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Abstract 

Using data accumulated by DELPHI during the November 1995 LEP run at 130-136 GeV, searches have been made for 
events with jets or leptons in conjunction with missing momentum. The results are interpreted in terms of limits on the 
production of neutralinos, scalar leptons, and scalar quarks. 

1. Introduction 

Supersymmetric partners of neutral gauge bosons 

(gauginos) and neutral Higgs states (Higgsinos) are 

’ On leave of absence from IHEP Serpukhov. 

postulated in supersymmetric extensions of the Stan- 
dard Model [ 11. In the Minimal Supersymmetric ex- 
tension (the MSSM) these are realized in four neu- 
tralino mass states, jy, i = 1,4, which are linear su- 
perpositions of gaugino and Higgsino eigenstates and 
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are expected to be produced at LEP in ~~~~ pairs. 

The lightest neutralino, I:, is usually assumed to be 
the lightest supersymmetric particle. This assumption, 
along with that of conserved R-parity, was made for 
the analysis presented in this paper. An implication of 
this is that fy is stable and undetectable because it 
interacts only weakly. 

Channels such as e+e- -+&$ or ,@,@ are visi- 
ble, however, with the second lightest neutralino, ,& 
decaying into 2: and a fermion-antifermion pair or a 
photon, giving events character&l by missing energy 
and momentum. This would be most striking in the 
case of 2:x;, which is also kinematically favoured 
Limits on their production at LEP have been set pre- 
viously, based on data taken at the Z” resonance [ 21. 

Neutralinos are produced through s-channel Za ex- 
change and t-channel exchange of scalar electrons. 
The present analysis is primarily sensitive to Higgsino- 
dominated light neutralinos which would have large 
cross sections because of the large coupling between 
the Higgsino and the Z?. In the MSSM, with a com- 
mon gaugino mass at the GUT scale, neutralinos are 
Higgsino-like when the Sum gaugino mass pa- 
rameter, Mz, is large compared to the Higgs super- 
field mass parameter 1~1. It is noteworthy that in this 
case there is little dependence on the common MSSM 
scalar mass term m, i.e. the cross section depends es- 
sentially on three parameters: Mz, p, and the ratio of 
the vacuum expectation values of the two Higgs dou- 
blets, tan /3. 

Scalar leptons (sleptons) are pair-produced through 
Z?/ y exchange in the s-channel. In addition, t-channel 
neutralino exchange contributes to selectron produc- 
tion and it can enhance the selectron production in 
some regions of the MSSM parameter space. Because 
of the small electron and muon masses, mixing be- 
tween the scalar partners of the two chirality states is 
expected to be negligible, and the expected final states 

are && and && (j = ,&, 8). But because of the r- 
channel contribution, the channel i?L& may also have 
a significant cross section even if there is no selectron 
mixing. Sleptons are expected to decay according to 
2 + efy, giving events with two leptons acoplanar 
with the beam axis, missing energy, and missing mo- 
mentum. 

The supersymmetric partner of the top quark (the 
stop, I) could be the lightest scalar quark. Because of 

the large mass of the top quark, the scalar partners 
of its two chirality states, ?R and IL, are expected to 
mix [3], and the lighter physical state could be sig- 
nificantly below the typical mass of scalar quarks and 
hence accessible at LEP In the MSSM, a sufficiently 
light? could contribute, through virtual corrections, to 
the large measured partial width I( Zc --+ b6) as com- 
pared to the Standard Model prediction [ 4,5] . The i is 
expected to decay into b*T if kinematically allowed, 
otherwise into cay, in both cases with a branching 
ratio close to unity. The negative result of chargino 
searches [ 6,7] implies the former channel is closed at 
present energies. Therefore the present analysis con- 
siders only the ~2: decay. This leads to events with two 
jets, missing energy, and missing momentum, similar 
to the ny,$ final state. 

The sbottom or scalar bottom quarks, 61 and 6~, 
could also mix significantly if tanp is large (about 
10 or greater). In this case the lighter physical 6 state 
could be the lightest scalar quark. The 6 is expected 
to decay into b$, giving a signature similar to that 
for the stop. 

This paper presents a search for neutralinos, scalar 
quarks and scalar leptons in the data accumulated by 
DELPHI in the first high energy run of LEP in Novem- 
ber 1995. Similar searches have been performed by 
other LEP experiments [ 71. The paper is organised as 
follows: Section 2 gives a brief description of the de- 
tector, Section 3 describes the real data and the simu- 
lated signal and background samples, while Section 4 
describes the analyses applied for the different topolo- 
gies. Section 5 gives the results of the selections and 
their interpretation. Section 6 contains the conclusions. 

