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Scalar quark searches in e+e� collisions atp
s = 181� 184 GeV

The ALEPH Collaboration

Abstract

Searches for scalar top, scalar bottom and degenerate scalar quarks have been performed with

data collected with the ALEPH detector at LEP. The data sample consists of 57 pb�1 taken at
p
s

= 181{184 GeV. No evidence for scalar top, scalar bottom or degenerate scalar quarks was found in

the channels ~t! c�, ~t! b`~�, ~b! b�, and ~q! q�. From the channel ~t! c� a limit of 74 GeV=c2

has been set on the scalar top quark mass, independent of the mixing angle. This limit assumes a

mass di�erence between the ~t and the � in the range 10{40 GeV=c2. From the channel ~t ! b`~� the

mixing-angle-independent scalar top limit is 82 GeV=c2, assuming m~t �m~� > 10 GeV=c2. From the

channel ~b ! b�, a limit of 79 GeV=c2 has been set on the mass of the supersymmetric partner of

the left-handed state of the bottom quark. This limit is valid for m~b
�m� > 10 GeV=c2. From the

channel ~q ! q�, a limit of 87 GeV=c2 has been set on the mass of supersymmetric partners of light

quarks assuming �ve degenerate avours and the production of both \left-handed" and \right-handed"

squarks. This limit is valid for m~q �m� > 5 GeV=c2.

(Submitted to Physics Letters B)
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1 Introduction

In the Minimal Supersymmetric extension of the Standard Model (MSSM) [1], each chirality
state of the Standard Model fermions has a scalar supersymmetric partner. The scalar quarks
(squarks) ~qR and ~qL are the supersymmetric partners of the left-handed and right-handed
quarks, respectively. They are weak interaction eigenstates which can mix to form the mass
eigenstates. Since the size of the mixing is proportional to the mass of the Standard Model
partner, the lighter scalar top (stop) could be the lightest supersymmetric charged particle.
The stop mass eigenstates are obtained by a unitary transformation of the ~tR and ~tL �elds,
parametrised by the mixing angle �~t. The lighter stop is given by ~t = ~tL cos �~t +~tR sin �~t, while
the heavier stop is the orthogonal combination. The stop could be produced at LEP in pairs,
e+e� ! ~t�~t, via s-channel exchange of a virtual photon or a Z.

The searches for stops described here assume that all supersymmetric particles except the
lightest neutralino � and possibly the sneutrino ~� are heavier than the stop. The conservation of
R-parity is also assumed; this implies that the lightest supersymmetric particle (LSP) is stable.
Under these assumptions, the two dominant decay channels are ~t! c� and ~t ! b`~� [2]. The
�rst decay can only proceed via loops and thus has a very small width, of the order of 0.01{
1 eV [2]. The ~t ! b`~� channel proceeds via a virtual chargino exchange and has a width of
the order of 0.1{10 keV [2]. The latter decay dominates when it is kinematically allowed. The
phenomenology of the scalar bottom (sbottom), the supersymmetric partner of the bottom
quark, is similar to the phenomenology of the stop. Assuming that the ~b is lighter than all
supersymmetric particles except the �, the ~b will decay as ~b! b�. Compared to the ~t decays,
the ~b decay has a large width of the order of 10{100 MeV. Direct searches for stops and sbottoms
are performed in the stop decay channels ~t! c� and ~t! b`~� and in the sbottom decay channel
~b ! b�. The results of these searches supersede the ALEPH results reported earlier for data
collected at energies up to

p
s = 172 GeV [3]. The D0 experiment [4] has reported a lower limit

on the stop mass of 85 GeV=c2 for the decay into c� and for a mass di�erence between the ~t
and the � larger than about 40 GeV=c2. Searches for ~t! c�, ~t! b`~� and ~b! b� using data
collected at LEP at energies up to

p
s = 172 GeV have also been performed by OPAL [5].

The supersymmetric partners of the light quarks are generally expected in the MSSM to be
heavy, i.e., beyond the reach of LEP2, but their masses receive large negative corrections from
gluino loops [6]. The dominant decay mode is assumed to be ~q ! q�. Limits are set on the
production of the u, d, s, c, b squarks, under the assumption that they are mass degenerate.
The D0 and CDF Collaborations have published limits on degenerate squarks [7, 8]. These
limits are outside the LEP2 kinematic range for the case of a light gluino; however limits from
LEP2 are competitive with those from the Tevatron if the gluino is heavy.

2 The ALEPH detector

A detailed description of the ALEPH detector can be found in Ref. [9], and an account of
its performance as well as a description of the standard analysis algorithms can be found in
Ref. [10]. Only a brief overview is given here.

