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Abstract
Searches for pair production of supersymmetric particles under the assumption of
non-conservation of R-parity have been performed using the data collected by the
DELPHI experiment at LEP in e+ e− collisions at centre-of-mass energies from 192
to 208 GeV. No excess of data above Standard Model expectations was observed.
The results were used to constrain the MSSM parameter space, and to derive mass
limits for SUSY particles.
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Introduction

In 2000, the LEP centre-of-mass energy reached 208 GeV, and an integrated luminosity of
224.4 pb−1 has been collected by the DELPHI experiment. The data have been analyzed
to search for supersymmetric particles in the hypothesis of R–parity violation ( Rp ) [1].
The major consequences of the non conservation of the R–parity is the allowed decay of
the Lightest Supersymmetric Particle (LSP) in standard fermions and the possibility to
produce single supersymmetric particles. The analyses described in this note cover the pair
production of supersymmetric particles. The  Rp superpotential [2] contains three trilinear
terms, two violating L conservation, and one violating B conservation. We consider here
only the λijk Li Lj Ēk (non conservation of L) and λijk Ūi D̄j D̄k terms (non conservation of
B) (i, j, k are generation indices), which couple the sleptons to the leptons and the squarks
to the quarks respectively.
The Minimal Supersymmetric Standard Model (MSSM) scheme [3] with the assumption that the gaugino masses are uniﬁed at the Grand Uniﬁed Theories (GUTs) scale is
assumed. Relevant parameters for these  Rp searches are then: M1 , M2 , the U(1) and
SU(2) gaugino mass at the electroweak scale (with M1 = 53 tan2 θW M2 ), m0 , the scalar
common mass at the GUT scale, µ, the mixing mass term of the Higgs doublets at the
electroweak scale and tanβ, the ratio of the vacuum expectation values of the two Higgs
doublets. We assume that the running of the λ and λ couplings from the GUT scale to
the electroweak does not have a signiﬁcant eﬀect on the ”running” of the gaugino and
fermion masses.
The LSP is assumed to have a negligible lifetime so that the production and decay
vertices coincide. Otherwise the LSP decay vertex is displaced, and the analyses described
here become ineﬃcient.

1.1
1.1.1

R–parity violating decays of supersymmetric particles
Direct and Indirect decays

Two types of supersymmetric particle decays are considered. First, the direct decay of
sfermion into two standard fermions, or the decay of neutralino (chargino) into a fermion
and a virtual sfermion which then decays into two standard fermions. Second, the indirect
decay corresponding to the supersymmetric particle cascade decay through R–parity conserving vertex to on-shell supersymmetric particles down to the lighter supersymmetric
particle which then decays via one LLĒ or ŪD̄D̄ term.
1.1.2

Decays through LLĒ terms

The direct decay of a neutralino or a chargino via a dominant λijk coupling leads to purely
leptonic decay signatures, with or without neutrinos ( ν,   , νν). The indirect decay
of a heavier neutralino or a chargino adds jets and/or leptons to the leptons produced in
the LSP decay.
The sneutrino direct decay gives two charged leptons: via λijk only the ν̃ i and ν̃ j are
∓
± ∓
allowed to decay directly into ±
j k and i k respectively. The charged slepton direct
decay gives one neutrino and one charged lepton (the lepton ﬂavor may be diﬀerent from
the slepton one). The supersymmetric partner of the right-handed lepton, ˜kR can only
decay directly to in νiL jL or iL νjL.
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The indirect decay of a sneutrino (resp. charged slepton) into a neutralino and a
neutrino (resp. charged lepton) leads to a purely leptonic ﬁnal state: two charged leptons
and two neutrinos (resp. three charged leptons and a neutrino). With a LLĒ term, only
the indirect decay of a squark into a quark and a neutralino (or a chargino) is possible.
When the charged leptons are τ (for example with λ131 or λ133 couplings), additional
neutrinos are generated in the τ decay, producing more missing energy in the decay and
leading to a smaller number of charged leptons in the ﬁnal state.
1.1.3

Decays through ŪD̄D̄ terms

In case of a dominant ŪD̄D̄ term, the neutralino decays via a virtual squark and a quark
and subsequently gives a three quarks ﬁnal state (the squark decays into two quarks via
ŪD̄D̄ terms). Then for each indirect decay of a chargino, squark or slepton pair, we
have at least six quarks in the ﬁnal state. Therefore the most important feature of these
decays are the number of quarks produced which goes up to ten for the indirect decay
of two charginos with the hadronic decays of the W bosons. The direct squark decay
gives the smallest number of quarks in the ﬁnal state and were not considered in the
squark analysis. In this channel, a large amount of hadronic decay of W and Z boson
pair remain as an irreducible background for the four-jet signal. The unique possibility
for the sleptons to decay through a ŪD̄D̄ term is the indirect decay channel. In this last
case, two leptons are produced in the slepton decay in association with six jets.

