. The
dotted line is the kinematic limit for the pair production of the lightest chargino. The black region is the exclusion obtained
using the 183 GeV data. The light grey region is the exclusion from the LEP 1 data. The dark grey region in Fig. 2a is excluded

using the 130-136 GeV (LEP 1.5) data[5]

6.1 Chargino and neutralino decaying via LLE

Depending on the masses of the supersymmetric particles
and on the lepton flavour composition in the decay, the
indirect decays of charginos to neutralinos populate dif-
ferent regions in track multiplicity, visible mass and lep-
tonic energy. For this reason three different subselections
were developed [5], covering topologies with large leptonic
energies and at least two jets (Subselection I), topologies
with small multiplicities and large leptonic energy frac-
tions (Subselection II), and topologies with a moderate
leptonic energy fraction (Subselection IIT). The combina-
tion of the three sub-selections is defined as the “Lep-
tons and Hadrons” selection. The complete set of cuts is
shown in Table 3, with preselection cuts using the num-
ber of charged tracks (Ng,), the visible mass (M) and
the transverse missing momentum (p‘j_liss) followed by cuts

on the Durham jet algorithm distance (y;, at the transi-
tion between i-1 and i jets), the thrust of the event (T),
the number of leptons as electrons or muons (Nep) and
the energy tagged as leptonic or hadronic (Elep 0r Ehaq)-
While the core of this selection is unchanged with re-
spect to [5], the WW rejection is modified due to the
kinematically different properties of this background at
/s =181 — 184 GeV by redefining

2 (ag =\ (=)
Xww = {10 Gev/e? 10 GeV/c?

N (El +E—94 Gev>2

10 GeV (2)

Here myq is the hadronic mass, i.e. the mass of the event
after removing the leading lepton, ¥ the missing energy
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Table 3. The list of cuts for the “Leptons and Hadrons”
selection, which is used for neutralinos, charginos and squarks
decaying indirectly via the LLE operator

subselection 1 subselection II subselection III

Nen > 5 5 < New <15 Nep > 11
Myis > 25 GeV/c? 20 GeV/c® < Myis  55%+/5 < Myis

< T5%/5 < 80%+/s
P > 3.5% /s pT > 25% /s pP > 5% /s

[piss| < 27 GeV/c Nepd®t > 1

y3 > 0.009 ys > 0.025

ya > 0.0026 ya > 0.012

ys > 0.006 ys > 0.004

T < 0.85

Niep > 1 Niep > 1 Niep > 1

Enonlep < 54%\/§ Enonlep < 70%\/5
Ehad < 28%Evis Ehad < 22%JE‘lep

Elep > QO%Ehad

in the event, my, is the mass of the leading lepton and
the missing momentum, and Ej the energy of the leading
lepton in the event.

After all cuts a total background of 2.4 events is ex-
pected for the inclusive combination of the three subselec-
tions, dominantly coming from WW — qq7v. In the data
7 events are selected. The probability of observing 7 or
more events when 2.4 events are expected is 1.2%. Since
the events do not cluster in any particular sub-selection
(as would be expected for a signal) and as event prop-
erties are consistent with standard model expectations,
the excess is interpreted as a statistical fluctuation of the
background contamination.

Interpreting these results in the framework of the
MSSM, 95% C.L. exclusion limits are derived in the (u,
Ms) plane and shown in Fig. 2a for large scalar masses
mo = 500 GeV/c?. The corresponding lower limit on the
mass of the lightest chargino is essentially at the kinematic
limit for pair production.

6.2 Squarks decaying via LLE

Although squarks cannot decay directly with a A coupling,
they may decay indirectly to the lightest neutralino. This
topology is also selected by the “Leptons and Hadrons”
selection. The 95% C.L. exclusion limits on the stop are
presented in the (M,,M;) plane in Fig. 3. Using the bound
M, > 23 GeV/c? [5] the following limits upon the left-
handed stop can be derived: M;, > 61 GeV/c? (A133 cou-
pling) and M;, > 71 GeV/c? (A122 coupling).

