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A search has been made for pairs of scalar quarks (squarks ) produced in e +e- annihilations at LEP (4 = M,o ), and decaying 

into a standard quark and a neutral, non-interacting, stable, massive particle (the lightest supersymmetric particle, LSP). The 

search has been conducted for differences in the mass of the squark and LSP of 2 GeV/c* and above. Up squarks with masses 

below 42 GeV/c2 and down squarks below 43 GeV/c2 were excluded. Six squark flavours degenerate in mass were excluded below 

45 GeV/c’. 

1. Introduction 

A large number of high energy e+e- annihilations 
have been recorded during the 1989 running period 
of LEP, the CERN electron-positron collider. Novel 
strategies that use the large statistics around the Z” 
resonance and rely on the clean machine conditions 
can be applied in searching for new phenomena. 

150 

This paper reports a search, using the DELPHI de- 
tector, for new heavy unstable charged particles which 
are pair produced in Z” decays, and decay immedi- 
ately producing a neutral and non-interacting stable 
particle together with a standard quark. Decays of this 
type are to be expected in some theories beyond the 
standard model. In particular, supersymmetric 
models predict reactions of the type 
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e + e-  - Z °--, q~ ~ 2°q2°~1, ( 1 ) 

where  the scalar supersymmetric partners ~ and ~ of 
the quark and antiquark decay into the undetected 
lightest supersymmetric particle (LSP) 2 ° and a quark 
q. Previous searches for these types of processes were  

based on the signature of a momentum imbalance 
appearing either as acollinear jets or as events with 
large missing transverse momentum [ 1-5 ]. Such ap- 
proaches require a large difference between the mass 
of the charged decaying particle and the mass of the 
neutral invisible particle. In the case of a heavy invis- 
ible object, close in mass to the decaying particle, the 
experimental signature changes from a clearly distin- 
guishable acollinear jet topology to events of small 
visible energy. At hadron colliders these events have 
low trigger efficiencies and high backgrounds due to 
soft processes. At e+e - colliders they are contami- 
nated by two-photon interactions and machine 
backgrounds. 

The present search was based on two different 
analyses. The first one applies to heavy invisible ob- 
jects and is new. It utilises e+e - annihilations at cen- 
ter-of-mass energies around the Z ° boson mass. The 
cross section of the new process is expected to follow 
the standard line shape of the Z ° boson and, thus, to 
exceed on the peak the cross section due to s-channel 
photon exchange by several orders of magnitude. Data 
points at center-of-mass energies around the Z ° pole 
are a direct experimental check of the estimates for 
the backgrounds which are decoupled from the Z °. 
H e n c e  the rates of these background events may be 
reliably determined. The second analysis which fol- 
lows previous works [ 1,2 ], is based on searching for 
acollinear jets and puts limits for LSP masses less than 
about half of the squark mass. Most of the paper is 
devoted to an explanation of the new approach ap- 
plied in the first analysis. 

The squarks ~ and ~ of eq. (1) couple to the Z ° 
analogously to the corresponding fermionic quark 
fields and the expected cross sections are calculable 
for each flavour and helicity [ 6 ]. In case of low squark 
masses, the cross sections are the level of 3 nb for sin- 
gle flavours and they can contribute to the hadronic 
or to the invisible width of the Z ° (depending on the  

mass of the LSP). The phase space factor f13 = ( 1 - 
4MZ/s) 3/2 affects the rates over a wide portion of the 
kinematically accessible region. 

DELPHI 
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Fig. 1. The distributions of total charged visible energy in the 
final state of squark pair production for various squark and LSP 
masses. 

In both analyses presented here, each squark was 
assumed to decay immediately with a 100% branch- 
ing ratio into a LSP (heavy gluino assumed) and a 
quark. Only mass differences between the squark and 
the LSP above 2 GeV were investigated, since closer 
masses lead to theoretical uncertainties in the multi- 
plicities of the fragmentation of low energy quark- 
antiquark systems. Some characteristics of the ex- 
pected signal are shown in fig. 1 in which the distri- 
butions of the total charged energy are plotted for 
three combinations of the masses of the scalar quarks 
and the heavy LSP. In the first analysis the search was 
concentrated on events having a total charged energy 
smaller than 20 GeV whereas in case of LSP masses 
less than half of the squark mass, the total charged 
energy is well within the distribution from the stan- 
dard quarks and events with visible energy larger than 
15 GeV were considered. 

