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A. Skuja17, A.M. Smith8, G.A. Snow17, R. Sobie28, S. Söldner-Rembold10, S. Spagnolo20, M. Sproston20, A. Stahl3,
K. Stephens16, J. Steuerer27, K. Stoll10, D. Strom19, R. Ströhmer34, B. Surrow8, S.D. Talbot1, S. Tanaka24, P. Taras18,
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Abstract. Searches for pair-produced charginos and neutralinos with R-parity violating decays have been
performed using a data sample corresponding to an integrated luminosity of 56 pb−1 collected with the
OPAL detector at LEP at a centre-of-mass energy of

√
s = 183 GeV. An important consequence of R-

parity violation is that the lightest supersymmetric particle becomes unstable. The searches have been
performed under the assumptions that the lightest supersymmetric particle promptly decays and that only
one R-parity violating coupling is dominant for each of the decay modes considered. Such processes would
yield multiple leptons, jets plus leptons, or multiple jets with or without significant missing energy in
the final state. No excess of such events above Standard Model backgrounds has been observed. Limits
are presented on the production cross-sections of gauginos in R-parity violating scenarios. Limits are also
presented in the framework of the Minimal Supersymmetric Standard Model.
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1 Introduction

In the general superpotential of the Minimal Supersym-
metric extension of the Standard Model (MSSM) [1], the
terms violating lepton (L) and baryon (B) numbers can
be written as1:

WRPV = λijkLiLjEk + λ
′
ijkLiQjDk + λ

′′
ijkU iDjDk,

a and at TRIUMF, Vancouver, Canada V6T 2A3
b and Royal Society University Research Fellow
c and Institute of Nuclear Research, Debrecen, Hungary
d and Department of Experimental Physics, Lajos Kossuth
University, Debrecen, Hungary
e on leave of absence from the University of Freiburg

1 There exists an additional R-parity violating term:
µiLiHu, with µi a bilinear coupling and Hu the up-type Higgs
field. This term is neglected in this paper

where i, j, k are the generation indices of the superfields
L, Q, E, D and U . L and Q are lepton and quark left-
handed doublets, respectively. E, D and U are right-
handed singlet charge-conjugate superfields for the
charged leptons and down- and up-type quarks, respec-
tively. Yukawa couplings are denoted by λ, λ

′
, and λ

′′
.

For the first term in WRPV holds i < j, while for the
third one j < k. This makes a total of 9 + 27 + 9 = 45
parameters in addition to those of the R-parity conserving
MSSM.

For a large range of values for λ, λ
′
, and λ

′′
these

terms lead to effects like a short proton lifetime, in contra-
diction with present experimental results. To avoid such
effects, a new multiplicative quantum number, called R-
parity, and defined as Rp = (−1)2S+3B+L is introduced,
where S is the spin, and postulated to be conserved. This
is equivalent to setting all couplings λ, λ

′
, and λ

′′
to zero.

R-parity discriminates between ordinary and supersym-



The OPAL Collaboration: Searches for R-parity violating decays of Gauginos at 183 GeV at LEP 621

metric particles: Rp = +1 for the Standard Model parti-
cles and Rp = −1 for their supersymmetric partners. R-
parity conservation implies that supersymmetric particles
are always pair-produced and always decay through cas-
cade decays to ordinary particles plus the lightest super-
symmetric particle (LSP). The LSP has to be stable and
is a cold dark matter candidate, if neutral.

However there is no a priori law that requires the
conservation of R-parity. Strong experimental constraints
only exist on the product of two λ-couplings2, and there-
fore WRPV is not excluded by experimental results un-
der the assumption that only one of the λ-couplings is
significantly different from zero. For example the non-
observation of proton decay results in the limits3 λ

′
11k ·

λ
′′
11k ≤ 10−22 [2] for k = 2, 3. A more general limit gives

λ
′
ijk · λ

′′
lmn ≤ 10−10 [3]. Limits on individual couplings

are calculated e.g. from searches for neutrinoless double
beta decay or from tests of lepton universality in pion or
tau decays, and are of order 10−2 for most couplings. A
complete listing of all existing limits is given in [4].

The main consequence of R-parity violation is an un-
stable LSP, yielding different experimental signatures
compared to R-parity conservation. Also, in this case, the
χ̃0

1 is not a cold dark matter candidate, and mass limits for
χ̃0

1 cannot be interpreted as such. Results for decays via
the coupling λ and λ

′
have been presented by ALEPH [5,

6]. With R-parity violation the production of single spar-
ticles becomes possible and limits from OPAL are given
in [7].

The model used in this paper is a constrained Minimal
Supersymmetric Model (CMSSM) [8–11]. It has only five
free parameters not counting the additional 45 Yukawa
couplings λ, λ

′
, and λ

′′
. A common mass is assumed for

the gauginos, (m1/2), and for the sfermions, (m0), at the
GUT scale. The other free parameters are µ, the mix-
ing parameter of the two Higgs field doublets, tan β, the
ratio of the vacuum expectation values of the two Higgs
doublets, and A, a tri-linear coupling. By also assuming
gauge unification at the GUT scale, the masses at the
electroweak scale of the U(1)Y gaugino, (M1), and of the
soft SUSY breaking SU(2)L gaugino, (M2), are related by
M1 = 5

3 tan2 θWM2 with θW the weak mixing angle and
M1 = 0.42m1/2.

In this paper we present searches, assuming R-parity
violation, for the pair production of charginos (χ̃±

1 ) and
neutralinos (χ̃0

1) with the OPAL detector at a centre-of-
mass energy of 183 GeV at the LEP e+e− collider at
CERN, using an integrated luminosity of ∼ 56 pb−1. De-
cays via λ, λ

′
, and λ

′′
couplings are searched for. We fur-

ther assume a prompt decay of all SUSY particles, and
design our searches to be sensitive only to particles decay-
ing close to the interaction vertex. This corresponds to a
sensitivity for values of λ, λ

′
, and λ

′′
greater than ∼ 10−5.

2 For a few individual couplings strong limits exist
3 All quoted limits assume that the mass of the super-

symmetric particle(s) relevant for the considered process is
100 GeV
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Fig. 1. Direct and indirect decays

The assumption of heavy sfermion masses is made in ad-
dition.

2 Gaugino production and decay

In electron-positron collisions, charginos and neutralinos
can be pair-produced through s-channel processes involv-
ing Z0 or γ exchange. They can also be produced through
t-channel exchange of an electron-sneutrino, (ν̃e), or a se-
lectron, (ẽ). The chargino (neutralino) pair production
cross-section is reduced (enhanced) due to interference be-
tween the s- and t-channels.

2.1 Decay modes

We distinguish direct and indirect decays, as shown in
Fig. 1.

In the direct mode, the gaugino decays into a fermion
and a virtual sfermion which, in turn, decays via the R-
parity violating Lagrangian. In the indirect mode,the R-
parity violating transition occurs at a later stage in the
decay sequence. In this paper both the direct decays of
the χ̃±

1 and χ̃0
1 and the indirect decays of the χ̃±

1 , shown
in Fig. 1, are considered. Throughout, we assume that only
one of the couplings λ, λ

′
, or λ

′′
is different from zero.

2.1.1 Direct decays

The direct decay of a gaugino produces three fermions
and the pair-production of gauginos results in 6-fermion
final states. The type (lepton or quark) of the fermions
is determined by the couplings λ, λ

′
, and λ

′′
while the

flavour is determined by the indices of the couplings.
For non-vanishing λ, the decay of a χ̃0

1 via the λijkLiLj

Ek operator results in the following final states:
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χ̃0
1 → `−

i νj`
+
k , χ̃0

1 → `+i νj`
−
k , χ̃0

1 → νi`
−
j `+k ,

χ̃0
1 → νi`

+
j `−

k

In each case, one of the leptons is a neutrino, and the
other two have opposite electric charge. The flavours of
the leptons are not correlated. This results in final states
with four charged leptons and missing energy.

For the decay of a χ̃±
1 via the λijkLiLjEk operator the

final states are:

χ̃+
1 → νiνj`

+
k , χ̃+

1 → `+i `+j `−
k , χ̃+

1 → `+i νjνk,
χ̃+

1 → νi`
+
j νk

with either one charged lepton plus two neutrinos or three
charged leptons.

The final states with one charged lepton with index i
or j are strongly suppressed because they involve the de-
cay of the χ̃±

1 into a neutrino from the left handed lepton
doublet field and a slepton from the right handed singlet
field. These final states, which can occur via mixing of the
left– and right–handed states into the mass eigenstates,
are neglected within this paper. Consequently, the final
state consists of two leptons of the same flavour and miss-
ing energy, four charged leptons with missing energy or
six charged leptons and no missing energy.

For non-vanishing λ
′
, both the χ̃0

1 and the χ̃±
1 decay

into a lepton and two quarks through the λ
′
ijkLiQjDk

operator. The possible decays are respectively:

χ̃0
1 → `−

i ujdk, χ̃0
1 → `+i ujdk, χ̃0

1 → νidjdk,
χ̃0

1 → νidjdk

and

χ̃+
1 → νiujdk, χ̃+

1 → νidjuk χ̃+
1 → `+i djdk,

χ̃+
1 → `+i ujuk

These decays result in final states with four jets and either
missing energy, or one charged lepton with missing energy,
or two charged leptons.

For non-vanishing λ
′′
, both the χ̃0

1 and the χ̃±
1 decay

into three quarks through the λ
′′
ijkU iDjDk operator. The

possible decays are:

χ̃0
1 → uidjdk, χ̃0

1 → uidjdk

and

χ̃+
1 → didjdk, χ̃+

1 → uiujdk, χ̃+
1 → uidjuk

and the final states consist of six jets in each case (with
no missing energy). Table 1 lists the decay modes for the
direct decays of a chargino pair and a neutralino pair.

2.1.2 Indirect decays

In the indirect decay mode, the chargino decays via the
R-parity conserving couplings to a neutralino and Stan-
dard Model particles, and the neutralino decays via the
R-parity violating Lagrangian.

The χ̃±
1 decays into five fermions with three arising

from the decay of the χ̃0
1 and two from the decay of a

W(∗) boson. The decay products of the χ̃0
1 depend on the

Table 1. Final states resulting from the direct decay modes
of a χ̃±

1 and χ̃0
1 pair. The final states consist of all 6 fermions

listed in any one line. Any fermion symbol (`, ν, q) means par-
ticle or anti-particle with arbitrary flavour, obeying the con-
ditions from the Lagrangian. `i(j,k) is a lepton with flavour
i(j, k) (i = 1, 2, 3). The indices i, j, and k correspond to the
indices of the Yukawa couplings λ and λ

′

χ̃+
1 χ̃−

1 → χ̃0
1χ̃

0
1 →

λ coupling `i`j`k `i`j`k ν`+`− ν`+`−

`i`j`k νν`k

νν`k νν`k

λ
′

coupling `iqq `iqq `iqq `iqq

`iqq νqq `iqq νqq

νqq νqq νqq νqq

λ
′′

coupling qqq qqq qqq qqq

coupling λ, λ
′
, or λ

′′
and are the same as in the direct

decay of the χ̃0
1. The final states therefore consist of 10

fermions, varying between six leptons and missing energy
and ten jets.