1.2

Pair production of supersymmetric particles

Pair production of supersymmetric particles in MSSM with  Rp is identical to the pair
production with Rp conservation, since the trilinear couplings are not present in the
production vertex.
The charginos are produced by pairs in the s-channel via γ or Z exchange, or in the
t-channel via sneutrino (ν̃e ) exchange if the charginos have a gaugino component; the
neutralinos are produced by pairs via s-channel Z exchange provided they have a higgsino
component, or via t-channel selectron exchange if they have a gaugino component. The
t-channel contribution is suppressed when the slepton masses (depending on m0 ) are
high enough. When the selectron mass is suﬃciently small (less than 100 GeV/c2 ), the
neutralino production can be enhanced, because of the t-channel ẽ exchange contribution.
On the contrary, if the νe mass is in the same range, the chargino cross-section can decrease
due to destructive interference between the s- and t-channel amplitudes.
Pair production cross-section of sfermions mainly depends on the sfermion masses.
The selectron and sneutrino cross-sections are also very sensitive to the chargino and
neutralino components (function of µ, M2 and tanβ) via the t–channel exchange. In the
case of the third generation, the left-right mixing angle enters in the production crosssection as well. Two cases were considered in the stop analysis to extract mass limits:
the ﬁrst one with no mixing, the second one with the mixing angle corresponding to the
squarks decoupling from the Z boson.
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2

Data samples

Data recorded in 2000
√ by the DELPHI detector (described in details in [7]) at centre-ofmass energies up to s = 208 GeV, corresponding to an integrated luminosity of about
160 pb−1 among the total of 224 pb−1 , have been analysed. The events collected when
one sector of the Time Projection Chamber [7] did not work were not taking into account.
To evaluate background contaminations, diﬀerent contributions coming from the Standard Model processes were considered. The Standard Model events were produced by the
following generators:
+ −
• γγ events: BDK [8] for γγ →  
processes, and TWOGAM [9] for γγ → hadron
processes.
+ −
• two-fermion processes: BHWIDE [10] for Bhabhas, KORALZ [11] for e e
→ µ+ µ− (γ)
and for e+ e− → τ + τ − (γ) and PYTHIA [12] for e+ e− → qq̄(γ) events.
• four-fermion processes:
The four fermion background was generated with
EXCALIBUR [13] in most of the phase space but also GRC4F [14] was used to complete
the EXCALIBUR samples in the case of very forward electrons.
Signal events were generated with the SUSYGEN program [15] followed by the full
DELPHI simulation and reconstruction program (DELSIM [7]).

3

Description of the analyses

For all the analyses presented in this section, it was assumed that only one λijk or λijk
is dominant at a time, and its upper bound, derived from indirect searches of R–parity
violating eﬀects [4]–[6], has been taken into account for the generation of the signals.
The analyses presented in what follows are updates of the 1999 data analyses, which
have been extensively described in [17].

3.1

Search for pair production in case of LLĒ terms

Two types of analyses have been performed:
• the ﬁrst one assumes that λ122 is dominant (i.e the charged leptons coming from  Rp
decay are muons and electrons). This is the most eﬃcient and selective case since
the selection criteria are based on e and µ identiﬁcation;
• the second search assumes that λ133 is dominant, meaning that the leptons from  Rp
decay are mainly taus and electrons. This is the case with the lowest eﬃciency and
the lowest rejection power due to the presence of several taus in the ﬁnal state.
Any of the possible topologies should be covered by one of the two analysis types, to be
sure that any type of  Rp via LLE coupling signal could be discovered. Two diﬀerent λijk
can lead to the same ﬁnal state, and therefore the same eﬃciency ranges. This allows to
apply the ﬁrst type of analysis to signals produced via λ2j2 . In most cases, the analyses
of the second type are applied to signals generated with other λijk , and the eﬃciencies
are either of the same order or higher than for λ133 signals.
The applied sequential selections were based on the criteria already presented in [16,
17], using mainly missing quantities, lepton identiﬁcation (based on standard DELPHI
algorithms) and kinematic properties, and jet characteristics. Jets can be produced in
indirect decays of sparticles, and thin jets in the τ decays. The jets were reconstructed
3

with the DURHAM [18] algorithm. In order to cover the diﬀerent topologies, the jet number
was not ﬁxed, and the jet charged multiplicity could be low (thin jets with one charged
particle for instance).
Since no signal has been observed, the results of the λ133 analysis are used to derive
the most conservative limits, and then only informations on the λ133 analyses are given
in the present note.

3.1.1

LLĒ term: charginos and neutralinos searches

The χ0i and χ±
k pair production were considered for diﬀerent values of tanβ (from 0.7 to
30), m0 (between 90 GeV/c2 and 500 GeV/c2 ), µ (between –200 GeV/c2 and 200 GeV/c2 )
and M2 (between 5 and 400 GeV/c2 ).
In the search for neutralino and chargino pair production in case of a dominant λ133
coupling, the preselection requirements described in [17] were used. After this preselection,
1230 real data remained for 1146 ± 5 events expected from Standard Model processes; the
agreement between the number of observed and expected events at the preselection level
was satisfactory. At the end of the selection, it remains 9 events for 8.0±0.4 expected.
The selection eﬃciencies were computed from simulated samples for diﬀerent points
of the MSSM parameters space. A global event selection eﬃciency has been determined
at each point, and was in the range 13–38% in case of a dominant λ133 coupling.
3.1.2

