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Abstract 

A search for charginos and neutralinos, predicted by supersymmetric theories, has been performed using a data sample 01 
2.6 pb-’ at a centre-of-mass energy of ,I% = 130 GeV and 2.6 pb-’ at 136 GeV collected with the OPAL detector at LEP 
during November 1995. No candidate events were observed. The 95% C.L. lower limit on the lightest chargino mass in the 
Minimal Supersymmetric Standard Model is 65.4 GeV if the universal scalar mass rn,l is greater than I TeV. and 58.7 GeV 

for the smallest fnlj compatible with slepton and sneutrino mass limits obtained at centre-of-mass energies near the Z peak. 
Thcsc limits were obtained under the conditions that the lightest chargino is heavier than the lightest neutralino by more than 

IO GcV ;tnd tan ,f3 is larger than I S. The results of a model independent search for charginos and neutralinos are also given. 

1. Introduction 

In November 1995 the LEP e+e- collider at CERN 

was run for the first time well above the Z peak 

at centrc-of-mass energies (6) of 130-140 GeV 
( LEPI 5 ) This provided an opportunity to search for 
new particles at these higher energies, but below the 
c’c ~ --i W +W- threshold. 

called neutralinos ki. * 6 The lightest neutralino 2: is 

assumed to be the lightest supersymmetric particle and 
is therefore stable and invisible if R-parity [ 21 is con- 

served. We used the Minimal Supersymmetric Stan- 

dard Model (MSSM) [3] to guide the analysis but 
more general cases were also studied. 

It is particularly interesting to search for charginos 

and ncutralinos predicted by supersymmetric (SUSY) 
theories [ I 1. Charginos J$ are the two mass eigen- 
states Ihrmed by the mixing of the fermionic part- 
ncrs 01‘ the charged gauge bosons (winos) and those 

ol’ the charged Higgs bosons. Fermionic partners of 
the y ( photinos), the Z boson (zinos), and the neu- 
tral Higgs bosons mix into the four mass eigenstates 

If charginos are light enough, they can be pair- 

produced in eS e- collisions through y or Z exchange 
in the s-channel and through sneutrino ( ii) exchange 
in the t-channel. The production cross section is 
fairly large unless the sneutrino is light in which 
case destructive interference may occur between the 
s-channel and t-channel diagrams [ 4.5 1. 

’ And at TRIUMF, Vancouver. Canada V6T 2A3. 

J And Royal Society University Research Fellow. 

’ And Institute of Nuclear Research. Debrecen. Hungary. 

-I And Department of Experimental Physics, Lajos Kossuth Uni- 

verhi~y. Dehrecen. Hungary. 

The details of chargino decay depend on the pa- 
rameters of the mixing and the masses of the scalar 

partners of the ordinary fermions [ 4,5 1. The lightest 
chargino 27 can decay into a neutralino jy and a lep- 
ton pair: 2: - ,#C+V. or a neutralino and a quark 

pair: i: --f jyqq’ through virtual W, slepton (p), or 

scalar quark (q) emission. The effects of the latter 

5 And I,u~lwig-Mnxirnilians-Universitrt. Miinchen, Germany. ‘The indices i and j are ordered by increasing mas. 
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are ignored with the assumption that scalar quarks are 
very heavy. 2: decay via virtual W emission is domi- 

nant in most of the MSSM parameter space; however, 

if the ,$T is almost a pure wino and the fy is almost a 

pure SUSY partner of the Cr( I> gauge boson, the ,$ 

decay via the W boson is suppressed and the dominant 
decay mode may be ,#e+v via a virtual .!? or fi. Due 

to the energy and momentum carried away by the in- 
visible ty, chargino events are characterised by large 
missing energy and transverse momentum imbalance. 

At fi = 130-l 36 GeV, which is far below the thresh- 
old for pair production of real W’s or Z’s, the back- 
grounds to chargino pair production are expected to 
be relatively small. 