Besides decaying via χ̃±
1 → χ̃0

1 W(∗), the chargino can
also decay via χ̃±

1 → f̃ f. In this case the subsequent decay
of the sfermion f̃ → χ̃0

1f → (fff) f leads to chargino decays
into five fermions, and the final state is a subset of the
final states from the indirect decays already considered.

Of the cascade decays involving a χ̃0
2 we only consider

the decay χ̃0
2 → χ̃0

1γ. Table 2 lists all final states for the
indirect decay of a chargino pair via a W(∗) boson. For
decays via a sfermion, the final states are a subset of these
states.

2.1.3 Mixed decays

Whether a sparticle decays via the direct or the indirect
mode depends on the precise value of the MSSM param-
eters and the size of the λ–coupling. When the decay
width for direct and indirect decay modes are similar,
the mixed mode occurs with one sparticle decaying di-
rectly and the other indirectly. We have not investigated
these final states, except for decays via λ

′′
; but they are

taken into account for all λ-couplings when interpreting
the search results in Chapter 7.

2.2 Decay widths

The decay width of gauginos is governed by their field
contents and the size of the λ-coupling4. The full matrix
elements needed to calculate the decay widths for χ̃±

1 and
χ̃0

1 are given in [13] and [14], respectively.

4 Within this section, the symbol λ generically represents all
the λ, λ

′
and λ

′′
Yukawa couplings
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Table 2. Final states resulting from the indirect decay modes
of a χ̃±

1 pair, including only decays directly to the χ̃0
1. Cascade

decays via other sparticles are not included. The final states
consist of all 10 fermions listed in any one line. Any fermion
symbol (`, ν, q) means particle or anti-particle with any flavour
being allowed. `i, νi is a lepton with flavour i(i = 1, 2, 3), where
i is determined by the first index in the λ

′
coupling. The final

states listed here are for a decay via a W(∗) boson

χ̃+
1 χ̃−

1 → W(∗) W(∗) χ̃0
1 χ̃0

1

λ coupling `+ν `−ν ν`+`− ν`+`−

`ν qq ν`+`− ν`+`−

qq qq ν`+`− ν`+`−

λ
′

coupling `+ν `−ν `iqq `iqq

`+ν `−ν `iqq νiqq

`+ν `−ν νiqq νiqq

`ν qq `iqq `iqq

`ν qq `iqq νiqq

`ν qq νiqq νiqq

qq qq `iqq `iqq

qq qq `iqq νiqq

qq qq νiqq νiqq

λ
′′

coupling `+ν `−ν qqq qqq

`ν qq qqq qqq

qq qq qqq qqq

For a pure photino-like χ̃0
1, the decay width for the

λijkLiLjEk operator is given by [15]:

Γ = λ2 α

128π2

(mχ̃0
1
)5

(mf̃ )4
,

where α is the fine-structure constant and mf̃ is the mass
of the virtual sfermion in the decay. For the λ

′
ijkLiQjDk

operator the decay width Γ has to be multiplied by 3 · e2
q,

with eq the charge of the virtual squark.
Assuming a decay length less than a few millimeters,

and a sfermion mass mf̃ of 100 GeV, gives a sensitivity for
λ greater than O(10−5) for χ̃0

1 masses accessible at LEP2,
much lower than the strongest existing limits, of ∼ 0.0003
[16], on any coupling λ or λ

′
.

For very long lifetimes, the LSP decays outside the
detector, and the event topology is exactly the same as in
the Rp conserving case. This case is covered by gaugino
searches assuming R-parity conservation [17].

3 Event simulation

Signal and background events have been generated, passed
through the full detector simulation [18] and the same
analysis chain as the real data.

3.1 Signal

The simulation of the signal events has been done with
the Monte Carlo program SUSYGEN [19]. For the direct
decays, events have been produced for the mass values of
45, 70 and 90 GeV with a m0 of 1 TeV and at a mass of
70 GeV for a m0 of 48.4 GeV5 for the χ̃±

1 . For the χ̃0
1 in

addition to the four mass points mentioned above also a
mass value of 30 GeV has been generated, as there exists
no direct mass limit from the LEP1 data. The mass values
for the χ̃±

1 have been chosen to cover the range between
the masses already excluded from the LEP1 data and the
kinematic limit of the 183 GeV centre-of-mass energy.

For the indirect decay of the charginos, ∆m = mχ̃±
1

−
mχ̃0

1
= mχ̃±

1
/2 and m0 = 1 TeV have been chosen for χ̃±

1
mass values of 45, 70 and 90 GeV. Additional events have
been generated at mχ̃±

1
= 70 GeV and ∆m = mχ̃±

1
/2

with m0 = 48.4 GeV, leading to an enhanced t-channel
contribution, and at mχ̃±

1
= 90 GeV for ∆m = 5 GeV to

account for changes in the event topologies from the model
parameters. The values of ∆m have been chosen to cover a
large range for a limited number of Monte Carlo samples.
Differences in the efficiencies from these additional points
are treated conservatively as inefficiencies that are applied
to all mass values.

Events have been produced for each of the nine pos-
sible λijk couplings. Events have been produced for each
lepton flavour, corresponding to the first index of λ

′
. The

quark flavours corresponding to the second and third in-
dex of λ

′
have been fixed to the first and second genera-

tion, with a few samples for systematic checks also con-
taining bottom quarks. Events have been produced sepa-
rately for the decay into either charged or neutral leptons
as well for the case in which one gaugino decays into a
charged lepton and the other decays into a neutral lep-
ton. For λ

′′
events have been produced with the couplings

λ
′′
112 and λ

′′
223. Only for λ

′′
the mixed final states with one

χ̃±
1 decaying directly and the other indirectly have also

been produced. All possible decays of the W(∗) have been
considered.

For the decays via λ
′′

quark triplets are not correctly
handled by SUSYGEN/JETSET, as no gluon radiation is
developed. This problem could modify the jet structure
of the events, and therefore lead to a wrong estimate of
the efficiency. This effect has been studied using the pair-
production process of squarks, where each squark decays
as q̃ → qχ̃0

1 and χ̃0
1 → νqq, leading to final states con-

taining 6 quarks, organised in three pairs (e.g. two pairs
coming from χ̃0

1 decays and one pair from the two squark
decays). Such processes have been generated for different
squark and neutralino masses, with the parton shower sim-
ulation switched on/off in JETSET. The variation of the
selection efficiency due to the presence/absence of gluon
radiation has been estimated in this way to be 1.2% for
the analyses used in this paper, and has been taken as a
systematic error.

5 This is the value of m0 that gives the smallest expected
number of events
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In part of the region of tanβ < 2, for small M2 and
negative µ, the branching ratio of χ̃±

1 → W (∗)χ̃0
2 becomes

very large. We have generated events for the indirect decay
of the χ̃±

1 in this channel followed by χ̃0
2 → χ̃0

1γ. This decay
mode becomes dominant for parameter sets where the χ̃0

1
is photino-like and the χ̃0

2 higgsino-like.

3.2 Background

The contribution to the background from two-fermion fi-
nal states has been estimated using BHWIDE [22] for the
e+e−(γ) final states and KORALZ [23] for the µ+µ−(γ)
and the τ+τ−(γ) states. Multihadronic events, qq̄(γ), have
been simulated using PYTHIA [12].

For the two-photon background, the PYTHIA [12],
PHOJET [24] and HERWIG [25] Monte Carlo genera-
tors have been used for hadronic final states and the Ver-
maseren [26] generator for all e+e−`+`− final states. All
other four-fermion final states have been simulated with
grc4f [27], which takes into account interferences between
all four-fermion diagrams.

As the cross-section for two-photon processes is very
large, a minimum transverse momentum is already re-
quired at the generator level to limit the sample size, lead-
ing to a deficit of Monte Carlo events compared to the
data in early stages of many selections. After requiring a
minimum transverse momentum also in the data selection,
generally a good agreement is obtained.

The produced number of events corresponds to at least
10 times the integrated luminosity of the data set, except
for the two-photon processes where it is at least twice as
large.

For the small contributions to background final states
with six or more primary fermions, no Monte Carlo gen-
erator exists. These final states are therefore not included
in the background Monte Carlo samples. Consequently
the background could be slightly underestimated, which
would lead to a conservative approach when calculating
upper bounds applying background subtraction.

4 The OPAL detector

A complete description of the OPAL detector can be found
in [28] and only a brief overview is given here.

The central detector consists of a system of tracking
chambers providing charged particle tracking over 96% of
the full solid angle6 inside a 0.435 T uniform magnetic
field parallel to the beam axis. It is composed of a two-
layer silicon microstrip vertex detector, a high precision
drift chamber, a large volume jet chamber and a set of z
chambers measuring the track coordinates along the beam

6 The OPAL coordinate system is defined so that the z axis
is in the direction of the electron beam, the x axis is horizontal
and points towards the centre of the LEP ring, and θ and φ
are the polar and azimuthal angles, defined relative to the +z-
and +x-axes, respectively. The radial coordinate is denoted as
r.

direction. A lead-glass electromagnetic (EM) calorimeter
located outside the magnet coil covers the full azimuthal
range with excellent hermeticity in the polar angle range
of | cos θ| < 0.82 for the barrel region and 0.81 < | cos θ| <
0.984 for the endcap region. The magnet return yoke is
instrumented for hadron calorimetry (HCAL) and con-
sists of barrel and endcap sections along with pole tip
detectors that together cover the region | cos θ| < 0.99.
Four layers of muon chambers cover the outside of the
hadron calorimeter. Electromagnetic calorimeters close to
the beam axis complete the geometrical acceptance down
to 24 mrad, except for the regions where a tungsten shield
is present to protect the detectors from synchrotron ra-
diation. These include the forward detectors (FD) which
are lead-scintillator sandwich calorimeters and, at smaller
angles, silicon tungsten calorimeters (SW) [29] located on
both sides of the interaction point. The gap between the
endcap EM calorimeter and the FD is instrumented with
an additional lead-scintillator electromagnetic calorime-
ter, called the gamma-catcher.

