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Dipartimento di Fisica, Università di Firenze, INFN Sezione di Firenze, I-50125 Firenze, Italy

R. Cavanaugh, M. Corden, C. Georgiopoulos, T. Huehn, D.E. Jaffe
Supercomputer Computations Research Institute, Florida State University, Tallahassee, FL 32306-4052, USA 13,14

A. Antonelli, G. Bencivenni, G. Bologna, 4 F. Bossi, P. Campana, G. Capon, D. Casper, V. Chiarella, G. Felici,
P. Laurelli, G. Mannocchi, 5 F. Murtas, G.P. Murtas, L. Passalacqua, M. Pepe-Altarelli
Laboratori Nazionali dell’INFN (LNF-INFN), I-00044 Frascati, Italy

L. Curtis, S.J. Dorris, A.W. Halley, I.G. Knowles, J.G. Lynch, V. O’Shea, C. Raine, J.M. Scarr, K. Smith,
P. Teixeira-Dias, A.S. Thompson, E. Thomson, F. Thomson, R.M. Turnbull
Department of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, United Kingdom10

O. Buchmüller, S. Dhamotharan, C. Geweniger, G. Graefe, P. Hanke, G. Hansper, V. Hepp, E.E. Kluge, A. Putzer,
J. Sommer, K. Tittel, S. Werner, M. Wunsch
Institut für Hochenergiephysik, Universität Heidelberg, D-69120 Heidelberg, Germany16

R. Beuselinck, D.M. Binnie, W. Cameron, P.J. Dornan, M. Girone, S. Goodsir, E.B. Martin, P. Morawitz,



418

A. Moutoussi, J. Nash, J.K. Sedgbeer, P. Spagnolo, A.M. Stacey, M.D. Williams
Department of Physics, Imperial College, London SW7 2BZ, United Kingdom10

V.M. Ghete, P. Girtler, D. Kuhn, G. Rudolph
Institut für Experimentalphysik, Universität Innsbruck, A-6020 Innsbruck, Austria18

A.P. Betteridge, C.K. Bowdery, P.G. Buck, P. Colrain, G. Crawford, A.J. Finch, F. Foster, G. Hughes, R.W.L. Jones,
T. Sloan, E.P. Whelan, M.I. Williams
Department of Physics, University of Lancaster, Lancaster LA1 4YB, United Kingdom10

I. Giehl, C. Hoffmann, K. Jakobs, K. Kleinknecht, G. Quast, B. Renk, E. Rohne, H.-G. Sander, P. van Gemmeren,
C. Zeitnitz
Institut für Physik, Universität Mainz, D-55099 Mainz, Germany16

J.J. Aubert, C. Benchouk, A. Bonissent, G. Bujosa, J. Carr, P. Coyle, C. Diaconu, A. Ealet, D. Fouchez,
N. Konstantinidis, O. Leroy, F. Motsch, P. Payre, M. Talby, A. Sadouki, M. Thulasidas, A. Tilquin, K. Trabelsi
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Abstract. The data recorded by the ALEPH detector at centre-of-mass energies of 161, 170, and 172 GeV
are analysed for signals of chargino and neutralino production. No evidence of a signal is found, although
candidate events consistent with the expectations from Standard Model processes are observed. Limits
at 95% C.L. on the production cross sections are derived and bounds on the parameters of the Minimal
Supersymmetric Standard Model are set. The lower limit on the mass of the lightest chargino is 85.5 GeV/c2

for gaugino-like charginos (µ = −500 GeV/c2), and 85.0 GeV/c2 for Higgsino-like charginos (M2 =
500 GeV/c2), for heavy sneutrinos (Mν̃ ≥ 200 GeV/c2) and tan β =

√
2. The effect of light sleptons on

chargino and neutralino limits is investigated. The assumptions of a universal slepton mass and a universal
gaugino mass are relaxed, allowing less model-dependent limits to be obtained.
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1 Introduction

In 1996, a new regime in e+e− collisions was entered when
LEP energies reached and exceeded the W pair produc-
tion threshold. Data were collected with the ALEPH de-
tector at

√
s = 161.3 GeV (10.8 pb−1),

√
s = 170.3 GeV

(1.1 pb−1) and
√

s = 172.3 GeV (9.6 pb−1). The increased
centre-of-mass energies motivate the direct search for new
physics, in particular for particles predicted by supersym-
metric theories.

Supersymmetry (SUSY) [1] requires the number of de-
grees of freedom associated with the fermionic and bosonic
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fields of the theory to be the same. This is achieved by
augmenting the ordinary field multiplets with additional
fields differing by a half unit of spin. The resulting particle
spectrum contains several new states: gauginos, associated
with the ordinary gauge bosons; Higgsinos with the Higgs
bosons; sleptons, sneutrinos and squarks with the ordinary
matter fermions. Here, searches for supersymmetric part-
ners of the gauge and Higgs bosons are reported, while
searches at these energies for sleptons [2], stops [3] and
Higgs bosons [4] have been reported previously. Searches
similar to those discussed here have been reported by the
OPAL collaboration [5].

The Minimal Supersymmetric Standard Model (MSSM)
is the supersymmetric extension of the Standard
Model with minimal field content. Two doublets of com-
plex scalar fields are introduced to give mass to the up-like
and down-like fermions via the Higgs mechanism. The ra-
tio of the two vacuum expectation values is denoted tanβ
and the Higgs mass term is µ. Soft SUSY breaking terms
lift the mass degeneracy of ordinary particles and their
SUSY partners. The scale of these terms should not ex-
ceed ∼1 TeV/c2 in order for supersymmetry to remain a
solution of the naturalness problem. These SUSY break-
ing terms are: gaugino masses M1, M2 and M3, associated
to the U(1), SU(2) and SU(3) gauge groups, respectively;
and mass terms mi and trilinear couplings Ai for the var-
ious sfermions. The partners of the photon, Z and neutral
Higgs bosons mix to form four mass eigenstates called neu-
tralinos, χ, χ′, χ′′, χ′′′, in order of increasing mass. Simi-
larly, charged gauginos (W̃+) and Higgsinos (H̃+) form
charginos, χ± and χ±

2 . Ordinary particles and supersym-
metric particles are distinguished by their R-parity, a mul-
tiplicative quantum number, which is assumed to be con-
served to ensure lepton and baryon number conservation.
As a consequence, supersymmetric particles are produced
in pairs and decay to the Lightest Supersymmetric Par-
ticle (LSP), assumed here to be the lightest neutralino,
which is weakly interacting and does not decay, escaping
detection.

The large number of free parameters in the MSSM
can be reduced by making certain theoretical assumptions.
First, the gaugino masses may be assumed to unify at the
GUT scale, leading, at the electroweak scale, to the re-
lation: M1 = 5

3 tan2 θW M2. Second, the masses of the
sleptons might also unify at the GUT scale with value
m0. Their masses at the electroweak scale are derived us-
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ing the renormalization group equations [6], and are an
increasing function of m0. These assumptions are made
for many of the results presented here. A special effort is
made to interpret the results within a larger framework,
relaxing the gaugino mass and/or the scalar mass unifica-
tion assumptions.

Given the large value of the top quark mass [7], the “in-
frared quasi fixed point scenario” [8] favours low (tanβ∼1
−3) or high (tanβ∼30) values of tan β. The various se-
lections are optimised for a value of tanβ equal to

√
2,

typical of the low tanβ solution. Unless otherwise speci-
fied, the results are presented for that same value of tan β.
High tanβ values tend to give stronger constraints.

With unification of gaugino mass terms, in the region
where M2 � |µ| the lightest chargino and neutralino have
large Higgsino components; this is referred to as the “Hig-
gsino” region. Here, the lightest neutralino χ is generally
close in mass to the lightest chargino and to the second
lightest neutralino. Similarly, the region where |µ| � M2
is referred to as the “gaugino” region; here, Mχ ' Mχ±/2.
In both regions, Mχ′ > Mχ± . In the region of small neg-
ative µ and low M2, one of the two lightest neutralinos
has large gaugino components, while the other has large
Higgsino components. The chargino has sizeable gaugino
and Higgsino components. This region will be referred to
as the “mixed” region.

At LEP, charginos are pair produced by virtual photon
or Z exchange in the s channel, and sneutrino exchange
in the t channel [9]. The s and t channels interfere de-
structively, so that low sneutrino masses lead to smaller
cross sections. Neutralinos are produced by s-channel Z
exchange and t-channel selectron exchange [10]. Here, the
s and t channels interfere constructively for most of the
parameter space. As a consequence, cross sections are usu-
ally higher if selectrons are light.

Charginos decay to a neutralino and a lepton-neutrino
or quark-antiquark pair. If all sfermions are heavy (large
m0), the decay proceeds mainly through the exchange
of a virtual W. The dominant final state topologies for
chargino pair production are then hadronic events with
missing energy carried away by the two neutralino LSP’s,
called here the four jet topology (4J), or events with ha-
drons, an isolated lepton and missing energy (2JL topol-
ogy). Acoplanar lepton pairs (AL topology) are also pro-
duced, but at a much lower rate. The second lightest neu-
tralino χ′ decays to a neutralino and a fermion-antifermion
pair. If all sfermions are heavy, the decay proceeds mainly
through the exchange of a virtual Z. The main final state
resulting from χχ′ production therefore consists of acopla-
nar jets (AJ), due to the small Z leptonic branching ratio.
(The χχ final state is invisible.)

Selections for the 4J, 2JL and AJ topologies are de-
signed for chargino and neutralino masses close to the
kinematic limit for χ+χ− or χχ′ production and are opti-
mised for decays dominated by W* (Z*) exchange and for
various ∆M ranges. Here ∆M is the mass difference be-
tween the lightest neutralino and the chargino or the sec-
ond lightest neutralino. The signal properties, and hence
the background composition and significance, change dra-

matically with the mass difference: for low ∆M , the phase
space for decay is small and the signal topology resembles
that of e+e− → e+e−f f̄ events, while for very large ∆M , as
is the case for massless neutralinos, the signal for chargino
production is more WW-like. Small mass differences are
typical of the Higgsino region while large mass differences
correspond to the gaugino and mixed regions.

When sleptons are light, leptonic chargino and neu-
tralino decays are enhanced, due to the increased influence
of slepton exchange diagrams. Since no signal for squarks
has been found at the Tevatron [11], their masses should
be heavy enough to make any influence on chargino and
neutralino decays negligible. On the contrary, sleptons are
expected to be lighter due to smaller radiative corrections
to their masses; hence light slepton effects on the leptonic
branching ratios of charginos and neutralinos can not be
neglected. The dominant topologies are then acoplanar
lepton pairs, and the selections are based on those de-
signed for the slepton searches [2]. When sleptons are light
enough, two-body decays such as χ± → lν̃ or χ′ → νν̃
open up, the latter leading to an invisible final state.

In the Higgsino region, χχ′ production is the only rel-
evant neutralino process. In the mixed region, the heavier
neutralinos χ′′ and χ′′′ can also be produced. Complex
topologies arising from cascade and radiative decays are
covered by a few dedicated searches.

