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Abstract

An update of the searches for charginos and gravitinos is presented, based on a data sample corresponding to the 158
pby1 recorded by the DELPHI detector in 1998, at a centre-of-mass energy of 189 GeV. No evidence for a signal was

2 Žfound. The lower mass limits are 4–5 GeVrc higher than those obtained at a centre-of-mass energy of 183 GeV. The m,
.M MSSM domain excluded by combining the chargino searches with neutralino searches at the Z resonance implies a limit2

on the mass of the lightest neutralino which, for a heavy sneutrino, is constrained to be above 31.0 GeVrc2 for tanbG 1.
q 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

In 1998, the LEP centre-of-mass energy reached
189 GeV, and the DELPHI experiment collected an
integrated luminosity of 158 pby1. These data have
been analysed to search for charginos, supersymmet-
ric partners of Higgs and gauge bosons, predicted by

Ž . w xsupersymmetric SUSY models 1 .
A description of the parts of the DELPHI detector

w xrelevant to the present paper can be found in 2 ,
w xwhile a complete description is given in 3 .

The results obtained at the same centre-of-mass
energy by other LEP collaborations, on similar

w xsearches, are described in 4 .
The conservation of R-parity, implying a stable

Ž .lightest supersymmetric particle LSP , is assumed.
This also means that charginos are pair produced in
eqey collisions. The analysis was performed in the
framework of the Minimal Supersymmetric exten-

Ž .sion of the Standard Model MSSM , with universal
parameters at the high mass scale typical of Grand

Ž . w xUnified Theories GUT’s 1 . The parameters of this
model relevant to the present searches are the masses

ŽM and M of the gaugino sector which are as-1 2
5 2sumed to satisfy the GUT relation M s tan u M1 W 23

.f0.5M at the electroweak scale , the universal2

mass m of the scalar fermion sector, the Higgs0

mass parameter m, and the ratio tanb of the vacuum

1 Now at DESY-Zeuthen, Platanenallee 6, D-15735 Zeuthen,
Germany.

expectation values of the two Higgs doublets. In this
paper it is assumed that m s1 TeV. Scalar mass0

unification is assumed, except for the sneutrino mass
which is considered to be a free parameter. As in

w xRef. 2 both cases where either the lightest neu-
0 ˜Ž . Ž .tralino x or the gravitino G is the LSP are˜1

considered.
In the former case, the decay of the charginos is

X X" 0 Ž .x ™x ff ff can be quarks or leptons and the˜ ˜1 1

events are characterised by missing energy carried
by the escaping x 0 . In some areas of the parameter˜1

space, the charginos can decay to heavier neutralinos
X" 0 0giving rise to a cascade effect: x ™x f f ™x˜ ˜ ˜1 2 1 1 1

X XŽ .f f f f f f f f can be quarks or leptons . The1 1 2 2 1 1 2 2

decay x 0 ™x 0g may occur for small mfyM . So˜ ˜2 1 2

the following decay channels were defined:
Ž .Ø The leptonic channel ll ll : the decay products

are only leptons and the LSPs.
Ž .Ø The hadronic channel jets : the decay products

are only quarks and the LSPs.
Ž .Ø The semi-leptonic channel jj ll : the decay prod-

ucts are quarks, leptons and the LSPs.
Ž .Ø The radiatiÕe channel rad : there is at least one

isolated photon among the decay products.
w xIn this scenario the likelihood ratio method 5 was

used to optimize the search for charginos. An
overview of this method and details of the imple-
mentation are given in 3.1.

0 ˜If the gravitino is the LSP, the decay x ™Gg is˜1
w xpossible 6–8 . If the gravitino is sufficiently light

Ž 2 w x.with a mass below about 10 eVrc 8 , this decay
takes place within the detector. As gravitinos escape
detection, the typical signature of these SUSY events
is missing energy and isolated photons. The selection
criteria already used at a centre-of-mass energy of
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183 GeV are applied in this scenario. The detailed
w xdescription of the analysis can be found in Ref. 2 .