6.3 Sleptons decaying via LLE
Sleptons decaying directly to a lepton and a neutrino pro-

duce acoplanar lepton topologies of same or mixed flavour.
For the acoplanar lepton final states ee, uu and 77 the

Table 4. The events selected in the data by the acoplanar
lepton selections, listed according to the topology in which they
are selected, and the WW background expectation. Some of
the background and candidate events are in common to several
selections

Topology ee  up TT el er Ut
WW background 7.9 7.7 4.6 158 7.7 8.8
Selected in Data 6 7 4 16 8 8

selections developed for the search for sleptons with R-
parity conservation are used [21]. Only those selections
designed for large mass differences between the slepton
and the lightest neutralino are employed.

The extension of these selections to mixed final states
is similar to that in [5]. For ey final states, the requirement
for two identified leptons of the same flavour is replaced
by the requirement for one electron and one muon. For
et (u7), the leading lepton should be an electron (muon)
with momentum less than 70 GeV/c. In case there is a sec-
ond lepton identified, its momentum should be less than
18 GeV/e.

Although efficiencies for the acoplanar lepton topolo-
gies are high, the expected background in this channel is
also large but well modelled, and is therefore subtracted
according to the prescription given in [23].

As described in [5] right-handed sleptons decay to two
final states (if Ajjxz # O then I% — '} or ¥{l7) in the
direct topology with a 50% branching ratio each for a
given choice of the generation indices. Table 4 lists the
data and standard model expectation for each possible
acoplanar lepton pair. Excluded cross-sections are shown
in Fig. 4a for the appropriate mixtures of acoplanar lep-
ton states. The MSSM production cross-section for right-
handed smuon pairs and selectron pairs at g = —200 GeV
/c® and tan3 = 2 are superimposed. The cross-section
limit translates into a lower bound on the smuon (or stau)
mass of M, Mz, > 61 GeV/c? and Mz, > 82 GeV/c?
(u = —200 GeV/c?, tan 3 = 2) for the direct decays and
the worst case coupling.

Indirect decays of sleptons are selected using the “Six
Leptons +F” selection. Limits corresponding to this case
are shown in Fig. 4b, 4c and 4d. Using the bound of M, >
23 GeV/c? obtained in [5] these limits can be interpreted
as the mass limits Mz, > 76 GeV/c? (1 = —200 GeV/c?,
tan 3 = 2), M, > 74 GeV/c* and M, > 70 GeV/c?* for
the worst case coupling.

6.4 Sneutrinos decaying via LLE

Sneutrinos can decay directly into pairs of charged leptons,
and the “4 Lepton” selection is used to derive exclusion
limits, Fig. ba, for pair produced sneutrinos decaying into
the final states eeee, eepp, eeTr, pppp, pprT and 7777,
The different final states correspond to different choices
of generation indices. The cross-section limits translate
into a lower bound on the muon (tau) sneutrino mass of
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My, . > 66 GeV/c? for the direct decays and the worst
case coupling.

Indirect decays of sneutrinos are selected using the “4
Leptons +£” selection. The limits in the (M,, Mj) plane
corresponding to this case are shown in Fig. 5b assuming
the 7, cross-section. Using the bound M, > 23 GeV/c?
[5] this limit can be interpreted as My, > 62 GeV/c? for
the worst case coupling.

7 Decays via a dominant LQD ()') coupling

For a dominant LQD operator the event topologies are
mainly characterised by large hadronic activity, possibly
with some leptons and/or missing energy. In the simplest
case the topology consists of four jet final states, and in the
more complicated scenario of multi-jet and multi-lepton
and/or multi-neutrino states. The different selections sen-
sitive to the final states expected for this case are sum-
marised in Table 5, and further details can be found in [6].
For acoplanar jet topologies the AJ-H selection developed
for the R-parity conserving SUSY searches are used [24].
The “Multi-jets plus Leptons” and the “2J+27” selections
were updated and reoptimised for the higher centre-of-
mass energy as described below.

7.1 Charginos and neutralinos decaying via LQD

Three subselections were developed to select the chargino
indirect topologies [6]. Subselection I is designed to select
final states based on the hadronic activity, e.g. xTx~ —
qqqq + xx; subselection II is designed for decays such as

Table 5. Topologies arising from LQD couplings: the selec-
tions, the signal processes giving rise to the above topologies,
the number of background events expected, and the number of
candidate events selected in the data