In the various selections, the cuts are adjusted accord-
ing to the “N̄95 prescription” [12]. The optimal compro-
mise between signal efficiency and background level is ob-
tained when the expected 95% C.L. upper limit on the
cross section is minimised based on Monte Carlo simula-
tions; this optimum changes, i.e., the cuts become tighter,
as the integrated luminosity increases. The γγ → hadrons
background is handled differently, due to the difficulties to
model this process and to simulate the detector response
at the level of accuracy imposed by its large cross section.
In this case, more severe criteria are applied than would
result from the N̄95 procedure, as explained in Sect. 3.2.
For any given chargino and neutralino mass combination
(or any choice of M2, µ and tanβ) and for any given lep-
tonic branching ratio (or any choice of m0), an optimal
combination of the various selections is chosen, again ac-
cording to the N̄95 prescription, counting events that pass
any of the combined selections to determine efficiencies
and contaminations.

In the specific case of large slepton masses, the selec-
tion efficiency for chargino pair production depends most-
ly on the chargino and neutralino masses. Therefore, re-
sults can be presented not only in the MSSM parameter
space but also in terms of limits on the chargino pair pro-
duction cross section as a function of these two masses
in a fairly general way. A similar statement holds for χχ′
production (neglecting possible χ′ → χγ decays at this
stage). To take into account in a consistent way the other
neutralino production channels, such as e+e− → χ′χ′′,
and also to cope with lower m0 values, the validity of the
MSSM with all the unification conditions mentioned ear-
lier is assumed. Because of possible large mixing in the
stau sector, three-body decays involving taus can domi-
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nate over those involving other lepton flavours, and the
two-body decay χ± → τ̃ ν may open up before χ± → lν̃.
Attention is given to those possibilities. The dependence
of the results on the assumption of universality of scalar
masses and gaugino masses is investigated.

The outline of this paper is as follows: after a brief
description of the ALEPH detector in Sect. 2, the various
selections are detailed in Sect. 3, the results and their in-
terpretation are presented in Sect. 4 and conclusions are
drawn in Sect. 5.

2 The ALEPH detector

The ALEPH detector is described in detail in [13] and its
performance in [14]; only the features most relevant for
the chargino and neutralino analyses are given here.

The detector is required to be fully operational. At
least one of the major triggers for supersymmetry searches
(total energy triggers, single charged electromagnetic and
single muon triggers [13]) is required to be fired.

Charged particle tracks are measured by a silicon ver-
tex detector, a drift chamber and a large time projec-
tion chamber (TPC), immersed in a 1.5 Tesla magnetic
field provided by a superconducting magnet. A momen-
tum resolution up to ∆PT /PT = 6 × 10−4PT + 0.005 (PT

in GeV/c) can be achieved.
The electromagnetic calorimeter (ECAL), a sandwich

of lead sheets and proportional tubes, is located inside the
coil. Highly granular transverse and longitudinal measure-
ments of electromagnetic showers are provided by projec-
tive towers, which are segmented longitudinally in three
storeys. The achieved energy resolution is ∆E/E '
18%/

√
E + 0.009 (E in GeV). The ECAL angular cov-

erage extends down to within 10◦ from the beam axis.
The iron return yoke is instrumented as a hadron ca-

lorimeter (HCAL) consisting of projective towers giving
a measurement of the shower energy. The pattern of fired
streamer tubes provides a two-dimensional view of the en-
ergy deposit, which is useful for identifying muons. The
HCAL covers polar angles down to θ = 8◦. Streamer
chambers outside of the HCAL (“muon chambers”) are
used to tag penetrating charged particles.

The calorimetric coverage is extended down to polar
angles of 24 mrad by the luminosity calorimeters LCAL
and SICAL. The low-angle acceptance of SICAL, below 34
mrad, is shadowed by a shielding mask installed in 1996
to reduce the potentially higher machine background at
LEP2.

As the main signal for the processes searched here is
missing energy, a good hermiticity of the detector is essen-
tial. The ECAL and HCAL cracks are not aligned, so there
are no acceptance holes in ALEPH at large polar angles.
The HCAL covers the gap between the ECAL and the
LCAL so particles originating from the interaction point
passing through this gap are detected. The LCAL consists
of two half modules on each side of the detector, with a
small vertical inactive region. This crack is partially cov-
ered by HCAL.

The information from the tracking detectors and the
calorimeters is combined by an energy flow algorithm de-
scribed in [14]. For each event, a list of energy flow ob-
jects (charged particles, photons, neutral hadrons, clusters
in the luminosity calorimeters) is provided. The analyses
presented here are based on these objects such that, for
example, the visible mass is the invariant mass of all ob-
jects and the PT is the component transverse to the beam
axis of the momentum sum of all objects.

Lepton identification is described in [14]. Electrons
are identified using their specific ionisation in the TPC
(dE/dx) and the transverse and longitudinal shower
shapes in ECAL. Muons are separated from hadrons by
their characteristic penetrating pattern in HCAL and the
presence of hits in the muon chambers.

3 Searches for charginos and neutralinos

The various selections for chargino and neutralino sear-
ches are presented in this section. The chargino analyses
in the 4J and 2JL topologies are designed for four ∆M
regions: very low (VL) for ∆M ' 5 GeV/c2, low (L) for
∆M ' 10 GeV/c2, high (H) (∆M ' Mχ+/2) and very
high (VH) (∆M ' 80 GeV/c2). Two neutralino analyses
in the AJ topology (AJ-L and AJ-H) are designed for ∆M
smaller than or greater than 30 GeV/c2. Additional selec-
tions address the acoplanar lepton pair topology and the
more complex final states encountered in the neutralino
searches.

The 4J-VH and 2JL-VH chargino selections are opti-
mised separately for

√
s = 161 GeV and

√
s = 172 GeV,

due to a large increase in the WW cross section, which
is the most difficult background for this range of ∆M . In
the other chargino and neutralino selections, a single set
of cuts is applied for the two energies; this does not de-
grade the performance of the analyses at either energy.
Although the selections can be optimised for a given ∆M ,
in general they are not optimal when ∆M is changed by
a small amount. In order to maintain a smooth transition
between the various ∆M regions in the chargino analy-
sis (VH, H, L, VL), each selection is optimised on a sig-
nal containing an admixture of the nearby ∆M config-
urations, typically weighting by 50% a configuration at
the midpoint of the ∆M range, ∆M , and 25% each at
∆M = ∆M ± 20 GeV/c2. The optimisation procedure
is performed by means of a program that varies all cuts
simultaneously, in order to take correlations between vari-
ables into account.

In the following, the various Monte Carlo samples used
for selection optimisation are described first. The specific
criteria applied to reject the γγ → hadrons background
are addressed next. The searches for charginos are then
described, followed by the searches for neutralinos. The
combinations of selections applied in the various cases are
presented, and the corresponding search efficiencies are
given. A discussion of the systematic errors follows.
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3.1 Monte Carlo sample

The Monte Carlo generator DFGT [15] is used to simulate
the chargino events. This generator takes into account the
spin correlation in the production and decay of charginos.
The final states are interfaced for the hadronisation pro-
cess to JETSET 7.4 [16] and initial state radiation is in-
cluded.

Another widely used generator for supersymmetry is
SUSYGEN [17] which simulates the production and de-
cays of charginos, neutralinos, sleptons and squarks, in-
cluding cascade decays. It is used for neutralino produc-
tion and as a cross-check for chargino production. Final
state radiation is taken into account using PHOTOS [18].

Dilepton Standard Model processes are simulated with
KORALZ [19] for µ+µ− and τ+τ− and UNIBAB [20]
for Bhabha production. KORALW [21] is used to gener-
ate W-pair events. Leptonic two-photon events are gener-
ated with PHOT02 [22]. PYTHIA [23] is used to generate
γγ → hadrons events. This generator is restricted to “un-
tagged” events where the outgoing electrons are nearly
undeflected. The PYTHIA sample is complemented by
events generated with PHOT02 where an electron is re-
quired to be deflected by at least 5 mrad. The γγ events
are generated with an invariant mass cut of 3.5 GeV/c2.
All other processes (qqγ, ZZ, Weν and Zee) are generated
using PYTHIA, with an invariant mass cut for the reso-
nance of 0.2 GeV/c2 for ZZ and Weν and 2 GeV/c2 for
Zee. Here, “Z” also includes Z∗ and γ∗ production. Sam-
ples corresponding to at least 20 times the integrated lumi-
nosity of the data are generated, except for γγ → hadrons.
This process is simulated with three times the integrated
luminosity of the data, only for 161 GeV because of the
slow dependence of the event properties on

√
s.

3.2 Rejection of γγ → hadrons

The γγ → hadrons background is particularly important
for the VL and L mass difference regions but may also
contaminate other analyses due to its large cross-section
(∼ 13 nb). First the strategy and the variables used for
the rejection of this background are presented, then the
specific cuts for each chargino and neutralino selection are
discussed.

3.2.1 Strategy

Transverse momentum is the most natural quantity to re-
ject this background. For an ideal detector covering the
solid angle above 34 mrad with unlimited precision, requir-
ing the event transverse momentum PT to be in excess of
3%

√
s should reject all the γγ → hadrons events. Unfortu-

nately, the measurement of the visible system is not ideal
and fluctuations can induce “fake” PT ; hence rejection of
events with some energy at low angle is needed. However,
the energy veto may be rendered ineffective by inactive
regions, such as the vertical LCAL crack; new variables,

discussed in the next section, are therefore needed to de-
tect these situations. Furthermore, the Monte Carlo pre-
diction for this background suffers from detector simula-
tion problems and from inaccuracy in the simulation of
the underlying physics.

Due to these potential problems, energy-based quan-
tities are used in conjunction with quantities based on
direction measurements to ensure a better rejection of γγ
events. Any event that is rejected by only one cut is still
counted as a fraction of an event in the background esti-
mation, the exact value depending on how far away the
cut variable for this event is from the cut value, taking
into account the distribution of the variable as well as its
sensitivity to reconstruction problems.

3.2.2 Variables

Due to the simple kinematics of γγ events, it is possible to
reconstruct the four-momentum of the outgoing deflected
electron (positron) from the properties of the event, as-
suming that the outgoing positron (electron) is not de-
flected at all (θ = 0◦). The scattering angle θscat is defined
to be the minimum polar angle of the deflected particle
for the two hypotheses. The pointing angle θpoint is the
minimum angle between the calculated deflected particle
and any energy flow object. In γγ events, for large enough
θscat, the outgoing particle should be visible. Even if only a
fraction of its energy is detected, e.g. due to cracks, θpoint
should be small, as the reconstructed particle will “point”
to the energy deposits.

The acoplanarity (∆φ) is the azimuthal angle between
the momentum sum of particles in each hemisphere of
an event, defined by a plane perpendicular to the thrust
axis. Due to the large missing momentum along the beam
axis in γγ events, the transverse acoplanarity is intro-
duced. It is calculated by first projecting the event onto
the plane perpendicular to the beam axis, calculating the
two-dimensional thrust axis and dividing the event into
two hemispheres by a plane perpendicular to this thrust
axis. The transverse acoplanarity ∆φT is the angle be-
tween the two hemisphere momentum sums.

