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Abstract

Searches for scalar top and scalar bottom quarks have been performed at center-

of-mass energies between 161 GeV and 183 GeV using the L3 detector at LEP. No

signal is observed. Model-independent limits on production cross sections are deter-

mined for the two decay channels ~t1! c~�01 and
~b1! b~�01. Within the framework of

the Minimal Supersymmetric extension of the Standard Model mass limits are de-

rived. For mass di�erences between ~t1 and ~�01 greater than 10 GeV a 95% C.L. limit

of 81.5 GeV is set on the mass of the Supersymmetric partner of the left-handed top.

A supersymmetric partner of the left-handed bottom with a mass below 80 GeV

is excluded at 95% C.L. if the mass di�erence between ~b1 and ~�01 is greater than

20 GeV.

Submitted to Phys. Lett. B



1 Introduction

In the Minimal Supersymmetric extension of the Standard Model (MSSM) [1] for each helicity

state Standard Model (SM) quark q there is a corresponding scalar SUSY partner ~qL;R. Gen-

erally, the mixing between left ~qL and right ~qR eigenstates is proportional to the corresponding

quark mass. The heavy top quark enhances ~tL�~tR mixing leading to a large splitting between

the two mass eigenstates. This is usually expressed in terms of the mixing angle, �LR. The

lighter scalar top quark
~t1 = ~tL cos �LR +~tR sin �LR (1)

can well be in the discovery range of LEP. Large ratio of the vacuum expectation values of the

two Higgs �elds, tan �>� 10, results in a large ~bL � ~bR mixing that may also lead to a light

sbottom ~b1.

In the present analysis R-parity conservation is assumed which implies that SUSY particles

are produced in pairs; the heavier sparticles decay into lighter ones and the Lightest Supersym-

metric Particle (LSP) is stable. In the MSSM the most plausible LSP candidate is the weakly

interacting lightest neutralino, ~�01.

The squark production at LEP proceeds via the exchange of virtual bosons in s-channel.

The production cross section is governed by two free parameters: the squark mass, m~q, and

the mixing angle, �LR [2]. At cos �LR � 0.57 (0.39) the stop (sbottom) decouples from the Z

and the cross section is minimal. Its reaches the maximum at cos �LR=1 when ~t1 is the weak

eigenstate ~tL.

The decay mode of the squark depends mainly on its mass and the masses of the decay

products. At LEP energies the most important channels for the stop are: ~t1! c~�01, ~t1! b~�+1 ,

and ~t1! b�` ~̀ / b` ~�`, where ~�01 and ~�+1 are the lightest neutralino and chargino, respectively,

and ~̀, ~�` are the supersymmetric partners of the charged lepton and neutrino. The scalar

top analysis is performed assuming 100% branching ratio for the decay channel ~t1! c~�01. For

sbottom the most important decay mode ~b1! b~�01 is investigated under the same assumption.

Although the ~t1! b~��1 decay channel is the dominant one when kinematically allowed, the

current limits on chargino mass [3] preclude this decay to occur.

The stop decay ~t1! c~�01 is a second order weak decay and the lifetime of the ~t1 is larger than

the typical hadronisation time of 10�23s. Thus the scalar top �rst hadronises into a colourless

meson or baryon and then decays. For the sbottom the situation depends on the gaugino-

higgsino content of the neutralino: the hadronisation is preferred for a gaugino like neutralino.

In the present analysis we follow this scenario. Though hadronisation does not change the �nal

event topology, it does a�ect event multiplicity, jet properties and event shape.

Previous searches for stop and sbottom have been performed at LEP [4] and at the TEVA-

TRON [5].

2 Data Samples and Simulation

The data used in the present analysis were collected in 1996 and 1997 at
p
s=161 GeV, 172 GeV

and 183 GeV with integrated luminosities of 10.7 pb�1, 10.1 pb�1 and 55.2 pb�1, respectively.

The description of the L3 detector and its performance can be found in Reference [6].

Monte Carlo (MC) samples of signal events are generated using a PYTHIA [7] based event

generator and varying the stop (sbottom) mass from 45 GeV up to the kinematical limit and the

~�01 mass from 1 GeV to M~t1
{2 GeV (M~b1

{5 GeV). About 2000 events are generated at each mass
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point. The following MC programs are used to generate Standard Model background processes:

PYTHIA for e+e� ! q�q, e+e� ! 
Z=
Z and e+e� ! Ze+e�, KORALZ [8] for e+e� ! �+��,

KORALW [9] for e+e� !W+W�, EXCALIBUR [10] for e+e� !W�e��, PHOJET [11] for

e+e� ! e+e�q�q and DIAG36 [12] for e+e� ! e+e��+��. The number of simulated events for

each background process exceeds 100 times the statistics of the collected data samples except

for the process e+e� ! e+e�q�q, for which three times more MC events are generated.