Charged particles are detected in a magnetic spectrometer consisting of a silicon vertex
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detector (VDET), a drift chamber (ITC) and a time projection chamber (TPC), all immersed
in a 1.5 T axial magnetic �eld provided by a superconducting solenoid. The VDET consists of
two cylindrical layers of silicon microstrip detectors; it performs very precise measurements of
the impact parameter in space thus allowing powerful short-lifetime particle tags, as described
in Ref. [11]. Between the TPC and the coil, a highly granular electromagnetic calorimeter
(ECAL) is used to identify electrons and photons and to measure their energies. Surrounding
the ECAL is the return yoke for the magnet, which is instrumented with streamer tubes to
form the hadron calorimeter (HCAL). Two layers of external streamer tubes are used together
with the HCAL to identify muons. The region near the beam line is covered by two luminosity
calorimeters, SICAL and LCAL, which provide coverage down to 34 mrad. The information
obtained from the tracking system is combined with that from the calorimeters to form a list
of \energy ow particles" [10]. These objects serve to calculate the variables that are used in
the analyses described in Section 3.

3 The Analyses

Data collected at
p
s = 181, 182, 183, and 184 GeV have been analysed, corresponding to

integrated luminosities of 0.2, 3.9, 51.0, and 1.9 pb�1, respectively. Three separate analyses
are used to search for the processes ~t! c�, ~b! b�, and ~t ! b`~�. All of these channels are
characterised by missing momentum and energy. The experimental topology depends largely on
�m, the mass di�erence between the ~q and the � or ~�. When �m is large, there is a substantial
amount of energy available for the visible system and the signal events tend to look like WW,
We�, Z�, and q�q() events. These processes are characterised by high multiplicity and high
visible mass Mvis. When �m is small, the energy available for the visible system is small and
the signal events are therefore similar to  ! q�q events. The process  ! q�q is characterised
by low multiplicity, lowMvis, low total transverse momentum pt and the presence of energy near
the beam axis. In order to cope with the di�erent signal topologies and background situations,
each analysis employs a low �m selection and a high �m selection. The values of the analysis
cuts are set in an unbiased way following the �N95 procedure [12]. The simulation of the  ! q�q
background is di�cult. As a consequence, a safer rejection of this background is ensured by
applying tighter cuts than would result from the �N95 procedure.

The analyses used to search for evidence of stop and sbottom production are quite similar
to those used at

p
s = 172 GeV [3] with the addition of b tagging in the channel ~b ! b� to

further reject the WW, We�, and Z� background. The di�erences between the cuts used atp
s = 130{172 GeV and the cuts used at

p
s = 181{184 GeV are described in detail below.

3.1 Search for ~t! c�

The process e+e� ! ~t�~t (~t ! c�) is characterised by two acoplanar jets and missing mass and
energy.

For the small �m selection, only the thrust and the visible mass cuts needed adjustments.
The thrust is required to be less than 0.915 to reduce further the low-multiplicity  ! q�q
background. The lower cut on the visible mass Mvis, which is e�ective against  ! q�q
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background, depends upon the mass di�erence of the signal considered. Since signal events
with small �m tend to have smaller values of Mvis, the optimal value of this cut decreases as
�m decreases. The visible mass is required to be in excess of 4 GeV=c2. This cut is raised to
7.5 GeV=c2 for �m > 7 GeV=c2.

For large �m, the selection is quite similar to the selection at
p
s = 130{172 GeV. However,

a few changes have been made in order to confront the increased level of background from WW,
We�, and Z� that results from the increased luminosity. The �scat variable is used to reduce
background from We�. This variable was introduced in Ref. [3] as a means of eliminating
 ! q�q background. Assuming that one of the incoming electrons is scattered while the other
one continues undeected, the polar angle of the scattered electron, �scat, can then be calculated
from the missing transverse momentum pt. This variable can also be interpreted in the context
of We� background. The �nal state of this background typically includes an electron which
goes down the beampipe and a neutrino which is within the detector acceptance. In this case,
�scat is an estimate of the neutrino polar angle which tends to be large for the We� background.
For the signal process, �scat tends to be smaller, as long as �m is not too large. The optimal
value of this cut for a hypothesis of �m < 35 GeV=c2 is �scat < 60�, while for a hypothesis of
�m > 35 GeV=c2 the cut is not applied.

Background from WW, We�, and Z� is also addressed by tightening theMvis/
p
s cut. This

cut also depends on the �m of the signal being considered. A hypothesis on �m=15 GeV=c2

gives an optimal cut ofMvis/
p
s < 0.25, while a hypothesis on �m=35 GeV=c2 gives an optimal

cut ofMvis/
p
s < 0.33. Finally, the optimal cut for all �m greater than 50 GeV=c2 isMvis/

p
s

< 0.35.

Selection e�ciency and background

According to the �N95 procedure, the low �m selection is used for �m < 15 GeV=c2, while for
�m � 15 GeV=c2, the high �m selection is used. The changeover occurs at a larger �m value
than for

p
s = 130{172 GeV, where it was �m = 10 GeV=c2, due to the larger contamination

in the high �m selection.

The ~t ! c� e�ciencies are shown in Figure 1a; the discontinuity at �m = 15 GeV=c2 is
due to the switching between the low and high �m selections.