Since the visible energy is small in γγ events, the kine-
matics of the event can be distorted by minor reconstruc-
tion problems. In particular, fake neutral hadrons are cre-
ated when the energy deposit of a charged particle in the
calorimeters is not associated with its reconstructed track.
To cope with such events, the fraction of the visible energy
carried by neutral hadrons (FNH = ENH/Evis) as well as
the PT of the event excluding neutral hadrons from its
calculation (PNH

T ) are used.

3.2.3 Common cuts

Monte Carlo γγ events are generated with an invariant
mass of the hadronic system greater than 3.5 GeV/c2;
thus, in all analyses, the visible mass is required to be
greater than 4 GeV/c2.
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With the required set of triggers, trigger inefficiency is
not negligible for γγ events nor for signal events in the very
low ∆M region, but is small for events that would have
been selected by any of the selections described hereafter.
The most important triggers for γγ events rely on the
energy measurement in ECAL. It has been checked that
the Monte Carlo reproduces well the energy distribution
except for the threshold behaviour; in order to avoid that
potentially dangerous region, higher trigger thresholds are
applied offline on data and Monte Carlo events.

The cuts designed to eliminate the γγ → hadrons back-
ground for the very high, high and low mass difference
chargino analyses and for neutralino analyses are detailed
here and summarised in Table 1. Specific analyses, de-
scribed in Sect. 3.3, are designed in the very low ∆M case,
where the main background is γγ → hadrons.

3.2.4 Rejection of γγ → hadrons in the chargino selections

Four Jet Topology (4J) For the 4J-VH and 4J-H selec-
tions, the number of good charged tracks is required to
exceed six. The event thrust must not exceed 0.9. The PT

is required to be larger than 5%
√

s or 7.5%
√

s if the az-
imuthal angle of the missing momentum φmiss is within 15◦
of the vertical plane. Although the actual size of the LCAL
vertical crack is much smaller than 15◦, the angular region
that defines it must take into account the resolution on the
missing momentum direction. The transverse acoplanarity
must be less than 175◦. The energy detected within 12◦
of the beam axis, E12, must be lower than 5%

√
s and

θscat must be greater than 15◦ or θpoint must be greater
than 5◦. The missing momentum is required to point at
least 18.2◦ away from the beam axis (| cos θmiss| < 0.95).
To reject events with fake neutral hadrons, FNH must be
lower than 30%. This cut is relaxed to 45% if PNH

T is
greater than 3%

√
s. Finally, to avoid large angle tagged

γγ events, the energy of the most energetic lepton of the
event must not exceed 20%

√
s.

For the 4J-L chargino analysis, at least four good tracks
must be reconstructed. All cuts defined above are applied,
with the exception of the thrust cut. In addition, E12 must
be zero and the θpoint cut is tightened to 10◦. Finally, the
energy in a 30◦ azimuthal wedge around the direction of
the missing momentum (E30

w ) must not exceed 1.5%
√

s.

Two Jets and Lepton Topology (2JL) The rejection of
the γγ background in the 2JL selections is easier due to
the presence of an identified lepton. An electron (muon) of
at least 2 GeV (2.5 GeV) must be identified. The number
of charged tracks (including the lepton) must be at least
three and ∆φT lower than 175◦. θscat must be greater
than 15◦ or θpoint greater than 5◦. The neutral hadron
energy fraction is required to be less than 45%. In the
2JL-VH and 2JL-H selections, the PT and E12 cuts are
the same as for the 4J-H channel. In the 2JL-H selec-
tion, the energy of the most energetic lepton must be
less than 20%

√
s. This cut would greatly reduce the effi-

ciency for the 2JL-VH selection, and is relaxed to 30%
√

s;

in addition, the missing mass Mmiss is required to be
greater than 25%

√
s. In the 2JL-L analysis, the PT must

exceed 2.5%
√

s, E12 must be zero and | cos θmiss| < 0.95.
The energy in a cone of 30◦ around the most energetic
lepton in the event (E30

` ) is calculated, and E30
` or E30

w
must be lower than 1%

√
s.

No events from the various γγ → hadrons Monte Carlo
samples survive the 4J and 2JL selection cuts and none are
rejected by only one cut. For the double rejection require-
ment, the PT cut is reinforced by the ∆φT cut and by the
FNH and PNH

T cuts in the case of fake neutral hadrons.
The E12 and pointing (θscat and θpoint) cuts reinforce each
other (see Table 1).

3.2.5 Rejection of γγ → hadrons
in the neutralino AJ selections

In the neutralino AJ selections, the cuts on | cos θmiss|,
E12, E`, θpoint and θscat are the same as in the 4J-H anal-
ysis. The neutral hadron energy is required to be less than
45% of the visible energy. In the AJ-L analysis, at least
four good tracks must be reconstructed in the event and
the PT is required to exceed 3%

√
s (4.5%

√
s if φmiss is

within 15◦ of the vertical plane). The transverse acopla-
narity is required to be smaller than 120◦. E12 and E30

w
must be equal to zero. The PT is required to be larger
than 40% of the visible energy, and FNH less than 30%
unless PNH

T is greater than 1.8%
√

s. In the AJ-H analysis,
the number of good tracks must be larger than six and the
acoplanarity and transverse acoplanarity must be smaller
than 175◦. The PT is required to exceed 5%

√
s (7.5%

√
s

if φmiss is within 15◦ of the vertical plane) and also to be
larger than 20% of the visible energy. The cuts on FNH

and E12 are the same as in the 4J-H analysis. Finally the
fraction of visible energy within 30◦ of the beam axis E30◦

is required to be less than 70%, and E30
w less than 7.5%

√
s.

All Monte Carlo γγ → hadrons events are eliminated
by at least two cuts in the AJ-H analysis. In the AJ-L
analysis, the γγ → hadrons background is estimated to
be '20 fb from the distance to the cut values of a few
singly cut events.

3.3 Chargino selections

There are three topologies for chargino searches: a totally
hadronic topology (4J), a topology with a lepton and jets
(2JL) and a topology of two acoplanar leptons (AL), not
necessarily of the same flavour. Several analyses are em-
ployed in each topology to provide sensitivity over a large
range of mass differences (very high, high, low and very
low ∆M). The analyses are designed to provide sensitiv-
ity for a given signal topology, but are not exclusive. The
criteria for the rejection of the γγ → hadrons background
have been described in the previous section.

Four Jet Topology (4J) The most important backgrounds
for 4J-VH and 4J-H are qqγ and WW production. The
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Table 1. Selection cuts against γγ → hadrons. The † indicates that the cut is
applied when the azimuthal angle of the missing momentum is within 15◦ of the
vertical plane

Chargino - 4J
∆M range VH,H L

Mvis > 4 GeV/c2 and trigger conditions
Nch ≥ 7 ≥ 4

PT ≥ f1
√

s / f2
√

s
†

f1 = 5%, f2 = 7.5%
∆φT < 175◦

E12 < 5%
√

s = 0
θscat > θ1 or θpoint > θ2 θ1 = 15◦, θ2 = 5◦ θ1 = 15◦, θ2 = 10◦

|cos θmiss| < 0.95
FNH < 45%

FNH < f1 or P NH
T > f2 f1 = 30%, f2 = 3%

√
s

E` < 20%
√

s
thrust < 0.9
E30

w < 1.5%
√

s

Chargino - 2JL
∆M range VH H L

Mvis > 4 GeV/c2 and trigger conditions
Nch ≥ 3

identified e/µ ≥ 1
PT ≥ f1

√
s / f2

√
s

†
f1 = 5%, f2 = 7.5% f1 = 2.5%, f2 = 2.5%

∆φT < 175◦

E12 < 5%
√

s = 0
θscat > θ1 or θpoint > θ2 θ1 = 15◦, θ2 = 5◦

|cos θmiss| < 0.95
FNH < 45%

min(E30
w , E30

` ) < 1%
√

s
E` < 30%

√
s < 20%

√
s

Mmiss > 25%
√

s

Neutralino - AJ
∆M range H L

Mvis > 4 GeV/c2 and trigger conditions
Nch ≥ 7 ≥ 4

PT ≥ f1
√

s / f2
√

s
†

f1 = 5%, f2 = 7.5% f1 = 3%, f2 = 4.5%
PT /Evis > 20% > 40%

∆φT < 170◦ < 120◦

∆φ < 170◦

E12 < 5%
√

s = 0
θscat > θ1 or θpoint > θ2 θ1 = 15◦, θ2 = 5◦

|cos θmiss| < 0.95
FNH < 45%

FNH < f1 or P NH
T > f2 f1 = 30%

f2 = 3%
√

s f2 = 1.8%
√

s
E` < 20%

√
s

E30
w < 7.5%

√
s = 0

E30◦/Evis < 70%
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missing transverse momentum PT , the transverse imbal-
ance PT /Evis (see Fig. 1a), the visible mass Mvis and the
acoplanarity are used to reduce these backgrounds. No
explicit reconstruction of four jets is made but the event
should be spherical (using the thrust or the inverse-boost:

InvB =
√

1
2 (1/γ2

1 + 1/γ2
2), where γi = Ei/mi for each

hemisphere of the event). The missing momentum should
be isolated, as quantified by E30

w (see Fig. 1b). A veto on
a high energy lepton reduces the WW background when
one of the W’s decays to e(µ)ν and an upper cut on the
missing mass reduces the WW background when one of
the W’s decays to τν. To further reduce this background,
a tau jet is searched for using the JADE algorithm with a
ycut of 0.001. The W mass (MW ) is computed as the mass
of the hadronic system excluding the tau jet and α23 is
defined as the angle between the two jets of the hadronic
system. In the 4J-H and 4J-L analyses, the remaining qq̄
radiative return background is reduced by vetoing events
with an isolated photon with energy greater than 10 GeV.
A photon is isolated if no particle is detected in a cone
of 30◦ half angle around its direction, excluding an inner
cone of 5◦ half angle. The cuts for the 4J-VH, 4J-H and
4J-L selections are listed in Table 2.

Two Jets and Lepton Topology (2JL) The character-
istic signature of the 2JL channel is the presence of an
energetic isolated lepton (see Fig. 1c). Here, lepton refers
to e or µ, where electrons are identified using ECAL infor-
mation. Cuts on the missing mass and the hadronic mass,
Whad, (the mass of the event, excluding the most energetic
identified lepton) and E30

w reduce the qq̄ and WW back-
grounds. The 2JL-L selection is sensitive to the τ+τ− and
γγ → τ+τ− backgrounds, which are reduced by means
of the hadronic mass and the acoplanarity. The cuts are
listed in Table 2.

Very Low ∆M Selections The selections for the very low
mass difference chargino signal are designed to reject the
γγ background, mostly γγ → hadrons and γγ → τ+τ−. In
both 4J and 2JL selections, variables similar to those used
for the other chargino analyses are employed, such as the
missing transverse momentum, the transverse imbalance
and the transverse acoplanarity. No energy should be de-
tected at low angle. In the spirit of Sect. 3.2, energy-based
variables are complemented by direction-based variables
such as | cos θmiss|, θscat and θpoint. Events with fake neu-
tral hadrons are removed with FNH and PNH

T , as can be
seen in Table 2. As the main potential background in the
2JL-VL selection comes from events with a misidentified
hadron, cuts to identify leptons are tighter than in the
other 2JL analyses and also use the dE/dx information
from the TPC to identify signal electrons which typically
have lower momentum than those targeted by the L, H,
and VH selections. The momentum is required to be in
excess of 1 GeV/c for electrons and 2.5 GeV/c for muons.
The estimated γγ → hadrons contamination is ' 60 fb in
4J-VL and negligible in 2JL-VL.

