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Abstract. A search for charginos and neutralinos, predicted by supersymmetric theories, has been per-
formed using a data sample of 57 pb−1 at centre-of-mass energies of 181–184 GeV taken with the OPAL
detector at LEP. No evidence for chargino or neutralino production has been found. Upper limits on char-
gino and neutralino pair production (χ̃+

1 χ̃−
1 ,χ̃0

1χ̃
0
2) cross-sections are obtained as a function of the chargino

mass (m
χ̃±
1

), the lightest neutralino mass (mχ̃0
1
) and the second lightest neutralino mass (mχ̃0

2
). For large

chargino masses the limits have been improved with respect to the previous analyses at lower centre-of-
mass energies. Exclusion regions at 95% confidence level (C.L.) of parameters of the Constrained Minimal
Supersymmetric Standard Model are determined for the case of a large universal scalar mass, m0, imply-
ing heavy scalar fermions, and for the case of a small m0 resulting in light scalar fermions and giving the
worst-case limits. Within this framework and for m

χ̃±
1

− mχ̃0
1

≥ 5 GeV the 95% C.L. lower limits on m
χ̃±
1

for m0 = 500 GeV are 90.0 and 90.2 GeV for tan β = 1.5 and 35 respectively. These limits for all m0 (the
worst-case) are 69.1 and 65.2 GeV for tan β = 1.5 and 35 respectively. Exclusion regions are also presented
for neutralino masses, including an absolute lower limit at 95% C.L. for the mass of the lightest neutralino
of 30.1 GeV for m0 = 500 GeV (24.2 GeV for all m0), with implications for experimental searches for the
lightest neutralino as a dark matter candidate.
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1 Introduction

A direct search for charginos and neutralinos predicted in
SUSY theories [1] is performed using the data collected
with the OPAL detector at the centre-of-mass energies
(
√

s) of 181–184 GeV at the LEP e+e− collider at CERN.
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

At these energies, chargino production cross-sections as
large as 3.6 pb for a mass of 85 GeV, together with the
collected integrated luminosity of 57 pb−1, lead to excel-
lent discovery potential. This paper describes a chargino
and neutralino search using the above data sample and an
analysis which is improved relative to the one presented
in a previous publication [2].

Previous searches for charginos and neutralinos have
been performed by OPAL using data collected near the Z
peak (LEP1), at

√
s =130–136 GeV [3], at 161 GeV [4] and

at 170–172 GeV [2], and by the other LEP collaborations
[5] [6].
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Charginos, χ̃±
j , are the mass eigenstates formed by

the mixing of the fields of the fermionic partners of the
W boson (winos) and those of the charged Higgs bosons
(charged higgsinos). Fermionic partners of the γ, Z, and
of the neutral Higgs bosons mix to form mass eigenstates
called neutralinos, χ̃0

i . In each case, the index j or i is
ordered by increasing mass. R-parity [7] conservation is
assumed; therefore, the lightest supersymmetric particle
(LSP) is stable. The LSP is usually considered to be the
lightest neutralino, χ̃0

1, although it could be the scalar neu-
trino, ν̃, if it is sufficiently light. The LSP is undetected
due to its weakly interacting nature. The present analysis
is valid for either choice of the LSP. In the Minimal Super-
symmetric Standard Model (MSSM) there are two char-
gino mass eigenstates (χ̃±

1 and χ̃±
2 ) and four neutralino

mass eigenstates (χ̃0
1, χ̃0

2, χ̃0
3 and χ̃0

4).
If charginos exist and are sufficiently light, they are

pair-produced through a γ or Z in the s-channel. For the
wino component there is an additional production process
through scalar electron-neutrino (ν̃e) exchange in the t-
channel. The production cross-section is large unless the
scalar neutrino (sneutrino) is light, in which case the cross-
section is reduced by destructive interference between the
s-channel e+e− annihilation to Z or γ and t-channel ν̃e
exchange diagrams [8,9]. The details of chargino decay
depend on the parameters of the mixing and the masses
of the scalar partners of the ordinary fermions. The light-
est chargino χ̃+

1 can decay into χ̃0
1`

+ν, or χ̃0
1qq′, via a W

boson, scalar lepton (˜̀, ν̃) or scalar quark (squark, q̃). In
much of the MSSM parameter space, χ̃+

1 decays via a W
boson are dominant. For small scalar lepton masses decays
to leptons become important. Due to the energy and mo-
mentum carried away by the LSP (and possibly by neutri-
nos), the experimental signature for χ̃+

1 χ̃−
1 events is large

missing energy and large missing momentum transverse
to the beam axis. If the sneutrino is lighter than the char-
gino, the two-body decay χ̃+

1 → ν̃`+ dominates. Special
attention is paid to the case mν̃ ≈ mχ̃±

1
that would result

in two low-momentum charged leptons.
Neutralino pairs (χ̃0

1χ̃
0
2) can be produced through an

s-channel virtual Z, or by t-channel scalar electron (se-
lectron, ẽ) exchange [10]. The MSSM prediction for the
χ̃0

1χ̃
0
2 production cross-section can vary significantly de-

pending on the choice of MSSM parameters. It is typically
a fraction of a picobarn and generally much lower than the
cross-section for χ̃−

1 χ̃+
1 production. The χ̃0

2 will decay into
χ̃0

1νν̄, χ̃0
1`

+`− or χ̃0
1qq̄, through a Z(∗) boson, sneutrino,

slepton, squark or a neutral SUSY Higgs boson (h0 or A0).
The decay via Z(∗) is the dominant mode in most of the
parameter space. For small slepton masses decays to a lep-
ton pair are important. For the cases of χ̃0

2 → χ̃0
1`

+`− or
χ̃0

1qq̄, this leads to an experimental signature consisting ei-
ther of an acoplanar pair of particles or jets, or a monojet
if the two jets in the final state have merged. The radia-
tive decay process χ̃0

2 → χ̃0
1γ is also possible [11] and can

dominate for some regions of the parameter space.
Motivated by Grand Unification and to simplify the

physics interpretation, the Constrained Minimal Super-
symmetric Standard Model (CMSSM) [8–10,12] is used to

guide the analysis but more general cases are also studied.
In the CMSSM all the gauginos (SUSY partners of U(1)Y ,
SU(2)L and SU(3)c gauge bosons) are assumed to have
a common mass, m1/2, at the grand unified (GUT) mass
scale, and all the sfermions (SUSY partners of quarks and
leptons) have a common mass, m0, at the GUT mass scale.

In the CMSSM analyses reported here all possible cas-
cade decay processes [10,12] are taken into account. For
example, if χ̃0

2 is lighter than χ̃+
1 , the cascade decay of

the chargino, χ̃+
1 → f f̄χ̃0

2, (χ̃
0
2 → f f̄χ̃0

1, or χ̃0
2 → γχ̃0

1), is
possible1. The production of χ̃0

3 is also taken into account
in the analysis. The experimental signatures for the χ̃0

1χ̃
0
3

production are similar to those for χ̃0
1χ̃

0
2, if χ̃0

3 decays into
χ̃0

1Z
(∗), or into χ̃0

1h
0, χ̃0

1A
0 or χ̃0

1γ. Contributions due to
kinematically allowed processes including heavier neutrali-
nos, e.g. χ̃0

1χ̃
0
4 and χ̃0

2χ̃
0
4 and their cascade decays, are not

included.
This paper is organised as follows. The various event

simulations which have been used are described in Sect. 2.
Analyses of the possible signal topologies are discussed
in Sect. 3 and results and physics interpretations, both
model independent and based on the CMSSM, are given
in Sect. 4.