2. Event generators

To evaluate the signal efficiencies and back-
ground contaminations, events were generated using
several different programs. All relied on JETSET

w x w x7.4 9 , tuned to LEP 1 data 10 , for quark fragmen-
tation.

w xThe program SUSYGEN 11 was used to generate
events with chargino production and decay in both
the neutralino LSP and the gravitino LSP scenarios,
and to calculate masses, cross-sections and branching
ratios for each adopted parameter set. These agree

w xwith the calculations of Ref. 12 . Details of the
signal samples generated are given in Section 4.

q y Ž .The background process e e ™ qq ng was
w x w xgenerated with PYTHIA 5.7 9 , while DYMU3 13

w x q yŽ .and KORALZ 4.2 14 were used for m m g and
q yŽ . w xt t g , respectively. The generator of Ref. 15

was used for eqey™ eqey events. Processes lead-
Ž .) Ž .)ing to four-fermion final states, Zrg Zrg ,

WqWy, Wen and Zeqey, were generated usinge
w x w xEXCALIBUR 16 and GRC4F 17 .

Two-photon interactions leading to hadronic final
w xstates were generated using TWOGAM 18 , separating

Ž .the VDM Vector Dominance Model and QCD
w xcomponents. The generators of Berends et al. 19

Ž .were used for the QPM Quark Parton Model com-
ponent and for leptonic final states.

The generated signal and background events were
passed through the detailed simulation of the DEL-

w xPHI detector 3 and then processed with the same
reconstruction and analysis programs as real data
events. The number of simulated events from differ-

Žent background processes was several times a factor
varying from 2 to 140 depending on the background

.process the number of real events recorded.

3. Event selections

The criteria used to select events were defined on
the basis of the simulated signal and background

events. The selections for charged and neutral parti-
w xcles were similar to those presented in 2 , requiring

charged particles to have momentum above 100
MeVrc and to extrapolate back to within 5 cm of
the main vertex in the transverse plane, and to within
twice this distance in the longitudinal direction.
Calorimeter energy clusters above 100 MeV were
taken as neutral particles if not associated to any
charged particle track. The particle selection was
followed by different event selections for the differ-
ent signal topologies considered in the application of
the likelihood ratio method, which was used in the
stable x 0 case. The detailed description of the anal-˜1

ysis done in the unstable x 0 case can be found in˜1
w xRef. 2 .

3.1. The likelihood ratio method

In the likelihood ratio method used, several dis-
criminating variables are combined into one on the
basis of their one-dimensional probability density

Ž .functions pdf . If the variables used are indepen-
dent, this gives the best possible background sup-

w xpression for a given signal efficiency 5 . For a set of
� 4variables x , the pdfs of these variables are esti-i

mated by normalised frequency distributions for the
signal and the background samples. We denote the

SŽ .pdfs of these variables f x for the signal eventsi i
BŽ .and f x for the background events submitted toi i

the same selection criteria. The likelihood ratio func-
n SŽ . BŽ .tion is defined as LL sŁ f x rf x . EventsR is1 i i i i

with LL )LL are selected as candidate signalR RCU T

events. The optimal set of variables and the value of
LL were defined in order to minimise the ex-RCU T

cluded cross-section expected in the absence of a
Ž . � 4signal at 95% confidence level . The variables xi

Table 1
Definitions of the DM regions

DM regions
21 3F DM- 5 GeVrc
22 5F DM- 10 GeVrc
23 10F DM- 25 GeVrc
24 25F DM- 35 GeVrc
25 35F DM- 50 GeVrc

26 50 GeVrc F DM
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used to build the LL functions in the present analy-R
w x Ž .sis were 20 : the visible energy E , visible massvis

Ž . Ž miss.M , missing transverse momentum p , polarvis T

angle of the missing momentum, number of charged

particles, total number of particles, acoplanarity,
acollinearity, ratio of electromagnetic energy to total
energy, percentage of total energy within 308 of the
beam axis, kinematic information concerning the