Acoplanar Leptons Topology (AL) The acoplanar lepton
selection is similar to the ALEPH selectron and smuon
selections [2], with the exception that no lepton identi-
fication is required and events with four tracks are ac-
cepted, where three tracks are hypothesized as arising
from a tau decay if their invariant mass is lower than
1.5 GeV/c2. The cuts against WW background, specifi-
cally the requirement on the energy of the tracks (E`1 and
E`2, where E`2 < E`1), are optimised for the two chargino
decay scenarios leading to an acoplanar lepton signature:
χ± → `νχ (three-body decay: AL-3) and χ± → `ν̃ (two-
body decay: AL-2). Typical cut values for

√
s = 172 GeV

are E`1 < 30 GeV and E`2 < 26 GeV for the AL-3 selec-
tion. Similar values of these cuts are applied in the AL-2
selection when Mχ± − Mν̃ < 20 GeV/c2.

For two body decays, the irreducible background from
W pair production is subtracted. The optimisation of the
upper cut on the energy of the leptons in the two-body
decay selection takes this into account, and the cut ap-
plied depends on the mass difference between the chargino
and sneutrino. The selection for small mass differences de-
scribed in [2] is also applied in the analysis of the χ± → `ν̃
topology (AL-VL), requiring a pair of identified leptons,
not necessarily of the same flavour. This analysis is also
applied to the data taken at

√
s = 130 and 136 GeV, giv-

ing similar efficiencies and background as at
√

s = 161
and 172 GeV.

The background level and typical efficiency for each of
the selections described above are listed in Table 4. To op-
timally search for a given chargino signal, some of the se-
lections are combined as described in Sect. 3.5. The overall
efficiency is measured using an appropriate combination of
selections and calculated according to the chargino decay
branching ratios as discussed in Sect. 3.6.

3.4 Neutralino selections

The neutralino analysis is optimised according to the var-
ious production and decay topologies in the different re-
gions of the MSSM parameter space. The neutralino to-
pologies can be summarised as follows. In the Higgsino
region the only accessible channel is χχ′ production and
the signature consists of acoplanar jets. In the mixed re-
gion, heavier neutralinos (χ′′, χ′′′) are also produced and
give rise to cascade decays. For large slepton masses (large
m0) the final states are mainly multi-hadronic. For light
slepton masses (small m0) the leptonic branching ratios
are enhanced, which gives rise to events containing several
leptons in the final state. Furthermore, there are parame-
ter configurations (in the mixed region for low tanβ, when
the χχ′ mass difference is small) for which the branching
ratio for χ′ → χγ is large; therefore the events often con-
tain isolated photons.

In other regions, neutralino decays to a neutral Higgs
boson (h) may play a role, depending on the assumptions
made for the Higgs sector. The efficiency for χj → χh
is greater than the efficiency for χj → χZ∗, in part due
to the νν decays of the Z∗. Conservatively, the branching
ratios of decays to Higgs bosons are set to zero.
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Table 2. Cut values for the chargino analyses. The VH selections are divided into cuts used at
√

s= 161 GeV
and 172 GeV. Cuts against γγ → hadrons are listed in Table 1 for the L, H, and VH selections; all cuts for
the VL selections are listed here

Chargino - 4J
∆M range VH - 161 GeV VH - 172 GeV H L
anti-γγ cuts Yes

Nch ≥ 24 ≥ 26
PT > 15 GeV/c > 10 GeV/c

PT /Evis > 12.5% > 10%
Mvis < 160 GeV/c2 < 70 GeV/c2 < 60 GeV/c2

∆φ < 165◦ < 175◦

InvB > 0.4 > 0.3 > 0.25
E30

w < 10%
√

s < 8%
√

s
E` < 10 GeV < 15 GeV < 20 GeV

Mmiss < 60 GeV/c2 < 70 GeV/c2 > 100 GeV/c2

MW > M1 or α23 > αref M1 = 90 GeV/c2

αref = 140◦ αref = 80◦

thrust < 0.85 < 0.925
Isolated γ =0

Chargino - 2JL
∆M range VH - 161 GeV VH - 172 GeV H L
anti-γγ cuts Yes

Nch ≥ 7
E` > 12.5 GeV ∈ [10, 40] GeV > 2.5%

√
s < 20 GeV

E30
` < Eref

` and E30
w < Eref

w Yes Yes if E30
` > 0 No

(Eref
` , Eref

w ) ⇒ (5%, 20%)
√

s (2.5%, 20%)
√

s (20%, 4%)
√

s

Mmiss > 50 GeV/c2 > 55 GeV/c2 > 50 GeV/c2 > 120 GeV/c2

Whad < 70 GeV/c2 < 65 GeV/c2 ∈ [5, 45] GeV/c2 > 1.5 GeV/c2

thrust < 0.95
∆φT < 170◦

(< 150◦ if Nch ≤ 4)
Isolated γ = 0

Chargino - VL
Topology 4J 2JL

Mvis > 4 GeV/c2 and trigger conditions
Mmiss > 140 GeV/c2

E30
w , E12 = 0 GeV
θpoint > 10◦

|cos θmiss| < 0.8
Nch ≥ 4 ≥ 3
PT > max(2.5%

√
s, 40%Evis) > 25%Evis

∆φT < 125◦ < 160◦,< 150◦ if Nch = 4
< 110◦ if Nch = 3 and |cos θmiss| > 0.7

thrust < 0.95 0.9
FNH = 0 or P NH

T > 2%
√

s < 0.4
identified e/µ ≥ 1

E30
` < 5 GeV

θscat > 2◦ if P lepton
T < 2 GeV/c

Whad < 10 GeV/c2
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Four different analyses are used to cope with the var-
ious decay modes throughout the parameter space. The
efficiencies and expected background levels for these anal-
yses are summarised in Table 4.

Acoplanar Jets Topology (AJ) Two analyses are em-
ployed for this topology: the AJ-H analysis, optimised for
large mass differences between χ and χ′, and the AJ-L
analysis, optimised to complement the AJ-H analysis for
small mass differences (∆M < 30 GeV/c2). In both cases,
the dominant backgrounds after the cuts against the γγ
background (see Table 1) are WW, Zγ∗ and Weν pro-
duction. These backgrounds are rejected by placing a cut
on the event thrust and on the visible mass (see Fig. 1d).
The optimum cut on the visible mass can be parametrised
with the simple form Mvis < ∆M +5 GeV/c2 throughout
the full Higgsino region. As the AJ-H selection is applied
to regions of the parameter space with large mass differ-
ences, the visible mass cut is less effective to reduce the
background and cuts on the event acoplanarity are intro-
duced. All selections are summarised in Table 3.

Four Jets with Photons (4J-γ) In the mixed region, χ′′
and χ′′′ can be produced with large cross sections. For
large slepton masses, the cascade decays give rise to multi-
hadronic final states similar to 4J chargino events. The
4J-H chargino analysis is used, with a visible mass cut
re-optimised for the neutralino search.

In this region, the radiative decay of the χ′ can be
large, especially when the mass difference between the χ′
and the χ is small, giving rise to hadronic final states
with an isolated photon. A dedicated analysis has been
designed for this topology: starting from the anti-γγ cuts
of the 4J-H chargino analysis, an energetic isolated photon
is required. To suppress the Zγ∗ and qqγ backgrounds, the
acoplanarity should be smaller than 160◦ and the missing
momentum isolated (E30

w < 7.5%
√

s). A variable cut on
the visible mass is also imposed depending on the signal
configuration. The background is about 36 fb (20 fb) at
172 GeV (161 GeV) for any cut on the visible mass, and is
reduced to less than 5 fb when the visible mass is required
to be smaller than 70 GeV. For example, when χ′χ′′ pro-
duction dominates and with a branching ratio for χ′ → χγ
of 60%, the efficiency of both the 4J-γ analysis and the 4J-
H analysis is about 15%, giving a total efficiency of 30%
with about 40 fb of background at

√
s = 172 GeV. The

cuts are summarised in Table 3.

Acoplanar Leptons Topology (AL-χ) When sleptons are
light, the production of χχ′ or χχ′′ pairs followed by the
decay χ′ → `+`−χ, χ′′ → `+`−χ has a sizeable rate and
leads to final states containing two acoplanar leptons with
the same flavour and missing energy. This topology re-
sembles the production of slepton pairs, therefore similar
selections to those described in [2] are used, except that
the cuts against the (dominant) WW background are opti-
mised for the neutralino searches as a function of the mass

Fig. 1. Distributions after γγ → hadrons rejection cuts, for√
s = 172 GeV, of a PT /Evis for the 4J-VH selection, b E30

w
for the 4J-H selection, c E` for the 2JL-L selection and d Mvis

for the AJ-H selection. Points with error bars represent the
data; the solid histogram is the background Monte Carlo; the
shaded histogram represents a signal configuration typical of
each analysis (Mχ± − Mχ(GeV/c2)) = a) 85-05 b) 85-45 c)
85-65 and d) (Mχ′ − Mχ) = 95-60. Background MC and sig-
nal are normalised to the integrated luminosity of the data.
Signal cross sections were determined for tan β =

√
2 and for

large slepton and sneutrino masses. The location of the cut is
indicated with an arrow

difference between the produced neutralinos. The WW
background is reduced by requiring that the two leptons
in the final state be of the same flavour, and by placing a
cut on the maximum momentum of both leptons.

Multileptons Topology (ML) This analysis is used to
cover the region of the parameter space where sleptons
are light and where also the heaviest neutralinos are pro-
duced (for instance, the region with m0 = 75 GeV/c2,
M2 < 130 GeV/c2, tanβ =

√
2). In this case, several lep-

tons can be present in the final state. For example, the pro-
duction of χ′χ′′ pairs, followed by the decays χ′ → `+`−χ,
χ′′ → χ±`ν, gives rise to at least three charged leptons in
the event. The following selections are designed to select
these topologies with high efficiency. Cuts against the two-
photon background similar to those discussed for 4J-H in
Sect. 3.2 are applied, but the cut on the minimum num-
ber of charged tracks, the thrust and on the maximum
energy of the leading lepton are removed. Instead, at least
two muons or two electrons are required (after removal of
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Table 3. Cuts for neutralino analyses; cuts against γγ are
listed in Table 1. The positions of the cuts for variables with
a † depend on the point in the SUSY parameter space; typical
values are given for illustration (∆M = 40 GeV/c2 for AJ-H,
∆M = 30 GeV/c2 for AJ-L, tan β =

√
2, M2 = 50 GeV/c2,

µ = −68 GeV/c2, m0 = 75 GeV/c2 and
√

s = 172 GeV for
ML)

Neutralino
Topology AJ - H AJ - L 4J-γ

anti-γγ cuts Yes Yes Yes (4J-H)
Mvis

† < 45 GeV/c2 < 35 GeV/c2 < 70 GeV/c2

thrust < 0.95
∆φ < 170◦ < 160◦

∆φT < 170◦

E30
w < 7.5%

√
s

isolated γ 1

Topology ML
anti-γγ cuts Yes (subset of 4J-H)
identified e/µ ≥2e or ≥ 2µ

E`1
† ∈ [5, 50] GeV

E`2
† > 5 GeV, ∈ [5, 25] GeV if Eγ < 10 GeV

Mvis
† < 60 GeV/c2

photon conversions). The leptons are ordered in energy,
where E`1 > E`2. The energies of the two leading lep-
tons are required to be larger than 5 GeV. Cuts on the
maximum energy of these leptons and on the maximum
visible energy in the final state are also applied to reject
WW and other backgrounds. These cuts are optimised as
a function of the masses of the neutralinos. If an isolated
photon with E > 10 GeV is present in the final state, as
one would expect from the decay χ′ → χγ, then the cut on
the maximum energy of the second lepton is removed; this
cut is directed against WW events which usually do not
contain isolated photons. The ML selection is summarised
in Table 3.