Previous searches at LEP 1, running at centre-of- 
mass energies near the Z peak, set lower limits on 

the mass of the charginos at around Mz/2 using a 
combination of direct searches and Z width measure- 
ments 161. Similar but more model-dependent limits 

were obtained by the CDF and DO Collaborations at 
the Tevatron [ 71. 

Neutralino pairs (,$jp) can be produced through 
an s-channel virtual Z boson or by t-channel selectron 
(E) exchange. At ,/X = 130-136 GeV, the second 
lightest neutralino ,$ produced in conjunction with a 

,# could give the first direct signal for neutralinos, 

since single photon events from e+e- + ~~~~y suffer 

from background from e+e- -+ vVy. At LEP 1 limits 
have been obtained from measurements of the width 

of the Z boson and direct searches [ 8 1. 
If the 2: is the lightest visible SUSY particle, it 

would decay into Jyt+e- or pyqq via a Z’, a Higgs 
boson, a scalar lepton, or a scalar quark. This leads to 
a similar experimental topology to that for chargino 
events. 

In this paper we report on a direct search for 

charginos and neutralinos using the data collected 
with the OPAL detector at fi = 130-I 36 GeV. The 
data sample collected at 140 GeV was very small and 
therefore was not used. 

2. The OPAL detector and event simulation 

2. I. The OPAL detector 

The OPAL detector, which is described in detail 
in [ 91. is a multipurpose apparatus having nearly 

complete solid angle coverage. The central detector 
consists of a system of tracking chambers provid- 

ing charged particle tracking over 96% of the full 
solid angle 7 inside a 0.435 T solenoidal magnetic 

field. A lead-glass electromagnetic (EM) calorime- 

ter located outside the magnet coil covers the full 
azimuthal range with excellent hermeticity in the po- 

lar angle range 1 cos81 < 0.82 for the barrel region 
and 0.81 < 1 cosO/ < 0.984 for the endcap region. 
The magnet return yoke is instrumented for hadron 

calorimetry (HCAL) consisting of barrel and endcap 
sections along with pole tips that together cover the 
region 1 cos 81 < 0.99. Calorimeters close to the beam 

axis measure the luminosity using small angle Bhabha 
scattering events and complete the geometrical accep- 

tance down to 26 mrad. These include the forward 
detectors (FD) which are lead-scintillator sandwich 
calorimeters and at smaller angles, silicon tungsten 
calorimeters (SW) [ lo] located on both sides of the 
interaction point. The gap between the endcap EM 

calorimeter and FD is filled by an additional electro- 
magnetic calorimeter, called the gamma-catcher. 

2.2. Monte Carlo event simulation 

The Monte Carlo generator SUSYGEN [ I I] was 
used to produce chargino and neutralino pair events. 

We also used a Monte Carlo generator similarly based 

on the calculation of the differential cross sections 

by Bartl et al. [4] for chargino pair production. The 
cross sections calculated by both generators agree very 
well. In both generators initial state radiation was in- 

cluded, and the JETSET7.4 package [ 121 was used 
for the hadronization of the quark-antiquark system 
in the chargino or neutralino hadronic decay with pa- 
rameters specified in Ref. [ 131. 

The most important parameters governing the 
chargino detection efficiency are the mass of the 
chargino ma; and the mass difference between 

the chargino and the lightest neutralino: AM+ E 
( mx; - mjy). For the case of the neutralino, fn9; and 

A MO E ( rnxt - ml: ) mainly determine the efficikncy. 
The other important parameters are the decay branch- 

7 A right-handed coordinate system is adopted, where the x-axis 

points to the centre of the LEP ring, and positive z is along the 

electron beam direction. The angles B and I$ are the polar and 

azimuthal angles, respectively. 
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ing fractions. We generated j:f; events at 30 points 
in the UZ~; -AM+ plane. For the x7,$ process, events 

were generated at 42 points in the mfo-AMc plane. 
There are several sources of background to the 

chargino and neutralino signals: 
_ Two photon processes are the most important back- 

ground for the case of small AM+ (or AMn), since 
signal events have small visible energy and small 
transverse momentum relative to the beam direction. 
We used the Monte Carlo generator PYTHIA [ 121 
for generating events from two photon processes 
whcrc the virtual mass Q2 of both photons is smaller 

than I .3 GeV2 and the invariant mass of the photon- 
photon system (M,,) is greater than 3 GeV. For 
higher Q’ events, the generator TWOGEN [ 141 was 

used. Event samples for all the possible processes (fi- 
nal state hadrons from point-like yy -+ qq processes 

and from vector meson dominance, and all e+e-e+l- 
final states) were generated. Two photon events were 
not generated in the region Q2 < 1.3 GeV2 and 