5 Description of analyses

The final states resulting from the R-parity violating de-
cays of gauginos are manifold. The following sections de-
scribe the different analyses, denoted (A) to (I), for pure
leptonic final states, final states with jets plus leptons, (the
case of two taus plus at least four jets being handled sepa-
rately), final states with four jets and missing energy, final
states with more than four jets and missing energy, and,
final states with 6 jets or more. Table 3 lists the analyses
and the corresponding final states.

To be considered in the analyses, tracks in the central
detector and clusters in the electromagnetic calorimeter
were required to satisfy the normal quality criteria [30]. It
was also required that the ratio of the number of tracks ful-
filling these criteria to the total number of reconstructed
tracks be greater than 0.2 to reduce backgrounds from
beam-gas and beam-wall events. The visible energy, Evis,
the visible mass, mvis, and the total transverse momentum
of the event were calculated using the methods described
in [31] and [32].

5.1 Multilepton final states

The event preselection and lepton identification is
described in [33]. Multihadronic, cosmic and Bhabha scat-
tering vetoes [33] were applied and the number of tracks
was required to be at least two.

Only tracks with | cos θ| < 0.95 were considered for
lepton identification. A track was considered ‘isolated’ if
the total energy of other charged tracks within a cone of
10◦ half-opening angle centred on this track was less than
2 GeV. A track was selected as an electron candidate if one
of the three algorithms was satisfied: (i) the output value
of a neural net algorithm as described in [34] was larger
than 0.8; (ii) 0.5 < E/p < 2.0, where p is the momentum
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Table 3. List of the decay channels covered by the individual analyses, as described in
the text. The leptons plus jets final states analysis includes all possible W(∗) decay modes
and all lepton flavours, except for those cases covered by any of the other analyses

Analysis Production and decay sequence

(A) 2 leptons + ETmiss χ̃+
1 χ̃−

1 → νiνj`k νiνj`k

(B) 4 leptons + ETmiss χ̃0
1χ̃

0
1 → ν`+`− ν`+`−

(C) 6 leptons + ETmiss χ̃+
1 χ̃−

1 → W(∗) W(∗) χ̃0
1 χ̃0

1 → `+ν `−ν ν`+`− ν`+`−

(D) 6 leptons χ̃+
1 χ̃−

1 → `i`j`k `i`j`k

(E) leptons plus jets χ̃+
1 χ̃−

1 → W(∗) W(∗) χ̃0
1 χ̃0

1 → W(∗) W(∗) ν`+`− ν`+`−

W(∗) W(∗) `iqq `iqq

W(∗) W(∗) `iqq νiqq

χ̃+
1 χ̃−

1 , χ̃0
1χ̃

0
1 → `iqq `iqq

`iqq νiqq

(F) 2 taus + ≥ 4 jets χ̃+
1 χ̃−

1 , χ̃0
1χ̃

0
1 → τqq τqq

χ̃+
1 χ̃−

1 → W(∗) W(∗) χ̃0
1 χ̃0

1 → W(∗) W(∗) τqq τqq

(G) 4 jets + ETmiss χ̃+
1 χ̃−

1 , χ̃0
1χ̃

0
1 → νqq νqq

(H) >4 jets + ETmiss χ̃+
1 χ̃−

1 → W(∗) W(∗) χ̃0
1 χ̃0

1 → W(∗) W(∗) νiqq νiqq

(I) ≥6 jets χ̃+
1 χ̃−

1 → W(∗) W(∗) χ̃0
1 χ̃0

1 → W(∗) W(∗) qqq qqq

χ̃+
1 χ̃−

1 → qqq qqq

of the electron candidate and E is the energy of the elec-
tromagnetic calorimeter cluster associated with the track;
(iii) a standard electron selection algorithm as described
in [35] for the barrel region or in [36] for the endcap region
was satisfied. The electron algorithm ii complements algo-
rithm i in the small polar angle region while algorithm iii
was used for redundancy since the electron identification
was optimised for a high efficiency more than for a high
purity. A track was selected as a muon candidate according
to the criteria employed in the analysis of Standard Model
muon pairs [30]. That is, the track had associated activ-
ity in the muon chambers or hadron calorimeter strips or
it had a high momentum but was associated with only a
small energy deposit in the electromagnetic calorimeter.
Tau candidates were selected by requiring that there were
at most three tracks within a cone of 35◦ half-opening an-
gle centred on a track. The invariant mass computed using
all good tracks and EM clusters within the above cone had
to be less than 3 GeV. For muon and electron candidates,
the momentum was estimated from the charged track mo-
mentum measured in the central detector, while for tau
candidates the momentum was estimated from the vec-
tor sum of the measured momenta of the charged tracks
within the tau cone.

In each of the following multilepton final state anal-
yses, tracks resulting from photon conversion were also
rejected using the algorithm described in [37]. In the two-
and six-lepton final states, the large background from two-
photon processes was reduced by requiring that the to-
tal energy deposited in each silicon tungsten calorimeter
be less than 5 GeV, be less than 5 GeV in each forward
calorimeter, and be less than 5 GeV in each side of the
gamma-catcher.

In addition to the requirement that there be no unasso-
ciated electromagnetic cluster with an energy larger than
25 GeV in the event, it was also required that there be no
unassociated hadronic clusters with an energy larger than
10 GeV.

5.1.1 Two-lepton final states with missing energy

The analysis was optimised to retain good signal efficiency
while reducing the background, mainly due to two-photon
processes and to ``νν final states from W+W− produc-
tion. The following cuts were applied.

(A1) Events had to contain exactly two identified and op-
positely charged leptons, each with a transverse mo-
mentum with respect to the beam axis greater than
2 GeV.

(A2) The background from two-photon processes and “ra-
diative return” events (e+e− → Zγ, where the γ es-
capes down the beam pipe) was reduced by requir-
ing that the polar angle of the missing momentum,
θmiss, satisfied | cos θmiss| < 0.9.

(A3) To reduce further the residual background from Stan-
dard Model lepton pair events, it was required that
mvis/

√
s < 0.80, where mvis is the event visible

mass.
(A4) The acoplanarity angle7 (φacop) between the two lep-

tons was required to be greater than 10◦ in order to
reject Standard Model leptonic events, and smaller

7 The acoplanarity angle, φacop, is defined as 180◦ minus the
angle between the two lepton momentum vectors projected into
the x − y plane
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Table 4. Detection efficiencies (in%), events selected and back-
ground predicted for the lepton-pair plus missing energy chan-
nels and for χ̃±

1 masses between 45 and 90 GeV

Final State Eff. (%) Selected Tot. bkg MC 4-fermion
Events

ee + ETmiss 44-74 11 13.8 13.5
µµ + ETmiss 48-77 10 11.3 11.0
ττ + ETmiss 20-45 10 15.5 12.5

than 175◦ in order to reduce the background due to
photon conversions. The acoplanarity angle distri-
bution is shown in Fig. 2a after cuts (A1) to (A3).
The poor agreement between the data and Monte
Carlo expectation at this stage of the analysis is due
partly to beam related backgrounds and partly to
incomplete modelling of two-photon processes. The
acollinearity angle8 (θacol) was also required to be
greater than 10◦ and smaller than 175◦.

(A5) Cuts on amiss
t and pmiss

t were applied, where amiss
t

is the component of the missing momentum vector
perpendicular to the event thrust axis in the plane
transverse to the beam axis and pmiss

t is the missing
transverse momentum [33,21].

(A6) The background was further reduced by requiring
that the two identified leptons be of the same
flavour. Events were further selected by applying
cuts on the momentum of the two leptons as de-
scribed in [33].

To maximise the detection efficiencies, the above se-
lection was combined with the standard OPAL analysis to
select W+W− pair events [38] where both W’s decay lep-
tonically. This combination was performed after cut (A5)
for events passing the preselection criteria. Events passing
either set of criteria were accepted as candidates.

Detection efficiencies are summarised in Table 4 for
the three lepton flavours considered. The efficiencies are
quoted for χ̃±

1 masses between 45 and 90 GeV. The ex-
pected background from all Standard Model processes con-
sidered is normalised to the data luminosity of 56.5 pb−1.
As can be seen in Table 4, most of the background re-
maining comes from 4-fermion processes, expected to be
dominated by W+W− doubly-leptonic decays. The sec-
ond most important contamination for the ττ final states
arises from two-photon processes leading to leptonic final
states (up to 1.9 events).

5.1.2 Four-lepton final states

The following cuts were applied to select a possible signal
in the four charged leptons and missing energy topology:

(B1) The background from two-photon processes and “ra-
diative return” events (e+e− → Zγ, where the γ es-

8 The acollinearity angle, θacol, is defined as 180◦ minus the
space-angle between the two lepton momentum vectors
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Fig. 2. a Chargino search (Analysis A): Distribution of the
acoplanarity angle. The dashed histogram shows signal Monte
Carlo events for direct decays of χ̃±

1 with m
χ̃±
1

= 70 GeV
and for λ122. b Neutralino search (Analysis B): Distribution of
the event transverse momentum scaled by the centre-of-mass
energy and calculated without the hadron calorimeter. The
dashed histogram shows signal Monte Carlo events for direct
decays of χ̃0

1 with mχ̃0
1

= 70 GeV and for λ233. c Chargino
search (Analysis C): Distribution of the energy associated
to the identified leptons scaled by the total visible energy.
The dashed histogram shows signal Monte Carlo events for
indirect decays of χ̃±

1 with m
χ̃±
1

= 70 GeV and for λ233.
d Chargino search (Analysis D): Distribution of the number
of charged leptons, with a transverse momentum with respect
to the beam axis greater than 1.5 GeV. The dashed histogram
shows signal Monte Carlo events for direct decays of χ̃±

1 with
m

χ̃±
1

= 70 GeV and for λ122. Data are shown as points and the
sum of all Monte Carlo background processes is shown as the
solid line. The simulated signal events have arbitrary normal-
isation. The arrows point into the direction accepted by the
cuts applied

capes down the beam pipe) was reduced by requir-
ing that the polar angle of the missing momentum
direction, θmiss, satisfied | cos θmiss| < 0.9.

(B2) At least four tracks with a transverse momentum
with respect to the beam axis greater than 1.0 GeV,
were required.

(B3) The event transverse momentum calculated with-
out the hadron calorimeter was required to be larger
than 0.07 ×√

s. This distribution is shown in Fig. 2b
after cuts (B1) and (B2) have been applied. The
poor agreement between the data and Monte Carlo
expectation at this stage of the analysis is due partly
to beam related backgrounds and partly to incom-
plete modelling of two-photon processes. When the
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two-photon processes have been effectively reduced
after this cut, the agreement between data and
Monte Carlo is good.

(B4) Events had to contain at least three well-identified
isolated leptons, each with a transverse momentum
with respect to the beam axis greater than 1.5 GeV.