2. The  detector and trigger arrangement  

The components of DELPHI [ 7 ] relevant for this 
work are the Time Projection Chamber (TPC), the 
Inner and the Outer Detectors (ID, OD), and the 

Small Angle Tagger (SAT). 
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The ID is a cylindrical drift chamber covering the 
polar angle range 30°-150 ° . It contains five trigger 
layers giving information about the cylindrical r~ and 
longitudinal z coordinates at the radius of 22 cm 
around the beam axis. The jet chamber section pro- 
viding the rq~ coordinates of 24 points. The TPC is a 
cylinder with an inner radius of 30 cm, outer radius 
of 122 cm and with anode wires at a distance of 134 
cm from the central high plane at a = 0. The TPC rec- 
ords 16 space points (for polar angles of 40-140 ° ), 
z-coordinates derived from the drift time onto the 
wires and r~ coordinates from the circular pad rows 
behind the anode wires. At least six space points are 
registered down to polar angles of 24 °. The OD is a 
cylindrical tracking device consisting of 24 alumin- 
ium drift tube assemblies in five layers at a radius of 
198-208 cm. It provides five accurate r~ space points 
and three fast z coordinates per track at polar angles 
between 50 ° and 130 ° and contributed also to the 
track trigger. The SAT calorimeters cover polar an- 
gles of 43-135 mrad in the beam directions. They 
consist of scintillating fibres embedded in a lead ab- 
sorber and they measure the integrated luminosity by 
monitoring the rate of small angle Bhabha scattering. 
Details of the luminosity measurement are given in 
ref. [8]. 

The component of the DELPHI trigger that is most 

1.0 

08 

04 

0.2 

DELPHI 
I 

t 1 

Total charged energy (GeV) 

Fig. 2. Efficiency of the DELPHI barrel track trigger used for this 
analysis as a function of the total visible charged energy. 

important for this analysis is the barrel track trigger 
consisting of the coincidence of back to back OD 
quadrants with any signal from the ID trigger layers. 
The information about all the trigger components was 
included in the data on an event-to-event basis, and 
the efficiency of this particular trigger could be mea- 
sured by using the redundancy of the independent 
barrel trigger information from the scintillator layer 
behind the first 5 radiation lengths of the barrel elec- 
tromagnetic calorimeter combined with the 172 time 
of flight counters outside the solenoid. Fig. 2 shows 
the trigger efficiency as a function of the visible 
charged energy calculated from the data. 

3. Event selection for heavy LSPs 

Events used in this analysis contain at least one re- 
constructed charged track with a momentum larger 
than 0.5 GeV/c, a radial impact parameter less than 
15 cm and a longitudinal distance z from the inter- 
action point less than 30 cm. These selection criteria 
were chosen to include events to measure the ma- 
chine backgrounds, as discussed later. The detector 
conditions were checked for the detector parts which 
were necessary for the reconstruction and the trigger. 
After this run selection 13 500 events remained, cor- 
responding to an integrated luminosity of 330 nb-  
divided into ten samples at center-of-mass energies 
between 88.28 and 95.04 GeV. 

In each event, the average impact distance in the -7- 
direction, £, and its variance, a(z),  were calculated 
for the selected charged particle tracks. 

The candidates were selected by requiring 
( 1 ) a total visible charged energy less than 20 GeV, 
(2) more than two charged particles (this criterion 

rejected cosmic triggers, beam-halo tracks, and lep- 
tonic Z ° decays, including a large fraction of the tau 
pairs, but had a high efficiency for signal events, be- 
cause the average charged multiplicity in them is al- 
ways larger than five, ) 

(3) I£[ <4  cm (to reject events that are not at the 
expected interaction point), 

(4) a ( z ) < 6  cm (to reject events with an ill de- 
fined vertex), 

(5) [cos 0,hrustl <0.8, where 0~hrus~ is the polar an- 
gle of the thrust axis with respect to the beam (to re- 
ject most two-photon interactions), 
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(6) all tracks to have at angles greater than 25 ° to 
the beam axis (to veto events oriented very close to 
the beam direct ion),  

(7) energy in the SAT smaller than 4 GeV (to veto 
two photon candidates and machine backgrounds).  

After the selections the sample contained 284 
events. It was checked by scanning that the general 
features of the events were those expected from a 
combinat ion  of two-photon events, Z ° decays with 
low reconstructed charged energy and events due to 
machine backgrounds. Most of the off m o m e n t u m  
tracks and the beam-gas  or beam-wal l  interactions 
were rejected by the vertex criteria described above. 