LLĒ term: sleptons searches

In case of sneutrino direct decay (Br(ν̃ → + − ) = 100%), the processes νe ν̄ e → 4µ
(λ122 ), νe ν̄ e → 4τ (λ133 ), νµ ν̄ µ → 4τ (λ233 ) and ντ ν̄ τ → 2e2τ (λ133 ) have been generated for
diﬀerent values of sneutrino mass up to 100 GeV/c2 , with tanβ and µ ﬁxed at 1.5 and
–150 GeV/c2 respectively. In order to be sure that all ﬁnal states were covered, signals
obtained for other λijk couplings and for sneutrino mass around 95 GeV/c2 were also gen˜ → χ0 ν ()) = 100%)
erated. Events with sneutrino (slepton) indirect decay (Br(ν̃ ()
1
˜ and χ0 masses,
were also simulated with λ122 and λ133 couplings, for diﬀerent ν̃ ()
1
in order to cover several ranges of mass diﬀerence between sneutrinos (sleptons) and
neutralinos. Furthermore, in case of slepton indirect decays, selectron, smuon and stau
pair productions have been simulated, since the eﬃciencies depend also on the slepton
ﬂavor.
The results of the analyses applied to cover ﬁnal states produced when a λ122 coupling
is dominant are given in table 1. They concern the direct decay of νe or νµ pairs, the
indirect decay of sneutrino pairs, and the indirect decay of smuon pairs. No excess of
candidate events was found in the 2000 data.
When λ133 coupling is dominant, mainly taus are produced in the ﬁnal states. Then
there are always neutrinos coming from the τ decay, eventually with additional neutrinos
which could be produced at the  Rp vertex.
The analyses were designed to cover two main topologies:
• the 2τ 2e ﬁnal states (missing energy coming from the tau decay only), from the
direct decay of ντ pairs;
4

the 4 or 6 leptons and missing energy ﬁnal states, with at least 2 taus, from the
indirect decay of any sneutrino pair; and from the indirect decay of a slepton pair.
The same preselection procedure, as described in [17], can be settled for the two analyses.
After it, 822 events remain in the data, for 814±4 expected from the background sources.
One selection is designed to search for leptonic ﬁnal states with a large amount of
missing energy. At the end, 5 events remained in the data compared to 3.3 ± 0.3 expected
from the Standard Model processes. The background was mainly composed of fourfermion events, in particular from the W pair production. The second analysis is designed
to select events with less missing energy, and at the end, 2 candidates were obtained for
2.1 ± 0.2 expected.
In case of direct decay of νe pair in 4τ , the ﬁrst analysis was applied, and the eﬃciency
was between 26% and 36%, depending on the sneutrino mass. It laid in the same range
for the sneutrino indirect decay, depending also on the neutralino mass, but not on the
sneutrino ﬂavour. The eﬃciencies were higher for ﬁnal states obtained in indirect decay
of slepton pairs, due to the presence of two additional leptons. They ranged from 33% to
42% for stau pairs, and were 5% to 8% higher for selectron and smuon pairs (in this case
indeed the two additional leptons are either electrons or muons). The second analysis
was applied to cover the direct decay via λ133 of ντ pair; the eﬃciencies varied with the
ν̃τ mass and ranged from 44% to 51%. The results of these analyses are summarized in
Table 1.
•

3.1.3

LLĒ term: stop searches

In the case of stop pair production, each of the stops decays into a charm quark and a
neutralino, and, with the subsequent  Rp decay of the neutralino into leptons, the ﬁnal
state is composed of two jets + four charged leptons + missing energy. Signals corresponding to these stop pair decays were generated for several sets of stop and neutralino
masses.
The analysis performed in the case of a dominant λ133 coupling leads to the most
conservative limit on the stop mass. The same preselection and selection criteria as
described in [17] were used to select the ﬁnal states of the stop pair indirect decay. The
preselection was eﬃcient to suppress the background coming from Bhabha scattering and
two-photon processes, and to remove a large part of the f f̄(γ) contribution. After this
preselection stage, 786 events were selected for 803 ± 4 expected from the background
sources. 11 events remained after the selection procedure, with 11.6 ± 0.3 expected from
background contribution. The main background contribution comes from the W+ W−
production.
The selection eﬃciencies varied with the stop mass and with the mass diﬀerence between the stop and the lightest neutralino. They laid around 30%, except in two cases:
for low neutralino masses, the eﬃciencies were around 10–17%, and in the degenerate case
(i.e the mass lower than 5 GeV/c2 ), the eﬃciency decreased and went down to almost
0 for mt̃ – mχ̃0 = 2 GeV/c2 . This analysis was not optimized for topologies produced
when the mass diﬀerence is below 5 GeV/c2 , therefore it was not sensitive to the very
degenerate case.
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3.2

Search for pair production in case of ŪD̄D̄ terms

 and  pair production previously
The present studies covered the search for χ01 , χ+
1, q
studied in 1998 and 1999 [17]. The analysis of the diﬀerent decay channels can be
organized on the basis of the number of hadronic jets in the ﬁnal state and on the mass
diﬀerence between the studied sparticle and the LSP.