Ž . Ž . Ž . "Fig. 1. a comparison between real data squares , simulated background events histogram and a possible chargino signal, M s94x̃1
2 2 Ž . Ž .0GeVrc M s40 GeVrc , of 10 pb hatched at the preselection level and b choice of the best likelihood ratio cut for DM ) 50x̃1
2 Ž .GeVrc in the ll ll topology. The dependence of the optimum likelihood ratio cut as a function of the luminosity is shown in c and the

Ž . Ž . Ž .good agreement between real squares and simulated histogram events as a function of the likelihood ratio cut is shown in d , for 35 F
DM - 50 GeVrc2 in the jj ll topology. A possible signal, M " s94 GeVrc2 M 0 s54 GeVrc2, of 0.5 pb added to real data is shownx x˜ ˜1 1

Ž .in figure d by the dotted curve.
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isolated photons, leptons and two most energetic
charged particles and finally the jet characteristics.

3.2. Chargino analysis

The signal and background events were divided
into four mutually exclusive topologies:
Ø The ll ll topology with no more than five charged

particles and no isolated photons.
Ø The jj ll topology with more than five charged

particles and at least one isolated lepton and no
isolated photons.

Ø The jets topology with more than five charged
particles and no isolated photons or leptons.

Ø The rad topology with at least one isolated pho-
ton.

The events in a given topology are mostly events of
the corresponding decay channel, but events from
other channels may also contribute. For instance, for
low mass difference, DM, between the chargino and

Ž .the lightest neutralino and thus low visible energy
some events with hadronic decays are selected in the
leptonic topology, and some mixed decay events
with the isolated lepton unidentified enter into the
hadronic topology. This migration effect tends to
disappear as DM increases. This effect was taken
into account in the final efficiency and limit compu-
tations.

The properties of the chargino decay products are
mainly governed by the DM value. For low DM, the
signal events are similar to gg events, for high DM

Ž q y .to four-fermion final states W W , ZZ, . . . while
for intermediate DM values, the background is com-

Table 2
The number of events observed in data and the expected number of background events in the different chargino search topologies under the

0 Ž .hypothesis of a stable x Section 3.2˜1

Topology Total

jj ll ll ll jets rad
23 F DM - 5 GeVrc

Obs. events: 0 46 1 4 51
q1 .55 q3.7 q1.6 q1.61 q4.6Expect. events: 0.26 43.2 0.81 2.85 47.1y0 .07 y2.4 y0.13 y0.32 y2.4

25 F DM - 10 GeVrc
Obs. events: 0 14 4 4 22

q1 .55 q2.5 q1.81 q1.61 q3.8Expect. events: 0.26 14.3 2.27 2.85 19.7y0 .07 y1.2 y0.29 y0.32 y1.2

210 F DM - 25 GeVrc
Obs. events: 0 25 9 4 38

q1 .55 q2.7 q1.97 q1.61 q4.0Expect. events: 0.48 25.2 5.36 2.85 33.9y0 .08 y1.4 y0.49 y0.32 y1.6

225 F DM - 35 GeVrc
Obs. events: 0 11 4 4 19

q1 .52 q2.0 q1.59 q1.61 q3.4Expect. events: 0.26 13.0 5.81 2.85 21.9y0 .05 y0.8 y0.37 y0.32 y0.9

235 F DM - 50 GeVrc
Obs. events: 0 24 21 2 47

q1 .53 q2.6 q1.7 q1.56 q3.6Expect. events: 0.94 25.8 17.5 1.71 45.9y0 .14 y1.1 y0.7 y0.19 y1.4

250 GeVrc F DM
Obs. events: 1 24 27 2 54

q1 .56 q2.0 q1.9 q1.56 q3.5Expect. events: 1.32 19.7 21.8 1.71 44.8y0 .17 y0.9 y0.8 y0.19 y1.2

Ž .TOTAL logical OR between different DM windows
Obs. events: 1 70 36 5 112

q1 .56 q3.9 q2.2 q1.63 q5.0Expect. events: 1.32 66.7 25.6 3.57 97.2y0 .17 y2.7 y1.0 y0.37 y2.9
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posed of many SM processes in comparable propor-
tions.