2. Detector description 

The following is a summary of the properties of 
the DELPHI detector [8] relevant to this analysis. 
Charged particle tracks were reconstructed in the 1.2 
T solenoidal magnetic field by a system of cylindrical 
tracking chambers. These were the Microvertex Detec- 
tor (VD), the Inner Detector (ID), the Time Projec- 
tion Chamber (TPC) , and the Outer Detector (OD) . 

In addition, two planes of drift chambers aligned per- 
pendicular to the beam axis (Forward Chambers A 
and B) tracked particles in the forward and backward 
directions, covering polar angles 11” < 8 < 33” and 
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147” < 0 < 169” with respect to the beam (z ) direc- 
tion. 

at 140 GeV. 

The VD consisted of three cylindrical layers of sili- 
con detectors, at radii 6.3 cm, 9.0 cm and 11 .O cm. All 
three layers measured coordinates in the plane trans- 
verse to the beam. The closest (6.3 cm) and the outer 
( 11 .O cm) layers contained double-sided detectors to 
measure also z coordinates. The polar angle cover- 
age of the VD was from 25’ to 155” for the closest 
and from 44” to 136” for the outer layer. The ID was 
a cylindrical drift chamber (inner radius 12 cm and 
outer radius 22 cm) covering polar angles between 
15” and 165’. The TPC, the principal tracking device 
of DELPHI, was a cylinder of 30 cm inner radius, 122 
cm outer radius and had a length of 2.7 m. Each end- 
plate was divided into 6 sectors, with 192 sense wires 
used for the dE/dx measurement and 16 circular pad 
rows used for 3 dimensional space-point reconstruc- 
tion. The OD consisted of 5 layers of drift cells at radii 
between 192 cm and 208 cm, covering polar angles 
between 43” and 137O. 

To evaluate the signal efficiency and background 
contamination, events were generated using several 
different programs, all relying on JETSET 7.4 [ 91 for 
quark fragmentation. 

The program SUSYGEN [ lo] was used to gener- 
ate neutralino events and to calculate cross sections 
and branching ratios. It was verified that the result 
obtained agreed with the calculations of Ref. [ 111. 

SUSYGEN was also used to generate the e”.!!- signals. 

The z signal was generated with a program based on 
the BASES/SPRING package [ 121, with gluon radi- 
ation treated according to [ 131, and intermediate I- 
hadron fragmentation [ 141 2 In this channel SUSYGEN 
was used as a cross check. A modified version of the 

BASES/SPRING generator was used for the 66 channel. 

The average momentum resolution for the charged 
particles in hadronic final states was in the range 
Ap/p2 N 0.001 to 0.01 (GeV/c) -I, depending on 
which detectors were used in the track fit [ 81. 

The electromagnetic calorimeters were the High 
density Projection Chamber (HPC) covering the bar- 
rel region of 40” < 8 < 140”, the Forward Electro- 
Magnetic Calorimeter (FEMC) covering 1 lo < 0 < 
36” and 144” < 8 < 169”, and the STIC, a Scintilla- 
tor Tile Calorimeter which extended coverage down 
to 1.66O from the beam axis in either direction. The 
40” taggers were a series of single layer scintillator- 
lead counters used to veto electromagnetic particles 
that would otherwise be missed in the region between 
the HPC and FEMC. The efficiency to register a pho- 
ton with energy above 5 GeV measured with the LEPl 
data was above 99%. The hadron calorimeter (HCAL) 
covered 98% of the solid angle. Muons with momenta 
above 2 GeV penetrated the HCAL and were recorded 
in a set of Muon Drift Chambers. 

The background processes e+e- -ff(ny) and 
processes leading to four-fermion final states 
(Z”/r)*(Zo/y)*, W+*W-*, Wev,, andZcefe- were 
generated using PYTHIA [9]. The cut on the invariant 
mass of the virtual (p/r) * in the (Z?/r) * (Zc’/r> * 
process was set at 3 GeV/c2, in order to determine 
the background from low mass ff pairs. The calcu- 
lation of the four-fermion background was verified 
using the program EXCALIBUR [ 151, which consis- 
tently takes into account all amplitudes leading to a 
given four-fermion final state. EXCALIBUR does not, 
however, include the transverse momentum of ini- 
tial state radiation, Two-photon interactions leading 
to hadronic and leptonic final states were generated 
using TWOGAM [ 161. 