M,, < 3 GeV. This region did not represent a serious 

hackground to the search presented here. 
_ 7 pairs are the dominant background for the monojet 

si”naI when one of the r’s decays into a very low mo- L c 
mentum electron and two energetic neutrinos. ~+r-y 
events are also a potential source of background for 

the topology of two acoplanar jets. The event gener- 

ator KORALZ [ 151 was used for the generation of 

7 _ 7- ( y ) events. 
_ Ordinary multijet hadronic events in which one or 
more jet momenta are mismeasured are the domi- 

nant background for the large mass difference case. 
The PYTHIA generator [ 121 was used to simulate 

hadronic events. 
_ Finally, four fermion processes in which at least 
one of the fermions is a neutrino constitute a seri- 

ous background. Although the cross sections for these 
processes are small at fi below the W+W- or ZZ 

threshold, their event topology is similar to that of 

the signal. Since the interference effects of many dia- 
grams are important below the W+W- threshold, we 
used an event generator based on helicity amplitude 

calculations, which take into account all the relevant 
diagrams and interference effects [ 161. The package 
also includes initial state photon radiation. 

Gcncrated signal and background events were pro- 
ccsscd through the full simulation of the OPAL de- 

tector [ 171, and the same event analysis chain was 
applied to simulated events as to the data. 

3. Analysis 

The present analysis is based on the data collected 
during the 1995 November run of LEP. Data used in 
this analysis corresponded to an integrated luminos- 

ity of 2.6 pb-’ at a centre-of-mass energy of fi = 
130 GeV and 2.6 pb-’ at 136 GeV 8 

The experimental signatures for #y-j; or &ix! 
events are an acoplanar pair of particles or jets, or 

a monojet topology with large transverse momentum 
with respect to the beam axis. If the mass difference 

between 1: and 17 is as small as 5 GeV, the visible 
energy as well as the transverse momentum becomes 
small. The selection was designed to maintain reason- 

able efficiency for these cases. 
Good charged tracks were selected using the 

same track quality requirements as in Ref. [ 18). 
Tracks were required to have at least 20 measured 
space points, more than 50% of the hits geometri- 
cally expected, and transverse momentum exceeding 

100 MeV. Electromagnetic clusters in the barrel region 

were required to have an energy of at least I70 MeV. 

and the clusters in the endcaps to have an energy of at 

least 250 MeV and contain at least two adjacent lead 
glass blocks. Clusters in the hadron calorimeters were 
required to have an energy of at least 0.6 GeV in the 

barrel and endcaps, and at least 2 GeV in the pole tips. 
The measurements of visible energy, mass and total 

transverse momentum of the events were performed by 
the method used in Ref. [ 181. Four momentum vec- 
tors were formed for each track and calorimeter clus- 

ter, and then summed. The calorimeter clusters were 

treated as massless particles. In order to reduce the ef- 
fects of double counting, four vectors based on the av- 
erage expected energy deposition in the calorimeters 
for each charged track were then subtracted. This aver- 
age energy deposition was parametrized as a function 
of track momentum and polar angle. The procedure 
used avoids the need for detailed matching hetween 

tracks and calorimeter clusters. 