The reference interval 5 < I g l < 30 cm was used to es- 
t imate the remaining beam associated background 
and its uncertainty. The 390 events in this interval 
were found to be uniformly distr ibuted in the vari- 
able g within statistics. By extrapolating the event 
density to the vertex interval I~1 < 4  cm, a back- 
ground of 62 + 3 (stat.) events was estimated. The 
background rate turned out to be stable from ma- 
chine fill to machine fill within the relatively poor 
statistics (often less than ten events per fill); to take 
into account possible variations, a 30% systematic 
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Fig. 3. Measured cross sections (corrected for the machine back- 
ground) of events satisfying the selection criteria as a function of 
the center-of-mass-energy. The solid curve is the result of a two- 
parameter fit to a Z ° line shape plus a constant term both with a 
free normalization. The dashed curve corresponds to the 95% CL 
upper limit. 

error was added in quadrature with the statistical er- 
ror. This background was subtracted from the 284 se- 
lected events in the subsequent analysis. The number  
of selected events at each energy was normalized to 
the SAT measured luminosi ty to give the measured 
cross sections which are presented as a function of 
the center-of-mass energy in fig. 3. 

The data of fig. 3 are taken to be the sum of a res- 
onance-shaped contr ibut ion due to remaining Z ° de- 
cays and a slowly energy dependent  contr ibut ion due 
to the two photon events, that satisfy the selection 
criteria. 

4 .  E x p e c t e d  s i g n a l  a n d  s e a r c h  l i m i t s  in  t h e  c a s e  o f  a 

heavy LSP 

A high statistics sample of Monte Carlo events was 
generated with first-order radiative corrections, quark 
fragmentation according to the Lund 6.3 parton 
shower model [ 9] and with the detailed simulat ion 
of the detector (ref. [ 10] shows the general proper- 
ties of the hadronic Z ° decays). This was used to es- 
t imate the contr ibut ion from standard hadronic Z ° 
decays (reconstructed only partially due to either a 
very forward-backward event axis or high neutral 
content) ,  and from decays into z~ pairs. The result 
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Fig. 4. Combined trigger and the selection efficiencies as a func- 
tion of the squark mass and the LSP mass. 
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was that  (0.75___0.25)% o f  the s t andard  Z ° decays  

satisfy the  se lect ion cri teria.  The  0.25% sys temat ic  

er ror  was ma in ly  due  to uncer ta in t i es  in the  angular  

d e p e n d e n c e  o f  the t r igger  efficiency.  The  d e p e n d e n c e  

o f  the tails  o f  the  charged energy d i s t r ibu t ion  on the  

f r agmen ta t i on  m o d e l  was inves t iga ted  by c o m p a r i n g  
the a 2 mat r ix  e lement  M o n t e  Car lo  m o d e l  wi th  string 

f r agmen ta t ion  in L u n d  6.3 and  found  to be  negligi-  

Fig. 5. Extracted 95% CL mass limits for scalar quark pairs de- 
caying into LSPs for (a) six flavours degenerate in mass, (b) a 
single down squark, and (c) a single up squark (right- and left- 
handed fields assumed degenerate in all cases). The limiting con- 
tours from the first and the second method are labelled as A and 
B, respectively. Also shown are limits from (i) CELLO (95% CL 
single flavour) [ 1 ], (ii) TOPAZ (95% CL single flavour) [2]. 
UA 1 results [ 3 ] exclude m~ < 45 GeV/c 2 (90% CL with five fla- 
yours) for mLSP < 20 GeV/c 2. CDF results [ 4 ] exclude m~ < 74 
GeV/c 2 (90% CL with six flavours) for mLsa < 30 GeV/c 2. UA2 
results [ 5 ] exclude 50 < m~ < 74 GeV/c 2 (90% CL with five fla- 
vours) for mLsp<20 GeV/c 2. 

ble. These  r e m a i n i n g  Z° ' s  were  a s sumed  to be dis- 

t r ibu ted  accord ing  to the l ine shape and  were  nor-  

mal ised  to the peak cross section measured  in ref. [ 8 ]. 