The detector response is simulated using the GEANT 3.15 package [13]. It takes into account

e�ects of energy loss, multiple scattering and showering in the detector materials and in the

beam pipe. Hadronic interactions are simulated with the GEISHA program [14].

3 Event Preselection

The signal events, ~t1! c~�01 and
~b1! b~�01, are characterised by two high multiplicity acoplanar

jets containing c- or b-quarks. The two neutralinos in the �nal state escape the detector

leading to missing energy in the event. A common preselection was applied to obtain a sample

of unbalanced hadronic events and to reduce the background from two-photon interactions and

from dilepton production. The events have to ful�l the following requirements: more than 4

tracks; at least 10 but not more than 40 calorimetric clusters; event visible energy, Evis, larger

than 3 GeV; an energy deposition in the forward calorimeters less than 10 GeV and a total

energy in the 300 cone around the beam pipe less than 0.25�Evis; a missing momentum greater

than 1 GeV.

After the preselection 900, 925 and 4378 data events are retained in the 161, 172 and 183 GeV

data samples, respectively. This is to be compared with 1175, 1088 and 4217 events expected

from the SM processes. The dominant contribution comes from two-photon interactions in

which we observe a 10-20% normalisation uncertainty. Figure 1 shows the distributions of

some kinematical variables for the data sample, the SM background expectations and the

signal events at
p
s=183 GeV after preselection. The distributions of the event b-tagging

variable Dbtag and a b-tagging Neural Network output for a jet NNbjet are shown in Figure 2.

Dbtag is de�ned as the negative log-likelihood of the probability for the event being consistent

with light quark production. After preselection the data and MC are in a fair agreement.

4 Selection Optimisation

The kinematics of the signal events depends strongly on the mass di�erence between the squark

and the neutralino, �M= M~q - M~�0
1

. In the low �M region, between 5 and 10 GeV, visible

energy and track multiplicity are low. Therefore the signal events are di�cult to separate

from the two-photon interactions. For high �M values, between 50 and 70 GeV, large visible

energy and high track multiplicity cause the signal events to be similar to WW, We� or ZZ

�nal states. The most favourable region for the signal and background separation appears at

�M=20-40 GeV.

Searches are performed independently in di�erent �M regions. At
p
s=161 GeV and

172 GeV three di�erent selections have been designed for three �M regions, whereas forp
s=183 GeV four selections have been optimised to account for the wider kinematical range.

The most discriminating sets of cuts are obtained using an optimisation procedure which min-
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imises the following sensitivity function [15]:

k =
1X

i=0

knPB(n)=�: (2)

Here kn is the 95% C.L. upper limit for n observed events. It is calculated without subtraction

of expected background B when optimising the cuts for �M region of 5-20 GeV, and with

background subtraction for higher �M values (see Results section). PB(n) is the Poisson

probability function of n observation with the mean value of B and � is the signal selection

e�ciency [16].

The following kinematical variables are used in the selections: the visible energy Evis, the

visible mass, Mvis, and the sum of the two jets transverse momenta. These variables allow

to discriminate between signal and two-photon background. A further reduction of this back-

ground is achieved by rejecting events with a pair of collinear tracks. To discriminate hadronic

W and Z decays an upper cut on Evis is applied. W
+W� events where one W decays lepton-

ically and W�e�� events are suppressed by vetoing energetic isolated leptons. A cut on the

normalised parallel missing momentum Emiss
k

=Evis removes most of the q�q events. The remain-

ing q�q contribution can be suppressed by applying cuts on jet acollinearity and acoplanarity.

A veto on the energy deposition in the 250 azimuthal sector around the missing momentum di-

rection suppresses the �+�� events. For sbottom selection we make use of b-quarks appearance

in the �nal state and apply a cut on the event b-tagging variable Dbtag. The exact cut values

for each �M region are chosen by the optimisation procedure as described above.

The achieved signal selection e�ciencies for stop (sbottom) range from 5% (20%) to 45%

(50%) depending on �M. The e�ciencies are lowest at low �M values. The b quark from
~b1! b~�01 forms a long-lived hadron which decays at distances up to 3 mm from the interaction

point. Use of this information in the discriminant variable Dbtag results in higher e�ciencies

for the ~b1! b~�01 channel compared to ~t1! c~�01.