* The actual centre-of-mass energies were estimated to be 130.26 

and 136.23 GeV. but for the purpose of this analysis the nominal 

values of 130 and 136 GeV were assumed. 
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When calculating angles, such as the polar angle of 
the thrust axis, eihrUst, or the acoplanarity angle (de- 
fined below). the charged track momenta are more 

important than the calorimeter information due to 

their better angular resolution. The track momenta and 

momentum vectors of the EM or hadron calorimeter 
clusters not associated with charged tracks were first 

summed. In the case where a calorimeter cluster had 

associated good charged tracks, the scalar sum of 
the associated charged track momenta was subtracted 

from the cluster energy to reduce double counting. 
If the energy of a cluster was smaller than the scalar 
sum of the momenta of the associated tracks, the 
cluster energy was not used. If the number of charged 

particles in the event was equal to two, this method 
was also used to calculate all the variables including 

visible energy and invariant masses. These events are 
mainly lepton pairs while the algorithm of Ref. [IS] 
was optimised for hadronic jets. 

To select chargino and neutralino candidates, the 

number of good charged tracks was required to be at 
least two, and the ratio of the number of good tracks 
to the total number of tracks to be greater than 0.2. 

To reduce background from two photon processes 

and from multihadronic events where a jet axis is close 
to the beam direction, the total energy deposited in 

each silicon tungsten calorimeter had to be less than 

5 GeV. less than 2 GeV in each forward calorime- 
ter, and less than 5 GeV in each side of the gamma- 

catcher. In addition, the visible energy in the region 
of ) cos@ > 0.8 should be less than 30% of the total 
visible energy (cut 1). After this cut the distribution 

of total visible energy normalised by d is shown in 
Fig. la and the distribution of event transverse mo- 

mentum ( Pr, magnitude of the vector sum of trans- 

verse momentum components) measured without in- 
cluding the hadron calorimeter is shown in Fig. lb. 

Since two photon Monte Carlo events were generated 
with M,, > 3 GeV, the visible mass of the events was 
required to be larger than 3 GeV just for these plots in 
order to demonstrate that the normalization of the two 
photon events agrees with the Monte Carlo prediction. 
The events with small invariant mass were eliminated 
from the data by demanding that the P, be greater than 
4 GeV and the event transverse momentum measured 
including the hadron calorimeter ( PrHCAL) should be 
greater than 5 GeV (cut 2). Although most of the 
events from two photon processes were rejected by the 

P, cut, the PrCAL cut was applied to reject occasional 
two photon events with a high transverse momentum 
neutral hadron. 

“Radiative return” events from e+e- -+ Zy, where 

the y escaped down the beam pipe, were rejected by 
requiring that the polar angle of the missing momen- 
tum direction B,iss satisfy 1 cos B,issj < 0.7 (cut 3). 
Events with a photon of energy greater than 15 GeV 

and accompanied by no good tracks (except for track 
pairs identified as photon conversions) within a cone 

of half angle 25” from the photon direction were re- 
jected (cut 4). 

To remove a large fraction of the multihadron 
events the visible energy was required to be less than 

0.7fi (cut 5). Finally, events that were kinematically 
consistent with 7+7-(y) were rejected (cut 6). This 

7+7-(y) rejection was accomplished by require- 
ments on multiplicity, momentum sum and invariant 
mass of charged particles in each hemisphere of the 
event, and a requirement on the acoplanarity angle 

which depended on the absolute value and the polar 
angle of the charged particle momentum sum in each 
hemisphere. 

The tracks and the clusters in an event were then di- 

vided into two hemispheres defined by the plane per- 
pendicular to the thrust axis. If one of the hemispheres 

had an energy of less than 1 GeV and also contained 

no good tracks, the event was categorised as a mono- 
jet event. Otherwise the event was classified as a dijet 

event. According to these criteria, ten events in the 

data were classified as dijet events, and four as mono- 
jet events. 

For dijet events, the additional selection criteria be- 
low were applied. The polar angle of the event thrust 

axis was required to satisfy 1 cos 8thrUst/ < 0.9 (cut 
A I ). No events were removed by this requirement, but 

it ensures good resolution of the acoplanarity angle. 