Selection Data Standard Model Direct Indirect
Expectation  Decays Decays

MultiJets + Leptons 7 8.7 X x*t

2 Jets + 27 2 2.6 ir

AJ-H 1 0.5 by,

Four Jets 144 142.0 I,o

xTx~ — lvqq + xx where the leptonic energy is more
important and subselection IIT is designed to select the
decays xTx~ — lvlv + xx. The combination of the three
subselections is defined as the “Multi-jets plus Leptons”
selection. The complete set of cuts is shown in Table 6.
In addition to the variables used for the LLE selections in
Sect. 6.1, the polar angle of the missing energy (Omiss),
the acoplanarity (@..,) and the isolation of the missing
momentum vector (E) are used. The prime on a cut
variable restricts it to the hadronic system of the event.
While the core of the analysis is unchanged with re-
spect to [6], the WW rejection for subselection I, which
consists of a two-dimensional cut in the (M., ..,) plane,
was modified, and the WW rejection for subselections 11
and IIT use the quantity x%;, as defined in Equation (2).
The selection has lowest efficiencies for final states with
taus, which corresponds to the worst case coupling )\;, ke
A total background of 8.7 events is expected for the
inclusive combination of the three subselections, coming



38 The ALEPH Collaboration: Search for R-parity violating decays of supersymmetric particles

ALEPH

a)

Oysn(:E)

0.41

MPHITHTT

0.31
{ eeta+1t
0.2 €erertuu §
GMSSM(IJR&;E)\\
0.1

M( ) (Gevid)
ALEPH
90

c)
80

M(x) (GeV/d)

70

60

122
50
13

40
30

20

10

M(fig) (GeV/d)

Fig. 4. a The 95% C.L. exclusion cross-sections scaled to /s =

O T T T T T T T T .‘..;
45 50 55 60 65 70 75 80 85 90

40 45 50 55 60 65 70 75 80 85 90

ALEPH

% b) (1 =-200 GeV, tafd = 2)

80

M(x) (GeV/d)

70 Ayaa A2y
60
50
40
30

20

10 T T T T T T T T
40 45 50 55 60 65 70 75 80 85 90
M(&p) (GeV/d)
ALEPH
90

d)
80

M(x) (GeV/d)

70
60
122
50

40 3

30

20

40 45 50 55 60 65 70 75 80 85 90
M(%y) (GeVic)

183 GeV for sleptons decaying directly via a dominant

LLE operator. For the purpose of this plot a 3°/s cross-section dependence was assumed. The dashed line shows the MSSM
cross-section for pair production of right-handed smuons, the dashed-dotted the cross-section for right-handed selectrons at
tan 3 =2, = —200 GeV/c*, M2 = 50 GeV/c?. Figs b, ¢ and d show the 95% C.L. limits in the (M,, M;) plane for selectrons,
smuons and staus decaying indirectly via a dominant LLE operator. The two choices of A122 and A133 correspond to the best
and worst case exclusions respectively. The selectron cross-section is evaluated in the gaugino region at g = —200 GeV/c?,

tan = 2

dominantly from WW events (7.4 events). In the data 7
events are selected.

Interpreting these results in the framework of the
MSSM, 95% C.L. exclusion limits are derived in the (g,
Ms) plane and shown in Fig. 2b for large scalar masses
mo = 500 GeV/c?. The corresponding lower limit on the
mass of the lightest chargino is essentially at the kinematic
limit for pair production.

7.2 Squarks decaying via LQD

A squark can decay directly to a quark and a lepton/neu-
trino leading to topologies of acoplanar jets and up to two

leptons: 2J2L, 2JLr and 2J2v. Couplings with electrons
or muons in the final state are neglected as existing limits
from the Tevatron [25] exclude the possibility of seeing
this signal at LEP. To select ¢ — q7 and ¢ — qv, the
“2J427” and the “AJ-H” selections are used.

While the core of the “2J427” selection is unchanged
with respect to [6], the WW rejection is modified. The
quantity x%, as defined in Equation (2) is required to
be X% > 3.3. A total of 2.6 events are expected from
background processes, which is in good agreement with
the observation of 2 events in the data. For the “2J+27”
selection the limit is set by sliding a mass window of width
20 GeV/c? centred on the squark mass over the mass spec-
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Table 6. The list of cuts for the “Multi-jets plus Leptons”
selection. Primed event variables are calculated from physical
quantities excluding identified leptons

subselection I subselection II ~ subselection III

Naw > 10
Myis > 45 GeV/c?
Omiss > 30°
My’ > 43%/s Myis' < 50%+/s My’ < 65 GeV/c?
T <0.9 T < 0.74 T <0.8
yh > 0.0047 y4 > 0.001
ys > 0.003 B < 145°
v > 0.002 or ye > 0.00035
Er > 60 GeV v > 0.002
EY < 90% et Fiop < 40 GeV
i < 5 GeV Fhad < 25E1p Fuaa < 47%FEiep
Do + 0.55( My’ — 120) Xovw > 3.8
< 180°

trum. For the “AJ-H” selection a total of 0.5 events are
expected and 1 event is observed in the data.