Generated signal and background events were 
passed through detailed detector response simula- 
tion [8] and processed with the same reconstruction 
and analysis program as the real data. The number 
of background events simulated was similar to, or 
in most cases several times larger than, the number 
expected in the real data. 

4. Event selections 

Data samples and event generators 
Criteria to select events were defined on the basis 

of simulated signal and background events. The goal 

The integrated luminosities accumulated were 2.92 
and 3.01 pb-’ at centre-of-mass energies of 

*The DELPHI generator described in [ 141 was modified to use 
pb-’ the intermediate ?-hadron fragmentation of the OPAL generator 

130.4 GeV and 136.3 GeV respectively, and 0.04 pb-’ 1141. 



DELPHI Collaboration/Physics Letters B 387 (1996) 651-666 657 

was to optimize the efficiency for wide ranges of the 
masses of the supersymmetric particles (see Tables 2, 
3, and 4) while reducing the background expected in 
each search channel to the order of one event or less 
(see Table 1). 

4.1. Two jets and missing momentum 

Events with two jets and missing momentum would 
result from production of xi,@ with hadronic decays 

of 2: or from G or bb production. 
Charged particles were selected as reconstructed 

tracks having momentum above 100 MeV/c, impact 
parameters below 5 cm in the transverse plane and 
8 cm in the beam direction, and measured length 
greater than 30 cm or at least one associated VD point. 
In the forward region, a track element from the ID, the 
VD, or the TPC was also required. Neutral particles 
were selected as clusters of energy in the calorime- 
ters, unassociated with charged particles, and with an 
energy above 100 MeV. 

The following selection was applied to the data in 
order to extract a possible signal: 
( 1) The number of charged particles was required to 

be at least five, with at least one particle origi- 
nating within 200 pm from the interaction point 
in the Rq5 plane. These criteria selected e+e- 
interactions giving multihadronic final states. 

(2) The total energy of particles with polar angle 
below 30’ was required to be smaller than 20% 
of the total visible energy, the polar angle of the 
missing momentum to satisfy 10” < BPmiss < 
170”, and the transverse missing momentum to 
exceed 5 GeV/c. These criteria served to remove 
two-photon interactions and Zc’y events. 

(3) The invariant mass of visible particles was re- 
quired to be less than 0.55 x Ecms, and the miss- 
ing mass had to exceed 0.35x&,,,. This sup- 
pressed mainly e+e- +qq(y) events. 

(4) The number of jets reconstructed using the 
JADE algorithm [ 171, modified to use a cut 
on the minimal invariant mass of two jets, 

YIIliIl = 10 GeV/c2, was required to be two 
or less, and at least one charged particle was 
required in each jet. The parameter choice in 
the jet definition allowed for the gluon emis- 
sion characteristic of scalar particles [ 181, thus 

giving a high efficiency for scalar quarks. 
(5) Events with isolated particles, including 7 

leptons and photons which were often recon- 
structed as several close tracks, were rejected 
by requiring that any neutral particle with en- 
ergy greater than 5 GeV should be accompanied 
by at least 2.5 GeV from other particles within 
a double cone from 5” to 25” around its mo- 
mentum direction. Similarly, it was required 
that there be no isolated charged particle with 
energy greater than 10 GeV and energy in the 
double cone below 5 GeV. Events with an iso- 
lated signal recorded in the 40” taggers (see 
Section 2) and with the missing momentum 
pointing to it were also rejected. These criteria 
rejected events with isolated particles and with 
radiated photons recorded in the detector. 

(6) In order to eliminate the residual background 
from two-photon events and Ze events, the 
events were forced to two jets using the algo- 
rithm mentioned above, and the “scaled acopla- 
narity” was defined as the complement of the 
angle between the two jets in the transverse 
plane multiplied by the minimum sinf&. The 
scaled acoplanarity was required to be larger 
than 10” . The factor sinBjec accounted for the 
worse definition of the acoplanarity in events 
with jets at low polar angles. 

No event satisfied these criteria. The number of 
background events expected from Standard Model 
processes is 1 .O i 0.2 (see Table 1) . The upper plot in 
Fig. 1 shows the acoplanarity distribution prior to the 
final requirement of a minimum acoplanarity for data 
events and simulated background events. Expected 

distributions for ,$y,@ and ?,& events are also shown, 
with the latter signal normalised to the predicted cross 
section. 