Clustering algorithm
For each multi-jet analysis, the clustering of hadronic jets was performed by the ckern
package [19] based on the Cambridge clustering algorithm [20]. For each event, ckern
provides all possible conﬁgurations between 2 and 10 jets. The values of the variables
yn n−1 (for n between 2 and 10), were a powerful tool to identify the topologies of the
multi-jet signals.
Signal selection with neural networks
A neural network method was applied in order to distinguish signals from Standard Model
background events for all multi-jets analysis except for the 6 jets + 2 muons analysis which
have been performed with a sequential method (the very good muon identiﬁcation of the
detector gave suﬃcient signal discrimination from hadronic background). The SNNS
package [21] and MLPFit package [22] were used for the training and the validation of
the neural networks. The training was done on samples of simulated background and
signal. The exact conﬁguration and input variables of each neural network depended on
the search channel. Each neural network provided a discriminant variable which was used
to select the ﬁnal number of candidate events for each analysis.
3.2.1

ŪD̄D̄ term: chargino and neutralino searches

After the preselection step described in [17], the main background events were the fourfermion events and the f f̄γ QCD events with hard gluon radiation. We observed 3844
events in the data for 3869 expected events from background processes (for centre-ofmass energies between 202 and 208 GeV). The preselection eﬃciencies were varying from
73% to 100% for the direct decay signals, and from 60% to 98% for the indirect decay
signals, depending on the simulated masses.
It was shown that the modelisation of the gluon emission is unable to correctly describe the high number of jet region. To take into account this imperfect description,
corrections [17] were applied on the values of yn n−1 (for n between 6 and 10, i.e. for
variables characteristic of the high number of jets).
The direct and indirect decay analyses were based on a neural network method
for the optimization of the background and signal discrimination. The neural network
package used was MLPFit. The discriminating variables were used as inputs of the
one hidden layer neural network. The signal output node was used for the signal
selection. Each neural network (one per mass window, as explained in the next sections) was trained on 206 GeV simulated background and signal samples. The training
was done on the whole range of simulated signal masses belonging to the window analysis.
−
Direct decay of χ01 χ01 or χ+
1χ
1 into 6 jets
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Events with low chargino or neutralino masses have a large boost and look like 2-jet
events. On the contrary, heavy chargino or neutralino events are almost spherical with 6
well separated jets. Therefore, we distinguished 3 mass windows to increase the sensitivity
of each signal conﬁguration:
2
• window N1; low masses: 10 ≤ mχ̃ ≤ 45 GeV/c ,
2
• window N2; medium masses: 45 < mχ̃ ≤ 75 GeV/c ,
2
• window N3; high masses: mχ̃ > 75 GeV/c .
A mass reconstruction was performed using a method depending on the mass window.
For the N1 window analysis, the events were forced into 2 jets and the average of the
masses was computed. For the two last windows, the events were forced into 6 jets and
criteria on di-jet angles were applied to choose the best 3-jet combination.
Three neural networks were used (one per mass window) with the following variables
as inputs:
• thrust,

•

distW W =

(M1 −M2 )2
2
σ−

+

(M1 +M2 −2MW )2
2
σ+

with M1 and M2 were the di-jet masses of the

jet combination which minimized this variable (after forcing the event into 4 jets);
we took MW = 80.4 GeV/c2 for the W mass, σ− = 9.5 GeV/c2 and σ+ = 4.8 GeV/c2
for the mass resolutions on the diﬀerence and the sum of the reconstructed di-jet
masses respectively; this variable is peaked to 0 for WW events, allowing a good
discrimination against this background,
• energy of the least energetic jet × minimum di-jet angle in 4 and 5 jet conﬁgurations,
• reconstructed mass,
• energy diﬀerence between the 2 objects after the mass reconstruction,
• -log(yn n−1 ) with n=3 to 10 (for n=6 to 10, the corrected variables were used).
As an example, Figure 1a shows the number of expected events from the Standard
Model and the number of observed events as a function of the average signal eﬃciency
for the N3 mass window. No excess of events was seen in the data with respect to the
Standard Model expectations, therefore we optimized the cut on the neural network by
minimizing the expected limit on the excluded cross-section. In order to obtain signal
eﬃciencies, the full detector simulation was performed on neutralino pair production
with a 10 GeV/c2 step grid in the neutralino mass (10 to 103 GeV/c2 ). The eﬃciencies
were typically around 30-60% at the values of the optimized neural network outputs,
depending on the simulated masses. The statistical errors on the eﬃciency were typically
1.5%, which was comparable to the systematic ones. The expected and observed numbers
of events are reported in Table 2 for each mass window. The errors given in the Table
are a combination of the statistic and the systematic errors. No excess was observed for
any working point.
−
Indirect decay of χ+
1 χ
1