The resulting squark limits are shown in Fig. 6, they
correspond to M; > 77 GeV/c* assuming BR(f;, —
q7) = 100%, M; > 80 GeV/c* assuming BR(b, — qv) =
100%.

7.3 Sleptons and sneutrinos decaying via LQD

Direct decays of sleptons and sneutrinos via the LQD op-
erator lead to four jet final states. The “Four Jets” selec-
tion previously used for the 172 GeV/c? LQD analyses is
applied [6]. After a hadronic final state preselection, the
events are forced to four jets and for each of the three
possible dijet pairing a 5C-fit (energy-momentum conser-
vation and equal mass constraint) is performed and the
pairing with the smallest chisquare is selected. A total of
144 events are observed in the data, in good agreement
with the expectation of 142 events. The distribution of
the dijet mass (M, gijcct) for data and Monte Carlo is shown
in Fig. 7.

Limits are derived by sliding a mass window of 6 GeV
/c? across the dijet mass distribution, counting the num-
ber of events observed and subtracting the expected back-
ground according to the prescription given in [23]. For
this purpose the expected background has been assigned
a conservative error of 20% [22] and has been reduced by
this amount. The results are shown in Fig. 8 and imply
M;, > 59 GeV/c?, My, > 61 GeV/c?

8 Decays via a dominant UDD ()\"”)
coupling

For a dominant U DD operator, six jet final states are ex-
pected from the pair production of the lightest neutrali-
nos, which subsequently decay to three jets each. The di-
rect decays of pair produced right-handed squarks lead to
four jet final states. No direct decays are possible for slep-
tons and sneutrinos. The indirect chargino decays give rise
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to a variety of final states depending on the W* decay;
they range from ten hadronic jets to six jets associated
with leptons and missing energy. The indirect decays of
the squarks lead to eight jet final states. The indirect de-
cays of the sleptons lead to six-jets plus two leptons, while
the indirect decay of the sneutrinos give rise to six-jet final
states with missing energy.

A number of new selections, defined in Tables 8-10,
have been developed to address the above topologies:
“Four Jets Broad”, “Many Jets”, “Many Jets+Leptons”,
“Four Jets+2 Leptons”, “Many Jets+2 Leptons”, “Four
Jets+F” and Many Jets+F. In addition the “Four Jets”
selection of Sect. 7.3 is also utilised. In order for the selec-
tions to be applicable for any choice of couplings, b-tagging
requirements are not applied.

These selections rely mainly on two characteristics of
the events; mass reconstruction of the pair produced spar-

ticles and/or the presence of many jets in the event. Monte
Carlo studies of these many jet topologies show that when
the boost of the sparticles is high (i.e. far from threshold)
the jets in each hemisphere become merged and the event
can be considered as ‘four jet like’. In this boosted regime,
adequate mass resolution on a pair of equal mass sparticles
is obtained using the “Four Jet” selection (Sect. 7.3). For
example, Figs. 9a—d show the distribution of reconstructed
dijet mass (Mgg’;t) obtained for a pair of 50 GeV/c? spar-
ticles decaying to 6q (direct neutralino), 8¢ (indirect
squarks), 62l (indirect slepton) and 10g (indirect chargi-
no) topologies. The Gaussian core of the dijet mass distri-
bution ranges from ~ 1.8 GeV/c? for the six quark events
to ~ 2.6 GeV/c? for the ten quark events. The mass reso-
lution is only weakly dependent on the choice of the )\;/j &
coupling, the worst dijet mass resolution corresponding
to a )\/2/23. For indirect decays, in addition to the depen-
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dence on the jet multiplicity, the mass resolution is also
sensitive to the mass of the neutralino involved in the de-
cay. For sparticle masses closer to threshold, the jets from
each sparticle are less clearly separated and the mass re-
construction deteriorates significantly. In this regime se-
lections based on requiring a large Durham distance are
employed.