2 The OPAL detector and event simulation

2.1 The OPAL detector

The OPAL detector is described in detail in [14]. It is
a multipurpose apparatus having nearly complete solid
angle coverage2. The central tracking system consists of
a silicon microvertex detector, a vertex drift chamber, a
jet chamber and z-chambers. In the range | cos θ| < 0.73,
159 points can be measured in the jet chamber along
each track. At least 20 points on a track can be obtained
over 96% of the full solid angle. The whole tracking sys-
tem is located inside a 0.435 T axial magnetic field. A
lead-glass electromagnetic (EM) calorimeter providing ac-
ceptance within | cos θ| < 0.984 together with presam-
plers and time-of-flight scintillators is located both out-
side the magnet coil and at the front of each endcap. The
magnet return yoke is instrumented for hadron calorime-
try (HCAL), giving a polar angle coverage of | cos θ| <
0.99, and is surrounded by external muon chambers. The
forward detectors (FD) and silicon-tungsten calorimeters
(SW) located on both sides of the interaction point mea-
sure the luminosity and complete the geometrical accep-

1 Pair production of χ̃0
2χ̃

0
2 is also possible, but direct searches

for this channel with the decays χ̃0
2 → χ̃0

1Z(∗) would contribute
negligibly to the overall limits placed on the CMSSM parame-
ter space, and direct searches for this mode are not made in this
analysis. The process χ̃0

2χ̃
0
2 → γχ̃0

1γχ̃0
1 is taken into account in

the CMSSM limits calculations using the experimental results
of another OPAL analysis [13].

2 A right-handed coordinate system is adopted, where the
x-axis points to the centre of the LEP ring, and positive z is
along the electron beam direction. The angles θ and φ are the
polar and azimuthal angles, respectively.
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tance down to 24 mrad in polar angle. The small gap be-
tween the endcap EM calorimeter and FD is filled by an
additional electromagnetic calorimeter, called the gamma-
catcher (GC).

2.2 Event simulation

The DFGT generator [15] is used to simulate signal events.
It includes spin correlations and allows for a proper treat-
ment of both the W boson and the Z boson width effects in
the chargino and heavy neutralino decays. The generator
includes initial-state radiation and uses the JETSET 7.4
package [16] for the hadronisation of the quark-antiquark
system in the hadronic decays of charginos and neutrali-
nos. SUSYGEN [17] is used to calculate the branching
fractions for the CMSSM interpretation of the analysis.
The most important parameters influencing the chargino
detection efficiency are the mass of the lightest chargino,
mχ̃+

1
, and the mass difference between the lightest char-

gino and the lightest neutralino, ∆M+ ≡ mχ̃+
1

− mχ̃0
1
.

χ̃+
1 χ̃−

1 events are generated for 78 points in the (mχ̃+
1
,

∆M+) plane, for mχ̃+
1

between 50 GeV and 90 GeV and
∆M+ between 3 GeV and mχ̃+

1
. At each point 1000 events

for the decay χ̃+
1 → χ̃0

1W
∗+ are generated. For the two-

body decays of the chargino (χ̃+
1 → ν̃`+), 43 points of 1000

events are generated in the (mχ̃+
1
,mν̃) plane, for mχ̃+

1
be-

tween 45 GeV and 90 GeV and mχ̃+
1
−mν̃ between 1.5 GeV

and mχ̃+
1

− 35 GeV. For the χ̃0
1χ̃

0
2 production, mχ̃0

2
and

∆M0 ≡ mχ̃0
2
− mχ̃0

1
are the main parameters affecting the

efficiency. The χ̃0
1χ̃

0
2 events are generated in 75 points of

the (mχ̃0
2
,∆M0) plane, for mχ̃0

1
+ mχ̃0

2
between 100 GeV

and 180 GeV and ∆M0 between 3 GeV and mχ̃0
2
. For

the cascade decay of χ̃±
1 , 55 points are generated varying

mχ̃0
2
, mχ̃0

1
, and the branching fractions for χ̃+

1 → f f̄χ̃0
2 and

χ̃0
2 → χ̃0

1γ.
The sources of background to the chargino and neu-

tralino signals are two-photon, lepton pairs, multihadronic
and four-fermion processes. Two-photon processes are the
most important background for the case of small ∆M+
and small ∆M0 where the visible energy and momentum
transverse to the beam direction for signal and two-photon
events are comparatively small. The Monte Carlo gener-
ators PHOJET [18] (for Q2 < 4.5 GeV2) and HERWIG
[19] (for Q2 ≥ 4.5 GeV2) are used to simulate hadronic
events from two-photon processes. The Vermaseren [20]
program is used to simulate leptonic two-photon processes
(e+e−e+e−, e+e−µ+µ− and e+e−τ+τ−). Four-fermion
processes are simulated using the grc4f [21] generator,
which takes into account all interferences. The dominant
contributions are W+W−, Weν, γ∗Z and ZZ(∗) events,
which have topologies very similar to that of the signal.
Additional samples of e+e−e+e−, e+e−µ+µ− and
e+e−τ+τ− processes which are not covered by the Ver-
maseren program are generated using grc4f. Lepton pairs
are generated using the KORALZ [22] generator for
τ+τ−(γ) and µ+µ−(γ) events, and the BHWIDE [23] pro-

gram for e+e− → e+e−(γ) events. Multihadronic (qq̄(γ))
events are simulated using PYTHIA [16].

Generated signal and background events are processed
through the full simulation of the OPAL detector [24] and
the same event analysis chain was applied to the simulated
events as to the data.

3 Data analysis

The analysis is performed on data collected during the
1997 run of LEP at

√
s =181–184 GeV. The luminosity

weighted average3 of
√

s is 182.7 GeV.
Data are used from runs in which all the subdetec-

tors relevant to this analysis were fully operational, corre-
sponding to an integrated luminosity of 56.75±0.27 pb−1.
The luminosity is measured using small-angle Bhabha
scattering events detected in the silicon-tungsten calori-
meter.

The following preselection cuts are applied to all data
to select well measured events: (1) the number of charged
tracks is required to be at least two; (2) the event trans-
verse momentum relative to the beam direction is required
to be larger than 1.8 GeV; (3) the total energy deposit
in each side of the SW, FD and GC detectors has to be
smaller than 2, 2 and 5 GeV, respectively; (4) the vis-
ible invariant mass of the event has to exceed 2 GeV;
(5) the maximum EM cluster energy and the maximum
charged track momentum has to be smaller than 130%
of the beam energy to reject badly reconstructed events;
and (6) the absolute mean of the impact parameters (with
respect to the beam spot position) of the reconstructed
charged tracks are required to be smaller than 1 cm for
the high multiplicity analyses to reject background from
beam-gas and beam-wall interactions.

3.1 Detection of charginos

To obtain optimal performance the event sample is divided
exclusively into three categories, motivated by the topolo-
gies expected from chargino events. Separate analyses are
applied to the preselected events in each category:

(A) Nch > 4 and no isolated leptons, where Nch is
the number of charged tracks: when both χ̃+

1 and
χ̃−

1 decay hadronically, signal events tend to fall
into this category for modest and large values of
∆M+(≡ mχ̃+

1
− mχ̃0

1
).

(B) Nch > 4 and at least one isolated lepton: if only one
of the χ̃±

1 decays leptonically, signal events tend to
fall into this category.

(C) Nch ≤ 4: events tend to fall into this category if
∆M+ is small or if both charginos decay leptoni-
cally.

3 Most of the data was taken at 182.7 GeV, 3.3% of the
data was taken at 183.8 GeV, 6.1% at 181.8 GeV and 0.6% at
less than 181.0 GeV. The error of

√
s from the beam energy

uncertainty is 0.03 GeV.
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The isolated lepton selection criteria are similar to those
described in [2]. Electrons are selected if they satisfy ei-
ther of the two identification methods described in [25,26]
and muons are identified using three methods [27–29]. The
momentum of the electron or muon candidate is required
to be larger than 2 GeV. In order to identify a tau lepton,
events are reconstructed using the Durham jet algorithm
with a jet resolution parameter of E2

visycut = 3 GeV2. A
reconstructed jet is identified as a tau decay if there are
only one or three charged tracks in the jet, if the momen-
tum sum of the charged tracks is larger than 2.0 GeV, if
the invariant mass of the charged particles in the jet is
smaller than 1.5 GeV and if the invariant mass of the jet
is smaller than 2.0 GeV. The identified lepton is defined
to be isolated if the energy within a cone of half-angle 20◦
around the electron, muon or tau candidate is less than
2 GeV.

