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Abstract

A search has been made for pairs of scalar quarks (squarks) produced in e*e~ annihilations
at LEP (4/8 =~ Mzo), 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/c? and down squarks below 43 GeV/c? were excluded.

Six squark flavours degenerate in mass were excluded below 45 GeV/c?.
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1 Introduction

A large number ol high energy e*e™ annihilations have been recorded during
the 1989 running period of LEP, the CERN electron-positron collider.
Novel strategies thal use the large stalistics around the Z° resonance and
rely on the clean machine condilions can be applied in scarching for new
phenomena.

This paper reports a scarch, using the DELPII detector, for new heavy
unstable charged particles which are pair produced in Z° decays, and
decay immediately 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

efe” = 72° = 44 — x°9x°4, (1)

where the scalar supersymmeric partners ¢ and g of the quark and antiquark
decay into the undetected lightest supersymmetric particle (L.SP) x° and a
quark q. Previous searches for these types of processes were based on the
signature of a momentum imbalance appearing cither as acollinear jets or as
events with large missing transverse momentum ([1]-[5]). Such approaches
require a large difference belween the mass of the charged decaying particle
and the mass of the ncutral invisible particle. In the case of a heavy
invisible object, close in mass to the decaying particle, the experimental
signature changes from a clearly distinguishable acollincar jet topology to
evenls of small visible energy. At hadron colliders these events have low
trigger cfliciencies and high backgrounds duc to soft processes. At ete”
colliders they are contaminated by two-photon interactions and machine

backgrounds.



The present scarch was based on two dilferent analysis. The first one
applies Lo heavy invisible objects and is new. It utilises e*e™ annihilations
at cenler-ol-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 cxceed on the peak the cross section due to s-channel
photon exchange by several orders of rﬁagnitudc. Data points at center-of-
mass cuergics around the Z° pole are a direct experimental check of the
estimates for the backgrounds which are decoupled from the Z°. Mence the
rates of these background events may be reliably determined. The second
analysis which follows previous works ([1]-[2]), is based on scarching for
acollincar jels and puts limits for LSP masses less than aboutl hall of the
squark mass. Mosl of the paper is devoled to an explanation of the new
approach applied in the firsl analysis.

The squarks ¢ and ¢ of Fq.(1) couple to the Z° analogously to the
corresponding fermionic quark fields and the expecled cross sections are
calculable for each flavour and helicity [6]. In case of low squark masses, the
cross sections are al the level of three nanobarns for single flavours and they
can contribute to the hadronic or to the invisible width of the Z° (depending

3/2
on the mass of the LSP). The phasc space factor g% = (]. —41\13/3)
afllects the rates over a wide portion of the kinemalically accessible region.

In both analysis presented here, cach squark was assumed to decay
immediately with a 100 % branching ratio into a LSP (heavy gluino
assumed) and a quark. Only mass dilferences between the squark and the
LSP above 2 Gel” were investigated, since closer masses lead Lo theoretical
uncertainties in the multiplicities of the fragmentation of low energy quark-
antiquark systems. Some characteristics of the expected signal are shown in

Figure | in which the distributions of the total charged encrgy are plotted



for three combinations of the masses of the scalar quarks and the heavy
LSP. Tn the first analysis the scarch was concentrated on events having a
total charged encrgy smaller than 20 GeV whereas in case of LSP masses
less than hall of the squark mass, the total charged cnergy is well within
the distribution from the standard quarks and events with visible cnergy

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 Tnner and the Outer Detectors (ID, OD),
and the Small Angle Tagger (SAT).

The 1D is a cylindrical drift chamber covering the polar angle range
30° to 150°. It contains five trigger layers giving informalion about the
cylindrical r¢ and longitudinal z coordinates at the radius of 22 cm around
the beam axis. The jet chamber seclion providing the r¢é coordinates of
21 points. The TPC is a cylinder with an inner radius of 30 cm, outer
radius of 122 ¢m and with anode wires al a distance of 134 ¢m from the
central high voltage plane at z = 0. The TPC records 16 space points (for
polar angles of 10° to 140°), z-coordindates 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 aluminium drift
tube assemblies in five layers at a radius of 198-208 c¢m. It provides five
accurale r¢ space points and three fast z coordinates per track at polar
angles between 507 and 130° and contributed also to the track trigger.
The SAT calorimeters cover polar angles of 43 to 135 mrad in the beam

directions. They counsist of scintillating fibres embedded in a lead absorber




and they measure the integrated luminosity by monitoring the rate of small
angle Bhabha scalicring. Details of the luminosily measurement are given
in Rel. [8].