Table 7 gives a list of all the selections, the signal pro-
cesses addressed by the selections, and the number of ob-
served and expected events. The selections are described
in detail in the following Sects. 8.1-8.4.

40 45 50 55 60 65 70 75

Table 7. Topologies arising from UDD couplings: the selec-
tions, the signal processes giving rise to the above topologies,
the number of background events expected, and the number of
candidate events selected in the data, quoted with any sliding
mass cuts removed

Selection Data Standard Model Direct Indirect
Expectation Decays Decays
Four Jets 144 142.0 X,q xT.q
Four Jets Broad 54 48.4 q
Many Jets 1 3.6 X x*t
Many Jets+Leptons 1 4.1 xi
Four Jets+2 Leptons 1 1.1 ]
Many Jets+2 Leptons 1 1.2 I
Four Jets+F 16 18.9 1
Many Jets+F 25 26.7 17

Table 8. The list of cuts for the “Four Jets Broad”, “Many
Jets” and “Many Jets+Leptons” selections. These selections
are used for chargino, neutralino and indirect squark decays

via an UDD operator

Four Jets Broad Many Jets
New >8,T<0.9
[pss| < 1.5(Muis — 90), |pss|/p™== < 0.95

Ejt < 95%Ejes

Many Jets + Leptons

Euis//5 > 0.7 FEyis/y/5 > 0.7 FEuyis/+/5 < 0.95
Niep > 1
3 < Eiep <20 GeV

ya > 0.006 ys > 0.01

ye > 0.0015 ye > 0.006 ye > 0.0025

| M1z — M34]

<12 GeV/c?
|Mc?ijcct - MX| ‘Mc?i_]cct - MW| |M§)ij6;t - MW|
<25 GeV/?2  >2.5 GeV/c? > 2.5 GeV/c?

Table 9. The list of cuts for the “Four Jets + 2 Leptons” and
“Many Jets + 2 Leptons” selections, as used for the indirect

slepton searches decaying via an U DD operator

Four Jets 4+ 2 Leptons Many Jets + 2 Leptons
Nenw >8,05<T <0.95
[PS*] < 1.5(Moyis — 90), [p*|/p™* < 0.95
EY < 95%Ejes
Eyis/+/s > 0.8, Ep > 45 GeV
Niep > 2 (same flavour, opposite charge)
Elep > 10 GeV Elep > 5 GeV
y4 > 0.0005 ye > 0.0012
|Miz — Msa| < 10 GeV/c®  |M§5,, — Mw| > 3 GeV/c?
|M35e. — Mg < 5 GeV/c?
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using the 5C fit, no longer works. For this case, using the sum of dijet masses before the 5C fit f allows reconstruction of the x

mass instead

Table 10. The list of cuts for the “Four Jets + £” and “Many
Jets + F” selections, as used for the indirect sneutrino searches

via an UDD operator

Four Jets + £ Many Jets + I

Nen > 8
‘pmlss‘/pmlss < 0.95

ES? < 95%Ejer, Er > 45 GeV, Eop < 15 GeV

jet

0.25 < Eyis/\/5 < 0.75 0.7 < Euvis/\/5 < 0.95
Apr < 160°
0.5 < T < 0.97 0.6 <T < 0.97
ya > 0.001 ya > 0.005
ys > 0.0003 ys > 0.002

(0.005 if M(x) > 60 GeV)
if M(x) <60 GeV/c?:
|Mis — Mss| < 10 GeV/c?
if M(x) < 60 GeV/c*:
|Mi2 4+ Mss — 2M, | < M, /3

[Mis — Mss| < 10 GeV/c?

|Mi2 4+ Mas — 2M, | < M, /3

8.1 Charginos and neutralinos decaying via UDD

From the pair production of the lightest neutralino six
jet topologies are expected. The “Many Jets” selection
is used for neutralino masses M, > 60 GeV/c?, and the
“Four Jets” selection for M, < 60 GeV/c?. The selec-
tion efficiency varies between 10% — 20% depending on
the mass.