The fraction of χ̃+
1 χ̃−

1 events falling into category (A)
is about 35-50% for most ∆M+ values. This fraction drops
to less than 15% if ∆M+ is smaller than 5 GeV, since the
average charged track multiplicity of the events is smaller.
Similarly, the fraction of events falling into category (B)
is also about 35-50% for most ∆M+ values and is less
than 10% if ∆M+ is smaller than 5 GeV. When ∆M+ is
smaller than 10 GeV, the fraction of events falling into
category (C) is greater than about 50%. If ∆M+ is larger
than 20 GeV, this fraction is about 10%.

Since the chargino event topology mainly depends on
the difference between the chargino mass and the lightest
neutralino mass, different selection criteria are applied to
four ∆M+ regions:

(I) ∆M+ ≤ 10 GeV,
(II) 10 GeV < ∆M+ ≤ mχ̃+

1
/2,

(III) mχ̃+
1
/2 < ∆M+ ≤ mχ̃+

1
− 20 GeV,

(IV) mχ̃+
1

− 20 GeV< ∆M+ ≤ mχ̃+
1
.

In region I, the main background comes from two-photon
processes. Background from four-fermion processes
(mainly W+W−) can be safely rejected without sacrificing
signal detection efficiency. In regions II and III, the main
background comes from four-fermion processes (W+W−,
single W and γ∗Z(∗)). In these regions the background
level is modest. In region IV the W+W− background is
large and dominant. Since the W+W− background is very
severe in the region of ∆M+ > 85 GeV where the char-
gino decays via an on-mass-shell W-boson, a special anal-
ysis (allowing relatively high background and demanding
higher signal efficiency) is applied to improve the sensitiv-
ity to the chargino signal. Overlap between this analysis
and the region IV standard analysis is avoided by selecting
the analysis which minimises the expected cross-section
limit calculated with only the expected background num-
ber. This generally results in the special analysis being
applied for mχ̃+

1
> 85 GeV and ∆M+ >∼ 85 GeV. If mν̃

is lighter than χ̃+
1 , the two-body decays of the chargino

(χ̃+
1 → ν̃`+) may dominate over the three-body decays via

a virtual W. A special analysis, optimised for this case, is
also performed in category (C).

For each region a single set of cut values is deter-
mined which minimises the expected limit on the signal
cross-section at 95% C.L. using [30]. For this procedure,
it is assumed that the distribution of observed candidates
arises from the expected number of background events and
therefore the choice of cuts is independent of the number
of candidates actually observed.

The efficiency for an arbitrary choice of mχ̃+
1

and mχ̃0
1

is obtained by interpolation using a polynomial fit to the
efficiencies determined from the Monte Carlo for each cat-
egory in each ∆M+ region.

3.1.1 Analysis (A) (Nch > 4 without isolated leptons)

For modest and large values of ∆M+, if both χ̃+
1 and χ̃−

1
decay hadronically, signal events tend to fall into category
(A). The variables used in the selection criteria and their
cut values optimised in each ∆M+ region are listed in
Table 1.

After the preselection, the cuts on Efwd/Evis,
| cos θmiss|, |Pz| and |Pz|/Evis, where Evis is the total vis-
ible energy of the event, Efwd is the visible energy in the
region of | cos θ| > 0.9, θmiss is the polar angle of the miss-
ing momentum and Pz is the visible momentum along the
beam axis, are applied to reduce background from two-
photon and Z0 radiative return processes. Most of the re-
maining background from two-photon processes is rejected
by the cuts on Pt and PHCAL

t , the transverse momentum
of the event measured without using the hadron calorime-
ter and using the hadron calorimeter, respectively. In re-
gion I, the upper cut on PHCAL

t is determined from the
range of the signal PHCAL

t distribution; it reduces the
background from W+W− and Weν events.

The number of jets (Njet) is reconstructed using the
Durham jet algorithm with jet resolution parameter ycut =
0.005. With the Njet cut, small invariant mass monojet
events from the process γ∗Z(∗) → qq̄νν̄ are rejected for
regions I and II, and background from qq̄(γ) and single
W events is reduced in regions III and IV.

After the above cuts, to calculate the acoplanarity an-
gle (φacop), the events are forced into two jets, again using
the Durham jet algorithm. The polar angle of each jet, θj
(j=1,2), is required to be far from the beam axis. This cut
ensures a good measurement of φacop and further reduces
the background from the qq̄(γ) and two-photon processes.
To select signals with a large amount of missing momen-
tum due to the two invisible neutralinos and to reduce
qq̄(γ) background, the acoplanarity angle is required to
be large. The acoplanarity angle distributions for region
II are shown in Fig. 1 before application of this cut.

For events with an observed invariant mass (Mvis)
greater than 90 GeV, a cut is applied on the maximum
track momentum (pmax) in regions III and IV. This cut
reduces W+W− → `νqq̄′ events where the lepton ` over-
laps with a hadronic jet. The Mvis cut is optimised for
each ∆M+ region as shown in Table 1. The distributions
of the observed invariant mass are shown in Fig. 2 for
region II, after the φacop cut.
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Table 1. The list of selection criteria for category (A). The numbers of
background events expected for the integrated luminosity of 57 pb−1, for
various Standard Model processes, and the total number of background
events expected as well as the observed number of events in each ∆M+

region are also listed. If Njet = 2, φacop is required to be larger than
10◦ (as indicated by *). Njet = [2, 5] means that 2 ≤ Njet ≤ 5. Mvis =
{60, 90} means that Mvis < 60 or Mvis > 90 GeV. If Njet = 3 and
70 < Mvis < 95 GeV in region III and IV, |Pz| is required to be smaller
than 10 GeV (as indicated by **). The errors in the total background
include only the statistical errors of simulated background events

Region I II III IV
Efwd/Evis < 0.2
| cos θmiss| < 0.85
|Pz| GeV < 30
|Pz|/Evis < 0.7
Pt GeV > 6
PHCAL

t GeV [6,30] > 6
Njet [2,5] [3,5]
| cos θj| < 0.90
φ◦

acop > 15(10∗) > 15
if Mvis > 90,
pmax GeV – < 20
Mvis GeV < 60 [5, 80] [5, 130] [5, 150]
if N`′ = 1
Mhad′ GeV < 30 < 50 < 60 {60, 90}
E`′ GeV < 30 < 35
E1 GeV – [2,35] [2,50] [2,55]
E2 GeV – [2,25] [2,50] [2,55]
if Njet = 3
|Pz| GeV – < 10∗∗

background
γγ 0.23 0.11 0.11 0.11
`+`−(γ) 0.02 0.02 0.01 0.01
qq̄(γ) 0.10 0.11 0.40 0.82
4f 0.67 1.09 5.89 8.43
total bkg. 1.01 ± 0.17 1.33 ± 0.16 6.42 ± 0.29 9.38 ± 0.34
observed 1 1 4 7

If a lepton (`′) is found with an algorithm based on
the looser isolation condition described in [2], the lepton
energy E`′ and the invariant mass calculated without the
lepton, Mhad′ , must be smaller than the values expected
for W+W− → `νqq̄′ events.

The backgrounds from W+W− events and single W
events are efficiently suppressed by requiring that the
highest energy (E1) and the second highest energy (E2)
of the jets (reconstructed with ycut = 0.005) are smaller
than the typical jet energy expected for the W+W− back-
ground. In region III and IV three-jet events with |PZ | <
10 GeV are rejected if Mvis is close to the W mass. This
cut reduces the W+W− → τνqq̄′ background with small
τ decay product energy.