The signal events were simulated for 76 combina-
tions of x " and x 0 masses for five chargino mass˜ ˜1 1

Ž 2 ."values M f 94, 85, 70, 50 and 45 GeVrc andx̃1

with DM ranging from 3 GeVrc2 to 70 GeVrc2. A
Žtotal of 152000 chargino events 2000 per combina-

.tion was generated and passed through the complete

simulation of the DELPHI detector. The kinematic
Ž miss .properties acoplanarity, E , p , . . . of the sig-vis T

nal events were studied in terms of their mean value
and standard deviation, and six DM regions were
defined in order to have signal events with similar

Ž .properties Table 1 .
ŽIn each of these 24 windows four topologies, six

.DM regions , a likelihood ratio function was de-

Ž . Ž . Ž . Ž . Ž .Fig. 2. Chargino pair production detection efficiencies % for the four decay channels a jj ll , b jets, c ll ll and d rad, at 189 GeV in
Ž . 0

" 0the M , M plane. A stable x is assumed. The shaded areas are disallowed in the MSSM scheme.˜x x 1˜ ˜
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fined. The generation of these 24 functions was
performed in five steps:
Ø The signal distributions of all the variables used

Ž .in this analysis see Section 3.1 were built with
signal events generated with parameter sets giv-
ing rise to charginos and neutralinos with masses
in the corresponding DM region. For each DM
region the events were classified according to the
above topological cuts. The background distribu-
tions were built with background events passing
the same topological cuts.

Ø Different preselection cuts, for each DM region,
were applied in order to reduce the high cross-

Žsection backgrounds two-photon interactions and
.Bhabha events and to generate the pdfs. Fig. 1a

shows the distribution of the visible energy for
DM ) 50 GeVrc2 in the ll ll topology for real
and simulated events. The agreement is satisfac-
tory, the normalization is absolute. The pdfs were
then generated as mentioned in 3.1.

Ø Then, to reduce statistical fluctuations a smooth-
ing was performed by passing the 24 sets of pdfs
for signal and background through a triangular

w xfilter 21 .
Ø In each window all the combinations of the pdfs

were tested, starting from a minimal set of four
variables. Every combination defined a LL func-R

Ž .tion see Section 3.1 and a LL computed inRCU T

order to have the minimal expected excluded
Ž .cross-section at 95% C.L. Fig. 1b using the

w xmonochannel Bayesian formula 22 . The parame-
ters entering this computation were the number of
expected background events and the efficiency of
the chargino selection. The efficiency of the
chargino selection was defined in this case, as the
number of events satisfying LL )LL dividedR RCU T

by the total number of chargino events satisfying
the topological cuts. Fig. 1c shows the depen-
dence of the optimum likelihood ratio cut on the
integrated luminosity, which demonstrates the im-
portance of adjusting the cut to the luminosity.
Fig. 1d shows the good agreement obtained be-
tween real and simulated events as a function of
the likelihood ratio cut, for 35 F DM - 50
GeVrc2 in the jj ll topology.

Ø The combination of variables corresponding to
the lowest excluded cross-section defined the LLR

function and the LL of this window.RCU T

Finally, the selection to be applied for SUSY mod-
els with DM inside one such window was defined as
a logical OR of the criteria for several windows,
chosen to minimise the excluded cross-section ex-

w xpected in the absence of a signal 20 .

4. Results

4.1. Stable x 0 case˜1

4.1.1. Efficiencies and selected eÕents
The total number of background events expected

in the different topologies is shown in Table 2,

Ž .Fig. 3. Expected cross-sections in pb at 189 GeV dots versus the
Ž . Žchargino mass in a in the non-degenerate case DM) 10

2 . Ž . Ž 2 .GeVrc and b the degenerate case DM;3 GeVrc . The
spread in the dots originates from the random scan over the

Ž 2 .parameters m and M . A heavy sneutrino m ) 300 GeVrc2 ñ

Ž . Ž ."has been assumed in a and m ) M in b . The minimaln x˜ ˜1

cross-sections below the mass limits are indicated by the horizon-
tal lines.
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together with the number of events selected in the
data.