4.2. Two jets and missing momentum using 
discriminant methods 

An alternative procedure was applied to search 

specifically for $6 production. 
Events were selected if they had more than three 

charged particles, more than 5 GeV/c of missing trans- 
verse momentum, visible mass below 70 GeV/c*, and 
visible energy below 100 GeV. The polar angle of the 
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DELPHI 

Fig. I. The upper plot shows the distribution of scaled acoplanarity 
(see text) for the hadronic events in the data (circles), compared 
to the simulation of the background (unhatched histogram) be- 
fore this variable was used in the final selection step of Section 
4.1. The hatched and cross-hatched histogram show the expected 

distributions the #,# and i& signals, normalised to cross sec- 
tions of 1 pb and 1.2 pb, respectively. The lower plot shows the 
acoplanarity distribution for leptonic real data events (triangles 
and squares) and the simulated background events (unhatched 
and hatched histograms peaking at low values) which pass two 
different selections. The triangles and the unhatched histogram 
show all low multiplicity events with missing transverse momen- 
tum above 4 GeV/c and two well reconstructed tracks, while the 
squares and the hatched histogram show the events which survive 
all steps in the selection of Section 4.4 prior to the final require- 
ments on acoplanarity and acollinearity. The distribution expected 
in the latter case for simulated neutralino events, normalised to 
a cross section of 1 pb, is shown by the differently hatched his- 
togram which peaks at high values of the acoplanarity. The arrows 
indicate the final selections applied. 

missing momentum was required to be between 20” 
and 160” and the total visible energy in this angular 
region had to exceed 15 GeV. The JADE algorithm 
[ 171 was used to cluster particles into exactly two jets, 
which were then required to be more than 20” away 
from the beam axis. 

A linear discriminant analysis [ 191 was then used 

in order to optimize signal efficiencies with respect to 
the background. Based on the simulated data, this de- 
termined the linear combination of the variables best 
discriminating the b signal sample from the Standard 

Model background sample. About 19000 fully sim- 
ulated 6 events covering different M,M,o configura- 
tions were used to find the best linear combination of 
six variables (energy and momentum of the most en- 
ergetic jet, missing transverse momentum, total multi- 
plicity, mass of the second most energetic jet, and the 
second Fox-Wolfram moment [ 201). This was then 
used for the tinal selection. 

This procedure selected one event, consisting of 
two jets with energies of 13.2 GeV and 9.8 GeV, 
respectively, and missing transverse momentum of 
6.2 GeV/c. No secondary vertices, expected from 
b quark decays following sbottom production, were 
found in this event. The number of background events 
expected is 2.4 5 0.5 (see Table 1). In the analy- 
sis described in the previous section, the event was 
rejected by the minimum acoplanarity requirement 
(requirement 6 of Section 4.1) . 

4.3. Multijets, or jets and a pair of isolated leptons, 
with missing energy 

Events with four fermions, at least two of which are 
quarks, together with missing energy, could signal pair 
production of the second lightest neutralino according 
to efe- --t ,$fi with one 2; decaying into z’i’qq and 
the other into either ,#qq or $e+C. 

The charged and neutral particles were selected as 
in Section 4.1, and the same event variables and jet 
definitions were used. The signal consists of multijet 
events (qqq’q’) or hadronic events with isolated lepton 
tracks (qqP&), in association with missing energy 
and missing momentum from the escaping neutralinos. 
Such events were selected as follows: 

The number of charged particles was required to be 
at least five, the multiplicity including neutrals had 
to be seven or larger, and there had to be at least one 
track originating within 200 pm of the interaction 
point. These criteria selected multihadronic e+e- 
interactions. 
The total energy of particles within 30” of the beam 
axis was required to be less than 20% of the to- 
tal visible energy. The missing momentum was re- 
quired to be outside this polar angle range. Events 
with an isolated signal registered in the 40° taggers 
(see Section 2) and with the missing momentum 
pointing to it were rejected. These criteria removed 
two-photon events and radiative Z” events. 
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3. If the event contained no isolated particle (charged 
or neutral) above 5 GeV and with the energy inside 
the double cone of Section 4.1 below 3 GeV, the 
following selection was applied (qqq’q’ case) : 
. the transverse missing momentum was required 

to exceed 5 GeV/c, 
. the invariant mass of visible particles was required 

to be less than 0.65 x Ecms/c2, 
. the missing mass had to be greater than 0.55 x 

&ItIS/C2~ 

. the scaled acoplanarity angle between the two 
highest energy jets (see Section 4.1) was required 
to be greater than 16”. 