The numbers of background events expected from the
four different sources, for each ∆M+ region, are given in
Table 1. Typical detection efficiencies for χ̃+

1 χ̃−
1 events are

shown in Fig. 9a.
A special analysis is applied in the region of ∆M+ >∼

85 GeV, since the event topology of the signal is very
similar to that of W+W− → 4 jets. This similarity is
due to the small missing momentum taken by the low
mass neutralinos. After selecting well contained events
with the cuts | cos θmiss| < 0.95, Efwd/Evis < 0.25 and
|Pz| < 30 GeV, multijet events with large visible energy
are selected (Njet ≥ 4 and 100 < Evis < 170 GeV). To
select a clear 4-jet topology, y34 ≥ 0.0075, y23 ≥ 0.04
and y45 ≤ 0.0015 are required, where y{n}{n+1} is defined
as the minimum ycut value at which the event is recon-
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Fig. 1a,b. The distributions of the acoplanarity
angle, φacop, in analysis (A) region II. In a are
shown the data distribution (dark circles) and
the predicted contributions from background pro-
cesses: dilepton events (double hatched area), two-
photon processes (negative slope hatched area),
four-fermion processes (including W-pair events)
(positive slope hatched area), and multihadronic
events (open area). In each case the distribution has
been normalised to 57 pb−1. In b predictions from
simulated chargino events are shown for m

χ̃±
1

=
90 GeV and mχ̃0

1
= 70 GeV (solid line histogram)

and for m
χ̃±
1

= 90 GeV and mχ̃0
1

= 45 GeV (dashed
line histogram). The normalisations of the signal
distributions are arbitrary. The arrows shown indi-
cate the position of the selection cuts
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Fig. 2a,b. The distributions of Mvis in analysis
(A) for data and simulated background events are
shown in a after the φacop cut for region II. The
background sources are shaded as in Fig. 1. Dis-
tributions of chargino signal events are shown in
b for m

χ̃±
1

= 90 GeV and mχ̃0
1

= 70 GeV (solid
line) and for m

χ̃±
1

= 90 GeV and mχ̃0
1

= 45 GeV
(dashed line). The normalisations of the signal dis-
tributions are arbitrary. The arrows shown indicate
the selection criteria

structed as having n-jets. If there is a jet which consists
of a single γ with energy greater than 50 GeV, events are
considered to be γqq̄g and are rejected. The maximum
track momentum is required to be smaller than 40 GeV
to reduce background from W+W− → `νqq̄′ events where
` overlaps with a hadronic jet. The number of selected
events is 29, while the number expected from background
processes is 24.7±0.5 (0.0 from γγ, 0.0 from `+`−(γ),
6.4 from qq̄(γ) and 18.3 from four fermion final states).
The signal efficiency is 26–33% for mχ̃+

1
≥ 85 GeV and

∆M+ ≥ 85 GeV.

3.1.2 Analysis (B) (Nch > 4 with isolated leptons)

χ̃+
1 χ̃−

1 events in which one of the χ̃±
1 decays leptonically

tend to fall into category (B). The variables used in the
selection and their cut values in each ∆M+ region are
listed in Table 2. The signal events are selected with the
following criteria:

Cuts on | cos θmiss| and Efwd/Evis are made to reject
background from two-photon processes and qq̄(γ) events.
Large transverse momenta are then required to further re-
duce the contribution from two-photon events. The distri-
butions of Pt are shown in Fig. 3 after the | cos θmiss| cut.
To calculate the acoplanarity angle, events are forced into

two jets. A large acoplanarity angle of the two jets is then
required to further suppress the two-photon background.

In order to reject W+W− → `νqq̄′ background, var-
ious cuts are applied: the momentum of isolated leptons
should be small enough; the invariant mass of the event
calculated excluding the highest momentum isolated lep-
ton (Mhad) is required to be smaller than the W mass;
in the small ∆M+ region the upper cut value of Mhad is
reduced, since signal events are concentrated only in the
small mass region. The distribution of Mhad after the φacop

cut is shown in Fig. 4 for region III. As shown in this fig-
ure, most of the W+W− background events are rejected.
Furthermore, Weν candidate events in which a fake lepton
is found in the W→ qq̄′ decay are further reduced by the
Mvis cut. Typical detection efficiencies for χ̃+

1 χ̃−
1 events

are shown in Fig. 9a.
A special analysis is applied in the region of ∆M+ >∼

85 GeV due to the large W+W− background. The selec-
tion criteria are identical to those in region IV up to the
φacop cut as listed in the upper part of Table 2. To re-
ject some W+W− → `νqq̄′ events, while keeping a good
signal efficiency, Mhad is required to be between 50 and
90 GeV, and Mvis to be between 80 and 130 GeV. The in-
variant mass of the missing four-momentum and the four-
momentum of the highest energy isolated lepton must lie
between 90 and 130 GeV. The number of observed events
with these criteria is 28, while the number of expected
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Table 2. The list of selection criteria for category (B). The p` cut
for regions II and III (as indicated by ∗) is a function of Mhad (p` <
4.5Mhad if Mhad < 10 GeV, p` ≤ 45 GeV if 10 ≤ Mhad ≤ 50 GeV,
p` ≤ −4.5(Mhad − 60 GeV) if Mhad > 50 GeV). The Mvis cut in
region IV (as indicated by ∗∗) is only applied if Mhad > 55 GeV.
The numbers of background events expected for the integrated lu-
minosity of 57 pb−1 for various Standard Model processes and the
total number of background events expected as well as the observed
number of events in each ∆M+ region are also listed. The errors in
the total background include only the statistical error of simulated
background events

Region I II III IV
Efwd/Evis < 0.15 < 0.2 < 0.3
| cos θmiss| < 0.9
Pt GeV > 4 > 5 > 7 > 8
PHCAL

t GeV > 4 > 5 > 7 > 8
| cos θj| < 0.95
φ◦

acop > 20 > 15
Mhad GeV < 30 < 60 [5,60] [5,65]
p` GeV < 20 < 45∗ [4,50]
Mvis GeV < 50 < 80 < 80∗∗

background
γγ 0.84 0.06 0.06 0.06
`+`−(γ) 0.02 0.10 0.13 0.18
qq̄(γ) 0.00 0.02 0.11 0.11
4f 0.33 1.18 1.27 3.33
total bkg 1.20±0.49 1.36±0.13 1.56±0.14 3.68±0.21
observed 0 1 1 3
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(b) Fig. 3a,b. The distributions of Pt in analysis (B)
region II after the | cos θmiss| cut. Data and ex-
pected background contributions are shown in a.
The background sources are shaded as in Fig. 1.
The distributions of the signal for simulated char-
gino events with m

χ̃+
1

= 90 GeV and mχ̃0
1

=
70 GeV (solid histogram), with m

χ̃+
1

= 90 GeV
and mχ̃0

1
= 80 GeV (dashed histogram) and with

m
χ̃+
1

= 90 GeV and mχ̃0
1

= 45 GeV (dotted his-
togram) are shown in b. The normalisations of the
signal distributions are arbitrary. The arrows shown
indicate the selection criteria

background is 31.8±0.6, almost all from four-fermion pro-
cesses. The signal efficiency is 30–41% for mχ̃+

1
≥ 85 GeV

and ∆M+ ≥ 85 GeV.

3.1.3 Analysis (C) (Nch ≤ 4)

Events in which both charginos decay leptonically as well
as a large fraction of events for small ∆M+ tend to fall
into category (C). This analysis is especially important
for the region of ∆M+ ≤ 5 GeV. Because the background
varies significantly with ∆M+ in region I, this region has

been split into 2 sub-regions (a,b). The cut variables and
the cut values for each region and sub-region are listed in
Table 3.