The i r  con t r ibu t ion  at the  peak  is equal  to 0.23 +_ 0.07 

nb. 
T h e  m e a s u r e d  cross sect ion for  all Z ° assoc ia ted  

processes  was e s t ima ted  by f i t t ing to fig. 3 a Z ° l ine 
shape [ 8 ] wi th  a free normal i za t ion  ( represent ing  the 
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remaining standard Z ° plus possible nonstandard Z ° 
decays) plus a constant term (representing the two- 
photon contribution). The fit had z2/DOF=7.9/8  
(fig. 3). The expected background due to the stan- 
dard Z ° decays as estimated above was then sub- 
tracted from the result. The remaining nonstandard 
signal associated with the Z °, for example due to pro- 
cess (1) was ( - 0 . 0 9 + 0 . 1 4 )  nb on the peak. This 
corresponds to - 20 + 32 events integrated over the 
whole energy interval. The remaining constant back- 
ground was 0.56+0.09 nb. The upper limit for a 
physical, i.e. positive cross section, associated to 
nonstandard Z ° decays was determined by excluding 
95% of the probability density (gaussian) in the re- 
gion of positive cross sections (ref. [ 11 ] ). The limit 
was 0.23 nb, corresponding to 52 events. This num- 
ber of events was used for deriving the search limits 
reported below. 

The expected rate of the signal events depends on 
their production cross section, trigger efficiency and 
selection efficiency. The trigger and selection effi- 
ciencies were studied at various mass values by pass- 
ing Monte Carlo samples through the same analysis 
chain as the real data. The trigger part of the simula- 
tion was cross checked against real data by compar- 
ing the simulation results with the trigger efficiency 
extracted from real events of a similar topology. The 
selection efficiency was found to vary from 34% to 
56% as the mass difference between the squark and 
the LSP varied from 2 GeV to 6 GeV. For larger mass 
differences the efficiency decreases again since those 
events have more than 20 GeV of visible charged en- 
ergy. The combined efficiency was parametrized as 
shown in fig. 4 and is known with an uncertainty of 
about 5%. 

The 95% confidence level search limits for six de- 
generate flavours, for a single flavour downtype and 
for a single flavour uptype from this method are 
shown labelled as A in figs. 5a, 5b and 5c, respectively. 

5. Analysis and limits for light LSP 

In the second analysis, which used a sample corre- 
sponding to 9300 hadronic Z ° decays, two-jet events 
were selected using the jet clusterization algorithm 
LUCLUS [9]. The acoplanarity angle C~xy was cal- 
culated as the angle between the two jets projected on 

the plane perpendicular to the beam axis. The can- 
didates were selected with the following criteria: 

( 1 ) total visible charged energy larger than 15 GeV, 
(2) more than five charged particles, 
(3) I~1 <4  cm, 
(4) a(z)  <6  cm, 
(5) IcoS0,hr~s~l <0.7, 
(6) axy~< 135 °. 
The first criterium was chosen in order to comple- 

ment with some coverage the selection of section 3. 
After the selection the sample contained 31 candi- 

dates. For estimating the expected background from 
standard Z ° decays, the Monte Carlo events de- 
scribed in section 4 were used. It was found that 0.37% 
of the simulated standard hadronic Z ° decays satis- 
fied the selection criteria, which corresponds to 34 + 4 
(stat.) events in the selected sample. The systematic 
error was estimated to be 10% by comparing the dis- 
tributions of the Monte Carlo events (with the par- 
ton shower fragmentation as well as with the string 
fragmentation) and the data in the variable otx,y. The 
background was subtracted from the number of can- 
didate events, and a 5% systematic error in the nor- 
malization was added in quadrature with the other 
errors. The result was - 3  + 7.5 events. The upper 
limit of 13 for the number of signal events satisfying 
the selection criteria was determined by excluding 
95% of the positive gaussian probability density. 

The detection efficiency for the squark signal was 
parametrized analogously to fig. 4, being typically 
25% for masses of the LSP up to half of the squark 
mass and for the squark masses larger than about 20 
GeV/c 2. It was assumed to be known with about 5% 
uncertainty. 

The 95% confidence level search limits based on 
this search are shown in fig. 5 labelled as B. 

In conclusion, it is seen from fig. 5 that the combi- 
nation of the two analyses exclude in the case of a 
LSP lighter than 20 GeV/c 2 three generations of 
squarks below 45 GeV/c 2, as single flavour down- 
type squark below 43 GeV/c 2 and a single flavour 
uptype squark below 42 GeV/c% For heavier LSPs 
(up to m ~ - 2  GeV/c z) the limits extend to 44 GeV/ 
c 2, 38 GeV/c 2 and 36 GeV/c 2, respectively. These 
results greatly improve the limits deduced from pre- 
vious experiments, and are entirely new for the case 
of down type squarks. 

After the completion of the present work a paper 
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by  the  M a r k  II C o l l a b o r a t i o n  was rece ived  [ 12 ] where  

s i m i l a r  c o n c l u s i o n s  are  r eached .  
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