The efficiencies of the chargino selection in the
four topologies were computed separately for the 76
MSSM points using the LL function and the LLR RCU T

of the corresponding topology and DM region. To
pass from the efficiencies of the chargino selection
in the four topologies to the efficiencies in the four
decay channels, all the migration effects were com-
puted for all the generated points of the signal
simulation. Then the efficiencies of the selection in
the four decay channels were interpolated in the
Ž ." 0M , M plane using the same method as in Ref.x x˜ ˜1 1

w x Ž2 . When the interpolation was not possible for
2 2 ." 0M ;80 GeVrc and M ;0 GeVrc an extrap-x x˜ ˜1 1

olation was used. These efficiencies as functions of
M " and M 0 are shown in Fig. 2.x x˜ ˜1 1

All the selected events in the real data are compat-
ible with the expectation from the background simu-
lation. As no evidence for a signal is found, exclu-
sion limits are set at 95% C.L. using the multichan-

w xnel Bayesian formula 22 taking into account the
branching ratio and the efficiency of each decay
channel.

4.1.2. Limits
Limits on chargino production
The simulated points were used to parametrize the

efficiencies of the chargino selection criteria de-
scribed in Section 3.2 in terms of DM and the mass

Ž .of the chargino see Section 4.1.1 . Then a large
number of SUSY points were investigated and the

Table 3
95% confidence level lower limits for the chargino mass, the
corresponding pair production cross-sections at 189 GeV and the
95% confidence level upper limit on number of observed events,
for the non-degenerate and a highly degenerate cases. The scenar-

0 0 ˜ios of a stable x and x ™ Gg are considered˜ ˜1 1

min max
"Case m M s Nn x 95%˜

2 2Ž . Ž . Ž .GeVrc GeVrc pb
0Stable x̃1

2DM)20 GeVrc ) 300 94.1 0.13 10.6
2DM)10 GeVrc ) 300 93.9 0.23 13.2

2
"DMs3 GeVrc ) M 88.4 1.42 12.3x̃1

0Unstable x̃1
2DM)10 GeVrc ) 300 94.1 0.11 8.6

2
"DMs1 GeVrc ) M 94.2 0.08 7.1x̃1

Fig. 4. The chargino mass limit as function of the DM value
under the assumption of a heavy sneutrino. The limit applies to
the case of a stable x 0. The straight horizontal line shows the˜1

kinematic limit.

values of DM, the chargino and neutralino masses
and the various decay branching ratios were deter-

Fig. 5. The chargino mass limit as function of M for tanb s1,2
Ž 2 .under the assumption of a heavy sneutrino m ) 300 GeVrc .ñ

The straight horizontal line shows the kinematic limit in the
production. The limit applies in the case of a stable x 0.˜1
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mined for each point. By applying the appropriate
Ž .efficiency from the interpolation and branching

ratios and cross-sections for each channel decay
Ž .computed by SUSYGEN , the number of expected
signal events can be calculated. Taking into account
the expected background and the number of ob-
served events, the corresponding point in the MSSM

Ž .parameter space m, M , tanb can be excluded if2

the number of expected signal events is greater than
the upper limit at 95% C.L. on the number of
observed events of the corresponding DM region.

Fig. 3 shows the chargino production cross-sec-
'tions as obtained in the MSSM at s s189 GeV for

different chargino masses for the non-degenerate
Ž 2 . ŽDM ) 10 GeVrc and degenerate cases DMs3

2 .GeVrc . The parameters M and m were varied2

randomly in the ranges 0 GeVrc2 -M - 30002

GeVrc2 and –200 GeVrc2 -m- 200 GeVrc2

for three fixed different values of tanb , namely 1,
1.5 and 35. The random generation of the parameters
led to an accuracy on the mass limit computation of
the order of 10 MeVrc2. Two different cases were
considered for the sneutrino mass: M )300 GeVrc2

ñ

Ž . Ž"in the non-degenerate case and M )M in then x˜ ˜1

.degenerate case .
To derive the chargino mass limits, constraints on

the process Z™x 0 x 0 ™x 0 x 0g were also in-˜ ˜ ˜ ˜1 2 1 1

cluded. These were derived from the DELPHI results
w xon single-photon production at LEP 1 23 .