The net charge of the event must be zero to reject
poorly reconstructed events. Since the signal is expected
to have a two lepton or two jet topology, the events are
split into two jets using the Durham jet algorithm. To
ensure that the jet assignment is correct, each jet must
contain at least a charged track (Nch,j ≥ 1), have a sig-
nificant energy (Ej) and the magnitude of the sum of the
track charges (|Qj|) must not exceed 1. If the acoplanarity
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Fig. 4a,b. Mhad distributions in analysis (B) re-
gion III after the φacop cut. Figure a shows the data
and the Monte Carlo prediction for background
processes. The background sources are shaded as
in Fig. 1. The distributions of the signal for sim-
ulated chargino events with m

χ̃+
1

= 90 GeV and
mχ̃0

1
= 45 GeV (solid histogram) and with m

χ̃+
1

=
90 GeV and mχ̃0

1
= 20 GeV (dashed histogram) are

shown in b. The normalisations of the signal distri-
butions are arbitrary. The arrows shown indicate
the selection criteria

Table 3. The list of selection criteria for category (C). Selection I(a) is specially
optimised for the region of ∆M+ ≤ 5 GeV. The numbers of background events expected
for the integrated luminosity of 57 pb−1 for various Standard Model processes and the
total number of background events expected as well as the observed number of events
in each ∆M+ region are also listed. The errors in the total background include only
the statistical error of simulated background events

Region I II III IV
Sub-region a b
Nch [2,4]
ΣQi 0
Ej GeV > 1.5
Nch,j ≥ 1
|Qj| ≤ 1
for φ◦

acop ≤ 70 –
at/Ebeam > 0.030 –
Pt/Ebeam > 0.030 –
| cos θa| < 0.975 –
for φ◦

acop > 70 –
Pt/Ebeam > 0.040 > 0.050 > 0.075 > 0.095 > 0.100
| cos θmiss| < 0.90 < 0.97
∆φ(Pmiss,µ) rad > 1.0
| cos θj| < 0.85 < 0.95 < 0.97
φ◦

acop [20,150] >20
Mvis GeV <10.0 <15.0 <30.0 <40.0 <60.0
E1/Ebeam < 0.15 < 0.22 < 0.30 < 1.00
background
γγ 1.99 0.68 2.04 1.53 1.31
`+`−(γ) 0.02 0.03 0.24 0.83 1.50
qq̄(γ) 0.00 0.00 0.01 0.01 0.01
4f 0.33 0.50 2.47 14.70 27.04
total bkg. 2.33±0.36 1.21±0.21 4.77±0.38 17.08±0.48 29.86±0.55
observed 2 0 3 8 21
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Fig. 5a,b. The distributions of Pt/Ebeam after the
cut on the jet charge for events in analysis (C)
region II. Data and background contributions are
shown in a. The background sources are shaded
as in Fig. 1. In b predictions from the simula-
tion for chargino and neutralino events are shown:
m

χ̃+
1

= 90 GeV and mχ̃0
1

= 70 GeV (solid line),
m

χ̃+
1

= 90 GeV and mχ̃0
1

= 45 GeV (dashed line)
and mχ̃0

2
= 95 GeV and mχ̃0

1
= 85 GeV (dotted

line). The normalisations of the signal distributions
are arbitrary. The arrows shown indicate the selec-
tion criteria

angle is small, cuts are applied on the transverse momen-
tum (Pt), the transverse momentum perpendicular to the
event thrust axis (at), and | cos θa| (θa ≡ tan−1(at/Pz)).
These cuts reduce the background from two-photon pro-
cesses and lepton pairs. If the acoplanarity angle is large,
cuts on Pt and | cos θmiss| are applied to reduce the two-
photon background and reject events that may have par-
ticles escaping detection along the beam line. The Pt dis-
tributions for the full acoplanarity angle region are shown
in Fig. 5 after the cut on the jet charge.

To reduce the background from e+e−µ+µ− events in
which one of the muons is emitted at a small polar an-
gle and is not reconstructed as a good track, events are
rejected if there is a track segment in the muon cham-
ber, or a hadron calorimeter cluster at a small polar an-
gle, near the missing momentum direction (Pmiss) in the
plane perpendicular to the beam axis. Soft hadronic events
from two-photon processes are rejected by cuts on | cos θj|,
φacop and Mvis. W+W− → `+ν`−ν̄ events are rejected by
upper cuts on Mvis and on the higher energy of the two
jets, E1/Ebeam. The distributions of E1/Ebeam are shown
for region II in Fig. 6 after all the other cuts have been
applied. The values and ranges for all cuts are given in Ta-
ble 3. The typical detection efficiencies for χ̃+

1 χ̃−
1 events

are shown in Fig. 9a.
The analysis is especially optimised for the case that

both charginos decay leptonically into three particles (χ̃+
1→ `+νχ̃0

1). In addition the analysis is designed to have
high efficiency in the small ∆M+ region, where a large
fraction of hadronic events fall into category (C). If mν̃

is smaller than mχ̃+
1
, the two-body decays of the chargino

(χ̃+
1 → ν̃`+) may dominate over the three body decays

via a virtual W. The analysis of [31] especially tuned for
acoplanar lepton search is applied in this case.

3.2 Detection of neutralinos

To obtain optimal performance the event sample is di-
vided exclusively into two categories, motivated by the
topologies expected from neutralino events.

(C) Nch ≤ 4: the signal events in which χ̃0
2 decays into

χ̃0
1`

+`− tend to fall into this category. When the

mass difference between χ̃0
2 and χ̃0

1 (∆M0 ≡ mχ̃0
2
−

mχ̃0
1
) is small, signal events also tend to fall into

this category.
(D) Nch > 4: the signal events in which χ̃0

2 decays into
χ̃0

1qq̄ tend to fall into this category for modest and
large values of ∆M0.

For events with Nch ≤ 4 the category (C) cuts of the
chargino search are used. Events falling into category (D)
have a monojet or di-jet topology and the cuts described
below provide better detection-performance for χ̃0

1χ̃
0
2 de-

tection than would have been obtained using the cuts of
category (A) of the chargino search.

The fraction of events falling into category (C) is 10-
20% for ∆M0 ≥20 GeV but increases to about 70% when
∆M0 ≤5 GeV. The fraction of invisible events due to χ̃0

2 →
χ̃0

1Z
(∗) → χ̃0

1νν̄ decays is 20-30% depending on ∆M0.
The event shape of χ̃0

1χ̃
0
2 events mainly depends on the

difference between the χ̃0
2 mass and the χ̃0

1 mass, therefore
the selection criteria are optimised for four ∆M0 regions:

(i) ∆M0 ≤ 10 GeV,
(ii) 10 < ∆M0 ≤ 30 GeV,
(iii) 30 < ∆M0 ≤ 80 GeV,
(iv) ∆M0 > 80 GeV.

In regions i and ii, the main sources of background events
are two-photon processes and the γ∗Z(∗) → qq̄νν̄ pro-
cesses. In regions iii and iv, the main sources of back-
ground are four-fermion processes (W+W−, Weν and
γ∗Z(∗)). Selection criteria applied for the low-multiplicity
events (category (C)) for regions i, ii, iii and iv are identi-
cal to those used in the analysis (C) of the chargino search
for regions Ia, II, III and IV, respectively (see Table 3).
The typical efficiencies for detecting χ̃0

1χ̃
0
2 events with the

χ̃0
2 → χ̃0

1Z
∗ decay are shown in Fig. 9b.

3.2.1 Analysis (D) (Nch > 4)

In χ̃0
1χ̃

0
2 events, if the χ̃0

2 decays hadronically, events tend
to fall in category (D). The variables used in the selection
criteria and their cut values are listed in Table 4.