The component of the DELPHT trigger that is most important for this
analysis is the barrel track trigger consisling 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 cvent-to-event basis, and the efficiency of this particular trigger could
be measured by using the redundancy of the independent barrel trigger
information from the scintillator layer behind the first 5 radiation lengths
of the barrel electromagnetic calorimeter combined with the 172 time of
Mlight counters outside the solenoid. Tigure 2 shows the trigger efliciency

as a lunction of the visible charged energy calculated from the data.

3 Event selection for heavy LSPs

Fvents used in this analysis contain at lcast one reconstructed charged
track with a momentum larger than 0.5 GeV/c, a radial impact parameter
less than 15 em and a longitudinal distance z from the interaction point
less than 30 em. 'These sclection criteria were chosen to include events
to measure the machine 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 13500 events
remained, corresponding to an integrated luminosity of 330 nb~! divided
into ten samples at center-ol-mass energies between 88.28 and 95.04 GeV.
In cach event, the average impact distance in the z-direction, 2, and its
variance, o(2), were calculated for the selected charged particle tracks.

The candidates were selected by requiring



L. a total visible charged energy less than 20 GeV,

2. more than two charged particles (this criterion rejected cosmic
triggers, beam halo tracks, and leptonic Z° decays, including a large
fraction of the tau pairs, but had a high cfMiciency for signal events,

because the average charged multiplicity in them is always larger than

five),

3. | 2[< 4 cm (to reject events that are nol at the expected interaction

point),

4. 0(2) <6 cm (to reject events with an ill defined vertex),

31

| cos(Binrun) |< 0.8, where Gyppya is the polar angle of the thrust axis

with respeet to the beam (Lo reject most two photon interactions),

6. all tracks to have at angles greater than 257 to the beam axis (Lo velo

events oriented very close to the beam direction),

7. energy in the SAT smaller than 41 GeV (to veto two photon candidates

and machine backgrounds).

After the selections the sample contained 284 events. . was checked by
scanning thal the general features of the events were those expected from
a combination of two photon events, Z° decays with low reconstruciled
charged encrgy and events due to machine backgrounds. Most of the
ofl momentum tracks and the beam-gas or beam-wall interactions were
rejected by the vertex criteria described above. The reference interval
5 <| 2 |< 30 em was used lo estimale the remaining beamn associated
background and its uncertainty. The 390 cvents in this interval were

found to be uniformly distributed in the variable 2 within statistics. By



extrapolating the evenl densily to the vertex interval | 2 |< 4 em, a
background of 62 £ 3 (stal.) cvenls was cstimated. The backround rate
turned oul to be stable from machine fill to machine fill within the relatively
poor stalislics (oﬂ,cn‘ less than 10 cvcnl:s per fill); to take into account
possible varialions, a 30 % systematic error was added in quadrature
with the statistical error. This background was subtracted from the 284
selected events in the subsequent analysis. The number of selected events
al cach energy was normalized to the SAT measured luminosity to give the
measured cross sections which are presented as a function of the center-of-
mass cnergy in Figure 3.

The data of Figure 3 are taken to be the sum of a resonance-shaped
contribution due to remaining Z° decays and a slowly energy dependent

contribution duc to the two photon events, that satisly the sclection criteria.

4 Expected signal and search limits in the
case of a heavy LSP

A high stalistics sample of Monte Carlo c;'ents was generaled with 1st
order radialive corrections, quark fragmentation according to the Lund 6.3
parton shower model [9] and with the detailed simulation of the detector
(Ref. [10] shows the gencral properties of the hadronic Z° decays). This
was used lo estimale the contribution from standard hadronic Z° decays
(reconstructed only partially due to either a very forward-backward event
axis or high ncutral content), and from decays into 77 pairs. The result
was that (0.75 £ 0.25) % of the standard Z° decays satisfy the selection
criteria.  The 0.25 % systematic error was mainly due to uncertaintics
in the angular dependence of the trigger elficiency. The dependence of

the tails of the charged energy distribution on the fragmentation model

-6 -



2

5

was investigated by comparing the o2 matrix element Monte Carlo model
wilh string fragmentation in Lund 6.3 and found to be negligible. These
remaining Z%s were assumed to be distributed according to the line shape
and were normalised to the peak cross scclion measured in Rel, [8]. Their
contribution al the peak is equal to 0.23 & 0.07 nb.

The measured cross section for all Z° associated processes was estimated
by fitting to Tigure 3 a Z° line shape [8] with a frce normalization
(representing the remaining standard Z° plus possible nonstandard Z°
decays) plus a constant term (representing the two-photon contribution).
The fit had x*/D.O.F. = 7.9/8 (Tigure 3). The expected background
due to the standard Z° decays as estimated above was then subtracted
from the result. The remaining nonstandard signal associated with the Z°,
for example due to process (1) was (—0.09 £ 0.14) nb on the peak, This
corresponds to —20 £ 32 events inlegrated over the whole energy interval.
The remaining constant background was 0.5640.09 nb. The upper limit for
a physical, i.c. posilive cross section, associated to nonstandard Z° decays
was delermined by excluding 95% of the probability density (Gaussian) in
the region of positive cross sections (Ref. [11]). The limit was 0.23 nb,
corresponding to 52 events. This number of events was used for deriving
the search limits reported below.