The “Many Jets” selection (Table 8) is needed when
the boost in the event is small and the mass resolution
deteriorates. For this selection no attempt is made to re-
construct the sparticle masses, instead events with many
jets are selected by requiring the Durham distance for the
transition between five to six jets (yg) to be large. The dis-
tribution of this variable for the background and an exam-
ple signal is shown in Fig. 10. A value of ys greater than
0.006 is required. To remove hadronic W decays, events for
which the dijet mass is around the W mass are rejected.
A total of 3.6 background events are predicted from the
Monte Carlo simulation, 1 event is observed in the data.

For the indirect chargino decays, which can have lep-
tons in the final state, the “Many Jets+Lepton” selection
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Fig. 11. The 95% C.L. exclusion for squarks decaying indirectly via a dominant U DD operator: a left-handed stop, b left-hand
sbottom. (The non-excluded regions for neutralino masses less than 20 GeV/c? are excluded at 90% C.L.)

(Table 8) is used in addition to the “Four Jets” and “Many
Jets” selections. For the “Many Jets+Lepton” selection,
after a preselection, at least one lepton with energy (Ejep)
between 3 GeV and 20 GeV is required. The cut on yg is
looser compared to the “Many Jets” selection, while the
hadronic W background is reduced using the same cuts
as used in the “Many Jets” selection. The efficiencies are
generally higher for the indirect chargino decays than for
the direct neutralino decays as the larger number of jets
leads to a higher ys.

Interpreting these results in the framework of the
MSSM, Fig. 2¢ shows the 95% C.L. exclusion in the (u,
Ms) plane obtained assuming mg = 500 GeV/c?. As for
the A and X’ couplings the lower limit on the chargino
mass is essentially at the kinematic limit.

8.2 Squarks decaying via UDD

The direct decay of pair produced squarks leads to four
quark final states. The “Four Jets” selection is therefore
used to extract the mass limits. As shown in Fig. 8 the
mass limits are 69 GeV/c? for scalar up type squarks and
49 GeV/c? for scalar down type squarks.

For the indirect squark decays, which lead to eight jet
topologies a slightly modified “Four Jets” selection is used
in addition to the “Four Jets” selection. This “Four Jets
Broad” selection (Table 8) uses a looser sliding mass win-
dow cut, as the mass resolution on the dijet masses is
degraded compared to that obtained for the direct squark
decays. The increased number of jets also allows a tighter
cut on yg. The efficiencies are typically around 10%. The
95% C.L. exclusion in the (My, Mj) plane for a left-
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Fig. 12. The 95% C.L. excluded cross-sections for left or right-handed selectrons and smuons decaying indirectly via a dominant

UDD operator. The selectron cross-section is evaluated in the region u = —200 GeV/c? and tang3 = 2

handed stop and left-handed sbottom are shown in Fig. 11;
the corresponding mass limits are M;, > 58 GeV/c* and

M, > 57 GeV/c? for M, > 20 GeV/c?.

8.3 Sleptons decaying via UDD

No direct slepton decays are possible via the A coupling.
For the indirect decays of selectron and smuon pairs, the
“Four Jets + 2 Leptons” is used for large mass differences
between the slepton and neutralino, and the “Many Jets
+ 2 Leptons” for the low mass difference region. The effi-
ciencies are typically between 50-60%.

For the “Four Jets 4+ 2 Leptons” selection (Table 9),
at least two identified leptons above 10 GeV are required,
with the two most energetic leptons required to be of the

same flavour and opposite charge. A loose sliding cut on
the dijet mass is also used.

For the “Many Jets + 2 Leptons” selection (Table 9),
requirements on yg are combined with requirements on the
presence of at least two identified leptons above 5 GeV,
with the two most energetic required to be of same flavour
and opposite charge.

Figure 12 shows the 95% C.L. exclusion in the (M,,
M) plane for selectrons and smuons. The selectron cross-
section is evaluated in the gaugino region (u = —200 GeV
/c?, tanf = 2) where constructive neutralino t-channel
interference enhances the cross-section. The shape of the
limits at M, ~ 20 GeV/c? is due to the switch between
selections. The non-excluded region at very small mass
differences between the slepton and the neutralino is be-
cause the lepton is very soft and the selection efficiency
drops to zero. For M; — M, > 10 GeV/c? the excluded
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Fig. 13. a The 95% C.L. limit in the (M,, M;,) plane for 7. decaying indirectly via a dominant UDD operator. The 7.
cross-section is evaluated in the region u = —200 GeV/c* and tan8 = 2. (The non-excluded island near M;, = 70 GeV/c? is
excluded at 90% C.L.). b The exclusion obtained assuming three mass degenerate sneutrinos

masses are: Mz, (Mz,) > 81(70) GeV/c? and My, (Mz,)
> 67(70) GeV/c2.