The acoplanarity angle &,,r was defined as n-- 4open, 

where &pen is the azimuthal opening angle between 
the directions of the two momentum sums of the par- 
ticles in the thrust hemispheres. The acoplanarity an- 
gle (&op) between the momentum sums in the two 
hemispheres was required to be greater than 20” (cut 
A2). The acoplanarity angle distribution just before 
the cut is shown in Fig. lc. The expected distribution 
for ?Tfr with rnk; = 60 GeV and n29; = 30 GeV is 
also shown. 

For events classified as monojets, additional se- 
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Fig. I. (a) The distribution of the total visible energy normalised to fi and (b) the distribution of P, after cut ( I ). (c) The acoplanarity 

angle distribution after cut (Al ). The prediction for j:TL events is also shown for ~1~; = 60 GeV and rn?a = 30 GeV with a production 
I 

CI’OSS section of 20 pb as a dashed histogram. (d) The visible mass distribution for monojet events. The prediction for $,$ events is also 

shown for ft1~3 = 80 GeV and “I~II = 30 GeV with a production cross section of 5 pb as a dashed histogram. In all the plots, the hatched 

area indicates the prediction for q;(y) events, the grey area for Y’i’- (7) events, the open area for two photon processes. and the double 

hatched area for four fermion processes (I~,@-, ufiqq, ul’qq’, r+r-qq. r+r-r+r- and r+r-fi+p- ). 

lcction criteria were required. To reject e+e- -+ 

c’e-r’r- events where one of the r’s decays into 

a soft electron and to reject four fermion processes 
c’ c- + Z*y* ---) vPff, where f is a charged lep- 
ton or a quark, the visible mass of the event was 
required to be greater than 2 GeV (cut Bl ). The 