3.5 Combination of selections

The many different selections developed for the chargino
and neutralino searches must be combined so that the
analysis is sensitive to all possible topologies for a large
range of ∆M and decay branching ratios, without allowing
excessive background from selections that contribute little
to the efficiency for a particular signal configuration. The
selections are combined according to the N̄95 prescription,
by summing the signal efficiency and background expec-
tations. The global analysis employs the combination of
selections which, for a given choice of the relevant param-
eters, minimises the average expected limit on the pro-
duction cross section. Although there are discontinuities
in the efficiency, the average expected limit is continuous.

3.5.1 Combination of chargino selections

In the chargino analysis the relevant parameters are the
chargino mass, ∆M , and the leptonic branching ratio.
“Cross-efficiency” between selections is not negligible as
some selections are sensitive to a topology other than that
for which they were optimised; for example, the 4J selec-
tions are efficient for the 2JL topology when the lepton is
a tau. There is also some overlap among the selections in
the expected background.

For the typical case in the chargino analysis where the
dominant decay is through a virtual W, only 10% of the
signal events will have the topology of acoplanar leptons,
while 44% will have a 2JL topology, and 46% will occur
in the 4J topology. The selection for acoplanar leptons
(AL-3) has irreducible background from W pair produc-
tion, and so the average expected limit is not optimal when
the acoplanar leptons selection is included.

When the branching ratio of χ± → lνχ is greater than
60%, assuming equal branching ratios to e, µ, and τ lep-
tons, a better limit is expected when the AL-3 selection
is applied with the 4J-L, 2JL-H and 2JL-L selections. If
stau mixing is allowed, an increase in the number of de-
cays with τ leptons will be observed. The hadronic tau
decays are more efficiently selected by the 4J selections, so
a higher branching ratio to leptons is required before the
AL-3 selection is included. Two-body decays, χ± → τ̃1ν,
can also occur when stau mixing is considered, and the
same combination of selections is applied for the resulting
topology.

For two-body decays to sneutrinos, χ± → `ν̃, the AL-2
and AL-VL selections are applied to optimise the expected
limit as a function of ∆M (Mχ± − Mν̃) and Mχ± ; the
AL-VL selection is applied when ∆M < 8 GeV/c2, for all
Mχ± .

The optimisation for charginos is performed with the
integrated luminosity at 172 GeV, finding the optimal
combination of selections for a chargino with mass of
85 GeV/c2, as the chargino limit is determined by that
data set in most cases. The optimal combinations of selec-
tions for the 161 GeV data are then found for an 80 GeV/c2

chargino by taking the expected 172 GeV results into ac-
count. Consequently, not all selections are used in the
analysis of the 161 GeV data.

The combinations of selections applied to the data in
the chargino analysis and the expected background esti-
mates are summarised in Table 5.

3.5.2 Combination of neutralino selections

In the neutralino analysis the optimal combination de-
pends on the region of the MSSM parameter space since
the production processes and decay modes vary through-
out this space.

In the Higgsino region the dominant topology is acopla-
nar jets, irrespective of m0 and tanβ, and a combination of
the AJ-H and AJ-L analyses is used for ∆M < 30 GeV/c2.
For ∆M > 30 GeV/c2 the AJ-H analysis alone is used.
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Table 4. Efficiencies at
√

s = 172 GeV and background for chargino and neutralino analyses.
The chargino efficiencies are determined considering only the topology for which that selection
was optimised, for µ = −500 GeV/c2 and tan β =

√
2, varying M1 independently of M2 to obtain

the various (Mχ± , Mχ) listed combinations. For the 2JL analyses, efficiencies are calculated for
events with ` = e, µ. For the AL-2 analysis, the minimum and maximum background is given.
The background for the neutralino selections is determined at the points given in Tables 3

Topology σbg(161) σbg(172) ε signal(Mχ± ,Mχ,ν̃
)

Chargino - 4J
VH 21 fb 34 fb 22% (85,5)
H 29 fb 37 fb 54% (85,40)
L 4 fb 15 fb 33% (85,75)

VL 66 fb 65 fb 19% (85,80)
Chargino - 2JL

VH 25 fb 20 fb 35% (85,5)
H 4 fb 2 fb 61% (85,40)
L 9 fb 3 fb 47% (85,75)

VL 9 fb 13 fb 21% (85,80)
Chargino - AL

AL-3 74 fb 88 fb 66% (85,45)
AL-2 45 − 119 fb 45 − 232 fb 65% (80,60)

AL-VL 80 fb 80 fb 19% (80,76)

Neutralino
AJ-H 22 fb 18 fb 38%
AJ-L 35 fb 42 fb 24%
4J-γ 5 fb 5 fb 15%
ML 52 fb 51 fb 10%

AL-χ 67 fb 56 fb 10%

Table 5. Combinations of selections used to set limits with
the 161 and 172 GeV data, for three-body decays of charginos.
For combinations listed in Rows 1-3, W∗ branching ratios are
assumed, and the combinations in Row 4 are applied when the
branching ratio of χ± → `νχ is greater than 60%. Background
estimations for the combinations are also given

Charginos
172 GeV

∆M (GeV/c2) Combinations σbg (fb)
1 < 10 4J-VL, 2JL-VL, 2JL-L 81
2 10 − 50 4J-L, 2JL-L, 4J-H, 2JL-H 53
3 ≥ 50 4J-H, 2JL-H, 4J-VH, 2JL-VH 94
4 all 4J-L, 2JL-L, 2JL-H, AL-3 101

161 GeV
∆M (GeV/c2) Combinations σbg (fb)

1 < 10 2JL-VL, 4J-L, 2JL-L 23
2 10 − 60 4J-L, 4J-H, 2JL-H 34
3 ≥ 60 2JL-H, 4J-VH, 2JL-VH 49
4 all 4J-L, 2JL-H, AL-3 90

In the mixed region, χ′′ and χ′′′ production is kine-
matically accessible and, in addition, the χ′ has a large
radiative branching fraction when µ < 0. Thus for large
slepton masses (m0 ∼ 200 GeV/c2), where the neutrali-
nos give rise mainly to hadronic final states, a combina-
tion of the 4J-H chargino analysis with the 4J-γ anal-

ysis gives the best sensitivity. For small slepton masses
(m0 = 75 GeV/c2, for example), the leptonic branching
ratios are enhanced and the AJ-H analysis is combined
with the AL-χ and ML analyses over the mixed and gaug-
ino regions. Since in these regions the neutralino produc-
tion processes and the leptonic and hadronic branching
ratios change rapidly as a function of the parameters, the
combination of the AJ-H, AL-χ and ML selections allows
for a robust analysis and for a stable signal efficiency.

The combinations of selections, efficiencies, and back-
ground measurements for the neutralino searches are sum-
marised in Table 6.

3.6 Efficiency parametrisation

The efficiency of the chargino selections at its simplest
level is governed by the visible mass of the event. This
is highly correlated with ∆M , which, when sleptons are
heavy, is equivalent to the maximum invariant mass Q2 of
the fermion pair from the decay of the virtual W. How-
ever, the field content of the charginos and neutralinos
can affect the selection efficiency independently of Mχ±

and Mχ. The gaugino and Higgsino components for both
the χ± and χ play a role in the decay amplitude. The
CP eigenvalues (embedded in the neutralino mass matrix)
can influence the differential decay rate dΓ/dQ2 [9]. Aside
from discrete differences in CP eigenvalues, the W̃+ and
H̃+ components in the decay amplitude depend on the
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Table 6. Combinations of selections used to set limits with the 161 and 172 GeV data, for
the neutralino searches. The parameters for efficiency and background measurements are the
same as in Table 3

Neutralinos
172 GeV 161 GeV

Region Combinations ε (%) σbg (fb) ε (%) σbg (fb)
1 Higgsino:∆M < 30 GeV/c2 AJ-L, AJ-H 39 46 40 41
2 Higgsino:∆M > 30 GeV/c2 AJ-H 38 18 41 22
3 mixed:high Br(χ′ → χγ) 4J-H, 4J-γ 30 38 30 30
4 mixed:low m0 AJ-H, ML, AL-χ 23 108 23 95

model parameters in different ways, showing up as sig-
nificant changes in dΓ/dQ2, even for constant Mχ± , Mχ

and dominantly gaugino-like charginos and neutralinos.
These effects have the largest impact on the efficiency
when ∆M ≈ 50 GeV/c2, and can lead to differences in
the efficiency of up to 30% (relative) in some cases.

For the selections described here, the efficiencies are
derived separately for tanβ =

√
2 and 35. The efficien-

cies are ∼ 5% lower for the latter, when ∆M ∼ 40 −
50 GeV. These differences are verified with both DFGT
and SUSYGEN.

To map out the dependence of the efficiency as a func-
tion of ∆M , µ is fixed to a large value, and tanβ is fixed
to

√
2 and 35. After finding M2 for a given Mχ± , M1 is

varied (thereby violating the standard gaugino mass uni-
fication relation) to obtain the full range of Mχ (hence,
∆M). Many points in ∆M are generated using the full
detector simulation, with a statistical error of ∼ 1% for
each ∆M point.

The efficiencies are parametrised as functions of ∆M
in the three ranges of ∆M given in Table 5. They are
also parametrised for the three chargino decay topologies:
“QQ”, when both charginos decay to qq̄′χ, “QL”, when
one chargino decays to `νχ (` = e, µ, τ) and the other
to qq̄′χ, and “LL”, when both charginos decay to `νχ. In
this way, efficiencies are measured on topologies defined by
the actual chargino decay. While analyses are designed for
a particular decay type (4J for “QQ”, 2JL for “QL” and
AL for “LL”), this takes into account cross-efficiencies and
allows calculation of the overall efficiency for any value of
the leptonic branching ratio, Br(χ± → `νχ).

Separate parametrisations are obtained for
√

s = 161
and 172 GeV. A corrective factor (one for each ∆M range)
is derived for the Mχ± dependence at fixed

√
s. Correc-

tions are applied for increases in the relative fraction of
chargino decays to taus in proportion to all leptons. Cor-
rections are also applied for the systematic reduction in
efficiency as discussed in Sect. 3.7.