The indirect decay of charginos gives events with 6 to 10 jets, with possibly charged
leptons and neutrinos, depending on the decay of the two oﬀ-shell W bosons. To take
into account the eﬀect of the mass diﬀerence ∆M between chargino and neutralino on
the topology of the event, we divided the indirect decay analysis into 2 windows:
2
• window C1; low chargino neutralino mass diﬀerence: ∆M ≤ 10 GeV/c ,
2
• window C2; high chargino neutralino mass diﬀerence: ∆M > 10 GeV/c .
7

Two neural networks were trained with discriminating topological variables as input
nodes. These variables were identical to the direct decay analysis, except for those concerning the mass reconstruction.
The expected number of events from the Standard Model and the number of selected
data events as a function of the average signal eﬃciency are shown for the C2 window
(Figure 1b). The optimal neural network outputs have been derived with the same procedure as for the direct decay analysis. No signiﬁcant excess was found in the number of
observed events. The signal eﬃciencies were obtained by simulating chargino pair production by step of 10 GeV/c2 on the masses in a 2-dimensional grid (from 10 to 100 GeV/c2
for χ01 and from 50 GeV/c2 to 103 GeV/c2 for χ+
1 ). These eﬃciencies were between 10%
and 70%, the statistical errors around 1.5% and the systematic errors around 1%. Table 3
summarizes the comparison between data and background expectations. The given errors
are the quadratic sum of the statistic and the systematic errors.
3.2.2

ŪD̄D̄ term: smuons and selectrons searches

Searches for selectrons and smuons were performed in the case of indirect decays (the
only possible decay with a ŪD̄D̄ term). Due to the existing limit on the chargino mass
these analyses were based on the indirect decay of the slepton i.e. the lepton-neutralino
channel.
Slepton signals were simulated with SUSYGEN [15] at diﬀerent slepton masses by a
step of 10 GeV/c2 . The points were simulated from 45 to 95 GeV/c2 for sleptons mass
and from 25 to 90 GeV/c2 for the χ01 mass up to ∆M = m˜−mχ̃0 = 5 GeV/c2 .
These two channels have ﬁnal states with a large hadronic activity and this is true
independently on the mass diﬀerence between the slepton and the neutralino. The momentum of the lepton coming from the indirect decay of the slepton have been used for the
signal selection. Therefore electron and muon identiﬁcations were used in these 2-leptons
and multi-jets analyses. After the hadronic preselection step, we observed 2833 events in
the data for 2835 expected events from background processes.
Two analysis windows, ∆M ≤ 10 GeV/c2 and ∆M > 10 GeV/c2 , with diﬀerent
signal selection optimisation have been used, to take into account the mass diﬀerence
between the slepton and the neutralino. A logical .OR. analysis on the two window mass
selections has been used to obtain the ﬁnal numbers of data and expected background
events from SM processes.
2e + 6 jets channel: ŪD̄D̄ term: selectron
The neural network optimized for the analysis of the 99 data [17] have been used for
this analysis. Three output nodes had been deﬁned: one for the signal, one for the q q̄(γ)
background and one for the 4-fermions.
The ﬁnal selection of candidate events was based on the signal output value of the
neural networks (0.94 for ∆M ≤ 10 GeV/c2 and 0.95 for ∆M > 10 GeV/c2 ) minimizing
the expected excluded cross-section. The two signal outputs values are shown in Figure 2.
After an logical .OR. analysis on the two windows, no excess of data over Standard Model
expectations was observed for the selectrons analysis. The numbers of events observed
and expected from backgrounds are shown in Table 4.
The signal eﬃciency was evaluated at each of the 33 simulated points and interpolated
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in the regions between. Eﬃciencies for the signal were in the range from 5-40%, for small
mass diﬀerences, and increased up to 80% for ∆M > 10 GeV/c2 mass window. The
statistical errors on signal eﬃciencies were typically 2%.
2µ + 6 jets channel: ŪD̄D̄ term: smuons
A sequential analysis on the whole mass plane described in [17], based mostly on
the momenta of the two muons and on the yn n−1 distribution shown in ﬁgure 3, had
been performed instead of using a neural network optimisation of the signal selection.
The better muon identiﬁcation eﬃciency compare with the electron one gave suﬃcient
background rejection with a good signal selection eﬃciency.
No excess of data over Standard Model backgrounds was observed for this analysis.
The numbers of events observed and expected from backgrounds are shown in Table 4.
3.2.3