5 Statistical and Systematic Errors

The errors arising from signal MC event statistics vary from 3% to 8% for stop and from 3%

to 7% for sbottom depending on selection e�ciencies.

The main systematic errors on the signal selection e�ciency arise from the uncertainties in

the ~t1
�~t1 (~b1

�~b1) production, stop-(sbottom-)hadron formation and the decay scheme. We have

studied in detail the following sources of systematic errors:

� The mixing angle cos �LR between the left and right eigenstates. The stop (sbottom) sig-

nals have been generated assuming cos �LR=1. However, as the coupling between ~t1(~b1)

and Z depends on cos �LR, the initial state radiation spectrum is also mixing angle de-

pendent. The maximal in
uence of this source has been evaluated by generating signal

samples with the values of cos �LR when stop (sbottom) decouples from Z. The largest

uncertainty in the selection e�ciency, 4% for stop and 6% for sbottom, is observed at low

�M � 5-10 GeV. With increasing �M the selection e�ciencies are less a�ected by this

source of systematics. At �M � 70 GeV the error is estimated to be negligible.

� The Fermi motion parameter of the spectator quark(s) in the ~t1-(~b1-)hadron. The invari-

ant mass available for spectator quark(s) has been assumed to beMe�=0.5 GeV [17]. The

hadronic energy and track multiplicity of the event depend on the value of this variable so
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that a variation of Me� from 0.25 GeV to 0.75 GeV [17] results in 4-12% relative change

in e�ciency for stop and 6-8% for sbottom.

� The Peterson fragmentation function parameter �b. For the ~t1-(~b1-)hadron the Peterson

fragmentation scheme [18] was used with �~t(�~b) propagated from �b so that �~q = �bm
2
b=m

2
~q,

�b = 0:0035 [19] and mb=5 GeV. The �b was varied in the range from 0.002 to 0.006 [19].

This induces a 5-12% and 2-6% systematic e�ect in selection e�ciencies for stop and

sbottom, respectively.

� For the ~t1! c~�01 decays the uncertainty on the c-quark fragmentation parameter �c results

in a 1-4% change in e�ciency when �c is varied from 0.02 to 0.06 [19]. The central value

is chosen to be �c = 0.03 [19].

For the ~t1! c~�01 channel all sources of systematics have larger impact on lower �M selec-

tions. This is because the energy available for c-quarks is low and the variation of the cos �LR,

Me� , �b and �c has a relatively high in
uence on the event kinematics. In contrast, for the
~b1! b~�01 decays, the systematic errors, except the one related to cos �LR, increase with increas-

ing �M. This is because the sbottom selection relies strongly on the b-tagging at high �M,

whereas at low values of �M the b-tagging is not applied. The ~b1 hadronisation and decay

scheme, especially the uncertainty on �b, have a noticeable impact on the b-jet track multiplicity

and hardness, and consequently on the signal e�ciency for the Dbtag cut.

The overall systematic error ranges from 7% to 18% for stop. The �M � 5-10 GeV is

the region of highest systematic uncertainty of about 15-18%. Above �M � 10-20 GeV the

error decreases to 7%. For sbottom the highest overall uncertainty of about 10-12% is observed

at very low, � 5-10 GeV, and high, >� 60 GeV �M regions. In the intermediate �M region

the systematic error amounts to 7-10%. The summary on statistical and systematic errors for
~t1! c~�01 and

~b1! b~�01 channels is given in Table 1 for 183 GeV. Similar numbers are found also

at 161 and 172 GeV. In the �nal results the systematic error is incorporated using the method

described in Reference [20].

6 Results

Table 2 summarises the number of selected data and expected background events for ~t1! c~�01
and ~b1! b~�01 channels. The contribution of two-fermion (q�q, �+��), four-fermion (W+W�,

W�e��, ZZ, Ze+e�) and two-photon (e+e�q�q, e+e��+��) processes are given separately. No

evidence for stop or sbottom was found and the upper limits on their production cross sec-

tions are derived. Due to the uncertainties in the simulation of two-photon interactions these

contributions, conservatively, are not subtracted from data when deriving limits. The model-

independent cross section limits for both scalar quarks in terms of (M~q, M ~�0
1

) are given in Figure

3. No scaling of the production cross section has been applied when combining the 161 GeV,

172 GeV and 183 GeV analyses. Thus the evaluated limits correspond to luminosity weighted

average cross section.