If there was such a particle the following selection 
was used instead (qqP!- case): 
. it was required that there be at least one iso- 

lated charged particle in the polar angle interval 
Ices(6)) < 0.8r econstructed in the TPC and with 
more than 10% of the total visible energy, and that 
the energy inside the double cone for this track 
be below 1 GeV, 

. the transverse missing momentum was required 
to exceed 2.5 GeV/c, 

. the invariant mass of visible particles had to be 
less than 0.65 x Ecms/c2 for an event to be ac- 
cepted (to reject r background this value was 
reduced to 0.35 x E&c2 for events with five 
charged particles), 

s the scaled acoplanarity angle of the two highest 
energy jets (see Subsection 4.1) was required to 
be greater than 10”. 

No events satisfied these criteria. The number ex- 
pected from background is 0.5 f 0.1 (see Table 1). 

4.4. Two leptons and missing momentum 

The topology of two leptons and missing momen- 
tum could arise from ~~~~ production with fi -+ 

f:PP or from l!r production with subsequent de- 

cay: P -+ ef#. 
Events were selected by requiring exactly two 

charged particles with momenta above 1 GeV/c, po- 
lar angles in the range 20°< 0 < 160”, and satisfying 
the following criteria. 
- Both tracks had to have at least 4 TPC pad signals 

used in the reconstruction. The relative momentum 
errors (6p/p) had to be below 0.5, and the recon- 

strutted impact parameters of the tracks in the two 
planes perpendicular to and containing the beam 
had to be below 5 cm. One or more of the tracks 
had to be at least loosely identified as an electron 
or a muon according to [ 81. 
No more than 2 GeV of energy in charged particles 
should be reconstructed within 10” of any of the 
two selected tracks. 
For events where two such tracks were found, the 

following selections were applied. 
- The missing energy of the event should exceed 

55 GeV. 
- The total multiplicity of the event had to be less 

than eight. The transverse momentum of the pair 
of particles had to exceed 6 GeV/c if the missing 
energy of the event was below 100 GeV, otherwise 
4 GeV/c. These two different requirements were 
optimised for low and high MRy, respectively. In 
addition, the missing transverse momentum of the 
event had to exceed 4 GeV/c, and the energy car- 
ried by neutral particles had to be below 12 GeV. 
These requirements rejected background from 
e+e- --+qq( r) events and two-photon interactions. 

- The acollinearity and acoplanarity between the two 
selected particles had to exceed 8” and 12’ respec- 
tively, and the invariant mass of the pair had to 
be below 70 GeV/c2. These requirements rejected 
e+e- + e+e- events. 
One event passed the selection described above. The 

final state consists of an e+e- pair with an invariant 
mass of 4.6 GeV/c2 and a scalar sum of momenta 
of 19 GeV/c. The large acoplanarity ( 170°) and the 
large missing pr ( 15 GeV/c) are not consistent with 
the expectation for the two-photon or radiative Bhabha 
backgrounds. However, the event is consistent with 
the background of 0.6 f 0.3 events expected from the 
four-fermion process e+e- -+ e+e- vS (see Table 1). 

Fig. 1 (lower part) shows the acoplanarity distribu- 
tion for the data and the simulated background after 
two different selections. The first selection includes 
events with two good isolated tracks, low multiplicity 
and missing transverse momentum above 4 GeV/c. 
The second one includes those events which pass the 
selection when the final requirements on acollinearity 
and acoplanarity are removed. For the second selec- 
tion the distribution for simulated signal events, nor- 
malised to a cross-section of 1 pb, is also shown. 
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Table 1 
The number of events observed in each search channel, together with the total number of background events expected and the numbers 
expected from the individual background sources. When a quoted symmetric error range would extend below zero events truncation at 
zero is implied. 

Selection: Section 4.1 Section 4.2 Section 4.3 Section 4.4 Section 4.5 

Channel: qq(A) NW 94e+e- +qa4 e+e- e+e-e+e- 

Observed events 
Total background 

0 1 0 1 0 
1 .Of0.2 2.4f0.5 0.5fO.l 1.3*.9 -0.4 o.2+‘.’ 

-0.2 

P/r + ff(nr) 

4-fermion events 
yy - r+r- 

yy + e+e- , j~+p- 

yy --) hadrons 

0.58f0.13 0 0.38f0.11 0.26f0.26 0 0+0.6 
. -0.0 

0.05f0.03 0.2f0.14 0.07f0.05 0.6f0.3 o.o+o.s -0.0 
O.lfO.l 0 0 0.45f0.16 0.15f0.16 

0 0 0 o.o+o.s -0.0 
0 0+o.s 

. -0.0 
0.23f0.11 2.2f0.4 0.06f0.03 0 o+a4 . -0.0 o.o+o.4 -0.0 

4.5. Four leptons and missing energy 

Events with four leptons and missing energy could 
be the result of j!,$ production followed by the decay 
,$ -+ f:e+e-. 