To reduce the background from e+e− → Zγ and two-
photon processes, requirements on θmiss, Efwd/Evis and
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Fig. 6a,b. Distributions of the highest jet energy
in analysis (C) region II after all other cuts have
been applied. Data and background contributions
are shown in a. The background sources are shaded
as in Fig. 1. The Monte Carlo signal distributions
are shown in b and are labelled as in Fig. 5. The
normalisations of the signal distributions are arbi-
trary. The arrows shown indicate the selection cri-
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Fig. 7a,b. The distributions of acoplanarity an-
gle in analysis (D) region ii after cut on Pt. Data
and background contributions are shown in a. The
background sources are shaded as in Fig. 1. The
Monte Carlo signal distributions are shown in b
for mχ̃0

2
= 105 GeV and mχ̃0

1
= 75 GeV (solid

line) and for mχ̃0
2

= 100 GeV and mχ̃0
1

= 80 GeV
(dashed line). The normalisations of the signal dis-
tributions are arbitrary. The arrows shown indicate
the selection criteria

Table 4. The list of selection criteria for χ̃0
2χ̃

0
1 events in cate-

gory (D). The numbers of background events expected for the
integrated luminosity of 57 pb−1 for various Standard Model
processes and the total number of background events expected
as well as the observed number of events in each ∆M0 region
are also listed. The errors in the total background include only
the statistical error of simulated background events

Region i ii iii iv
Efwd/Evis < 0.15 < 0.20 < 0.05
| cos θmiss| < 0.8 < 0.9
pt GeV > 5 > 7
pHCAL
t GeV > 5 > 7

| cos θj| < 0.95
φ◦

acop > 20 > 10
Mvis GeV < 12 < 35 < 70 [20,130]
Mvis/Evis > 0.3 –
d2
23 GeV2 – < 30

background
γγ 1.05 2.15 0.77 0.00
`+`−(γ) 0.00 0.03 0.07 0.10
qq̄(γ) 0.01 0.01 0.04 0.07
4f 0.12 1.29 3.18 10.37
total bkg 1.19±0.50 3.49±0.77 4.05±0.51 10.55±0.35
observed 0 1 3 12

transverse momenta are set. The acoplanarity angle, as
defined in the chargino analysis (A), should be large to
remove the two-photon and the qq̄ background events. To
ensure the reliability of the measurement of φacop, both
jets should have a polar angle θj in the range | cos θj| <
0.95. The acoplanarity angle distribution for region ii af-
ter the | cos θj| cut is shown in Fig. 7. For region iv the
φacop cut is loosened with respect to regions i-iii, since
the acoplanarity angle of signal events is smaller. On the
other hand the Efwd/Evis cut is tightened to reduce the
qq̄ background.

After these cuts, the remaining background events
come predominantly from γ∗Z → qq̄νν̄, W+W− → `νqq̄

′

and Weν → qq̄
′
eν. Cuts on the visible mass and on the ra-

tio of the visible mass to the visible energy are then applied
to reduce the background from γ∗Z → qq̄νν̄. In regions
iii and iv, d2

23 ≡ y23E
2
vis < 30 GeV2 is required to select

a clear two-jet topology and to reject W+W− → τνqq̄′
events. In Fig. 8 the d2

23 distribution is shown for region
iv after all the other cuts. Typical detection efficiencies for
χ̃0

2χ̃
0
1 events are shown in Fig. 9b.

3.3 Systematic errors and corrections

Systematic errors on the number of expected signal events
arise from the following sources: the measurement of the
integrated luminosity (0.5%), Monte Carlo statistics in
the various signal samples, interpolation errors of the ef-
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Fig. 9. a Detection efficiencies of analyses (A) (solid line),
(B) (dashed line) and (C) (dotted line) for χ̃+

1 χ̃−
1 events as a

function of ∆M+ ≡ m
χ̃+
1

− mχ̃0
1
, for m

χ̃+
1

= 90 GeV. b De-
tection efficiencies of analyses (C) (dotted line) and (D) (solid
line) for χ̃0

1χ̃
0
2 events as a function of ∆M0 ≡ mχ̃0

2
− mχ̃0

1
, for

mχ̃0
1

+ mχ̃0
2

= 170 GeV. The efficiencies for each analysis are
normalised to the number of events in each category

ficiencies to arbitrary values of mχ̃+
1

and mχ̃0
1

(2–10%),
modelling of the cut variables in the Monte Carlo simula-
tions4 (4–10%), errors due to fragmentation uncertainties
in hadronic decays (< 2%), the matrix elements leading to

4 This is estimated by comparing the efficiencies obtained
by shifting each cut variable by the possible shift in the corre-
sponding distribution which still gives agreement between data
and Monte Carlo.

different decay parameters (< 5%) and effects of detector
calibration (< 1%). The effect of possible trigger ineffi-
ciencies has been investigated and found to be negligible.

Systematic errors on the expected number of back-
ground events are due to Monte Carlo statistics in the
simulated background events (as quoted in Tables 1, 2, 3
and 4), uncertainties in the amount of two-photon back-
ground which are estimated by fitting the Pt distributions
of simulated two-photon events and the data (30%), and
uncertainties in the simulation of the four-fermion pro-
cesses which are estimated by taking the difference be-
tween the predictions of the grc4f [21] and the EXCAL-
IBUR [32] generators (17%). The systematic errors due to
the modelling of the cut variables in the detector simula-
tion are less than 7%.

The rate of events in which the measured energy in
the SW, FD or GC calorimeters, due to noise and beam
related background, exceeded the thresholds in the pres-
election is 4.5% as estimated from random beam crossing
events. Since this effect is not modelled in the simulation,
it is taken into account by scaling down the integrated
luminosity by this amount.

4 Results

4.1 Limits on the χ̃+
1 χ̃−

1
and χ̃0

2χ̃0
1 production cross-sections

Model-independent upper limits are obtained at 95% C.L.
on the production cross-sections. This is done for χ̃+

1 χ̃−
1

assuming the specific decay mode χ̃±
1 → χ̃0

1W
(∗)± and for

χ̃0
1χ̃

0
2 production assuming the χ̃0

2 → χ̃0
1Z

(∗) decay. Exclu-
sion regions are determined from the observed numbers
of events at

√
s =181–184 GeV5, the signal detection effi-

ciencies and their uncertainties, and the numbers of back-
ground events expected and their uncertainties. To obtain
this limit at a given (mχ̃+

1
, mχ̃0

1
) or (mχ̃0

2
, mχ̃0

1
) point, the

independent analyses ((A), (B) and (C) for chargino, (C)

5 When calculating limits, cross-sections at different
√

s are
estimated by weighting by β̄/s in these proportions, where β̄ is
p

χ̃±
1

/Ebeam for χ̃+
1 χ̃−

1 production or pχ̃0
2
/Ebeam = pχ̃0

1
/Ebeam

for χ̃0
2χ̃

0
1 production.
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Fig. 10. The contours of the 95% C.L. upper limits for the
e+e− → χ̃+

1 χ̃−
1 production cross-sections at

√
s = 182.7 GeV

are shown assuming Br(χ̃+
1 → χ̃0

1W(∗)+) = 100%

and (D) for neutralino) are combined using the likelihood
ratio method [33]. This method assigns greater weight to
the analysis which has greater sensitivity.

Systematic uncertainties on the efficiencies are incor-
porated following the method in [34], and the system-
atic uncertainties on the number of expected background
events are incorporated by numerical integration, assum-
ing Gaussian errors, as suggested in [34].