(B5) It was required that Evis/
√

s < 1.1.
(B6) The total leptonic energy, defined as the sum of the

energy of all identified leptons, was required to be
greater than 0.5 × Evis.

(B7) To reduce further the total background from Stan-
dard Model di-lepton production, it was required
that the energy sum of the two most energetic lep-
tons be smaller than 0.75 ×Evis.

To be independent of the types of decays, direct or
indirect, which are searched for and to maximise the de-
tection efficiencies, no specific cut on the lepton flavour
present in the final state was applied. Detection efficiencies
range from 16% to 74% for neutralino masses between 30
and 90 GeV. The lower efficiency value arises from small
neutralino masses (30 GeV) and decays with four taus in
the final state. The expected background is estimated to
be 2.5 events. One candidate event has been selected from
the data; it is shown in Fig. 3. This candidate is compat-
ible with pair-production of two on-shell Z bosons, one
decaying to an electron pair and the other to a τ pair.
One of the τ ’s decays to a pion and a neutrino and the
other τ decays to a muon plus two neutrinos.

5.1.3 Six-lepton final states

The following cuts were applied to select events with six
leptons and missing energy:

(C1) To reduce the background from two-photon and di-
lepton processes, it was required that 0.1 < Evis/

√
s

< 0.7.
(C2) The event longitudinal momentum was also required

to be smaller than 0.9 ×pvis, where pvis is the event
total momentum.

(C3) The event transverse momentum calculated with-
out the hadron calorimeter was required to be larger
than 0.025 ×√

s.
(C4) Events with fewer than five charged tracks (tracks

from photon conversions were not considered) with
a transverse momentum with respect to the beam
axis larger than 0.3 GeV were rejected.

(C5) Events had to contain at least three well-identified
isolated leptons; at least two of them must have a
transverse momentum with respect to the beam axis
greater than 1.5 GeV, and the third one must have
a transverse momentum with respect to the beam
axis greater than 0.3 GeV.

(C6) The total leptonic energy, defined as the sum of the
energy of all identified leptons, was required to be
greater than 0.2×Evis. The distribution of the total
leptonic energy scaled by the visible energy, is shown
in Fig. 2c, after cuts (C1) to (C4) have been applied.

      

Y

XZ

   200 .  cm.   

π−

µ+

e+

e−

Fig. 3. Display of the event selected in the data by analysis
B. This candidate is compatible with the pair production of
two on-shell Z bosons, one decaying to an electron pair and
the other to a τ pair. One of the τ ’s decays to a pion and a
neutrino and the other τ decays to a muon plus two neutrinos

In the case of final states without missing energy
(chargino direct decays without taus), the previous selec-
tion cuts were replaced by the following ones:

(D1) To reduce further the residual background from two-
photon processes, it was required that 0.2 < Evis/

√
s

< 1.2.
(D2) Events with fewer than five charged tracks (tracks

from photon conversions were not considered) with
a transverse momentum with respect to the beam
axis larger than 1 GeV were rejected.

(D3) Events had to contain at least four well-identified
isolated leptons, each of them with a transverse mo-
mentum with respect to the beam axis greater than
1.5 GeV. The distribution of the number of charged
leptons is shown in Fig. 2d after cuts (D1) and (D2)
have been applied.

(D4) The total leptonic energy, defined as the sum of the
energy of all identified leptons, was required to be
greater than 0.4 × Evis.

Events passing either set of criteria were accepted. De-
tection efficiencies after combining the two analyses range
from 22% to 87% for chargino masses between 45 and
90 GeV. The lower value of the selection efficiency arises
from decays of a chargino with a mass of 45 GeV lead-
ing to final states with 4 taus and two leptons, while the
higher value arises from decays of a chargino with a mass
of 90 GeV leading to final states with four muons and
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two electrons. The background expectation is 1.7 events.
There is one candidate event selected in the data.

5.1.4 Inefficiencies and systematic errors

Variations in the efficiencies were estimated using events
generated with m0 = 48.4 GeV and also events generated
with ∆m = 5 GeV, as described in Sect. 3. The inefficien-
cies due to variation of angular distributions were esti-
mated for five different MSSM parameter sets, represent-
ing different neutralino field contents (gaugino/higgsino)
and couplings, and calculated separately for each analysis.
The selection efficiencies varied by up to 10%. In interpret-
ing the results, a conservative approach was adopted by
choosing the lowest efficiencies.

The inefficiency due to forward detector vetoes caused
by beam-related backgrounds or detector noise was esti-
mated from a study of randomly triggered beam crossings
to be 3.2%. The quoted efficiencies are all scaled down to
take this effect into account.

The following systematic errors on the number of sig-
nal events expected have been considered: the statisti-
cal error on the determination of the efficiency from the
Monte Carlo simulation; the systematic error on the inte-
grated luminosity, of 0.35%; the systematic error due to
the trigger efficiency was estimated to be negligible be-
cause of the high lepton transverse momentum require-
ment; the uncertainty due to the interpolation of the effi-
ciencies was estimated to be 4.0% and the lepton identi-
fication uncertainty was estimated to be 2.4% for muons,
3.9% for electrons and 4.7% for taus. The total systematic
error was calculated by summing in quadrature the indi-
vidual errors. The total systematic error is incorporated
into the limit calculation using the method described in
[39].

5.2 Jets plus lepton final states

The strategy to search for final states with jets and lep-
tons is to look for signals with clear jets and well iden-
tified leptons. In the case of neutrinos in the final state,
background from two-photon processes can effectively be
reduced by requiring some missing transverse momentum.
For most decays the leptons will be isolated and therefore
well distinguishable from the background. The severest
background in most analyses results from W pair produc-
tion. However a kinematic fit on the invariant mass of ei-
ther two jets or a lepton and the missing momentum gives
a good mass resolution and can therefore reduce most of
this background.

This section describes the event selection for final states
from the direct and indirect decay of gauginos via the cou-
plings λ and λ

′
using an integrated luminosity9 of 55 pb−1.

In the subsections following the cut description list, it is
described which cuts are applied for which analysis.

9 Detector status cuts different from the ones used in the
analyses (A) to (D) have been used, resulting in a slightly
different total integrated luminosity

Preselection At least seven tracks, a minimum visible en-
ergy of 0.3 ·√s, and at least one identified lepton
with at least 3 GeV are required.

(E1) A cut on the visible energy scaled by the centre-of-
mass energy with values in the range between 0.4
and 1.2, depending on the expected number of neu-
trinos, is applied. In addition, the angle of the miss-
ing momentum with respect to the beam direction
has to fulfil | cos θmiss| < 0.95, if the final state con-
tains neutrinos.

(E2) The jets in the event have been reconstructed using
the Durham [40] algorithm. Cuts have been applied
on the number of jets reconstructed with a cut pa-
rameter of 0.005, and on the jet resolution yi,i+1 at
which the number of jets changes from i to i+1 jets.
The value of i depends on the expected number of
jets in the final state, and the cut takes into account
the high multiplicity of the signal events.

(E3) To reduce the background from W pair production
for events with missing momentum, a single con-
strained kinematic fit has been performed. The in-
puts to the fit are the momenta of the lepton and
the neutrino, taking the missing momentum to be
the momentum of the neutrino, and the rest of the
event reconstructed into 2 jets. The invariant mass is
calculated (a) for the lepton and the neutrino system
and (b) for the two jet system, letting the masses
of both systems be independent. The reconstructed
mass of at least one system has to be outside a mass
window of 70 GeV< m < 90 GeV, or the probability
for the fit has to be less than 0.01.

(E4) For the topologies with one charged lepton expected
in the final state, the background from W pair pro-
duction is reduced further by a kinematic fit on the
invariant mass of two pairs of jets, when reconstruct-
ing the whole event into 4 jets. This kinematic fit
assumes energy and momentum conservation and
the same mass for both jet pairs. The reconstructed
mass has either to be outside a mass window around
the W mass, with a width varying between 8 and
20 GeV, depending on the signal to background ra-
tio, or the probability for the fit has to be less than
0.01.

(E5) For events with only one charged lepton expected
from the decay of the χ̃±

1 or χ̃0
1, the momentum of

the lepton has to be lower than 40 GeV to reduce
the background from W pair production.

(E6) A number of identified leptons with a minimum en-
ergy is required. The exact number of leptons and
their energies, which are analysis dependent, are
listed is the subsection below.

(E7) The identified leptons are required to be isolated.
The isolation criterion is that there be no charged
track within a cone around the track of the lepton. If
two leptons are required, both opening angles have
to fulfil | cos θ| < 0.99; if only one lepton is required,
the opening angle has to fulfil | cos θ| < 0.98.

In the following it is described, which of the above
cuts has been used for a given analysis. The number of
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observed and expected events, as well as the efficiencies
for each analysis are listed in Table 5.

5.2.1 Indirect decay via λ

Final states from the χ̃±
1 decay via a W(∗) can have jets

and leptons in the final state. The signature of these fi-
nal states is at least four isolated leptons plus two or four
jets, depending on whether one or both of the W(∗)’s de-
cay hadronically. If the mass difference between the χ̃±

1
and the χ̃0

1 becomes small, the jets might not be properly
reconstructed. Therefore the analysis is also sensitive to
final states with at least two isolated leptons and some
additional hadronic activity. At least two identified lep-
tons, with a minimum energy of 10 GeV and 7 GeV for
the most and second-most energetic one, are required.

The same cuts are applied for any of the couplings λ
and also for the final states with two or four hadronic jets
from the decays of the two W(∗). The cuts (E3), (E4), and
(E5) have not been applied.

5.2.2 Indirect decay via λ
′

In the indirect decay of χ̃±
1 via λ

′
there are many differ-

ent final state topologies possible. The lepton from the λ
′

decay of the χ̃0
1 can be either charged or neutral. There-

fore final states with 2, or 1 charged leptons are analysed
separately. The different decay modes of the W(∗) are all
covered with the same cuts. Especially in the region of a
small mass difference between the χ̃±

1 and the χ̃0
1, all dif-

ferent topologies due to different decay modes of the W(∗)

look similar.
In the final states with two charged leptons from the

χ̃0
1 decay, the cuts for electrons and muons are very sim-

ilar. Two identified electrons (muons) are required with
energies (momenta) greater than 10 GeV and 7 GeV for
the most and second-most energetic one, respectively. The
final states with two tau leptons from the χ̃0

1 decay are
described in Sect. 5.3. The cuts (E3), and (E4) have not
been applied.

In the selection for final states with one charged lepton,
the cuts are the same for all three lepton flavours, and one
identified lepton with at least 10 GeV has been required.