ŪD̄D̄ term: squarks searches

Searches for pair produced stops were performed in the case of indirect decays through
a single dominant ŪD̄D̄ term. The eight quark event topology depends strongly on the
diﬀerence in mass between the squark and the χ01 .
SUSY signals were simulated at diﬀerent squark masses in the range 50–90 GeV/c2
with χ01 masses between 30–85 GeV/c2 . The simulated decay used for the eﬃciency
evaluation was b→ b χ01 with χ01 going to three light quarks.
The ﬁnal selection of candidate events was based on the output values of two neural
networks (SNNS package). The stop analysis was divided into two ∆M = mt̃ −mχ̃0 windows (∆M < 10 GeV/c2 and ∆M > 10 GeV/c2 ) with diﬀerent neural networks. The
following quantities were used as input for the neural networks:
• the total number of charged particles,
• the oblateness of the event,
• -log(yn n−1 ) with n = 3 to 10,
2
• the χM
of the constraint ﬁt for the W mass reconstruction in 4 jets,
W
• the variables αmin × Emin in the 4 and 5 jet topologies,
• the variable βmin × Emax /Emin in the 4 jet topology.
No excess of data over Standard Model expectations was observed for the stop analysis, therefore a working point optimization on the neural network output was performed,
minimizing the expected excluded cross-section as a function of the average signal efﬁciency of the mass window. The numbers of events observed and expected from SM
processes are shown in Table 5.
The signal eﬃciency was evaluated at each of the 30 uniformly distributed simulated
points in the plane of squark and neutralino masses and interpolated in the regions between. Eﬃciencies for the signal after the ﬁnal selection were in the range from 10-20%,
for small or large mass diﬀerences between squark and neutralino, up to around 50% for
medium mass diﬀerences. The statistical errors on the signal eﬃciencies were typically
below 2%.
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4

Interpretation of the results in the MSSM framework

The results of the searches presented in this paper were in agreement with the Standard
Model expectation. They were combined to extend the previously excluded part of the
MSSM parameter space and to update limits obtained with similar analyses performed
on 1999 data [17].

4.1

Results from gaugino pair production study with LLĒ terms

The number of expected events corresponding to gauginos pair production in each point
of the explored MSSM parameter space was obtained by:
Nexp =

g

×{

Ecm =208
Ecm =192

LEcm × {

4

+ −
i,j=1 σ(e e

→ χ0i χ0j ) +

2

+ −
k,l=1 σ(e e

−
→ χ+
kχ
l )}}

where LEcm is the integrated luminosity collected at the centre-of-mass energy Ecm , and
g is the global eﬃciency determined as explained in section 3.1.1. This number has been
compared to the number of signal events, N95 , expected at a conﬁdence level (C.L.) of
95% in presence of background, determined following the Bayesian method [24]. All points
which satisﬁed Nexp >N95 were excluded at 95% C.L. The analysis performed considering
the λ133 coupling as the dominant one provided the most conservative constrains on the
MSSM parameter values. The corresponding excluded area in µ, M2 planes obtained with
the present searches are shown in Figure 4, for m0 = 90, 500 GeV/c2 and tanβ =1.5, 30.
For each tanβ, the highest value of neutralino mass which can be excluded has been
determined in the µ, M2 plane (–200 GeV/c2 ≤ µ ≤ 200 GeV/c2 , 5 < M2 ≤ 400 GeV/c2 )
for several m0 values from 90 to 500 GeV/c2 ; the most conservative mass limit was
obtained for high m0 values. The corresponding limit on neutralino mass as a function
of tanβ is shown in Figure 5.
The same procedure has been applied to determine the most conservative lower limit on
the chargino mass. The result is less dependent on tanβ, allowing to almost reach the
kinematic limit for any value of tanβ.
The lower limit obtained on the neutralino mass is 40 GeV/c2 , and the one on the
chargino mass is 103 GeV/c2 .

4.2

Results from gaugino pair production study with ŪD̄D̄ terms

The number of signal events (N95 ) expected at 95% conﬁdence level with presence of
background was calculated from data and SM event numbers obtained for all energies [25].
The signal eﬃciency for any value of χ01 and χ± masses was interpolated using an eﬃciency
grid determined with signal samples produced with the full DELPHI detector simulation.
For typical values of tanβ and m0 , the (µ,M2 ) point was excluded at 95% conﬁdence level
if the expected number of signal taking into account the selection eﬃciency at this point
was greater than the N95 .
Adding the direct decay analysis and the indirect decay analysis results, an exclusion
contour in the (µ, M2 ) plane at 95% conﬁdence level was derived for diﬀerent values of
m0 (90 and 300 GeV/c2 ) and tanβ (1.5 and 30). Statistic and systematic errors were
taken into account for this exclusion domain. The results obtained for the energies from
10

192 to 208 GeV were combined to obtain the exclusion contours shown in Figure 6. In
the exclusion plots, the main contribution comes from the study of the chargino indirect
decays due to the high cross-section. The direct decay analysis becomes crucial in the
exclusion plot for low tanβ value, low m0 values and negative µ values. 95 % C.L. lower
limits on the mass of the lightest neutralino and chargino are obtained from the scan
on tanβ value from 0.5 to 30. The lower limit on the neutralino mass of 38 GeV/c2 is
obtained for tanβ equal to 1 and m0 = 500 GeV/c2 (Figure 7). The chargino is mainly
excluded up to the kinematic limit at 102.5 GeV/c2 . Note that these results are valid for
a neutralino mass greater than 10 GeV/c2 .