The selection used was similar to that of Section 
4.4. It was required that there be three or four isolated 
tracks with 20”~ 8 < 160’. Each had to have at least 
four TPC pad signals used in the reconstruction, and 
at least one associated hit in the VD. The invariant 
masses of all two-particle combinations of these par- 
ticles should be less than 90 GeV/c2, and at least two 
of the particles should be identified leptons. 

In addition, the missing energy of the event was re- 
quired to exceed 50 GeV, the missing transverse mo- 
mentum to be greater than 3 GeV/c, and the total mul- 
tiplicity to be smaller than 10. The energy deposited 
by neutral particles was required to be smaller than 30 
GeV. 

No events which satisfied these requirements were 
found. The number expected from Standard Model 
processes is 0.2$$ 

5. Results 

Table 1 summarises the number of accepted events 
in the data for the different selections. Also shown 
are the expected numbers of events from the different 
background channels. 

Table 2 
Efficiencies in percent for zy,$ events with different decays modes 
of ,# and for different neutralino masses. Systematic errors ate 
about f2% absolute. 

Mass ( GeV/c2 ) Efficiency (%) 

MO MO 
21 22 

2Oe+e- 
I ,@+P- 

15 75 51 65 
20 30 49 56 
20 40 53 66 
20 50 48 64 
30 40 46 56 
30 50 56 68 
30 60 49 65 
40 43 13 15 
40 50 50 61 
40 60 55 67 
40 IO 52 68 
50 60 40 57 
50 70 55 68 
50 80 43 69 
60 65 11 15 

i+-l~ 

47 
40 
52 
54 
36 
51 
55 
0.5 

34 
48 
55 
27 
48 
57 

0.7 

5.1. Results on neutralino production 

To determine the efficiency as a function of the neu- 
tralino masses, events were generated using SUSYGEN 
for different values of Mfl and MS - M$, and for dif- 

ferent decay channels. A total of 54 000 zy,@ events 
were passed through the DELPHI full detector sim- 
ulation [8] and event reconstruction programs. The 
selections described above were then applied to these 
events. Table 2 shows the selection efficiencies deter- 
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Fig. 2. Upper limits on the cross sections in picobams at the 95% confidence level for fygi production (a-c) and ,$e production 
(d-f). For the upper figures (a, d), 2; decays into fle+e-and fi/k/.~- were assumed to dominate. For (b, e) the dominant mode was 

assumed to be $qq. For the lower figures (c, f), the ,$ was assumed to decay into ,@ with the same branching ratios into different 
fetmion flavours as the Z!. The dotted lines indicate the kinematic limits. 

mined by this procedure for three i$ decay modes. 
There is a small difference between the efficiencies 
for different relative CP sign of 27 and ,&$, the lower 
value is quoted in the table. The systematic errors are 
about f2% absolute and were subtracted from the ef- 
ficiencies quoted when calculating limits. 

For each combination of masses each of these effi- 
ciencies may be used, together with the observed num- 
ber of events and expected background, to derive an 
upper limit on the corresponding product of cross sec- 
tion and branching ratio of a specific decay [ 2 11. For 

the background, a conservative lower limit was used 
(0.2 events in the two lepton channel, zero in the other 
channels). The single candidate in the fy,$ electron 
channel was included in the region of the ( Mp , My ) 
plane where it would be kinematically possible fbr 
such an event to arise (approximately given by ME; < 

80 GeV/c*) . The limits obtained are shown in Figs. 2a 
and 2b for the leptonic and hadronic ,$ decay modes. 
The limit obtained assuming that 2: -+ ff Ry de- 
cay is mediated by p, including both leptonic and 
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Table 3 Table 4 
Efficiencies in percent for ,$$y events for different visible final Efficiencies in percent for Tf events for different sfermion types 
states and for different neutralino masses. Systematic errors are and for different I and # masses. Systematic errors are about 
about f2.5% absolute. f3.5% absolute. 