5.2.3 Direct decay via λ
′

In the direct decay of χ̃±
1 and χ̃0

1 via λ
′
the final states con-

sist of 2 leptons of the same flavour (neutral or charged)
plus 4 hadronic jets. The experimental signature is the
same for χ̃±

1 and for χ̃0
1. Separate analyses have been per-

formed for final states with 1 or 2 charged leptons, re-
quiring at least the number of leptons of the appropriate
flavour that is expected on the basis of the final state
considered. The analysis with 2 taus in the final state is
described in Sect. 5.3. In the case of 2 charged leptons, the
cuts (E3), (E4), and (E5) have not been applied.

Table 5. Detection efficiencies (in%) for the final states con-
sidered for χ̃±

1 masses varying between 45 and 90 GeV and for
χ̃0

1 masses between 30 and 90 GeV. The number of events re-
maining after the selection cuts and the expected backgrounds
from all Standard Model processes considered are quoted. The
main contribution to the total background estimate derives
from W+W− leptonic decays (4-fermion processes), while other
processes contribute less than 10%

Final State Eff. (%) Selected Events Tot. bkg MC

λ indirect 12 – 82 1 3.3

λ
′

indirect

ee+ ≥ 4 jets 23 – 55 1 1.4
eν+ ≥ 4 jets 3 – 30 0 1.0
µµ+ ≥ 4 jets 27 – 60 0 1.5
µν+ ≥ 4 jets 3 – 31 2 0.5
τν+ ≥ 4 jets 1 – 11 6 4.9

λ
′

direct

ee + 4 jets 24 – 57 1 0.9
eν + 4 jets 7 – 39 1 2.0
µµ + 4 jets 30 – 60 0 1.0
µν + 4 jets 8 – 46 4 1.4
τν + 4 jets 2 – 14 1 4.1

For the decay mode of a χ̃±
1 via the coupling λ

′
into a

final state with two electrons the event distributions and
several of the cuts used are shown in Fig. 4. The signal is
shown for a χ̃±

1 of 90 GeV and the hadronic decay mode of
the W(∗)’s, but the cuts are the same for all decay modes of
the W(∗)’s. Therefore the data distributions do not depend
on it.

Figure 4a shows the distribution of y45, where the num-
ber of jets changes from 4 to 5 jets after the cut on the
visible energy has been applied. In Fig. 4b the number of
electrons is shown after the cuts up to and including (E4)
have been applied. In Figs. 4c and 4d 2 identified electrons
have been required in addition, and the energy and dis-
tance to the closest track are shown respectively for the
most energetic electron.

5.2.4 Efficiencies and backgrounds

The efficiencies resulting from the analyses above lie be-
tween 30 and 80% for final states with at least one electron
or muon from the χ̃0

1 decay for χ̃±
1 masses around 90 GeV.

For final states with taus the efficiencies lie in the range
between 10% and 30%. The efficiencies are best for the
topologies resulting from the decays via couplings λ, as
many well isolated leptons are present. Also the topologies
with two electrons or two muons in the indirect decays via
λ

′
have efficiencies above 50% for χ̃±

1 masses of 90 GeV.
The background from two-photon processes is negli-

gible, same as the background from multihadronic final
states for most analyses. W pair production is the major
background. The number of expected background events
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Fig. 4a–d. This figure shows distributions of event variables
from the analyses for final states with jets plus leptons for data
(points) and MC (full histogram). Also indicated is a signal MC
(dashed histogram) for a χ̃±

1 of mass 90 GeV, decaying via a
λ

′
coupling into final states with two electrons and a hadronic

decay of both W(∗). The scale of the signal MC is arbitrary. The
arrows point into the direction accepted by the cuts applied.
a The logarithm of the jet resolution, y45, at which the number
of reconstructed jets changes between 4 and 5, is shown, after
the cut on the visible energy has been applied; b the number
of electrons after the cut on the jet resolution, as indicated in
Fig. 4a, has been applied. c The energy of the most energetic
electron and d the distance between the track of the most
energetic electron and the nearest track, ∆track, requiring at
least two identified electrons

is estimated to be between 0.5 and 2.0 for events with at
least one electron or muon from the χ̃0

1 decay. For events
with taus from the χ̃0

1 decay, the expected background lies
in between 4.1 and 4.9 events.

The numbers of events observed in the data show no
significant discrepancy over the expected number of events.

5.2.5 Systematic errors

For the lepton identification a systematic error of 4% was
estimated for the electrons, 3% for the muons and 6% for
the taus. The systematic error on the measured luminos-
ity is 0.35%. The systematic error due to the uncertainty
in the trigger efficiency was estimated to be negligible,
because of the requirement of at least seven good tracks.
The statistical error on the determination of the efficiency
from the MC samples has also been treated as a system-
atic error. To check the dependence on the quark flavour of
the jets, samples with different quark flavours have been

produced. The standard samples used to determine the
efficiencies always resulted in the lowest efficiency. There-
fore no additional error has been assigned due to the quark
flavour.

5.3 Jets plus two τ−lepton final states

Final states containing at least two τ -leptons and between
four and eight jets can be produced via the processes
e+e− → χ̃±

1 χ̃±
1 or χ̃0

1χ̃
0
1, with χ̃ → τ + qq, in the case

of direct decay, and χ± → χ0W (∗) → τ + qq + W (∗) in
the case of indirect decay, leading to the following four
possible signal topologies:

– Direct decay:
(a) four jets and two τ -leptons

– Indirect decay:
(b) four jets, two τ -leptons plus two additional lep-

tons (of any flavour) and their associated neutri-
nos

(c) six jets, two τ -leptons plus one additional lepton
(of any flavour) and its associated neutrino

(d) eight jets and two τ -leptons

The backgrounds come predominantly from (Z/γ)∗ →
qq̄(γ) and four-fermion processes.

In each of the four cases, the selection begins with the
identification of τ -lepton candidates [41], using three algo-
rithms designed to identify electronic, muonic and hadronic
τ -lepton decays. The original τ -lepton direction is approx-
imated by that of the visible decay products. The following
preselection was made:

(F1) Events are required to contain at least nine charged
tracks, and must have at least two τ -lepton candi-
dates, each with electric charge |q| = 1 and whose
charges sum to zero.

(F2) Events must have no more than a total of 20 GeV of
energy deposited in the forward detector, gamma-
catcher, and silicon-tungsten luminosity monitor; a
missing momentum vector satisfying | cos θmiss| <
0.97, total vector transverse momentum of at least
2% of

√
s, and a scalar sum of all track and cluster

transverse momenta larger than 40 GeV.
(F3) Events must contain at least three jets, reconstructed

using the cone algorithm as in [41]10, and no ener-
getic isolated photons11.

(F4) Events must contain no track or cluster with energy
exceeding 0.3

√
s.

In order to select a final τ -candidate pair for each
event, and to further suppress the remaining background,
a likelihood method similar to that described in [45] is ap-
plied to those events passing the above preselection. For
each τ -candidate pair and its associated hadronic “rest of

10 Here, single electrons and muons from τ -lepton decays are
allowed to be recognised as low-multiplicity “jets”
11 An energetic isolated photon is defined as an electromag-
netic cluster with energy larger than 15 GeV and no track
within a cone of 30◦ half-angle
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the event” (RoE), composed of those tracks and clusters
not having been identified as belonging to the pair, a joint
discriminating variable, L, is constructed using normalised
reference distributions generated from Monte Carlo sam-
ples of events belonging to the following four classes:

1. Signal events where the selected pair is composed of
two real τ -leptons

2. Signal events where the selected pair contains at most
one real τ -lepton

3. SM four-fermion events where the selected pair is com-
posed of up to two real τ -leptons

4. Events from the process Z/γ∗ → qq̄(γ) containing no
real τ -leptons

For classes 1 and 2, different signal reference distri-
butions are generated for the four topologies a)-d). The
variable L is related to the probability that the selected
τ -candidate pair and RoE belong to class 1. The set of in-
put variables to the reference distributions includes those
which characterise each of the two τ -lepton candidates in-
dividually, those which describe their behaviour as a pair
and those which characterise the RoE. For those vari-
ables describing the τ -candidates individually, separate
reference distributions are generated for leptonic (elec-
tron or muon), hadronic 1-prong and hadronic 3-prong
τ -candidates, in order to exploit the differences between
the three categories, as follows:

– Used for all three categories:
– | cos αi|, where αi is the angle between the direction

of the i-th τ candidate and that of the nearest track
not associated with it.

– |~pi|, the momentum of this nearest non-associated
track

– R
11/30
em · R

11/30
cd , where R

11/30
em(cd) is the ratio of the

electromagnetic cluster energies (charged track mo-
menta) within a cone of 11◦ half-angle centred on
the τ candidate axis to that within a 30◦ half-angle
cone.

– |~pτ |, the magnitude of the momentum of the τ -
candidate.

– The type of τ candidate itself, i.e. lepton, 1-prong,
3-prong.

– Used for 1- and 3-prong categories:
–

∑
i |pT |i,τ/Eτ , the sum of the transverse momenta

(with respect to the τ -candidate axis) of tracks i in
the τ -candidate

– mτ , the invariant mass of the τ candidate
– Used for lepton and 1-prong categories:

– The magnitude of the impact parameter, in three
dimensions, of the τ -candidate

– Used for 1-prong category only:
– Nhd/Nem, the ratio of hadronic calorimeter to elec-

tromagnetic calorimeter clusters associated to the
τ candidate.

– Used for 3-prong category only:
– The vertex significance in three dimensions of the

τ -candidate.
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Fig. 5a–d. Jets plus at least two τ -leptons, topology a): Dis-
tributions of relevant quantities for data (points), estimated
SM background (full histogram) normalised to the integrated
luminosity of the data, and a simulated signal (dashed his-
togram, arbitrary normalisation) corresponding to m

χ̃±
1

=
70 GeV (direct decay). a–c show some of the variables input
to the likelihood: a The momentum of leptonic τ candidates;
b The momentum of 1-prong hadronic τ candidates; c The
sphericity of the hadronic RoE. The likelihood distribution L
is shown in d. The error points into the direction accepted by
the cut. All distributions are after the imposition of cut (F4)

The following five input variables are used to charac-
terise the τ -candidates as a pair or the RoE associated
with the pair:

– The angle between the two τ -candidates
– The sphericity of the RoE
– The sum of the number of charged tracks and electro-

magnetic calorimeter clusters in the RoE
– The number of hadronic calorimeter clusters in the

RoE
– The jet resolution parameter yRoE

23 , at which the num-
ber of jets in the RoE changes from 2 to 3.

Distributions of some of the input variables as well as
that of L are shown in Fig. 5, for the case of topology a).

The τ -candidate pair having the highest value of L is
chosen in each event. Then, for topology b) only, the fol-
lowing requirement is imposed reflecting the expectation
of two additional leptons other than the two τ -leptons:

(F5) The sum of the number of τ -lepton candidates plus
the number of identified electrons (as in [41]) and
muons not tagged as τ -lepton candidates must be
at least 4.
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Finally, the following requirements are made on the values
of L:

(F6) L > 0.9, 0.6, 0.65 and 0.75 respectively for signal
topologies a), b), c), d).