4.3

Results from slepton pair production study with LLĒ terms

The results of the searches for 4µ, 2e2µ and 2e2τ ﬁnal states were combined with those
obtained on 1999 data to derive the excluded sneutrino mass values at a conﬁdence level
of 95%, taking into account the eﬃciencies determined when varying the sneutrino mass,
and the integrated luminosities at the diﬀerent centre-of-mass energies. The results from
the 4τ search were used to derive limits on νe (λ133 ) and on νµ (λ233 ), those from the 2e2τ
to derive limits on ντ (λ133 ).
For the ν̃ indirect decay in ν χ01 with the  Rp decay of the neutralino via λ133 , the
eﬃciencies depend on the sneutrino and neutralino masses. The results of the λ133 analyses
on 1999 and 2000 were combined to exclude an area in the mχ̃0 versus mν̃ plane, as shown
in Figure 8. This exclusion area is also valid for the other couplings.
The same procedure has been followed for the charged slepton indirect decays, and
the area excluded in the mχ̃0 versus m˜R plane is plotted in Figure 8. The region where
m˜R - mχ̃0 is less than 2–3 GeV/c2 is not covered by the present analysis, since then the
direct decay becomes the dominant mode, leading to two leptons and missing energy signature. Since the selection of indirect decay of a τR pair into two taus and two neutralinos
is less eﬃcient than for the eR or µR pair, the exclusion plot derived from the analysis
results of the τR indirect decay with a dominant λ133 is valid for any slepton ﬂavour in
the hypothesis of a branching fraction ˜R → χ01 equal to 1.

4.4

Results from slepton pair production study with ŪD̄D̄ terms

From the search of selectron and smuon pair production in case of a dominant ŪD̄D̄ term,
exclusion domains combining 1999 and 2000 data, have been computed at 95 % of conﬁdence level with the method developped in [26] (Figure 9). The MSSM values taken
for these exclusion plots were tan β = 1.5 and µ = –200 GeV/c2 . The M2 value was
ﬁxed for each neutralino mass. Due to the existing mass limit on the chargino mass we
used 100 % of BR for the decay of the slepton into neutralino lepton. The lower limit
on the right-handed selectron was 92 GeV/c2 for mẽR −mχ̃0 > 5 GeV/c2 . The lower limit
obtained for the right-handed smuon was 85 GeV/c2 for the same mµ̃R −mχ̃0 > 5..

4.5

Results from stop pair production study with LLĒ terms

The results of the search for the stop indirect decay to charm and neutralino, with the
subsequent  Rp decay of the neutralino in leptons, were combined with those obtained
on 1999 data: a lower limit on the stop pair production cross-section was derived as a
11

function of the stop and neutralino masses. Using the eﬃciencies determined for various
values of the neutralino mass, and considering the lowest MSSM cross-section for the stop
pair production in case of a maximal decoupling to the Z boson (mixing angle = 56◦),
the exclusion limit was derived in the mt̃ , mχ̃01 plane, as shown in Figure 10. Taking into
account that the neutralino mass is above 40 GeV/c2 the lower bound on stop mass is
87 GeV/c2 at 95% C.L., valid for a mass diﬀerence between the stop and the neutralino
greater than 5 GeV/c2 .

4.6

Results from stop pair production study with ŪD̄D̄ terms

The exclusion procedure used for the gaugino exclusion was applied to the stop analysis.
The resulting exclusion contours for stop can be seen in Figure 11. A 100% branching ratio
of indirect decays in the neutralino channel was assumed. The mixing angle Φmix = 56◦
corresponds to a decoupling of the stop from the Z boson.
By combining the exclusion contours from the stop search with the constraint on
the neutralino mass from the gaugino searches, lower bounds on the squark masses with
∆M = mq̃ −mχ̃0 > 5 GeV/c2 were achieved. The lower mass limit on the stop is 87 GeV/c2
in the case of no mixing, and 75 GeV/c2 in the case of maximal Z-decoupling.

5

Summary

A great number of searches for supersymmetry with R–parity violation have been performed on the data recorded in 2000 by DELPHI. Current mass limits for pair produced
sparticles are summarized in Table 6 for diﬀerent  Rp couplings and decay modes.
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Coupling

λ122

λ133

ﬁnal
state

data

MC S.M.

ε ranges (%)

4µ / 2µ2e

0

0.45±0.07

40–50

2µ2+Emiss

2

1.1±0.1

50–60

4µ2+Emiss

0

0.9±0.1

65–75

4τ
2τ 2+Emiss
2τ 4+Emiss

5

3.3 ±0.3

26–36
26–37
33–42

2e2τ

2

2.1±0.2

44–51

Table 1: LLĒ: Results of the analyses performed to search for pair production of sleptons.
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Window
N1
N2
N3

Data
121
167
82

Backgrounds
119.3 ± 8.7
164.7 ± 5.7
91.7 ± 2.3

f f̄γ
91.7
49.0
10.0

Four-fermion
27.6
115.7
81.7

Table 2: ŪD̄D̄: Number of selected events in data and corresponding expectations from
Standard Model processes for the three mass windows of the direct decay 6 jets analysis.

Window
C1
C2

Data
156
20

Backgrounds
171.7 ± 5.2
23.5 ± 1.0

f f̄γ
32.6
3.4

Four-fermion
139.1
20.1

Table 3: ŪD̄D̄: Number of selected events in data and corresponding expectations from
Standard Model processes for the two windows of the chargino indirect decay 10 jets
analysis.