The efficiencies as a function of ∆M and Br(χ± →
`νχ) for the chargino analysis are shown in Fig. 2. The
efficiency is shown as a function of ∆M for the combi-
nations in rows 1 − 3 of Table 5. Efficiencies are shown
separately for the “QQ” and “QL” signal topologies. The
efficiency for the “LL” topology is essentially zero for these
combinations of selections. The efficiencies for the differ-
ent topologies are combined according to the appropri-
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Fig. 2. Parametrised selection efficiency for the chargino selec-
tions listed in Table 5. a The efficiency is plotted as a function
of ∆M , for Mχ± = 85 GeV/c2 at

√
s = 172 GeV, calculated

for µ = −500 GeV/c2 and tan β =
√

2, using the combina-
tions for W branching ratios. Efficiencies are plotted for mixed
(“QL”) and hadronic (“QQ”) topologies, and combined assum-
ing W branching ratios, Br(χ± → `νχ) = 0.33 (“W ∗”). b The
efficiency is plotted as a function of Br(χ± → `νχ), assuming
equal lepton flavours (“` = e, µ, τ”) and that all leptons are
taus (“` = τ”), for ∆M = 40 GeV/c2

ate branching ratios to give an overall efficiency; here, W
branching ratios are applied. Also shown is the efficiency
as a function of Br(χ± → `νχ) under the assumption of
equal branching ratios to e, µ and τ , and assuming 100%
branching ratio to τνχ, which gives the most conservative
efficiency if stau mixing is allowed. The sudden increase in
the efficiency at large Br(χ± → `νχ) is due to the effect
of including the AL-3 selection.

The selection efficiencies for AJ and two-body chargino
decays (χ± → `ν̃ and χ± → τ̃1ν) are parametrised simi-
larly. The efficiency for the AJ analysis is shown in Fig. 3
as a function of ∆M for different values of the MSSM
parameters (m0, tanβ, µ) and for

√
s = 161 GeV. For

this analysis, in the Higgsino region, the efficiency depends
only on the mass difference between the two neutralinos,
i.e., on the visible energy in the final state, and not on
other parameters of the theory. In this region, indepen-
dent of the other model parameters, the only kinematically
accessible process is χχ′ production and the dominant de-
cay of the χ′ is χ′ → Z∗χ. The efficiency improves at large
∆M , due to the larger visible energy in the final state,
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and drops at ∆M = 30 GeV/c2 because of the change in
the combination of selections.

3.7 Studies of systematic effects

The most important systematic effects for the chargino
and neutralino analyses are those which affect the signal
efficiency, including modelling of the signal process and
detector.

The requirement that no energy be reconstructed
within 12◦ of the beam axis introduces an inefficiency due
to beam-associated and detector background not simu-
lated by Monte Carlo, as it depends on the beam con-
ditions during data taking. This loss is measured from
events triggered at random beam crossings to be 4.1% in
the 161 GeV data and 2.4% in the 172 GeV data. The ef-
ficiency for the relevant selections is reduced accordingly.

To check the simulation of the detector response to
events which are kinematically similar to the signal events,
a sample of events from LEP 1 is selected. These events
have an isolated energetic photon from final state radia-
tion, which is removed from the analysis of the rest of the
event, leaving an acoplanar hadronic system with missing
energy and visible mass similar to signal events. Kinematic
quantities such as thrust, transverse momentum, acopla-
narity, isolation of the missing momentum vector, and the
neutral hadronic energy fraction are well reproduced by
the Monte Carlo. The simulation of kinematic quantities
for low visible mass systems is tested by comparison to
Z → τ+τ− events, and good agreement is found.

The identification of electrons and muons has been
compared in data and Monte Carlo. The electron iden-
tification efficiency for the 2JL-VH, H, and L has a sys-
tematic uncertainty of 0.6% per electron. The selection
for the 2JL-VL analysis has a systematic uncertainty as-
sociated with the electron identification efficiency at low
momenta due to the simulation of the calorimetric and

dE/dx estimators of 3.7%, with an additional correction
of −3.9% (relative) applied to the efficiency. Systematic
uncertainties in the muon identification lead to an error
of 0.7% in the 2JL-VH, H, and L selections, 1.4% in the
2JL-VL selection.

The Monte Carlo program used for simulating the
chargino signal, DFGT, has been compared to SUSYGEN,
and good agreement found for kinematic variables and sig-
nal efficiencies predicted by the two programs. The effects
of the spin of the charginos is evident in the angular dis-
tribution of the leptons; however, this has an insignificant
effect on the overall efficiency. The DFGT program does
not include a simulation of final state radiation. The ef-
fect of this on the selection efficiency varies from ' 1%
for high ∆M to 3.5% for very low ∆M . Signal efficiency
measurements are corrected for this effect.

The measurement of the luminosity and beam energy
can introduce an error in the derivation of an upper limit
on the signal. The uncertainty on the measurement of the
integrated luminosity recorded by the detector is less than
1% including statistical and systematic uncertainties. The
beam energy is known to within 30 MeV [24], causing a
negligible uncertainty in the results of this analysis.

Systematic errors are taken into account in the deriva-
tion of the results for the chargino and neutralino analyses
by means of the method detailed in [25]. In addition to the
systematic uncertainties, statistical errors from the Monte
Carlo statistics and the luminosity measurement, which
have uncertainties of <∼ 1% each are taken into account.

4 Results

4.1 Events selected in the data

In the 21 pb−1 of data taken at
√

s = 161 − 172 GeV, 9.5
events are expected from background in the chargino se-
lections and 5.7 in the neutralino selections. There is some
overlap in the background expectations for the chargino
and neutralino analyses, leading to a total of 13 events ex-
pected. A total of 15 events is observed in the data, with
some events selected by both the chargino and neutralino
analyses, and several events selected by other ALEPH
searches for supersymmetry [2,3]. A summary of the events
selected by each analysis, along with a Standard Model
hypothesis for each candidate, is given in Table 7. The
numbers of events expected and observed by the various
combinations of selections is given in Table 8.

In the chargino analysis, a total of 3.7 events are ex-
pected to be selected by the 4J and 2JL analyses in the 161
and 172 GeV data set, and five events are observed. Two
events are selected by the 4J-VL analysis in the 172 GeV
data set; both are consistent with γγ background. One of
these events has missing momentum pointing to the ver-
tical LCAL crack; an undetected electron from a tagged
γγ event is a possible explanation. The other event has
an energy deposit in the HCAL which, possibly due to in-
correct reconstruction, is not associated to a track, giving
the event “extra” transverse momentum. Two events are
selected by the 2JL-VH and 4J-VH selections, one each in
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the 161 and 172 GeV data; both are compatible with WW
production. One event can be interpreted as WW → τνqq,
where the tau decays hadronically. Due to a nuclear inter-
action in the ITC/TPC wall, the kinematics of the event
are mismeasured. The other event can also be interpreted
as WW → τνqq, where the tau decays to an electron and
neutrinos. A possible mismeasurement of the energy of
a low-angle jet due to cracks in the detector allows this
event to be selected. The kinematics of the event selected
by the 4J-L analysis in the 161 GeV data suggest its origin
as the four-fermion process ZZ∗/γ∗ → νντ+τ− where the
taus decay to ρ and a1. This event is also selected by the
searches for neutralinos, stops, and staus.

In the AL-3 selection, three events are observed in the
172 GeV data, while 1.6 are expected in the entire data
set. One of these events is also selected by the smuon
search, and is compatible with WW or Zγ∗ production.
The other two events are consistent with WW → τντν,
with one-prong tau decays. The events are not selected
by the slepton searches because the tracks are not both
identified as leptons. In the AL-2 selection, the same three
events are selected by the high mass difference analysis,
while 3.8 events are expected from the 161 and 172 GeV
data set. Five events, compatible with background pro-
cesses, are selected by the AL-VL analysis, while two are
expected, as described in [2].

In the neutralino analyses, two events are selected by
the AJ-L and AJ-H analyses, while 1.9 are expected. Both
events are among those selected by the chargino analy-
sis. One event is observed in the data by the combina-
tion of the 4J-H and the 4J-γ analyses, while 0.8 are ex-
pected. This candidate is selected by the 4J-H analysis
only for the neutralino case, where the optimisation pro-
cedure leads to a visible mass cut above 70 GeV/c2, in
contrast to the chargino search. This event has a visible
mass of 70.3 GeV/c2 and shows a large charged track mul-
tiplicity. There is a clear sign of an isolated minimum ion-
ising particle at low angle, with a muon-like digital pattern
in the HCAL and one hit in each muon chamber layer. No
charged track is reconstructed because the particle is at
a very low angle: only two TPC hits are recorded. This
favours the WW interpretation of this event, with a lep-
tonic decay of one W.

Finally, two events are selected while three are ex-
pected in the combination of the AJ-H, AL and ML anal-
yses optimised for the neutralino search for small m0 in
the mixed region. One of them is common to the chargino
candidate sample. The other one is a slepton candidate
and is described in detail in [2].

The number of events selected in the data, their dis-
tribution among the selections and their properties do not
suggest a signal for supersymmetry. Therefore, limits are
set on the production of charginos and neutralinos, and
constraints placed on the parameters of the MSSM. The
candidate events are taken into account in deriving the
limits in the regions of (Mχ± , Mχ) and (Mχ′ , Mχ) in which
the analyses that select each candidate are applied. For
the combinations using the AL-2 selection only, the WW
background is subtracted [26] from the AL-2 selection.

Table 7. Candidate events selected by the chargino and neu-
tralino analyses in the 161 and 172 GeV data

Selection√
s (GeV) Chargino Neutralino Hypothesis

161 4J-VH WW
AL-VL γγ → ``

AL-χ,ML WW, Zγ∗

4J-L AJ-L ZZ∗/γ∗ → ττ
172 2JL-VH WW

AL-VL γγ → ``
AL-3,AL-2 ML WW, Zγ∗

4J-H WW
4J-VL γγ → qq
AL-VL γγ → ``

AL-3,AL-2 WW
AL-3,AL-2 WW

4J-VL AJ-L γγ → ττ
AL-VL γγ → ``
AL-VL γγ → ``

Table 8. Numbers of background events expected and ob-
served by the chargino and neutralino analyses in the 161 and
172 GeV data. In the chargino column, the “ W ∗” combina-
tions correspond to rows 1 − 3 of Table 5, and the neutralino
combinations correspond to those given in Table 6. “χ±(`)”
refers to the total number of events from AL-3,AL-2, and AL-
VL selections (see Table 4)

Chargino Neutralino
Combination Nexp Nobs Combination Nexp Nobs

1 1.1 3 Higgsino: 1 − 2 1.9 2
W ∗ 2 0.9 1 mixed: 3 0.8 1

3 1.5 2 mixed: 4 3.0 2
χ±(`) 5.8 8
total 9.5 13 total 5.7 5

4.2 Limits on the production cross section

Upper limits on sparticle production cross sections can be
derived from the results of these searches. Unless sleptons
are light, W∗ exchange dominates the decay of charginos,
so the process e+e− → χ+χ− → W∗χW∗χ defines the sig-
nal topology used to set upper limits on the cross section
in the plane of Mχ± and Mχ, shown in Fig. 4. The effi-
ciencies used in the derivation of this limit are calculated
for µ = −500 GeV/c2, tanβ =

√
2, using the techniques

described in Sect. 3.6. The features of the contours of con-
stant cross section reflect discontinuities in the number
of candidates at points where the combinations of selec-
tions change and where the additional luminosity from
data taken at lower energies applies. The integrated lumi-
nosities taken at centre-of-mass energies of 130, 136 [27],
161, and 170 GeV are scaled by the ratio of cross sections
in the gaugino region (µ = −500 GeV/c2, tanβ =

√
2) to

those at 172 GeV, and included with the data taken at
172 GeV to derive this limit. The ratio of cross sections is
slightly larger in the gaugino region than in the Higgsino
region; however, the result differs by less than 10%.
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s=172 GeV. Z branching ratios are assumed in the χ′ decay

Similarly, the neutralino AJ-H and AJ-L searches can
be used to derive an upper limit on the cross section for
χχ′ production, where the decay χ′ → Z∗χ is assumed.
The resulting cross section limit for the range of (Mχ′ , Mχ)
relevant in the Higgsino region is shown in Fig. 5. Values
of ∆M > 40 GeV/c2 have not been considered because
for the given luminosity, the cross sections are too low to
allow this region to be useful as a constraint.