For topologies a)-d) respectively, zero, two, one and
one events survive the selection while the background is
estimated to be 2.27, 2.31, 3.19 and 1.93 events for an inte-
grated luminosity of 55.8 pb−1. The detection efficiencies
for chargino masses between 70 and 90 GeV range from
approximately 24 to 28%, 21 to 32%, 22 to 24%, and 14
to 19%, while those for neutralinos are constant at about
18%. For charginos with masses of 45 GeV and below, the
detection efficiency falls to approximately 5%, 9%, 5% and
1%, and for neutralinos to 8%.

These efficiencies are affected by the following uncer-
tainties: Monte Carlo statistics, typically 5.0%; uncer-
tainty in the tau-lepton preselection efficiency, 1.2%; un-
certainty in the modelling of the other preselection vari-
ables, 2.0%; uncertainties in the modelling of the likeli-
hood input variables, 10.0%; uncertainties in the mod-
elling of fragmentation and hadronisation, 6.0%; and un-
certainty on the integrated luminosity, 0.5% [42]. Taking
these uncertainties as independent and adding them in
quadrature results in a total systematic uncertainty of
12.9% (relative errors). The uncertainty in the number
of expected background events was estimated to be 18%.

5.4 Four jets plus missing energy

Direct decays of charginos and neutralinos via λ′ coupling
can lead to final states with four jets and missing energy
due to the two undetected neutrinos. The dominant back-
grounds come from four-fermion processes and radiative
or mismeasured two-fermion events. The selection proce-
dure is described below:

(G0) The event has to be classified as multi-hadron final-
state as described in [43].

(G1) The visible energy of the event is required to be less
than 0.85

√
s.

(G2) To reject two-photon and radiative two-fermion
events the transverse momentum should be larger
than 10 GeV, the total energy measured in the for-
ward calorimeter, gamma-catcher and silicon tung-
sten calorimeter should be less than 20 GeV, and the
missing momentum should not point to the beam di-
rection, | cos θmiss| < 0.96.

(G3) The events are forced into four jets using the
Durham jet-finding algorithm, and rejected if the
jet resolution parameter y34 is less than 0.001.

(G4) An additional cut is applied against semi-leptonic
four-fermion events, vetoing on isolated leptons be-
ing present in the event. The lepton identification is
based on an Artificial Neural Network routine [44],
which was originally written to identify tau leptons
but is efficient for electrons and muons, as well. The
ANN output is required to be larger than 0.97 for
lepton candidates.

(G5) Finally, a likelihood selection is employed to classify
the remaining events as two-fermion, four-fermion
or qqqqνν processes. The method is described in
[45]. The information of the following variables are
combined:
– the effective centre-of-mass energy [46] of the

event;
– the transverse momentum of the event;
– the cosine of the polar angle of the missing mo-

mentum vector;
– the D parameter [47] of the event;
– the logarithm of the y34 parameter;
– the minimum number of charged tracks in a jet;
– the minimum number of electromagnetic clusters

in a jet;
– the highest track momentum;
– the highest electromagnetic cluster energy;
– the number of leptons in the event, using loose

selection criteria for the lepton candidates (the
ANN output is larger than 0.5);

– the mass of the event excluding the best lepton
candidate (if any) after a kinematic fit using the
W+W− → qqlν hypothesis;

– the cosine of the smallest jet opening angle, de-
fined by the half- angle of the smallest cone con-
taining 68% of the jet energy;

The event is rejected if its likelihood output is less
than 0.95.

Figure 6 shows experimental plots of the selection vari-
ables for the data, the estimated background and simu-
lated signal events. The distributions are well described
by the Monte Carlo simulation.

After all cuts, 8 events are selected in the data sam-
ple, while 9.47± 0.33 (stat) ± 2.07 (syst) events are ex-
pected from Standard Model processes, of which 72% orig-
inates from four-fermion processes. The signal detection
efficiency varies between 7% and 60% for gaugino masses
of 45 – 90 GeV for λ′

121 and λ′
123 couplings.

The small efficiency for light gaugino masses is the
result of initial-state radiation and the larger boost of the
particles, which make the event similar to the QCD two-
fermion background.

The background expectation is subject to the follow-
ing systematic errors and inefficiencies: inefficiency due to
the forward energy veto (1.8%); the statistical error due
to the limited number of Monte Carlo events (3.4%); the
statistical and systematic error on the luminosity mea-
surement (0.45% in total); error on the lepton veto (1%);
uncertainty on modelling the SM background processes by
comparing different event generators (3.3%) and the mod-
elling of kinematic variables used in the analysis (21%,
dominated by the error on the visible energy).

The signal detection efficiency is affected by the fol-
lowing systematics: inefficiency due to the variation of m0
(0 – 5%) and due to the forward energy veto (1.8%); the
statistical error due to the limited number of Monte Carlo
events (2 – 12%); error on the lepton veto (1%); uncer-
tainty on modelling the kinematic variables used in the
analysis (6%).
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Fig. 6a–d. Four jets plus missing energy: Distributions for
data (points), for the estimated SM background (full his-
togram) and for simulated signal (dashed histogram). a shows
the visible energy, Evis, scaled by the centre of mass energy,√

s, for multihadron events after cut (G0). In b the cosine of
the polar angle of the missing momentum vector is plotted
after cut (G1). In c the logarithm of the jet resolution, y34,
at which the number of reconstructed jets changes between 3
and 4, is shown after cut (G2) has been applied. d shows the
final selection using the likelihood output. The arrows indi-
cate the accepted regions in each plot. The SM background is
normalised to the integrated luminosity of the data, while the
normalisation of the signal distribution is arbitrary

5.5 More than four jets plus missing energy

This analysis applies to chargino indirect decays via λ
′
,

where both neutralinos decay into quarks and neutrinos.
The selected events must have clear reconstructed jets,
missing energy and missing transverse momentum. To ac-
count for the possibility of leptonic decays of the W(∗), the
presence of charged leptons in the events has to be allowed;
an upper bound on the lepton momentum is imposed, in
order to reduce the background from semi-leptonic W-pair
events.

The total integrated luminosity amounts to 56.5 pb−1.
The selection cuts are described below. An event is re-
tained as a candidate if it satisfies the Preselection and
any of the requirements (H1), (H2) or (H3).

Preselection Events have to be classified as multi-hadron
final states as described in [43]. The visible energy
Evis, scaled by the centre-of-mass energy must be in
the range 0.4 < Evis/

√
s < 0.9. The most energetic

identified lepton (e or µ) must have a momentum
lower than 25 GeV. The number of tracks plus the
number of EM clusters must exceed 60.
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Fig. 7a–d. Distributions of event variables for final states with
more than four jets and missing energy, for data (points) and
MC (full histogram). Also indicated is a signal MC (dashed his-
togram) for χ̃±

1 pairs of mass 90 GeV and ∆m = 45 GeV. Both
charginos are assumed to decay indirectly via a λ

′
coupling into

νqq, and both W(∗) into hadrons, leading to qq qq νqq νqq fi-
nal states. The scale of the signal MC is arbitrary. a Visible
energy scaled by the centre-of-mass energy, Evis/

√
s, for events

selected as multi-hadron final states. The lower cut rejects γγ
events. b The number of charged tracks Nct plus the number
of EM clusters Nem, after all the other cuts of the preselec-
tion. c The jet resolution parameter y34 at which the number
of reconstructed jets switches between 3 and 4, plotted after
the preselection cuts. d The event transverse momentum pt

scaled by the visible energy Evis, plotted after the preselection
cuts. In a and b the arrows point to the region accepted by
the applied cuts

(H1) The jet resolution y34, at which the event switches
from 3 to 4 jets, must be y34 > 0.02. The missing
momentum pt of the event, scaled by the visible en-
ergy, must satisfy pt/Evis > 0.15.

(H2) To increase the efficiency for small ∆m values, where
the missing energy is larger but some jets are softer,
y34 > 0.015 and pt/Evis > 0.2 are required.

(H3) To improve the efficiency for mχ̃±
1

= 45 GeV, where
many events are affected by initial state radiation
and have therefore smaller visible energy and softer
jets, Evis/

√
s < 0.7, y34 > 0.01 and pt/Evis > 0.13

are required.

The distributions of the selection variables are shown
in Fig. 7 for experimental data, Standard Model back-
ground and signal. After the full selection 7 events survive,
where the expected background from Standard Model is
10.9 events. The efficiency is in the range 6% – 33%.
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The systematic error due to the Monte Carlo statistics
is less than 1.5%; the systematic error on the collected
luminosity is 0.35%; the systematic error due to the trig-
ger efficiency is assumed to be negligible, due to the large
track and cluster multiplicity required. The total system-
atic error due to the applied cuts is 2.3%, where the most
relevant components arise from the cuts on y34 (2.2%) and
pt/Evis (0.6%).

The sensitivity of the selection to quark flavours has
been studied, showing that final states containing heavy
quarks yield larger efficiencies; conservatively, the quark
flavours yielding the lowest efficiencies have been consid-
ered to evaluate limits. The variation in the efficiency due
to variations in m0 and ∆m has been studied and the
lowest efficiency has been used.

5.6 More than four jets and no missing energy

This analysis applies to chargino direct and indirect de-
cays via λ

′′
. Events are expected to have at least six quarks

in the final state. The event thrust and sphericity are also
used to reduce the background.

The total collected luminosity amounts to 56.5 pb−1.
The selection cuts are described below. An event is re-
tained as a candidate if it satisfies the Preselection and
any of the two requirements (I1) or (I2).

Preselection Events have to be classified as multi-hadron
final states as described in [43]. The visible energy
Evis, scaled by the centre-of-mass energy, must be
in the range Evis/

√
s > 0.4.

(I1) To reduce the qq̄ background, an event thrust less
than 0.9 and a sphericity larger than 0.2 are re-
quired. To reduce qq̄, qq̄`ν events, y34 > 0.02 is
required. To reduce qq̄qq̄ events, y45/y34 > 0.5 is
required.

(I2) To reduce 4-fermion events and part of two-jet qq̄
events, 0.8 < thrust < 0.9 is required. To reduce qq̄
events, y56 > 0.003 is required.

The condition (I1) is optimised for large chargino masses,
but becomes inefficient for smaller masses, where the
chargino decay products are very boosted, and jets cannot
be easily resolved. The condition (I2) recovers efficiency in
this latter case, exploiting the sharper thrust distribution,
due to the large boost.