Contours of the 95% C.L. upper limits for the χ̃+
1 χ̃−

1
cross-sections are shown in Fig. 10 assuming the χ̃±

1 →
χ̃0

1W
(∗)± decay with 100% branching fraction. Although

these limits do not depend on the details of the SUSY
models considered, a “typical” field content of the gaug-
inos is assumed, leading to particular production angu-
lar distributions that are subsequently used in estimat-
ing detection efficiencies. Differences in detection efficien-
cies arise from variations in the angular distributions ob-
tained by using different MSSM parameters corresponding
to the same mass combination. The variation of the effi-
ciency is observed to be less than 2%. Of the parameters
examined, those yielding the lowest efficiency are used.
If the cross-section for χ̃+

1 χ̃−
1 is larger than 0.6 pb and

∆M+ is between 5 GeV and about 80 GeV, mχ̃+
1

is ex-
cluded with 95% C.L. up to the kinematic limit, assuming
Br(χ̃+

1 → χ̃0
1W

(∗)+) = 100%.
Similar contours of the upper limits for the χ̃0

2χ̃
0
1 cross-

sections are shown in Fig. 11. If the cross-section for χ̃0
2χ̃

0
1

is larger than 0.3 pb and ∆M0 is greater than 10 GeV,
mχ̃0

2
is excluded up to the kinematic limit at 95% C.L.,

assuming Br(χ̃0
2 → χ̃0

1Z
(∗)) = 100%.
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Fig. 11. The contours of the 95% C.L. upper limits for the
e+e− → χ̃0

2χ̃
0
1 production cross-sections at

√
s = 182.7 GeV

are shown assuming Br(χ̃0
2 → χ̃0

1Z(∗)) = 100%. The region for
which mχ̃0

2
+ mχ̃0

1
< mZ is not considered in this analysis

4.2 Limits in the MSSM parameter space

The results of the above searches can be interpreted within
the framework of the Constrained MSSM (CMSSM). The
phenomenology of the gaugino-higgsino sector of the
MSSM is mostly determined by the parameters M2, µ
and tanβ. In the absence of light sfermions and light
SUSY Higgs particles, these three parameters are suffi-
cient to describe the chargino and neutralino sectors com-
pletely. Within the CMSSM, a large value of the common
scalar mass, m0 (e.g., m0 = 500 GeV) leads to heavy
sfermions and therefore to a negligible suppression of the
cross-section due to interference from t-channel sneutrino
exchange. Chargino decays would then proceed predom-
inantly via a virtual or real W. On the other hand, a
light m0 results in a low value of the mass of the ν̃, en-
hancing the contribution of the t-channel exchange di-
agrams that may have destructive interference with s-
channel diagrams, thus reducing the cross-section for char-
gino pair production. Small values of m0 also tend to
enhance the leptonic branching ratio of charginos, often
leading to smaller detection efficiencies. Certain values of
m0 can lead to the condition mν̃ < mχ̃±

1
and result in

the two-body decay mode χ̃±
1 → ν̃`± being dominant.

The chargino detection efficiency can be small or zero for
these decays, particularly when mν̃ ≈ mχ̃±

1
, leading to

severe degradation in sensitivity.
From the input parameters M2, µ, tanβ, m0 and A

(the trilinear coupling), masses, production cross-sections
and branching fractions are calculated according to the
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Fig. 12a–d. Exclusion regions at 95% C.L.
in the (M2,µ) plane with m0 ≥ 500 GeV for
a tan β = 1.5 and for b tan β = 35. Exclu-
sion regions valid for all m0 for c tan β = 1.5
and for d tan β = 35. The speckled areas
show the LEP1 excluded regions and the
dark shaded areas show the additional exclu-
sion region using the data from

√
s = 181–

184 GeV. The kinematical boundaries for
χ̃+

1 χ̃−
1 production are shown by the dashed

curves. The light shaded region in a ex-
tending beyond the kinematical boundary
of the χ̃+

1 χ̃−
1 production is obtained due to

the interpretation of the results from the di-
rect neutralino searches. The light shaded
regions elsewhere show the additional exclu-
sion regions due to direct neutralino searches
and other OPAL search results (see text)

CMSSM [8–10,12]. For each set of input parameters, the
total number of χ̃+

1 χ̃−
1 , χ̃0

2χ̃
0
1, χ̃0

3χ̃
0
1 and χ̃0

2χ̃
0
2 events ex-

pected to be observed are calculated using the integrated
luminosity, the cross-sections, branching fractions, and the
detection efficiencies which depend upon the masses of the
chargino, the lightest neutralino and next-to-lightest neu-
tralino. Expected number of events from χ̃0

1χ̃
0
4 and χ̃0

2χ̃
0
4

are not included. The relative importance of each of the
analyses (A)–(D) changes with the leptonic or hadronic
branching ratios, and the likelihood ratio method [33] is
used to optimally weight each analysis depending on these
branching ratios.

Results are presented for two cases: (i) m0 = 500 GeV
(i.e., heavy sfermions), and (ii) the value of m0 that gives
the smallest total number of expected chargino and neu-
tralino events taking into account cross-sections, branch-
ing ratios, and detection efficiencies for each set of values
of M2, µ, tanβ. This value of m0 hence leads to the worst
limit at that point, so that the resulting limits are valid for
all m0. Values of m0 are considered that remain compati-
ble with the current limits on the ν̃ mass (mν̃L

> 43 GeV
[35]), and OPAL upper limits on the cross-section for ˜̀
pair production, particularly right-handed smuon and se-
lectron pair production [31]. Particular attention is paid
to the region of values of m0 leading to the critical mass
condition mν̃ ≈ mχ̃±

1
. When mν̃ ≤ mχ̃±

1
, resulting in a

topology of acoplanar leptons and missing momentum, the
upper limits on the cross-section for the two-body char-
gino decay from [31] are used. The contribution of the

cascade decays χ̃+
1 → χ̃0

2X followed by χ̃0
2 → χ̃0

1Y are also
included. The photonic radiative decay χ̃0

2 → χ̃0
1γ lead-

ing to single photon topologies from χ̃0
2χ̃

0
1 production and

acoplanar photons with missing energy topologies from
χ̃0

2χ̃
0
2 are taken into account using the 95% C.L. cross-

section upper limits on these topologies from the OPAL
results of [13]. In both of these cases, if the relevant prod-
uct of cross-section and branching ratio for a particular
set of MSSM parameters is greater than the measured
95% C.L. upper limit presented in that paper, then that
set of parameters is considered to be excluded.

The following regions of the CMSSM parameters are
scanned: 0 ≤ M2 ≤ 2000 GeV, |µ| ≤ 500 GeV, and
A = ±M2, ±m0 and 0. The typical scan step is 0.2 GeV.
Checks have been made to ensure that the scanned ranges
of parameters are large enough that the exclusion regions
change negligibly for even larger ranges. No significant de-
pendence on A is observed. The 95% C.L. upper limit on
the expected number of events is determined and system-
atic errors on efficiencies and backgrounds are incorpo-
rated as described previously. Figure 12 shows the result-
ing exclusion regions in the (M2,µ) plane for tanβ = 1.5
and 35 with m0 ≥ 500 GeV and for all m0.

The restrictions on the CMSSM parameter space pre-
sented here can be transformed into exclusion regions in
the (mχ̃±

1
,mχ̃0

1
) or (mχ̃0

2
,mχ̃0

1
) plane. A given mass pair is

excluded only if all CMSSM parameters in the scan which
lead to that same mass pair are excluded at the 95% C.L.
The χ̃±

1 mass limits are summarised in Table 5. In the
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Table 5. Lower limits at 95% C.L. obtained on the lightest chargino mass

tan β = 1.5 tan β = 35
m0 ≥ 500 GeV ∆M+ ≥ 5 GeV m

χ̃+
1

> 90.0 GeV m
χ̃+
1

> 90.2 GeV

∆M+ ≥ 10 GeV m
χ̃+
1

> 91.1 GeV m
χ̃+
1

> 91.2 GeV

All m0 (see text) ∆M+ ≥ 5 GeV m
χ̃+
1

> 69.1 GeV m
χ̃+
1

> 65.2 GeV

Table 6. Lower limits at 95% C.L. obtained on mχ̃0
1
, mχ̃0

2
, and mχ̃0

3

tan β = 1.5 tan β = 35
m0 ≥ 500 GeV No ∆M0 restriction mχ̃0

1
> 38.1 GeV mχ̃0

1
> 46.4 GeV

∆M0 ≥ 10 GeV mχ̃0
2

> 63.0 GeV mχ̃0
2

> 91.1 GeV

mχ̃0
3

> 102.3 GeV mχ̃0
3

> 122.1 GeV

All m0 (see text) No ∆M0 restriction mχ̃0
1

> 25.4 GeV mχ̃0
1

> 36.5 GeV

∆M0 ≥ 10 GeV mχ̃0
2

> 51.7 GeV mχ̃0
2

> 84.8 GeV

mχ̃0
3

> 102.1 GeV mχ̃0
3

> 124.4 GeV

(mχ̃±
1
,mχ̃0

1
) plane, Fig. 13 shows the corresponding 95%

C.L. exclusion regions for tanβ = 1.5 and 35.
Figure 14 shows the corresponding 95% C.L. exclusion

regions in the (mχ̃0
2
,mχ̃0

1
) plane, for tanβ = 1.5 and 35.