The chargino mass limits are summarized in Table
3. The table also gives, for each case, the minimal
MSSM cross-section for which M " is below thex̃1

corresponding mass limit. These cross-section values
are also displayed in Fig. 3. The chargino mass

'Ž . Ž . Ž . Ž .Fig. 6. a , b , and c , regions excluded at 95 % confidence level in the m, M plane at s s189 GeV under the assumption of a heavy2

sneutrino for tanbs1, 1.5 and 35. The dark shading shows the region excluded by the chargino search and the light shaded region is the
Ž .one excluded by LEP1. The constant mass curve for the LSP mass limit is shown in d by the dashed line, for tanbs1.
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limits versus DM and versus M , assuming a heavy2

sneutrino, are shown in Figs. 4 and 5, respectively.
The behaviour of the curve in Fig. 4 depends very
weakly on the relation between M and M . Note1 2

that in Fig. 5, for a fixed high value of M , the2

chargino mass limit is lower for positive m than for
negative m. This is due to higher degeneracy for
positive m than for negative m, for a fixed value of
M .2

Ž 2 .In the non-degenerate case DM ) 10 GeVrc
Ž 2 .with a large sneutrino mass ) 300 GeVrc , the

lower limit for the chargino ranges between 93.9
2 Ž .GeVrc for a mostly higgsino-like chargino and

2 Ž .94.2 GeVrc for a mostly wino-like chargino . The
'minimal excluded MSSM cross-section at s s189

GeV is 0.23 pb, deriving from a chargino mass limit
of 93.9 GeVrc2. For DM ) 20 GeVrc2, the lower
limit for the chargino mass ranges between 94.1
GeVrc2 and 94.2 GeVrc2. In this case the mini-

Fig. 7. Region excluded at 95% confidence level in the plane of
the mass of the lightest neutralino versus that of the lightest
chargino under the assumption of a heavy sneutrino, for tanb s
1.0, 1.5 and 35. The thin lines show the kinematic limits in the

Žproduction and the decay. The dotted line partly hidden by the
.shading shows the expected exclusion limit. The lightly shaded

region is not allowed in the MSSM. The limit applies in the case
of a stable x 0. The mass limit on the lightest neutralino is˜1

indicated by the horizontal dashed line. The excluded region
outside the kinematic limit is obtained from the limit on x 0 x 0˜ ˜1 2

production at the Z resonance derived from the single-photon
search.

Ž .Fig. 8. Chargino pair production detection efficiency % at 189
Ž . 0

" 0GeV in the M , M plane. An unstable x is assumed. The˜x x 1˜ ˜
shaded areas are disallowed by the MSSM scheme.

'mum excluded MSSM cross-section at s s189
GeV is 0.13 pb.

Ž 2 .In the degenerate case DMs3 GeVrc , the
cross-section does not depend significantly on the
sneutrino mass, since the chargino is higgsino-like
under the assumption of gaugino mass unification.
The lower limit for the chargino mass, shown in Fig.
3, is 88.4 GeVrc2. The minimal excluded cross-sec-
tion is in this case 1.42 pb.

The systematic error on the given mass limits is
less than 0.5% for DMs3 GeVrc2 and less than
0.1% for DM ) 20 GeVrc2.

Limits on MSSM parameters and neutralino mass
Ž .The exclusion regions in the m, M plane for2

tanbs1, 1.5 and 35 are shown in Fig. 6a, 6b, and
Ž 2 .6c, assuming a heavy sneutrino m ) 300 GeVrc .ñ

Table 4
The number of events observed and the expected number of
background events in the different DM cases under the hypothesis