Mass (GeV/c*) 

MO 
11 Mg 

Efficiency (%) 

p-e-pet- e+e- 44; q~lqq 

Mass (GeV/c’ ) 

MO 
z, MT 

Efficiency (%) 

ce pp ii 

15 18 31 2 
15 25 55 29 
15 43 50 31 
15 65 53 33 
30 33 27 3 
30 45 65 43 
30 65 67 47 
50 53 14 1 
50 55 44 16 
50 65 67 55 
60 63 15 1 
60 65 47 12 

20 50 42 56 51 
20 60 46 64 46 
20 65 49 65 60 
40 50 50 65 55 
40 60 51 65 60 
47 50 19 33 15 
50 60 57 67 50 
57 60 17 24 4 
57 65 49 62 40 
60 65 44 53 29 

hadronic modes and 20% of invisible final states, is 
presented in Fig. 2c. 

the calculated efficiencies for ,@,@. For lower values 
of M2, other ty,@ combinations with cascade decays 
involving photons become important. 

In the ,$2$ channel, 34000 events were generated 
and passed through the simulation and selection pro- 
cedure, giving the efficiencies shown in Table 3. The 
limits obtained are shown in Fig. 2d-f for the same 
three assumptions on the 2; decay mode. 

5.2. Results on scalar lepton production 

These results were interpreted in terms of the 
MSSM with universal GUT scale parameters by eval- 
uating the appropriate efficiency, cross section, and 
branching ratio for each channel as functions of M2, 
p, and tan j3. Exclusion regions were derived by com- 
paring the expected number of events with the num- 
ber actually observed and the number expected from 
background, using Poisson statistics in the Bayesian 
approach for combining the different channels [ 221. 

The efficiency of the selection in Section 4.4 for 
scalar electron production, calculated using 4000 
events for different mass combinations, is shown in 
Table 4. In the 8 case there is the additional possibility 
of # exchange in the t-channel. In the case of low 
j,u,] values, the t-channel and s-channel contributions 
may interfere destructively, giving cross sections of 
about 0.5 pb for Me = 40 GeV/c2. For larger 1~1, 
however, meaningful limits may be set. 

Fig. 3 shows the resulting limits in the (CL, M2) 
plane for four different values of tan p and for different 
values of the universal scalar mass at the GUT scale, 
ma. The effect of changing IQ,, and hence the mass 
of the scalar electron, is noticeable only for low Mz, 
and only in regions already excluded by lower energy 
LEP results. 

Fig. 4a shows the excluded regions for produc- 
tion of eie, only (assuming a heavy a~), and 
Fig. 4b shows those for production of a,‘e,, $i?L, 
and $a, with MtL= Me,. These limits apply for 
200 GeV/c2 < 1~1 < 1 TeV/c2 and 1 < tan p < 50, 
and are computed taking into account the candidate 
event described in Section 4.4. 

For values of M2 below about 100 GeV/c2, the 
cross section for jyjg production drops sharply. How- 
ever, it is replaced by a significant cross section for 
ty#, where the properties and branching ratios of 2; 
are similar to those of aj for higher M2. The exclusion 
region was extended to lower values of MI?, based on 

The search of Section 4.4 yielded no events with ,u+ 
final states. The selection efficiency for scalar muons 
was evaluated using fully simulated samples gener- 
ated with SUSYGEN (a total of 4000 events for differ- 
ent mass combinations) and is also shown in Table 4. 
Two cases were considered, namely the case of degen- 
erate masses, MpR= Mb,, and the case of a lighter jZR 
and a kinematically inaccessible ,&, as suggested by 
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Fig. 3. Regions in the (p, ~442) plane excluded at 95% confidence for different values of tan 8. The thick solid lines correspond to 
tn~~ = 1 TeV/s and the hatched areas enclosed by dotted lines to 30 GeV/c2. The lightly shaded areas show the regions excluded by 
LEP 1 for mo = 1 TeV/c?, while the more heavily shaded area is excluded only for no = 30 GeV/c2. The thin dashed line shows the 
kinematic limit for J$,@ production at Ecms = 136 GeV. 

the running of scalar mass terms in the MSSM. The 
limit improves on previous LEPl limits only in the 
mass degenerate case, for which the excluded region 
is shown in Fig. 4c. 

5.3. Results on scalar quark production 

The expected cross section for scalar top quark pro- 
duction is in the picobam range close to the kinematic 
limit, but may be reduced if left-right mixing causes 
decoupling from the p in the s-channel, leaving only 
the photon contribution. 