4.3 Interpretation in the MSSM

The constraints that the results of the chargino and neu-
tralino searches can place on the parameters of the MSSM
are explored in this section. First, limits are derived as-
suming that sleptons are heavy. In this case, charginos
and neutralinos decay with W and Z branching ratios, re-
spectively. Next, sleptons are allowed to be light, and the
resulting changes to the cross section and decay branching
ratios are explored. Stau mixing can potentially affect the
limits derived from the searches, as the decays of charginos
and neutralinos are modified by the presence of a light
stau. These effects have been investigated, and the result-
ing limits are only slightly modified from previous cases.
Assumptions commonly made in SUSY GUT’s are then
relaxed, and exclusion limits independent of requirements
of a universal slepton mass are derived. The assumption of
a universal gaugino mass is also relaxed, and finally, limits
without assumptions on a universal scalar or a universal
gaugino mass are given.

Limits are derived using parametrisations for the effi-
ciencies, as described in Sect. 3.6, and the slight variations
in efficiency due to field content are checked with the full
MSSM simulation.

4.3.1 Standard scenario: heavy sleptons

Chargino and neutralino masses and cross sections are de-
termined by the parameters µ and M2, for given values
of tanβ and m0. Limits on the production of charginos
and neutralinos constrain these parameters, as depicted
in Fig. 6 for the given values of tanβ and for Mν̃ =
200 GeV/c2. At this value of Mν̃ , the decay branching
ratios are unaffected, but the cross section is reduced with
respect to its asymptotic value. (When sleptons are heavy,
detailed assumptions made on the relations among their
masses are unimportant.)

In the gaugino region, the chargino production cross
section is high, and selection efficiency is high since ∆M '
Mχ±/2 (see Fig. 2). As a result, charginos are excluded
nearly to the kinematic limit. The limit on the chargino
mass is 85.5 GeV/c2 for µ = −500 GeV/c2 and tanβ =√

2. In the Higgsino region, the cross section is lower and
∆M is small, leading to a lower selection efficiency due
to the difficulties of rejecting the γγ background, and
a slightly weaker limit (Mχ± > 85 GeV/c2 for ∆M >
10 GeV/c2, corresponding to M2 <∼ 550 GeV/c2). The
additional gain from the search for χχ′ production, which
is most powerful in the Higgsino and mixed regions for
low tanβ, is also shown. For high tanβ, the result from
the chargino searches is similar, and the exclusion reaches
the kinematic limit; no additional exclusion is gained from
the neutralino search. In the following, the discussion will
be concentrated on the low tan β case.

The impact of the neutralino search is seen more clearly
in Fig. 7. The limit on the chargino mass as a function of
M2 is derived using the chargino and neutralino analyses
separately. For lower M2, charginos are excluded nearly
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search (labelled χ′), and from the combination of chargino and
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2 and

m0 = 200 GeV/c2

to the kinematic limit by the chargino search alone. The
neutralino analysis allows exclusion beyond the kinematic
limit for chargino production. For higher M2, ∆M be-
comes small, leading to a lower selection efficiency. The
abrupt reduction in the limit from the chargino search at
M2 ∼ 550 GeV/c2 is due to the increase in the number of
candidates to be taken into account for ∆M < 10 GeV/c2.

Charginos and neutralinos constitute independent sig-
nals in the Higgsino region. The selection criteria devel-
oped for the chargino signal do not augment significantly
the neutralino acceptance, and vice versa. To obtain a
combined limit, expected signals and numbers of candi-
dates are summed, extending the exclusion in the Higgsino
region, as shown in Fig. 7. This is most evident in the deep
Higgsino region, where the combination of chargino and
neutralino analyses sets a limit on the chargino mass above
79 GeV/c2, for M2 ≤ 1200 GeV/c2 (corresponding to
∆M ≥ 5 GeV/c2). This improves the limit of 72 GeV/c2

set by the chargino search alone.
At the “Supersymmetric Limit”, where tanβ = 1 and

M2 = µ = 0, both χ± and χ±
2 have mass ' MW. The

two lightest neutralinos are nearly massless, and χ′ de-
cays to χγ with 100% branching ratio. Production of heav-
ier neutralinos is also kinematically possible, with Mχ′′ '
Mχ′′′ ' MZ. This process was accessible at

√
s = 130 −

136 GeV, and was used to exclude the Supersymmetric
Limit [28]. At

√
s > 2MW, direct exclusion of this re-

gion using chargino searches also is possible. Since the
mass difference between the charginos and neutralinos is
' 80 GeV/c2, the search is difficult due to the WW back-
ground, but the efficiency of the 2JL-VH and 4J-VH selec-
tions allows this point to be excluded. The optimal limit
is expected when only the data taken at

√
s = 172 GeV

is included. No background is subtracted in the deriva-
tion of this limit. The upper limit on the cross section is
2.9 pb, and at

√
s = 172 GeV, the theoretical cross sec-

tion is > 2.9 pb in this region. This limit is derived for
m0 = 200 GeV/c2.

4.3.2 Effects of light sleptons

The effect of low slepton masses is significant in both
the production and decay of charginos and neutralinos,
as explained in Sect. 1. Here limits are derived from the
chargino and neutralino searches when sleptons are light
and the particular role played by staus is clarified. Direct
searches for sleptons can also play a role in the chargino
and neutralino limits in this scenario. A general exclusion
will be treated fully in a forthcoming publication; for pre-
liminary results, see [30].

Light sleptons, nominal stau mixing
The limit on the chargino mass throughout the gaugino
region is evaluated as a function of µ for several values of
m0 and for tanβ =

√
2, as shown in Fig. 8a. This limit is

derived from the chargino analysis assuming a universal
scalar mass m0 for the sleptons. The overall reduction in
the limit for decreasing m0 is due to the diminished cross
section. As charginos become more gaugino-like (i.e., as
|µ| increases), the leptonic branching ratio increases, and
the selection for acoplanar leptons is applied to retain effi-
ciency; the sharp change in the limit is due to the change
in efficiency and number of candidates. Stau mixing, dis-
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Fig. 8. a The limit on the chargino mass
as a function of µ for tan β =

√
2, for sev-

eral values of m0. The excluded chargino
mass from the neutralino search for m0 =
75 GeV/c2 is shown as a dashed curve.
The chargino exclusion is independent of
µ when µ >∼ −60 GeV/c2, as can be seen
in b, where the exclusion in the (µ, M2)
plane for several values of m0 is shown.
The dark curves indicate limits from the
chargino searches, and the hatched area is
the exclusion from the neutralino analy-
sis, for m0 = 75 GeV/c2. These limits are
derived for tan β =

√
2

cussed further below, is calculated with Aτ = 0 GeV/c2

(at the electroweak scale).
The evaluation of low m0 effects is extended to the

(µ, M2) plane, as shown in Fig. 8b. The reduction of the
limit in the gaugino region, as seen in the previous plot, is
also evident in the mixed region, where a “valley” opens
up for −µ ≈ M2. There is a modest improvement in
the excluded region from charginos as m0 increases from
200 GeV/c2 to 1000 GeV/c2. In the Higgsino region, light
scalars have little effect on the exclusion obtained with the
chargino and neutralino searches, and all limits are similar
to the high m0 results.

In contrast to chargino production, the neutralino
cross section increases significantly as m0 is reduced below
100 GeV/c2. The enhancement of the leptonic branching
ratios motivates the combination of the acoplanar jet anal-
ysis with the multi-leptonic analyses. The results cover the
chargino valley and slightly improve the LEP 1 limit [29]
(not shown). In the gaugino region where only χχ′ and
χ′χ′ are produced, the larger cross section for m0 =
75 GeV/c2 allows the derivation of limits which are al-
most as constraining as the chargino limits. The limits
from neutralino searches for m0 = 75 GeV/c2 are ex-
pressed as a limit on the chargino mass in Fig. 8a.

In chargino production and decay for low m0, the rele-
vant physical quantity is the mass of the sneutrino, as this
determines the reduction in cross section and enhance-
ment of the leptonic branching ratio. Therefore, the limit
on the chargino mass can be meaningfully expressed as a
function of the sneutrino mass.

As seen in Fig. 9 for two points in the gaugino re-
gion, when Mν̃ ≥ 150 GeV/c2, there is little effect due
to the sneutrino mass; this is similar to the case under
which the limits in Fig. 6 are derived. The cross section
decreases as Mν̃ decreases, and the leptonic branching ra-
tio increases, necessitating a change in selections to in-
clude the AL-3 selection. In the near gaugino region (µ =
−80 GeV/c2), light sleptons have less of an effect, and the
leptonic branching ratio does not increase above 50%. The
limit in this case is lower than for µ = −500 GeV/c2 due
to the lower cross section.
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Fig. 9. The limit on the chargino mass as a function of sneu-
trino mass in the gaugino region, for tan β =

√
2 and Aτ = 0.

The limit from selectron and smuon searches for tan β =
√

2
and µ = −80 GeV/c2 is also indicated

When Mν̃ ≤ Mχ± , two-body decays χ± → `ν̃ tend
to dominate. The AL-2 and AL-VL selections are used to
derive the limit in this region. When the mass difference
is too small, the leptons do not have enough energy to
pass the selection, and no exclusion is obtained. This is
the “corridor” visible at low Mν̃ in Fig. 9, which extends
to the LEP 1 limit of 45 GeV/c2 on the chargino mass.
The differences in the corridor for these two values of µ are
due to the effects of stau mixing, discussed in the follow-
ing subsection. The features of the contour reflect the ac-
counting for candidates as a function of ∆M . Also shown
is the limit from the slepton search [2], which excludes the
corridor where no limit can be obtained from the chargino
search. The slepton limit is derived for tanβ =

√
2 and

µ = −80 GeV/c2, and is much weaker for high tanβ; thus,
a general exclusion of this region is difficult.