Analysis
selectron
smuon

Data
10
5

Backgrounds
14.1 ± 0.5
3.1 ± 0.2

f f̄γ
1.5 ± 0.2
0.4 ± 0.1

Four-fermion
12.6 ± 0.2
3.49 ± 0.1

Table 4: ŪD̄D̄: Number of selected events in 2000 data and corresponding expectations
from Standard Model processes for the two 6-jet +2 leptons analyses.

Window
stop ∆M < 10 GeV
stop ∆M > 10 GeV

Data
47
36

Backgrounds
52.2±0.8
35.3±0.7

f f̄γ
6.6
4.4

Four-fermion
45.6
30.9

Table 5: ŪD̄D̄: Number of selected events in the 2000 data and corresponding expectations
from Standard Model processes for the two mass windows of the 8-jet stop analysis.
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Pair production of

LLĒ analyses
direct

indirect

ŪD̄D̄ analyses
direct

indirect

χ01
401
401
381
381
χ+
1031
1031
102.51 102.51
1
eR
872
×
923
2
µ R
87
×
853
τR
872
×

νe
94
×
νµ
95
874
×
4
ντ
95
87
×

tL
×
873
5
3
t1
×
87
753

bL
×
803

b51
×
716
N.B. For the sfermion indirect decay, a 100 % BR into neutralino + fermion is assumed.
×
The decay channel is not possible
The decay channel is not covered
1
Valid for any tanβ and m0 > 90 GeV/c2 and for –200 < µ < 200 GeV/c2 and 0 <M2 < 400 GeV
We assumed a neutralino mass greater than 10 GeV/c2 .
LEP1 excluded region have been included in this limit.
2
Obtained for µ = –200 GeV/c2 and tanβ = 1.5.
This result is valid for ∆M > 3 GeV/c2 .
3
Obtained for µ = –200 GeV/c2 and tanβ = 1.5.
This result is valid for ∆M > 5 GeV/c2 .
4
Obtained for µ = –200 GeV/c2 and tanβ = 1.5.
This result is valid for Mχ0 > 37 GeV/c2 .
5
The limit has been derived considering the mixing angle which gives
the maximal decoupling to the Z boson in the squark pair production.
6
Obtained for µ = –200 GeV/c2 and tanβ = 1.5.
This result is valid for ∆M > 20 GeV/c2 .
Table 6: Sparticle mass limits in GeV/c2 from the DELPHI  Rp pair production searches
of supersymmetric particles from 1999 and 2000 data.
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Figure 1: ŪD̄D̄: Number of expected events (continuous line) and data events (black
dots) versus average signal eﬃciency for the large neutralino mass search N3 (plot a) and
for the large ∆M chargino search C2 (plot b).
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Figure 2: The neural network output distribution of the two window mass analysis for
the multi-jets + leptons signal in the ŪD̄D̄ selectron analysis. The ﬁnal signal selection
is performed on this distribution.
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Figure 3: The y65 distribution in the ŪD̄D̄ smuon analysis.
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Figure 4: LLĒ: regions in µ, M2 parameter space excluded at 95 % C.L. by the neutralino
and chargino searches for two values of tanβ and two values of m0 .

DELPHI Preliminary

–

√s = 202-208 GeV

–

χ̃01 mass limit (LLE coupling)
tanβ

Figure 5: The excluded lightest neutralino mass as a function of tanβ at 95 % conﬁdence
level. This limit is valid for all generation indices i,j,k of the λijk coupling and for values
of m0 greater than 90 GeV/c2
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Figure 6: ŪD̄D̄ neutralino and chargino searches: exclusion plots in µ, M2 plane. The
direct and indirect decay analyses are treated separately for this exclusion.
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Figure 7: ŪD̄D̄: Excluded lightest neutralino mass as a function of tanβ at 95% conﬁdence
level.
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indirect decay
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Figure 8: LLĒ: the upper plot shows the excluded region at 95 % C.L. in mν̃ , mχ̃0 plane
for ν̃ pair production for indirect decays. The lower plot shows the excluded region at
95 % C.L. for the charged slepton indirect decay with λ133 coupling in m˜R , mχ̃0 plane by
˜R pair production.
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Figure 9: ŪD̄D̄: Exclusion domains at 95% conﬁdence level in the M(χ̃01 ), M(e) plane for
indirect selectron decay in the case of a 100 % branching ratio in the neutralino channel.
The superimposed contours illustrate the expected exclusion from the SM background.
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Figure 10: LLĒ: exclusion domain in mχ̃0 versus mt̃ for the t̃1 pair production (with stop
indirect decay into cχ01 ) in case of maximal decoupling to the Z boson.
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Figure 11: Exclusion domain at 95% conﬁdence level in the M(χ̃01 ), M(t1 ) plane for
indirect stop decays in the case of a 100 % branching ratio in the neutralino channel. The
plot shows the exclusion for a stop in the case of no mixing (blue) and with the mixing
angle which produces a minimum cross-section (yellow). The diagonal line indicates the
degenerate mass limit above which indirect stop decays are forbidden.
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