0 Ž .of an unstable x Section 3.2˜1

DM ) 5 F DM DM -
2 2 210 GeVrc F 10 GeVrc 5 GeVrc

Obs. events: 14 6 4
q1 .8 q1.77 q1.73Expect. events: 15.1 2.6 2.2y0 .8 y0.32 y0.26
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'These limits, based on data taken at s s189 GeV,
improve on previous limits at lower energies, and
represent a significant increase in range as compared

w xto LEP 1 results 24 .
DELPHI limits on the process Z™x 0 x 0 ™˜ ˜1 2

x 0 x 0g were derived from the single-photon search˜ ˜1 1
w xat LEP 1 23 . These limits marginally extends part

of the region covered by the chargino search at low
Ž .tanb for small M and negative m Fig. 6d . The2

exclusion region obtained depends strongly on the
the assumed GUT relation between M and M .1 2

Ž .The exclusion regions in the m, M plane can be2

translated into a limit on the mass of the lightest
Ž ." 0neutralino also shown in the M , M -plane inx x˜ ˜1 1

Fig. 7. A lower limit of 31.0 GeVrc2 on the lighest
neutralino mass is obtained, valid for tanb G 1 and
a heavy sneutrino. This limit is reached for tanbs1,
msy57.8 GeVrc2, M s52.05 GeVrc2. The2

small excluded region outside the chargino kinematic
limit in Fig. 7 derives from the single-photon search

w xat LEP 1 23 . In the same figure, the vertical dotted
Ž .line partly hidden by the shading shows the ex-

pected exclusion limit.

4.2. Unstable x 0 case˜1

4.2.1. Efficiencies and selected eÕents
The efficiency of the chargino selection for an

unstable x 0 decaying into a photon and a gravitino˜1

was calculated from a total of 78000 events gener-
ated using the same combinations of M " and M 0x x˜ ˜1 1

0 w xas in the stable x scenario. As mentioned in 2 , the˜1

same selection applies to all topologies. The effi-
ciency, as shown in Fig. 8, varies only weakly with
DM so only three DM windows were used in this
case. Note that, due to the presence of the photons
from the neutralino decay, the region of high degen-

Ž 2 .eracy down to DMs1 GeVrc is fully covered.
The total number of background events expected

in the three different DM ranges is shown in Table
4, together with the number of events selected in the
data. 24 events were found in the data, with a total
expected background of 19.9 "1.9. Since no evi-
dence for a signal was found, exclusion limits were
set.

4.2.2. Limits
The chargino cross-section limits corresponding

to the case where the neutralino is unstable and

0 ˜decays via x ™Gg were computed as explained in˜1

Section 4.1.2 and are shown in Fig. 3 and in Table 3.
In the non-degenerate case the chargino mass limit at
95% C.L. is 94.1 GeVrc2 for a heavy sneutrino,

Ž 2 .while in the ultra-degenerate case DMs1 GeVrc
the limit is 94.2 GeVrc2. The minimal MSSM
cross-sections excluded by the above mass limits are
0.109 pb in the non-degenerate case and 0.081 pb in
the ultra-degenerate case.

5. Summary

'Searches for charginos at s s189 GeV allow
the exclusion of a large domain of SUSY parameters,
cross-sections, and masses, at 95% confidence level.

Assuming a difference in mass between chargino
and neutralino, DM, of 10 GeVrc2 or more, and a
sneutrino heavier than 300 GeVrc2, the existence of
a chargino lighter than 93.9 GeVrc2 can be ex-
cluded. If a gaugino-dominated chargino is assumed
in addition, the kinematic limit is reached. If DM is
3 GeVrc2, the lower limit on the chargino mass
becomes 88.4 GeVrc2, assuming a sneutrino heavier
than the chargino.

A lower limit of 31.0 GeVrc2 on the lightest
neutralino mass is obtained assuming a heavy sneu-
trino and M rM f0.5, using the obtained chargino1 2

w xexclusion regions and including DELPHI results 23
on the process Z™x 0 x 0 ™x 0 x 0g .˜ ˜ ˜ ˜1 2 1 1

A specific xqxy production search was per-˜ ˜1 1

formed assuming the decay of the lightest neutralino
into a photon and a gravitino, giving somewhat more
stringent limits on cross-sections and masses than in
the case of a stable x 0: M " ) 94.1 GeVrc2 for˜1 x̃1

large DM and M " ) 94.2 GeVrc2 for DMs1x̃1

GeVrc2.
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