The sensitivity of the selection of acoplanar jet 
events described in Section 4.1 to i production was 
evaluated using fully simulated event samples for 
several (Mi, Mxy) combinations, supplemented by 
a large set of generator data passed through a very 

fast detector response parametrization to interpolate 
results obtained with the full simulation. Table 4 
shows the efficiency of the selection for different 
mass combinations. Fig. 4d shows the mass combina- 
tions excluded at the 95% confidence level, together 
with results from previous searches at LEPl [ 231 and 
the Tevatron [ 241. The results are shown for the left 
and right stop quarks. An analysis similar to the one 
described in Section 4.2 gave similar results. 

_ = 
The expected cross-section for bLbL production is 

about 2 pb for Mb = 50 GeV/c*. To search for this 
process, the analysis of Section 4.2 was applied. The 
efficiencies for different mass combinations were cal- 
culated using a total of 27 000 fully simulated events. 
They were found to be close to 50% for a difference in 
mass between 6~ and $ above approximately 10 GeV. 
Although the analysis gave no evidence for 6~ pro- 
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Fig. 4. Exclusion regions in the (M?,Me) planes for a) es. b) degenerate e& c) degenerate P&L. LEPl limits coming from direct 

searches (shaded areas and vertical solid lines) and the Ze invisible width measurement (vertical dashed line) are also shown [25]. The 
area above the diagonal corresponds to a stable ?. Limits for iR, iL and 6~ are shown in d) together with Tevatron limits [24] for i 
(hatched area) ; the LJSPl limit for 6~ is close to that for i (shaded area). There are further limits for scalar electrons from single photon 
searches at earlier e+e- colliders [26] which exclude MeR < 53GeV/c2 and degenerate MaR,L < 65GeV/c2 under the assumption that 
the lightest supersymmetric particle, 1:. is a nearly massless photino. All limits given are at 95% confidence level. 

duction, the selected event was treated as a candidate, 

giving exclusion limits in the ( A4bL, Mz.) plane as 
shown in Fig. 4d. 

6. Conclusions 

In a data sample of 5.9 pb-’ collected by the DEL- 
PHI detector at centre-of-mass energies of 130 and 
136 GeV, searches were performed for events with 
acoplanar jet pairs, acoplanar lepton pairs, or combi- 

nations of these, in association with missing energy. 

One event was selected (see Section 4.4) : an acopla- 
nar pair of electrons with momenta 7.6 GeV/c and 
11.6 GeV/c and an invariant mass of 4.6 GeV/c2, con- 
sistent with the expected number of background events 
of 1.3f0.9 and in particular with the 0.6 f 0.3 ex- 
pected from e+e-+ !+f?rM. There was no candidate 
in the acoplanar jets topology. The specific sbottom 
search led to one candidate event, described in Section 
4.2, with 2.4 f 0.5 events expected from background. 
These results are used to set limits on the produc- 
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tion of neutralinos, scalar leptons, and scalar quarks, 
and consequently on the parameters of the MSSM, as 
shown in Figs. 2-4. 

Assuming the dominant decay of 2; into zy and 
a virtual Z?, the cross section for jy$ production 
is limited to be below a few picobarns at the 95% 
confidence level in most of the kinematically allowed 
mass range (see Fig. 2). 

If the gaugino mass parameter h42 is in the re- 
gion between 150 GeV/c2 and 400 GeV/c2 (Hig- 
gsino dominated case) the Higgs superfield mass pa- 
rameter, ,u, is excluded in the region -45 GeV/c2 < 
,u < 80 GeV/c2 for tan/3= 1.0 and 1~1 < 65 GeV/c2 
for tan p= 35, independent of the mc value. A narrow 
window for p close to zero that is not covered in this 
analysis is covered by previous LEPl searches (see 
Fig. 3). 

In the case of degenerate scalar electron masses, 

Mcr = MeR, values below 56.5 GeV/c2 are excluded 
at the 95% confidence level if MtL,R - M8 > 
5 GeV/c2, 200 GeV/c2 < 1~1 < 1 TeV/c2, and 
tan p > 1 (Fig. 4b). For degenerate scalar muons the 
corresponding limit is 51 GeV/c2, irrespective of the 
MSSM parameters (Fig. 4~). 

The mass of the left scalar top quark, MzL, is limited 
to be above 56 GeVlc2 at the 95% confidence level if it 
is at least 8 GeV/c2 heavier than the lightest neutralino 
(Fig. 4d). The left sbottom mass, MhL, is constrained 
to be above 53 GeV/c’ at 95% confidence level if it 
is at least 20 GeV/c2 above Mp (also Fig. 4d). 

These results extend exclusion limits obtained at 
LEPl, and probe a relevant part of the MSSM param- 
eter space. 
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