8.4 Sneutrinos decaying via UDD

No direct sneutrino decays are possible via the A"’ cou-
pling. Sneutrinos decaying indirectly lead to final states
containing two neutrinos. Large mass differences between
the sneutrino and neutralino lead to event topologies with
significant missing energy, and the “Four Jets + E” is
used. For small mass differences the “Many Jets + £”
selection is used. The efficiencies range from 10-40% de-
pending on the sneutrino and neutralino masses involved.

For the “Four Jets + E” selection (Table 10) large
missing energy is required and events with energetic lep-
tons are vetoed. Due to the presence of the neutrinos, the
5C mass fit is no longer useful (Fig. 9¢). Nevertheless the
resolution on the dijet masses (M12 and Msy) before the
5C fit is sufficient to allow reconstruction of the neutralino
mass (rather than the sneutrino mass) for many choices
of sneutrino/neutralino masses (e.g. Fig. 9f). As the mass
resolution is found to depend on the neutralino mass in-
volved in the decay, the width of the sliding mass window
is a function of the assumed neutralino mass.

The “Many Jets + £” selection is summarised in Ta-
ble 10. Compared to the “Four Jets + E” selection, the
more spherical topology of the sneutrino decays close to
threshold is used in the following way: For neutralino mas-
ses above 60 GeV a yg > 0.05 is required. For neutralino
masses below 60 GeV a looser ys > 0.002 is used, rein-
forced by the same sliding mass window cut on the dijet
mass as applied for the “Four Jets + F” selection.

Figure 13a shows the 95% C.L. exclusion in the (M,,
M) plane for the electron sneutrino. The cross-section

is evaluated in the gaugino region, where it is enhanced
by constructive chargino t-channel interference. The limit
My, > 70 GeV/c? is obtained. In Fig. 13b the exclusion
obtained assuming three mass degenerate sneutrinos is
also presented, with cross-sections evaluated in a region
where the t-channel enhancement in the v, cross-section
is negligible.

9 Conclusions

A number of search analyses have been developed to se-
lect R-parity violating SUSY topologies from the pair-
production of sparticles. It was assumed that the LSP has
a negligible lifetime, and that only one coupling A;jx, A ik
or )\;’jk is non-zero. The search analyses for the various
topologies yield good agreement between the number of
observed and expected events, thus there is no evidence
for R-parity violating supersymmetry in the data collected
at /s =181-184 GeV. Lower limits on the masses of vari-
ous sparticles are set within the framework of the MSSM.

For large mg the chargino mass limit is given by the
kinematic limit M,+ > 91 GeV/c?, irrespective of the R-
parity violating operator.

The limits for direct decays of sleptons for an LLE
coupling are Mz, > 82 GeV/c? in the gaugino region (1 =
—200 GeV/c?, tan 8 = 2), M, > 61 GeV/c? and M, >
66 GeV/c?. The limits for the direct decays of sleptons
and squarks in the case of an LQD coupling are My, >
61 GeV/c?, My, > 59 GeV/c*, M;, > 77 GeV/c* for
Br(f, — qr) = 1 and Mg, > 80 GeV/c? for Br(by, —
qv) = 1. The limit for squarks assuming an U DD coupling
are Mg, > 69 GeV/c? and M > 49 GeV/c?.
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For the indirect decays of sfermions, the following lim-

its have been obtained, derived in the gaugino region (u =
—200 GeV/c?, tan 3 = 2) for € and 7.

M;, > 61 GeV/c? for LLE and 58 GeV/c? for UDD
(My >20 GeV/c*)

M; > 57 GeV/c? for UDD (M, > 20 GeV/c?)

Mz, > 76 GeV/c? for LLE and 81 GeV/c? for UDD
(Mg, — M, > 10 GeV/c?) o
Mg, > 74 GeV/c? for LLE and 67 GeV/c? for UDD
(Mg, — M, > 10 GeV/c?)

Mjz,, > 70 GeV/c? for LLE

M; > 62 GeV/c? for LLE

M;, > 70 GeV/c? for UDD

These mass limits represent significant improvements

over those previously published [5,6,9].
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