visible mass distribution just before the cut is shown 
in Fig. Id. The expected distribution for $,$ with 
~~~~~ = 80 GeV and mn: = 30 GeV is also shown. Fur- 
thermore, the ratio of the visible mass to the visible 
energy ( Mvis/Evis) was required to be larger than 0.4 

(cut B2). 
No events were observed in the data after the above 

cuts. 
The remaining numbers of events after each cut are 

listed in Table I. For comparison the table also shows 
the corresponding numbers of simulated events for 

background processes and for three samples of simu- 
lated t:t; and fyzt events. 

The efficiency for fT,PF events is about 42% for 
rn2; = 60 GeV and rnpc; = 30 GeV at fi = 130 GeV 

for a k+ decay via a virtual W. The efficiency de- 
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Table I 
The remaining numbers of events normalised to the integrated luminosity of the data for various background processes are compared 

with data after each cut. Numbers for three simulated event samples of f:i; with 2: --) #W*, and $/$ with 1:’ -+ $)Z* are also 

given (starting from 1000 events for each). The numbers given after cuts (AI ) or (AZ) are for dijet events only, and the numbers after 

cuts (61 ) or (B2) are for monojet events only. The numbers of events expected from two photon processes do not include the region 

M,, < 3 GeV with Q* < 1.3 GeV2. 

Data Total 

bkg. 

rrli: (GeV) 60 60 

rrlg,; ( GeV) 55 30 30 

rjr?~ ( GeV) 80 
2 

no cuts _ 16.50 115.3 105k Il.1 1000 1000 1000 

cut ( 1) 37910 8896 797.9 58.6 7104 2.8 680 733 758 

cut (2) 511 546.2 352.3 44.8 8.0 2.5 180 677 746 

cut (3) 207 245.8 162.5 30.5 3.1 2.0 176 556 632 

cut (4) 169 206.3 132.6 26.7 3.1 2.0 176 556 632 

cut (5) 35 34.5 6.8 22.3 2.9 I .9 176 556 631 

cut (6) I4 16.0 6.8 4.2 2.9 I .9 176 554 631 

dijet IO 13.7 6.8 4.2 2.1 0.42 104 483 233 

cut (Al) IO 13.7 6.8 4.2 2.1 0.40 103 474 233 

cut (A2) 0 0.75 0.0 0.17 0.26 0.33 91 366 191 

monojet 4 2.3 I 0.0 0.03 0.78 I..50 72 71 398 

cut (BI) 0 0.88 0.0 0.02 0.00 0.85 70 71 382 

cut (B2) 0 0.18 0.0 0.01 0.00 0.17 65 52 90 

(A2tB2) 0 0.93 0.0 0.18 0.26 0.49 I.56 418 281 

creases to 15% for rn%y = 55 GeV. For the case of 
purely leptonic decays, the efficiencies are about 5% 

lower than for the decay via W” for the same j: and 
jy mass combination. The efficiency for ,@,$ events 
is typically 30-40% over a wide range of 1: and 2: 

masses. The efficiency drops to 10% for the small mass 
difference of AM 0 = 5 GeV. For the extraction of lim- 

its described in the following section the efficiency at 
an arbitrarypointofmj; (wt.:) and AM+ (AMo) was 

interpolated using a polynomial fit to the efficiencies 
determined using Monte Carlo simulations. 

4. Results 

No evidence for chargino or neutralino production 
is observed in the data; therefore, limits are calculated. 
In the first analysis, upper limits on the cross sec- 
tions as functions of chargino and neutralino masses 
were calculated for 100% branching fractions into spe- 
cific decay modes (model independent analysis), In 

the second analysis, limits on chargino and neutralino 
masses were calculated within the framework of the 

MSSM, and limits in the MSSM parameter space were 
obtained. 

4. I. Systematic errors 

The common systematic errors for the model inde- 
pendent analysis and the analysis within the frame- 
work of the MSSM were first considered. The sys- 
tematic error on the integrated luminosity was 1.5%. 
which was evaluated from half the difference between 
the Iuminosities measured by the FD detector and the 
SW detector. The relative errors on the signal efficien- 
cies due to Monte Carlo statistics and the interpola- 
tion errors at an arbitrary point of rn%i,: (ma;) and rn?y 
were evaluated to be 2-10% depending on the combr- 
nation of the masses and the branching fractions. The 
systematic error due to the trigger efficiency was neg- 
ligible for the selected signal events. 
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The various systematic errors were summed 
quadratically and subtracted from the signal efficiency. 

3.2. Limits on the production cross sections 

WC obtain upper limits on the production cross sec- 
tions at the 95% confidence level (CL.) for x:jr 

and ,@:I,(?) assuming specific decay modes. These lim- 

its do not depend on the details of the SUSY mod- 
els. The contours of the upper limits for the f;f; 

cross sections at 4 = 136 GeV are shown in Fig. 2. 
assuming 2; --+ lTW* with 100% branching frac- 

tion (Fig. 2a) or j: ----t $efv via j or 3 with 100% 