The distributions of the selection variables are shown
in Figs. 8 and 9, for experimental data, Standard Model
background and signal. After the selection, 24 events sur-
vive, where the expected background from Standard Model
is 22.4 events. The efficiency is in the range 9% – 23%.

The systematic error due to the Monte Carlo statistics
is less than 1.4%; the systematic error on the integrated
luminosity is 0.35%; the systematic error due to the trigger
efficiency is assumed to be negligible, due to the large track
and cluster multiplicity required.

The variation in the efficiency due to variations in
m0 and ∆m has been studied and the lowest efficiency
has been used. The sensitivity of the selection to quark
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Fig. 8a–d. Distributions of event variables for final states with
more than four jets, for data (points) and MC (full histogram).
Also indicated is a signal MC (dashed histogram) for χ̃±

1 pairs
of mass 90 GeV, decaying directly via λ

′′
coupling into qqq qqq

final states. The scale of the signal MC is arbitrary. a Thrust
distribution, plotted after the preselection cuts. b Sphericity
distribution, plotted after the cut on the thrust. c Distribution
of the jet resolution parameter y34 at which the number of
reconstructed jets switches between 3 and 4, plotted after the
cut on the sphericity. d Distribution of y45/y34, plotted after
the cut on y34. In each figure, the arrows point to the region
accepted by the applied cut

0

50

100

150

200

250

300

350

0.5 0.6 0.7 0.8 0.9 1
1

10

10 2

0 0.002 0.004 0.006 0.008 0.01
Thrust y56

(a) (b)

E
ve

nt
s 

/ 0
.0

00
2

E
ve

nt
s 

/ 0
.0

1

OPAL

Fig. 9a,b. Distributions of event variables for final states with
more than four jets, for data (points) and MC (full histogram).
Also indicated is a signal MC (dashed histogram) for χ̃±

1 pairs
of mass 45 GeV, decaying directly via λ

′′
coupling into qqq qqq

final states. The scale of the signal MC is arbitrary. a Thrust
distribution, plotted after the preselection cuts. b Distribution
of the jet resolution parameter y56 at which the number of
reconstructed jets switches between 5 and 6, plotted after the
cut on the thrust. In each figure, the arrows point to the region
accepted by the applied cut
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Fig. 10a–c. Upper limits at 95% CL on the cross-sections for
final states with a 2 leptons, b 4 leptons, and c 6 leptons. For
each curve the coupling λ that was assumed to be different
from zero is given. Limits arising from any other coupling λ
different from zero lie in the band between the two curves

flavours has been studied, showing that final states con-
taining heavy quarks yield larger efficiencies; conserva-
tively, the quark flavours yielding the lowest efficiencies
have been considered to evaluate limits.

The total systematic error due to the applied cuts is
4.0%, where the most relevant components arise from the
cuts on y34 (2.2%) and y45/y34 (3.3%). The systematic
error due to the incorrect simulation of the parton shower
for quark triplets, such as those originating from gaugino
decays, is estimated to be 1.2%.

6 Limits on topological cross-sections

In this chapter the results from the individual topologi-
cal analyses presented in the previous chapter are given.
As for each topological search the observation is in good
agreement with the Standard Model expectations, there is
no claim for a signal, and 95% confidence level (CL) cross-
section upper limits are presented for final state topologies
expected from R-parity violating χ̃±

1 and χ̃0
1 decays. In

computing the limits the estimated backgrounds coming
from Standard Model processes have been subtracted.

6.1 Multilepton final states

Figure 10 shows the upper limits obtained for the cross-
section times branching ratio of leptonic final states from
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Fig. 11a,b. Upper limits at 95% CL on the cross-sections for
final states with jets and leptons resulting from the indirect
decay via a coupling λ. In the upper plot one W(∗) is decay-
ing leptonically and the other hadronically, while in the lower
plot both decay hadronically. For each curve, the coupling λ
that was assumed to be different from zero is indicated. Limits
arising from any other coupling λ different from zero lie in the
gray zone between the two curves shown

the selection described in Sect. 5.1. In each of the Figs. 10a–
c, corresponding to two-, four-, and six-lepton final states,
the two curves represent the cross-section limits for lepton
flavour mixtures yielding the most and the least stringent
limits; the latter usually corresponds to several taus in the
final state. The limits corresponding to any other lepton
flavour mixture are located within the band between the
two curves. The specific couplings λijk which lead to the
limiting curves are indicated in each case.

6.2 Final states with leptons plus jets

Figures 11, 12, and 13 show the cross-section limits for
final states with leptons plus jets from the selections de-
scribed in Sects. 5.2 and 5.3. Figure 11 corresponds to
final states with (a) five charged leptons plus two jets and
(b) four charged leptons plus four jets. Again, the limits
obtained for various mixtures of lepton flavours lie in the
band between the two limiting curves. Figure 12 corre-
sponds to final states with (a) two charged leptons of the
same flavour plus four jets and (b) one charged lepton plus
four jets. Here the limits are given separately for each of
the lepton flavours, fixed by the first index of the coupling
λ

′
ijk. Limits arising from any other coupling λ

′
lie below

the limit shown for the coupling with the same first index.
The final states shown in Fig. 13 are like the ones in Fig. 12
plus the decay products of two W(∗). Again, the limits are
given separately for each of the lepton flavours, fixed by
the first index of the coupling λ

′
ijk and limits arising from

any other coupling λ
′

lie below the limit shown for the
coupling with the same first index.
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Fig. 12a,b. Upper limits at 95% CL on the cross-sections for
final states with jets and leptons resulting from the direct decay
via a coupling λ

′
for a two lepton plus four jets final states and

b for one lepton plus four jets final states. For each curve the
coupling λ

′
that was assumed to be different from zero is given.

Limits arising from any other coupling λ
′

lie below the limit
shown for the coupling with the same first index
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Fig. 13a,b. Upper limits at 95% CL on the cross-sections for
final states with jets and leptons resulting from the indirect de-
cay via a coupling λ

′
. In a final states with two charged leptons

of the same flavour are shown. b shows the final states with
one charged lepton. Each Figure contains all decay modes of
the two W(∗). For each curve the coupling λ

′
that was assumed

to be different from zero is given. Limits arising from any other
coupling λ

′
lie below the limit shown for the coupling with the

same first index

6.3 Multi-jet final states

Figure 14 shows the cross-section limits for final states
with at least four jets from the selections described in
Sects. 5.4, 5.5, and 5.6. Figure 14a corresponds to final
states with four jets plus missing energy and (b) to four
jets plus missing energy plus two W(∗). The limits shown
are independent on the first index of the coupling λ

′
ijk,
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Fig. 14a–c. Upper limits at 95% CL on the cross-sections for
final states with a four jets and missing energy, b four jets and
missing energy plus two W(∗), and c at least six jets. For each
curve the coupling λ

′
or λ

′′
that was assumed to be different

from zero is given. Limits arising from any other coupling λ
′

or λ
′′

lie below the limits shown

corresponding to the neutrino flavour. Limits arising from
any other coupling λ

′
lie below the limit shown. In Fig. 14c

limits for final states with at least six jets are shown. The
three limits labelled direct, mixed, and indirect correspond
to final states with six jets plus 0, 1, and 2 W(∗), respec-
tively. Limits arising from any other coupling λ

′′
lie below

the limits shown.

7 Limits on the Gaugino production
cross-sections

We now proceed to derive upper bounds on the cross-
section of the processes e+e− → χ̃+

1 χ̃−
1 and χ̃0

1χ̃
0
1. These

are presented separately for the direct and indirect modes
for decays being mediated by the couplings λ, λ

′
, and λ

′′
.

In addition a limit independent of a decay via the direct
or indirect mode is given. The limits are valid for values of
the couplings λ, λ

′
, and λ

′′
greater than 10−5, assuming a

prompt decay at the interaction vertex. Further require-
ments are that the mass difference ∆m = m(χ̃±

1 )−m(χ̃0
1)

be larger than 5 GeV, and that only one λ-coupling be
different from zero. For the indirect decay of the χ̃±

1 , we
assume the decay via a W(∗), and combine the results ac-
cording to the leptonic and hadronic branching ratio of
the W boson. Decays via a sfermion are not considered in
this analysis.
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Fig. 15a–c. 95% CL upper limits on cross-sections from the
decay of a χ̃±

1 via a coupling λ, assuming a mass difference
∆m = m(χ̃±

1 ) − m(χ̃0
1) > 5 GeV. The cross-section limits are

shown a for the indirect decay mode b for the direct decay
mode and c independent of the decay mode. The cross-section
limits for any coupling λ lie below the limit for a decay via
λ133. For the a direct decay mode and the b indirect decay
mode also the best cross-section limit, corresponding to λ122,
is shown

The likelihood ratio method [48] has been used to com-
bine the results from several analyses to determine the
excluded cross-sections. This method assigns a greater
weight to analyses with a higher expected sensitivity, tak-
ing into account the expected background. All upper
bounds on the cross-sections are given at the 95% CL.

The same method has been used in the determination
of limits which are independent of whether the decay is
direct or indirect. The branching fractions into these two
decay modes vary with the parameters of the MSSM. To
achieve a limit independent of the branching ratio and
thus of the MSSM parameters, the branching fractions
into the direct and indirect decays have been varied si-
multaneously between 0 and 1. The efficiency for the pro-
cess of one chargino decaying via the direct mode and the
other via the indirect mode has been set to zero, except for
the case of λ

′′
. A limit is then calculated for all branch-

ing ratios at each mass value using the likelihood ratio
method. This results in a cross-section limit as a function
of the branching ratio and the chargino mass. By taking
the worst limit at each mass value, a limit independent of
the branching ratio is determined.
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Fig. 16a–c. 95% CL upper limits on cross-sections from a the
indirect and b the direct decay and c independent of the decay
mode of a χ̃±

1 via a coupling λ
′
. In a and b the excluded cross-

sections for any coupling λ
′

lie between the upper and lower
curves. Also indicated are the couplings for which the best and
the worst upper limits have been achieved. In c the upper limit
is given for any coupling λ

′
ijk with i = 1, 2

7.1 Chargino decays via λ

Figure 15 shows the upper limits on the cross-sections for
decays via a coupling λ for (a) the indirect decay (b) the
direct decay and (c) independent of the decay mode. The
upper limits on the cross-section for any coupling λ lie
between the two curves shown in (a) and (b) and below the
one shown in (c). The results vary between 0.1 and 1.0 pb
for masses above 70 GeV. The limits for the direct decay
are not as strong as those for the indirect decay, because
the direct decay with one χ̃±

1 decaying into three charged
leptons and the other decaying into one charged lepton
has not been generated. The analysis for four leptons plus
missing transverse momentum should be sensitive to these
final states, but we have conservatively set the efficiency
to zero. The same applies for the limit independent of the
decay mode, which is also worse than any of the direct or
indirect limits, because of setting the efficiency for one χ̃±

1
decaying directly and the other indirectly to zero.