7 MSSM Interpretation

In MSSM the stop and sbottom production cross sections depend on the squark mass M~q and

the mixing angle cos �LR. The cross section is highest for the SUSY partner of left-handed
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stop (sbottom), i.e. cos �LR=1, and has its minimum at cos �LR '0.57 (0.39). By comparing

the theoretical prediction with the obtained 95% C.L. limit on production cross section we

determine the excluded mass regions for ~t1 and ~b1. Figure 4a) shows the excluded mass regions

as a function of M~q and M~�0
1

for stop at cos �LR=1 and 0.57. The region excluded by the

D0 experiment is also shown [5]. The corresponding exclusion plot for sbottom is given in

Figure 4b) for cos �LR=1 and cos �LR=0.39. For a mass di�erence of �M =15 (35) GeV the

excluded stop (sbottom) masses as a function of cos �LR are shown in Figure 5.

Independent of cos �LR the stop pair production is excluded at 95% C.L. for M~t1
less than

72.5 GeV if the mass di�erence between stop and neutralino is larger than 10 GeV. For cos �LR =

1 and �M = 10 GeV the exclusion limit is 81.5 GeV.

The sbottom production cross section at low cos �LR is smaller, e.g. a factor of 4 at cos �LR=0,

than that of the stop. Therefore for ~b1! b~�01 channel, the exclusion limits are relatively low.

A 95% C.L. lower limits for the sbottom mass are set at 80 GeV for �M greater than 20 GeV

for cos �LR = 1 and 57 GeV for �M greater than 35 GeV with cos �LR = 0:39.
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Table 1: Relative statistical error on stop and sbottom selection e�ciencies and contribution

from various systematic uncertainties for 183 GeV. The lower part of the table shows the overall

systematic error in di�erent �M regions.

Source ��

�
(~t1! c~�01), %

��

�
(~b1! b~�01), %

Statistical error 3-8 3-7

Spectator Fermi motion 4-12 6-8

Uncertainty on �b 5-12 2-6

Uncertainty on �c 1-4 {

Mixing angle �LR 1-4 2-6

Overall systematic error

�M = 5-10 GeV 15-18 10-12

�M = 10-20 GeV 7-15 7-10

�M = 20-60 GeV 7 7-10

�M � 60 GeV 7 10-12

Table 2: Number of observed events, Ndata, and Standard Model background expectations, Nall
MC,

for the stop and sbottom selections at
p
s=161 GeV, 172 GeV and 183 GeV. The contribution of

two-fermion (q�q, �+��), four-fermion (W+W�, W�e��, ZZ, Ze+e�) and two-photon (e+e�q�q,

e+e��+��) processes are given separately. The errors are due to MC statistics only.

Channel Ndata Ntwo�fermion
MC Nfour�fermion

MC N
two�photon
MC Nall

MC

~t1! c~�01,
p
s = 161� 172 GeV 2 0.035�0.009 0.96�0.04 0.26�0.26 1.3�0.3

~t1! c~�01,
p
s = 183 GeV 1 0.056�0.056 2.37�0.09 0.45�0.45 2.9�0.5

~b1! b~�01,
p
s = 161� 172 GeV 1 0.45�0.08 1.06�0.04 1.3�0.7 2.8�0.7

~b1! b~�01,
p
s = 183 GeV 2 0.010�0.007 1.7�0.08 1.4�0.8 3.1�0.8
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Figure 1: Distributions of a) track multiplicity, b) visible mass Mvis, c) jet acollinearity

and d) normalised missing parallel energy Emiss
k

=Evis for data and Monte Carlo events atp
s=183 GeV after preselection. Contributions from e+e�q�q, q�q and other backgrounds, domi-

nated by W+W� production, are given separately. For illustration the expected stop signal for

M~t1
=80 GeV, M~�0

1

=40 GeV and cos �LR=1 is also shown.
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Figure 2: Distribution of a) the b-tagging event discriminant, de�ned as the negative log-

likelihood of the probability for the event being consistent with light quark production, and b) b-

tagging Neural Network output, NNbjet, for data and Monte Carlo events at
p
s=183 GeV after

preselection. Contributions from e+e�q�q, q�q and other backgrounds, dominated by W+W�

production, are given separately. For illustration the expected sbottom signal for M~t1
=80 GeV,

M~�0
1

=40 GeV and cos �LR=1 is also shown.
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Figure 3: Upper limits on a) e+e� ! ~t1
�~t1 and b) e+e� ! ~b1

�~b1 production cross sections. In

both cases the branching ratios are assumed to be 100%.
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Figure 4: 95% C.L. exclusion limits for a) stop and b) sbottom as a function of the neutralino

mass for maximal and minimal cross section assumptions. For comparison we show also result

on stop searches from the D0 experiment.
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Figure 5: 95% C.L. exclusion limits for a) stop and b) sbottom masses as a function of cos �LR.
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