The expected rate of the signal evenls depends on their production
cross section, trigger efliciency and selection efficiency. The trigger and
selection efficiencies were studied at various mass values by passing Monte
Carlo samples through the same analysis chain as the real data. The trigger
part of the simulation was cross checked against real data by comparing the
simulation resulls with the trigger efliciency extracted from real evenls of

a similar topology. The selection efliciency 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 eflicicncy decreases again
-since those events have more than 20 GeV of visible charged cnergy. The
combined cfliciency was parametrized as shown in Figure 4 and is known
with an uncertainty of about 5 %.

The 95% confidence level search limits for 6 degnerate flavours, for a
single Navour downlype and for a single flavour uptype from this method

arc shown labelled as A in Figure 5 a), b) and c), respectively.

5 Analysis and limits for light LSP

In the second analysis, which used a sample corresponding to 9300 hadronic
Z° decays, two jel events were selected using the jet clusterization algorithm
LUCLUS [9]. The acoplanarity angle a,, was calculated as the angle
between the two jels projected on the plane perpendicular to the beam

axis. The candidates were sclected with the following criteria:
L. total visible charged energy larger than 15 GeV,

2. more than five charged particles,

o

| 2|<4em,

-

o(z) <6 cm,

It

- | cos(Othruat) |< 0.7,

(=2}

oy < 135°.

The first criterium was chosen in order to complement with some

coverage the selection of Section 3.



After the selection the sample contained 31 candidates. For estimaling
the expected background from standard Z° decays, the Monte Carlo events
described in Section 4 were used. It was found that 0.37 % of the
simulated standard hadronic Z° decays satisfied the selection criteria, which
corresponds to 314 (stal.) events in the selected sample. The systematic
cerror was estimated to be 10 % by comparing the distributions of the Monte
Carlo cvents (with the parton shower fragmentation as well as with the
string fragmentation) and the data in the variable a,,. The background
was subiracted from the number of candidale events, and a 5 % systematic
error in the normalization was added in quadrature with the other errors.
The resull was —3 £ 7.5 events. The upper limit of 13 for the number of
signal cvents satislying the sclection criteria was determined by excluding
95 % of the positive Gaussian probability density.

The detection efliciency for the squark signal was parametrized analo-
gously to Iligure 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/c2.
It was assumed to be known with about 5 % uncertainty.

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

In conclusion, it is scen from Figure § that the combination of the
two analyses exclude in the case of a LSP lighter than 20 GeV/c? three
generalions of squarks below 45 GeV/c?, a single flavour downtype squark
below 43 GeV/e? and a single flavour uplype squark below 42 GeV/c2.
For heavier LSPs (up to m; — 2 GeV/c?) the limits exiend to 44 GeV/c?,
38 GeV/e? and 36 GeV/c?, respectively. These resulls greally improve the
limits deduced form previous experimenis, and are entirely new for the case

of down Lype squarks.



After the completion of the preseni, work a paper by the Mark II

Collaboralion was reccived [12] where similar conclusions are reached.
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List of Figures

Figure 1: The distributions of total charged visible cnergy in the final
stale ol squark pair production for various squark and LSP masses.

Iligure 2: Bfliciency of l,hc'DELI’II[ barrel track trigger used for this
analysis as a function of the total visible charged cnergy.

Figure 3: Measured cross scclions (correcled for the machine back-
ground) of events satislying the sclection criteria as a function of the center-
of-mass-cnergy. The solid curve is the result of a Lwo parameter fit of a Z°
line shape plus a constant term both with a free normalization. The dashed
curve corresg;onds to the 95 % C.L. upper limit.

Figure 4: Combined trigger and the sclection efficiencies as a function
of the squark mass and the ISP mass.

Iigure 5: Extracted 95 % C.L. mass limils for scalar quark pairs
decaying into LST’s for a) 6 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 contours from the first and the
second method are labelled as A and B, respectively. Also shown are limits
from i) CELLO (95% C.L. single flavour) [1], ii) TOPAZ (95% C.1.. single
flavour) [2]. UAI results[3] exclude m; < 15 GeV/c? (90% C.L. with five
Mavours) for mysp < 20 Gel'/c2. CDF resulls [1] exclude m; < 74 GeV/c?
(90% C.L. with six flavours) for mpsp < 30 GeV/c?. UA2 results [5] exclude

50 < mz < 74 GeV/e? (90% C.L. with five flavours) for mpsp < 20 GeV/c2.
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