The mass limits derived from the cross-section limits
are only slightly degraded by the small lack in Monte Carlo
samples, as the expected cross-section for chargino pair-
production is large for the kinematical allowed region.
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Fig. 17a–c. 95% CL upper limits on cross-sections from the
decay of a χ̃±

1 via a coupling λ
′′
, assuming a mass difference

∆m = m(χ̃±
1 ) − m(χ̃0

1) > 5 GeV. The cross-section limits are
shown a for the indirect decay mode b for the direct decay
mode and c independent of the decay mode. The cross-section
limits for any coupling λ

′′
lie below the limit for a decay via

λ
′′
122

7.2 Chargino decays via λ
′

In the decay of a gaugino via a λ
′
coupling, the branching

ratio of the gaugino into a final state with a charged or
a neutral lepton is dependent on the mass of the sneutri-
nos, the mass of the sleptons and on the field content of
the chargino. To avoid a dependence of the bounds of the
excluded cross-section on the MSSM parameters in this
decay mode, the branching ratio of both modes has been
varied between 0 and 1, using the likelihood ratio method
[48] to determine the excluded cross-section, like in the
determination of the limit independent of the direct and
indirect decay mode.

Figure 16 shows the upper limits on the cross-sections
for the decay of a χ̃±

1 via λ
′
for (a) the indirect decay and

(b) the direct decay mode for any of the 27 λ
′

couplings.
Limits arising from any other coupling λ

′
lie below the

limit shown for the coupling with the same first index.
Figure 16(c) shows the upper limits on the cross-sections
independent of the decay mode. Limits arising from any
other coupling λ

′
ijk, with i = 1, 2; j, k = 1, 2, 3 lie below

the limit shown. The limits are not as good as for decays
via couplings λ, since the signal looks more like the Stan-
dard Model processes, and lie between 0.3 and 1.8 pb for
masses above 70 GeV.
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Fig. 18a,b. 95% CL upper limits on cross-sections from the
direct decay of a χ̃0

1 via a a coupling λ and b a coupling λ
′
.

The cross-section limits for any coupling λ lie in the gray zone
between the two limits shown. The limit for λ

′
321 lies on top

of that for λ
′
121. Limits arising from any other coupling λ

′
lie

below the limit shown for the coupling with the same first index

7.3 Chargino decays via λ
′′

Figure 17 shows the upper limits on the cross-sections
for the decay of a χ̃±

1 via λ
′′

for (a) the indirect decay,
(b) the direct decay mode, and (c) independent of the
decay mode. Limits arising from any other coupling λ

′′
lie

below the limit shown. As for this case the decay of one
chargino decaying directly and the other indirectly has
been simulated, the mode independent limit is similar to
the direct and indirect one. The limits lie between 1.0 and
1.8 pb for masses above 70 GeV.

7.4 Neutralino decays

Figure 18 shows the upper limits on the cross-sections for
the decay of a χ̃0

1. Limits arising from a decay via a cou-
pling λ lie between the two limits shown in (a). In (b) the
upper limits for a decay via λ

′
are shown. Limits arising

from any other coupling λ
′

lie below the limit shown for
the coupling with the same first index.

8 Interpretation in the MSSM

From the cross-section upper limits presented in Chapter
7, regions in the MSSM parameter space can be excluded.
These regions are shown in Figs. 19 to 24 in the (M2, µ)
plane for m0 = 500 GeV and 200 GeV and for tanβ =
1.0, 1.5, and 35.0. The results are presented separately
for decays with the λ, λ

′
, and λ

′′
couplings being different

from zero.
The exclusion limits are determined by combining the

following: the excluded cross-sections from the excess Z0
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Fig. 19. Excluded region in the M2 – µ plane from the decay
of χ̃±

1 , for λ 6= 0, λ
′
=λ

′′
=0, for m0 = 500 GeV. The dark area

shows the points excluded by the LEP2 searches and the light
area the points excluded from the Z0 width. The dashed line
shows the kinematic limit for

√
s = 183 GeV, and the dotted

line shows the area with ∆m < 5 GeV
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Fig. 20. Excluded region in the M2 – µ plane from the decay
of χ̃±

1 for λ 6= 0, λ
′
=λ

′′
=0, for m0 = 200 GeV. The dark area

shows the points excluded by the LEP2 searches and the light
area the points excluded from the Z0 width. The dashed line
shows the kinematic limit for

√
s = 183 GeV, and the dotted

line shows the area with ∆m < 5 GeV
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Fig. 21. Excluded region in the M2 – µ plane from the indirect
decay of χ̃±

1 for λ
′ 6= 0, λ=λ

′′
=0, for m0 = 500 GeV. The dark

area shows the points excluded by the LEP2 searches and the
light area the points excluded from the Z0 width. The dashed
line shows the kinematic limit for

√
s = 183 GeV, and the

dotted line shows the area with ∆ m < 5 GeV
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Fig. 22. Excluded region in the M2 – µ plane from the indirect
decay of χ̃±

1 for λ
′ 6= 0, λ=λ

′′
=0, for m0 = 200 GeV. The dark

area shows the points excluded by the LEP2 searches and the
light area the points excluded from the Z0 width. The dashed
line shows the kinematic limit for

√
s = 183 GeV, and the

dotted line shows the area with ∆m < 5 GeV
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Fig. 23. Excluded region in the M2 – µ plane from the decay
of χ̃±

1 for λ
′′ 6= 0, λ=λ

′
=0, for m0 = 500 GeV. The dark area

shows the points excluded by the LEP2 searches and the light
area the points excluded from the Z0 width. The dashed line
shows the kinematic limit for

√
s = 183 GeV, and the dotted

line shows the area with ∆m < 5 GeV

width [20], by comparing the measured and predicted
width of the Z0 (light grey area); the cross-section up-
per limits from the pair production of χ̃±

1 and their decay
via a λ-coupling (black area), using the worst limit and
consequently making the excluded region independent of
decay type. The production cross-section for χ̃0

1 pairs is so
small that limits from the χ̃±

1 analyses are more precise
than the χ̃0

1 limits everywhere. The regions excluded for
m0 = 500 GeV are also valid for m0 > 500 GeV.

Although the Monte Carlo events have only been gen-
erated for ∆m = m(χ̃±

1 ) − m(χ̃0
1) >5 GeV, the regions

with ∆m <5 GeV are excluded from the total Z0 width
in the regions shown in the figures. Only for large values
of M2 (>800 GeV) regions with ∆m <5 GeV cannot be
excluded. The area with ∆m <5 GeV lies inside the two
dotted lines in the figures.

For values of tanβ smaller than 2, the branching ratio
of χ̃±

1 → W (∗)χ̃0
2 with the subsequent decay of χ̃0

2 → χ̃0
1γ

can become as large as one for small M2 and for µ negative
and small. We have checked that our analyses are sensitive
to these decays. For tanβ ≤ 2.0 regions with the above
decay exist, that cannot be excluded with the present data
with the mode independent cross-section upper limit.

The regions excluded in the MSSM parameter space
for exactly one coupling λ not equal to zero are shown
in Fig. 19 and 20 independent of direct or indirect decay
mode. The figures show that the excluded area is very
close to the kinematic limit for χ̃±

1 pair production.
The regions excluded in the MSSM parameter space

for exactly one coupling λ
′
not equal to zero are shown in
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Fig. 24. Excluded region in the M2 – µ plane from the decay
of χ̃±

1 for λ
′′ 6= 0, λ=λ

′
=0, for m0 = 200 GeV. The dark area

shows the points excluded by the LEP2 searches and the light
area the points excluded from the Z0 width. The dashed line
shows the kinematic limit for

√
s = 183 GeV, and the dotted

line shows the area with ∆m < 5 GeV
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Fig. 25. Excluded masses for χ̃0
1 (solid line) and χ̃±

1 (dashed
line) as a function of tan β for m0 = 500 GeV for any coupling
λ. The exclusion limits for the χ̃0

1 do not result from the direct
search for χ̃0

1 decays but from the excluded CMSSM parameter
space from the χ̃±

1 searches

Figs. 21 and 22 for the indirect decay. For large values of
tanβ the excluded region goes up to the kinematic limit,
but for smaller values, unexcluded regions exist even for
chargino masses as small as 45 GeV.

For one coupling λ
′′

not equal to zero the regions ex-
cluded in the MSSM parameter space are shown in Figs. 23
and 24 independent of the decay mode. Also here unex-
cluded regions exist for small values of tan β.

Each point in the MSSM parameter space corresponds
to a χ̃±

1 and a χ̃0
1 mass pair. By excluding regions of this

parameter space one can therefore also limit the allowed
mass domains for these particles. The excluded masses
for χ̃0

1 for a given m0 depend on the value of tanβ and
are shown in Fig. 25 for any coupling λ greater than zero.
Due to the small unexcluded regions in the MSSM param-
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eter space for values of tan β ∼1.0, no mass limit can be
given for that region. For tanβ >1.2 the lower limit on
the χ̃0

1 mass is 29 GeV for m0 = 500 GeV, increasing up
to 50 GeV for tan β >20.

The limits for the χ̃±
1 depend much less on tan β than

those of the χ̃0
1. For the χ̃±

1 a mass up to 76 GeV is ex-
cluded for any coupling λ for any point in the MSSM pa-
rameter space, with m0 = 500 GeV, under the assumption
that it decays via a W(∗).

9 Conclusions

We have been searching for R-parity violating decays of
charginos and neutralinos via the Yukawa couplings λ, λ

′
,

and λ
′′
. Analyses have been presented for a large number

of final states arising from these decays, varying from two
leptons up to more than four jets. We have not observed
any excess of events. Limits on the cross section times
branching ratio, ranging from 0.08 pb up to several pb,
have been presented separately for all these topologies.
From these, upper limits on the pair production cross-
section of χ̃±

1 and χ̃0
1 are obtained and presented sepa-

rately for λ, λ
′
, and λ

′′
for direct, indirect and mixed de-

cay modes. For λ and λ
′′

limits have also been presented
which are valid independently of whether the decays are
direct or indirect.

Finally, the limits are interpreted in the framework of
the MSSM. Most of the kinematically accessible regions in
the M2 − µ plane for m0 ≥ 500 GeV have been excluded.
Lower mass limits, of 76 GeV for χ̃±

1 at m0 = 500 GeV
and tanβ ≥1.0, and 29 GeV for χ̃0

1 at m0 = 500 GeV and
tanβ ≥1.2, have been obtained for a coupling λ assumed
to be different from zero. All the limits are valid at the
95% confidence level, for couplings larger than 10−5.
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