Effects of stau mixing
Due to the relatively high mass of the tau lepton, mix-

ing between the left- and right-handed staus can occur,
modulated by the off-diagonal term in the stau mass ma-
trix, −Mτ (Aτ +µtanβ). The lightest stau, τ̃1, can be sig-
nificantly lighter than the other sleptons and sneutrinos,
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causing an increase in the branching ratios of charginos
and neutralinos to final states with taus. The decay am-
plitude also depends on the field content of the chargino
or neutralino, and is most enhanced in the gaugino re-
gion. Thus, the effects of stau mixing are most evident for
gaugino-like charginos and neutralinos.

To study the effects of stau mixing, a point in the deep
gaugino region is chosen, specifically µ = −500 GeV/c2,
for tanβ =

√
2. A low value of tanβ is chosen since for

high tanβ in the gaugino region, the stau mass can be-
come unphysical (Mτ̃1

2 < 0), for low m0. The limit on
the chargino mass as a function of sneutrino mass (still
assuming a universal slepton mass) is shown in Fig. 10 for
three values of the tri-linear coupling term, Aτ : Aτ = 0
and Aτ = ±1 TeV/c2.

For high Mν̃ , there is little effect from stau mixing, and
the results are as discussed previously. As Mν̃ decreases,
the slepton masses also decrease, with a comparatively
larger impact of the mass splitting in the stau sector. How-
ever, even if the detailed behaviour of the chargino mass
limit as a function of Mν̃ is affected by the precise value
of Aτ , the global features observed for Aτ = 0 remain.
The differences shown in Fig. 10 are due to the mass of
τ̃1 and its coupling to the chargino. Decays of χ± → τ̃1ν
can occur concurrently with χ± → `ν̃ or χ± → `νχ, with
branching ratios which depend on the degree of mixing,
causing changes in the details of the limit.

For Aτ = 0, χ± → τ̃1ν decays can occur when χ± → `ν̃
is kinematically forbidden, and the effects are only notice-
able in the limit near the corridor. For Aτ = +1 TeV/c2,
the τ̃1 is heavier than for Aτ = 0, and there are few
χ± → τ̃1ν decays. A larger difference is observed for Aτ =
−1 TeV/c2, as the τ̃1 is light and χ± → τ̃1ν decays occur
with a high branching ratio. This allows the corridor to
be excluded but weakens the exclusion for lower Mν̃ .

The effects of stau mixing depend on the mixing pa-
rameters and field content of the chargino. The most con-
servative limit is found by using the lowest efficiency. When
the chargino decays to three-body final states, this is ob-
tained when the highest possible branching ratio to final
states with taus occurs, thereby maximising the impact of
stau mixing. This is achieved by varying Mτ̃1

and the mix-
ing angle to obtain the highest branching ratio for three-
body decays to τνχ (without relying on constraints on
Aτ ). This limit is derived for µ = −500 GeV/c2, where a
branching ratio of ∼ 85% for χ± → τνχ for all sneutrino
masses is obtained, for Mν̃ > Mχ± . Since the chargino
selections have good sensitivity for final states with taus
(see Fig. 2), the limit in this “maximal impact” case is
not very different from the other examples. The result is
shown as the hatched region in Fig. 10.

The limit on the chargino mass when the requirement
of three-body decays is released is shown in Fig. 11, as a
function of the τ̃1 mass for a series of sneutrino masses.
The transition from three-body (τνχ) to two-body (τ̃1ν)
final states is marked by the diagonal line; the bound falls
by a small amount due to the increase of the final states
with taus from ∼ 85% to 100%. Allowing for χ± → τ̃1ν
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Fig. 10. The limit on the chargino mass as a function of sneu-
trino mass, for µ = −500 GeV/c2, tan β =

√
2, and various

Aτ . First, a universal scalar mass is assumed, and the limit
is derived for Aτ = 0 (solid curve), Aτ = +1 TeV/c2 (dashed
curve) and Aτ = −1 TeV/c2 (dot-dash curve). Second, the as-
sumption of a universal m0 is dropped, and the impact of stau
mixing is maximised (for three-body chargino decays), shown
as the hatched region. The shaded region at low Mν̃ is theoret-

ically forbidden for Aτ = −1 TeV/c2
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Fig. 11. The limit on the chargino mass as a function of
stau mass, for several values of the sneutrino mass, for µ =
−500 GeV/c2 and tan β =

√
2. The limits from direct searches

for staus [2] are also indicated, where the area labelled τ̃R is
excluded for pure right-staus, and the area labelled τ̃min is the
most conservative limit. The light shaded triangular region in
the upper left corner corresponds to Mχ > Mτ̃1

and is not
considered here

decays degrades the limit by only a few GeV/c2 as long as
Mτ̃1

− Mχ >∼ 10 GeV/c2. As before, the mixing angle has
been varied to obtain the lowest bound on the chargino
mass. Generally this means that the τ̃1 has a high left-
stau component, leading to 100% χ± → τ̃1ν decays. When
χ± → `ν̃ decays are possible, the most conservative sce-
nario is allowing χ± → `ν̃ decays to dominate, as this
opens up the corridor discussed previously, and the limit
on the chargino mass is Mχ± = Mν̃ (as shown in Fig. 11,
for Mν̃ = 60 GeV/c2). This corresponds to requiring the
τ̃1 to have a maximal right-stau component. Limits from
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Fig. 12. a The limit on the chargino mass as a function of ∆M , for Mν̃ ≥
200 GeV/c2. The thick solid curves indicate the limit in the Higgsino and gaug-
ino regions, assuming gaugino mass unification. The hatched regions reflect the
spread in the limits if gaugino mass unification is relaxed, as µ is varied from −80
to −500 GeV/c2, for heavy sleptons, and maximising the impact of stau mixing.
b The limit in the (Mχ± , Mχ) plane, relaxing gauge unification relations for the
gaugino and slepton masses, for several values of Mν̃ . The dashed curve indicates the
limit if the gaugino mass unification relation is assumed. The inaccessible region for
very low Mχ can not be attained by relaxing the gauge unification relation

direct searches for staus can be invoked in that case, as
shown in Fig 11 (“τ̃R”). Also shown is the limit for staus
which decouple from the Z (“τ̃min”), which gives the most
conservative limit from the stau search.

4.3.3 Non-universal scalar masses

Interpretation of search results often rely on assumptions
according to a model. The assumption of a universal slep-
ton mass at the GUT scale was made in the discussion of
stau mixing effects for specific values of Aτ (0,±1 TeV/c2).
However, in chargino decays, the sneutrinos and left slep-
tons are most relevant; the pure right sleptons do not play
an important role. Therefore, theoretical constraints relat-
ing the masses of the left and right sleptons and sneutrinos
can be dropped, retaining simply M2

˜̀L
= M2

ν̃ −M2
W cos 2β,

which is guaranteed by gauge invariance. Equal masses
among slepton generations are assumed.

In this framework, the results previously derived from
the chargino search are still valid apart from the stau mix-
ing effects. The limit in the “maximal impact” case is valid
without requiring assumptions on a universal scalar mass,
as the most conservative limit is found independently of
the mass of the right-stau. The requirement of three-body
decays is retained for the “maximal impact” definition, for
convenience in generalising the result. As shown in Fig. 11,
there is little change in the limit when two-body decays
are allowed.

4.3.4 Non-universal gaugino masses

If the unification relation between M1 and M2 is assumed,
the mass difference between the chargino and lightest neu-
tralino depends on the parameters of the MSSM: in the
gaugino region, ∆M is ' Mχ±/2; for low negative µ and
M2, ∆M can be higher; in the Higgsino region ∆M be-
comes very small. Figure 12a shows the limit on the chargino
mass as a function of ∆M throughout the range of ∆M
which can be attained in the gaugino and Higgsino region,
for heavy sleptons (Mν̃ ≥ 200 GeV/c2).

If the gauge unification condition is relaxed, the tight
correspondence between the χ± and χ masses in the gaug-
ino region can be broken. Varying M1 and M2 indepen-
dently, the limit on the chargino mass is displayed as a
function of ∆M in Fig. 12a, for tanβ =

√
2. The two

hatched bands show the spread in the limit as µ is varied
between −500 and −80 GeV/c2, with one band calculated
assuming heavy sleptons and the other by maximising the
impact of stau mixing (for three-body decays) as defined
in Sect. 4.3.3. The plot shows the range 0.01 < α < 10
which is required to attain the entire range of ∆M , where
α is defined by α = M1/( 5

3 tan2 θW M2). (This range of α
is larger than is expected in typical SUSY GUT’s.) The
reach of the search into the region of very high ∆M is
shown; for a nearly massless neutralino, the limit on the
chargino mass is 82 GeV/c2. These limits change little
with tanβ, and are valid for high m0 (≥200 GeV/c2).

An excluded region in the (Mχ± , Mχ) plane can be de-
rived for a series of sneutrino masses, as shown in Fig. 12b.
In addition to dropping gaugino mass unification, scalar
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mass unification is relaxed, and the maximum impact of
stau mixing requiring three-body decays is taken into ac-
count.

5 Conclusion

The data recorded with the ALEPH detector at centre-of-
mass energies of 161, 170, and 172 GeV have been exam-
ined for signals of chargino and neutralino production. Se-
lections sensitive to topologies arising from chargino pro-
duction were developed for a wide range of mass difference
between the chargino and lightest neutralino, and espe-
cially for very high and very low ∆M . Additional selec-
tions were developed for topologies arising from chargino
and heavier neutralino decays when sleptons are light. In
all of the chargino analyses, 9.5 events were expected, and
in the neutralino analyses, 5.7 events were expected, with
some overlap between the background expectations, giv-
ing a total of 13 events expected. A total of 15 candidate
events is observed in the data. These events are consistent
with Standard Model processes, giving no evidence of a
signal.

Limits at 95% C.L. on the production of charginos
and neutralinos have been derived, and bounds placed on
the parameters of the MSSM. The diversity of topolog-
ical selections and wide range of sensitivity allow inter-
pretation under a variety of model assumptions. Assum-
ing unification of gaugino masses and that sleptons are
heavy, limits are set on the chargino mass, for tanβ =

√
2.

The limit is 85.5 GeV/c2 in the gaugino region (µ =
−500 GeV/c2), and 85.0 GeV/c2 in the Higgsino region
(M2 = 500 GeV/c2). The addition of the neutralino
bounds allows the exclusion of charginos beyond the kine-
matic limit for chargino pair production, for moderate
M2 and low tanβ. The combination of chargino and neu-
tralino searches extends the exclusion in the extreme Hig-
gsino region, giving a lower limit on the chargino mass of
79 GeV/c2 for ∆M ≥ 5 GeV/c2 (M2 < 1200 GeV/c2),
and tanβ =

√
2.

The search results have been interpreted also in the
case of light sleptons. The neutralino search gives power-
ful exclusion limits in the mixed and gaugino region. The
effect of stau mixing has been investigated in detail, and
limits derived under various conditions. A limit has been
obtained with few assumptions about the slepton sector
by maximising the impact of stau mixing.

The gaugino mass unification condition has been re-
laxed, and limits derived for a wide range of ∆M , cor-
responding to extreme violations of the gaugino mass re-
lation. In addition, scalar mass unification relations have
been released, and limits derived for a range of sneutrino
masses, which are independent of assumptions on the mass
relations among sleptons and gauginos at the GUT scale,
requiring only that Mχ± < Mν̃, Mτ̃1

.
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