branching fraction (Fig. 2b). The cross sections at 

fi = 130 GeV were assumed to be the same as at 
136 GeV except if 2m,; > 130 GeV. Similarly, the 

contours of the upper limit for the fyjy cross sections 
arc shown for ,@ + ,$Z* with 100% branching frac- 

tion (Fig. 2~). or ji + j’!?‘!- via 2 with 100% de- 
cay branching fraction (Fi$. 2d). The Standard Model 
branching fractions were used for the W* and Z* de- 

cays including the invisible decay mode Z” -+ ~6. 
Il‘thc cross section for j:jF is larger than 3.5 pb, 

wc can exclude the 27 for masses up to 65.0 GeV 

al the 95%: CL. for AM+ 2 10 GeV independent 
01’ the decay mode, and almost up to the kinematical 
boundary t’or jy- decay via W*. From Fig. 2c, we 

can also exclude the ,$j for masses almost up to the 
kinematical boundary of (ml{; + ttij;) < ,,h at the 

95% C.L. for AM0 > 13 GeV, if the cross section for 

j’,‘$ with ,$? + jTZ* is larger than 6 pb. The region 
C ttt (‘; + ttli; j < Mz, which is accessible at LEP I, 

is not considered in this analysis. For jy# produced 

through Z boson decay better limits were obtained at 
1LEP 1 { X j 

4.3. Limits ott the minimal supersymmetric standard 

tr1odel 

The negative results of the above searches can be 
interpreted in the framework of the MSSM where the 

gaugino-higgsino sector of the theory is completely 
determined by three parameters: M2, the SU( 2) gaug- 
ino mass at the weak scale; ,KL, the mass coupling 
strength between the two Higgs superfields; and tan p, 
the ratio (L$/(L’,) of the vacuum expectation values 
of the two Higgs doublets. For a given set of these pa- 

rameters there are, at tree level, unique relations [ I I] 
that determine masses and coupling constants of all 

gauginos. The scanned regions of the parameters were 
0 5 M2 5 1500 GeV, -400 < p < 400 GeV, for 
two values of tan /3: tan p = 1.5, a small value inter- 
esting for infrared fixed-point predictions for the top 
quark [ 19 1, and tan j3 = 35, approximately equal to 
the ratio of the top quark mass to the b quark mass 

favoured by Yukawa coupling unification at a large 

mass scale [ 201. A more general case of all values ol 

tan/3 > 1 was also considered. The scanned ranges 
of M2 and J_L were checked to be large enough so that 
the exclusion regions presented change negligibly for 

larger ranges. 
The T spectrum is further constrained by assuming 

soft symmetry breaking at the Grand Unification scale 
(GUT) with a common mass scale tno (delincd at the 
GUT scale) [ 2 11. A light tl~o sets the masses of the 
fi and ? to low values, thereby enhancing t-channel 

exchange diagrams that may have destructive inter- 
ference with s-channel diagrams reducing the cross 

section for chargino production. Small values of tn() 
also tend to enhance the leptonic branching ratio ol 
charginos. On the other hand, fixing ttlo to high val- 

ues decouples the c and E from the theory. thereby 
enhancing the chargino production rate. WC thcref‘orc 
present results here in the two scenarios: nzo = I TcV, 

and the other extreme. the smallest rno consistent with 
light land c not yet excluded by LEP I, namely ttli > 
45.0 GeV and rn~ > 41.8 GeV 1221. 

In the MSSM, production cross sections and de- 

cay branching fractions of charginos and neutralinos 

are determined by the four SUSY parameters; MI, /-L, 
tanp and mo. In regions where chargino production 
is suppressed, SUSY signatures can be explored via 

neutralino production. The analysis presented here is 

therefore based on combining both the neutralino and 
chargino searches into one analysis. At each point in 
the MSSM parameter space the number of events ex- 
pected for j;j;, jyji, as well as jyjt were added. 

The decay branching fractions were calculated and the 
corresponding detection efficiencies were used in or- 
der to set exclusion limits at the 95% C.L. in three dif- 

ferent MSSM parameter planes. Since ,$ can decay 
into ?T and the lightest Higgs boson, the efficiency 
for this case was checked and found to be similar to 

that for the ,# -+ kyq4 decay via a Z’. 
The ,$ can decay into vfity via a Z’ or $jyiy 
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Fig, 2. The 95% C.L. upper limits for the production cross sections at fi = 136 GeV for l:j; assuming (a) 2: + #W*’ with 100% 

branching fraction or (b) XI --+ ~‘,)Y+u via 2 or G with 100% branching fraction. The contours of the upper limits for the ?‘/I: cross 

sections at & = I36 GeV are shown for (c) a’,’ -+ ,#Z* with 100% branching fraction, or (d) &! - ,#P+e- via ? with 100% decay 