Although the neutralino production cross-section is small,
our detection efficiencies in the direct neutralino search are
high enough, and we have now collected enough integrated
luminosity that, for certain SUSY parameters, we should
be able to observe them directly rather than their being
excluded indirectly through the exclusion of charginos of
certain masses. Regions that would be excluded by the
direct neutralino searches alone are also shown in Fig. 14
delimited by the white dotted lines. Mass limits on χ̃0

1, χ̃0
2,

and χ̃0
3 are summarised in Table 6.

To study the sensitivity of these numerical mass lim-
its, the limits expected from the Standard Model back-
ground processes are computed assuming no signal and
then compared to the observed limit values. For chargino
mass limits close to the kinematic limit, these expected
limits differ by less than 0.2 GeV from the observed limit
values. Observed mass limits for other cases in Table 5
and 6 which are not close to kinematic limits differ by less
than 3.0 GeV from the expected values in all cases.

In the “Higgsino region” where M2 is large, the mass
difference ∆M+ between the chargino and lightest neu-
tralino decreases with increasing M2, resulting in a drop
in detection efficiency. For tanβ = 1.5, Fig. 15 illustrates
the gaugino mass limits in slices of constant M2 as well as
the correspondence of M2 with mass difference ∆M+. For
µ < 0 the mχ̃+

1
limit is above the kinematical boundary

of χ̃+
1 χ̃−

1 production. This is obtained from the interpre-
tation of the results of the direct χ̃0

2χ̃
0
1 searches. For larger

values of tanβ the form of the curves are similar, but the
difference between the limits for µ < 0 and µ > 0 for a
particular gaugino decreases, and the limits are in general
between the µ < 0 and µ > 0 curves shown for tanβ = 1.5.

Figure 16 illustrates the sensitivity of the chargino
mass limit to the mass of the sneutrino set by the cho-
sen value of m0. The dashed line delineates the condi-
tion mχ̃±

1
= mν̃ where the χ̃+

1 χ̃−
1 search fails due to small

visible energy. In the region to the right side of the line,
charginos will undergo three-body decays which are
searched for directly, while on the left side of the line they
decay via the two-body mode χ̃± → ν̃`± and the results
of [31] are applied. In this case the chargino lower mass
limit is set mostly by the right-handed slepton limits with
some contributions from neutralino production.

Figure 17 shows the dependence of the mass limits on
the value of tanβ. Of particular interest is the absolute
lower limit, in the framework of the CMSSM, on the mass
of the lightest neutralino of mχ̃0

1
> 30.1 GeV (24.2 GeV)

at 95% C.L. for m0 ≥ 500 GeV (all m0). This has impli-
cations on direct searches for the lightest neutralino as a
candidate for dark matter. If the lightest neutralino forms
dark matter and it is lighter than about 20 GeV, it is diffi-
cult to detect it by terrestrial dark matter searches due to
the small recoil energy in the material [36]. Since the for-
mulae for couplings and masses in the gaugino sector are
symmetric in tanβ and 1/ tanβ, these results also hold
for tanβ < 1.

5 Summary and conclusion

A data sample corresponding to an integrated luminosity
of 57 pb−1 at

√
s =181–184 GeV, collected with the OPAL

detector, has been analysed to search for pair production
of charginos and neutralinos predicted by supersymmetric
theories. No evidence for these events has been observed.
Assuming mχ̃±

1
− mχ̃0

1
≥ 5 GeV, the 95% C.L. lower mass

limit of the chargino is 90.0 GeV for tanβ = 1.5 and
90.2 GeV for tanβ = 35, within the framework of the
CMSSM and for the case of a large universal scalar mass
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Fig. 13a–d. The 95% C.L. excluded region
in the (mχ̃0

1
,m

χ̃+
1

) plane within the frame-
work of the CMSSM with m0 ≥ 500 GeV for
a tan β = 1.5 and for b tan β = 35. The ex-
cluded region valid for all m0 for c tan β =
1.5 and for d tan β = 35. The thick solid
lines represent the theoretical bounds of the
CMSSM parameter space as given in the
text. The kinematical boundaries for χ̃+

1 χ̃−
1

production and decay at
√

s = 182.7 GeV
are shown by dashed lines. The light shaded
areas show the additional exclusion regions
due to direct neutralino searches and other
OPAL search results (see text)
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Fig. 14a–d. The 95% C.L. excluded region
in the (mχ̃0

1
,mχ̃0

2
) plane within the frame-

work of the CMSSM with m0 ≥ 500 GeV for
a tan β = 1.5 and for b tan β = 35. The ex-
cluded region valid for all m0 for c tan β =
1.5 and for d tan β = 35. The thick solid
lines represent the theoretical bounds of the
CMSSM parameter space as defined in the
text. The kinematical boundaries for χ̃0

2χ̃
0
1

production and decay at
√

s = 183 GeV
are shown by dashed lines. The regions ex-
cluded outside of the kinematical boundary
mχ̃0

2
+ mχ̃0

1
=

√
s is due to the interpreta-

tion of the χ̃+
1 χ̃−

1 search results. The dark
region is excluded by the results of direct
χ̃+

1 χ̃−
1 searches. The light shaded areas show

the additional exclusion regions due to di-
rect neutralino searches and other OPAL
search results (see text). The regions inside
the white dotted lines in b and the shaded
region of mχ̃0

1
> 62 GeV in a would be

excluded by the direct neutralino searches
alone
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Fig. 15. The 95% C.L. lower mass limits for a χ̃+
1 , b χ̃0

2, and
c χ̃0

1 for tan β = 1.5 and m0 = 500 GeV for slices of constant
value of M2. Limits are shown separately for µ < 0 (solid
lines) and µ > 0 (dashed lines). Curves for larger values of
tan β are in general between those shown for µ < 0 and µ > 0.
The corresponding values of mass difference ∆M+ between the
chargino and the lightest neutralino are also shown on scales
below the plots
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Fig. 16. The 95% C.L. excluded region in the (mν̃ , m
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1

)
plane for tan β = 1.5 and for all m0 values. The region close
to the line of mν̃ = mχ̃+ where the χ̃+

1 χ̃−
1 search fails due to

small visible energy is excluded using the limits for sneutri-
nos and OPAL limits for sleptons. The dark shaded region is
theoretically inaccessible
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Fig. 17. The 95% C.L. mass limit on a the lightest neutralino
χ̃0

1 and b the second-lightest neutralino χ̃0
2 as a function of

tan β. The mass limit on χ̃0
2 is for the additional requirement

of ∆M0 > 10 GeV. The exclusion region for m0 ≥ 500 GeV
is shown by the light shaded area and the excluded region
valid for all m0 values by the dark shaded area. The dashed
horizontal line in a indicates the minimum value of mχ̃0

1
for all

m0 and tan β ≥ 1

(m0 ≥ 500 GeV). For all m0, the 95% C.L. lower mass
limit is 69.1 GeV for tanβ = 1.5 and 65.2 GeV for tanβ =
35. In certain regions of parameter space, the mχ̃±

1
limit

exceeds the kinematical boundary of the χ̃+
1 χ̃−

1 production
due to the interpretation of the results from the direct
χ̃0

2χ̃
0
1 search. The absolute lower mass limit on the lightest

neutralino in the framework of the CMSSM with m0 ≥
500 GeV is 30.1 GeV at 95% C.L., and 24.2 GeV for the
worst-case limit with all m0. This has implications for
experimental searches for the lightest neutralino as a dark
matter candidate.
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