branching fraction. The regions (ttiu: + ‘“2) < Mz, which are accessible at LEP 1. are not considered in this analysis and are indicated 

in the plots. The kinematical boundaries for production and decay at fi = I36 GeV are shown by dashed lines. 

via the lightest Higgs, leading to invisible events. In 

most of the MSSM parameter space the 27 is lighter 
than the 2:. Therefore the cascade decay of j: -+ 
,$qq’ or -+ ,$eFv with subsequent decay of the 1; 
is possible. These effects were taken into account in 
calculating the limits. 

The results are shown in Figs. 3 and 4. Fig. 3 shows 
the exclusion contours in the M2-p plane for the case 
me = 1 TeV (Fig. 3a) and a light mu (Fig. 3b) for 
tan p = I S. The same plots are shown for tan p = 35 
(Fig. 3c and 3d). Most of the excluded regions are 
due to the limits from the ~~~~ search. The jy,$ 
signal contributes only in the limited area near the 
kinematical boundary of the large M2 region. 

Fig. 4 shows the region excluded at 95% CL. in the 

mft-rnE; plane. The limits are shown for the combi- 
nations of two MO values and two tan /? values. Sim- 

ilar exclusion regions in the m2y-mj; plane are also 
shown in Fig. 4. Again, most of the excluded regions 
are due to the limits from the /i;Ti, search. 

Fig. 4e and 4f show the regions excluded at 95% 

C.L. in the rnjy-rn2; p lane assuming me = 1 TeV or 
the minimum mo. The exclusion regions were found 
by scanning through tan p (tanp > I ) to find the 
smallest number of events expected (sum of ,$j;, 
ty?! and I$$ events after all the cuts) at any point of 
the I&-p plane and for any value of tan p considered. 

From theabove plotsonecan set lower limitsat 95% 
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Fig. i. The exclusion contours in the Mz-p plane for the case (a) ~1,) = I TeV and (b) minimum rnn with tan p = 1.5. The same plots 

WC shown for tan p = 35 (c and d). The minimum ~10 is defined to be the smallest rnn possible to comply with the limits on /’ and ri 

at LEP I. The region excluded by the analysis of LEP I data is also shown. The kinematical boundary at fi = I36 GeV for ,vi 2; 

production is shown by dashed lines and for $lfy production as dotted lines. 

C.L. on the chargino and neutralino masses as given in 
Table 2. Definitive lower limits for neutralino masses 

are not possible when considering the entire region 
tan /? > I since for values of tan p close to 1, typical 

considered mass values of Jy and $j can result from 
MSSM parameters that give chargino masses that are 
not kinematically accessible for ,,& = I30- I36 GeV. 

5. Summary and conclusion 

We have analyzed a data sample corresponding to 
an integrated luminosity of 2.6 pb-’ at 6 =I30 GeV 
and 2.6 pb-’ at I36 GeV collected with the OPAL de- 
tcctor to search for pair production of charginos and 

neutralinos predicted by supersymmetric theories. No 
events remained after the selection cuts. This is con- 

sistent with the expected background of 0.9 events. 
Within the framework of MSSM and for the condi- 

tions AM+ 2 10 GeV and A MQ > 10 GeV one can 
set lower limits at 9.5% C.L. on the chargino and neu- 
tralino masses: mpy > 2 I .4 GeV, rnj; > 47.5 GeV and 
in,; > 65.4 GeV for tan j3 = 1.5. May > 35.2 GeV. 

rnK; > 67.5 GeV and mp; > 65.6 GeV are the limits 
obfained for tan/I = 35. These limits were obtained 
for ~IQ = 1 TeV. For the smallest rno possible to com- 
ply with the LEP I t and P limits, the mass limits arc 
reduced by at most 7 GeV for the chargino case. 
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Fig. 4. The 95% CL. excluded region in the rnp;-rnz: plane within the framework of the MSSM for the case of minimum mn (light 

shaded region) and mu = I TeV (extending to dark shaded region) for (a) tan@ = 1.5 and (b) tan p = 35. The region excluded by the 

analysis of LEP 1 data is also shown. The thick solid lines bound the region that is physically accessible for the given region of MSSM 

parameter space. The kinematical boundaries for production and decay at fi = 136 GeV are shown by dashed lines. Similar plots fol 

neutralino masses for (c) tanp = I .S and (d) tan /3 = 35. The regions excluded at 95% CL. (e-f) in the rnpy-Ntl; plane conservatively 

obtained by scanning through tanP (tanp > 1) to find the smallest number of events expected (sum of z:y;, p:)jl and ,$,.$ events 

after all the cuts) at any point of the plane and value of tanP for (e) ,nn = I TeV and (f) minimum rn,,. 
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