The background to the low �m selection is dominated by  ! q�q and  ! �+�� and
has a total expectation of 1.5 events (� 30 fb) for the looser value of the lower Mvis cut. For
the high �m selection, the background is dominated by WW, We�, Z�, and q�q(). If the
upper cut on �scat is not applied and the loosest value of the upper cut on Mvis is applied, the
total background expectation for the high �m selection is 3.5 events (� 60 fb).

3.2 Search for ~b! b�

The experimental topology of the e+e� ! ~b�~b (~b ! b�) process is characterised by two
acoplanar b jets and missing mass and energy. Both the low and high �m selections use
the same selection criteria against  ! q�q background as at lower energies [3] with cuts
rescaled to the centre-of-mass energy when appropriate. Only the cuts against WW, Z�, and
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Figure 1: (a) E�ciencies as a function of �m: for an 80 GeV=c2 stop decaying as ~t! c� (solid
curve), for an 80 GeV=c2 stop decaying as ~t! b`~� (dashed curve), and an 80 GeV=c2 sbottom
decaying as ~b ! b� (dotted curve). (b) Two-dimensional cut in the plane Mvis-log10(Puds).
Signal (open squares) and background (solid squares) distributions are also shown.

We� have been reoptimized. Most of the cuts are similar to those used for the ~t! c� process;
here only the di�erences will be described.

For the low �m selection, the visible mass of the event is required to be greater than 7.5
GeV/c2. In this channel the b quark in the �nal state produces a visible mass higher than in
the ~t! c� channel.

For the high �m selection, the level of WW, Z� and We� background was reduced by
taking advantage of the lifetime content of the ~b ! b� topology. The b quark events were
tagged by using the b-tag event probability (Puds) described in [11]. Since this probability
depends largely on the b jet boost, events are more b-like as the event visible mass increases.
A two-dimensional cut is applied in the Mvis vs log10(Puds) plane (Figure 1b); starting from a
loose value of the b-tag cut when the visible mass is low, the cut becomes tighter for larger
values of visible mass.

Selection e�ciency and background

According to the �N95 procedure, for �m < 12 GeV/c2 the low �m selection is used while for
�m > 12 GeV/c2 the high �m selection is used. The e�ciency is shown in Figure 1a, as a
function of �m forM~b

=80 GeV/c2. The total background expectation for the low �m selection
is 1.1 events (20 fb), and dominated by  ! q�q. For the high �m selection the WW, Z�,
and We� background is highly suppressed by b tagging and the total background expectation
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is 0.6 events (10 fb).

3.3 Search for ~t! b`~�

The experimental signature for e+e� ! ~t�~t (~t ! b`~�) is two acoplanar jets plus two leptons
with missing momentum.

For the low �m selection, the pt cut used at 172 GeV is reinforced by requiring that the
pt calculated without neutral hadrons and the pt calculated with only charged tracks both be
greater than 0.75%

p
s.

For the large �m selection, the cuts are optimised in order to confront the increased rate of
WW and Z� backgrounds at 183 GeV. Only two cut values are changed with respect to their
values at 172 GeV. First, the upper cut on the hadronic mass is tightened: the hadronic mass
is required to be less than 25%

p
s if one lepton is identi�ed and less than 20%

p
s if more than

one lepton is identi�ed. Additionally, the cut on the leading lepton isolation is reinforced: the
energy in a 30� cone around the direction of the electron or muon momentum must be smaller
than 2.7 times the electron or muon energy.

Selection e�ciency and background

The combination of the two selections is chosen according to the �N95 procedure. For �m <

11 GeV=c2, the logical OR of the two selections is used: the high �m selection helps to recover
e�ciency while leaving the background level unchanged. For �m � 11 GeV=c2, only the high
�m selection is used. This is in contrast to the situation for the 130{172 GeV data; because the
background was low for both the low and the high �m selections, the OR of the two selections
was optimal for all �m.

The ~t ! b`~� selection e�ciencies are given in Figure 1a. The e�ect of switching from the
OR of the two selections to the high �m selection by itself can be seen at �m = 11 GeV=c2.
The background to the low �m selection is dominated by  ! q�q and has a total expectation
of 0.8 events (� 14 fb). For the high �m selection, the very low expected background (0.1
events expected or �2 fb) is dominated by WW events.

3.4 Systematic uncertainties

The systematic uncertainties on the ~t and ~b selection e�ciencies originating from the physical
processes in the Monte Carlo simulation as well as those related to detector e�ects are evaluated
following the procedure described in Reference [3]. The relative uncertainty on the selection
e�ciency in the case of ~t! c� is 13% for low �m and 6% for high �m; in the case of ~t! b`~�
it is 16% for low �m and 6% for high �m; for the ~b! b� channel it is 12% for low �m and
6% for high �m. These errors are dominated by the uncertainties on the simulation of ~t and
~b production and decay. An additional source of systematic error for the high �m ~b ! b�
selection e�ciency derives from the uncertainty on the b-tagging. This systematic uncertainty
has been studied by measuring Rb as a function of the b-tag cut in the calibration data collected
at the Z peak during the 1997 run. The total uncertainty on the e�ciency for the high �m
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~b! b� selection is 7%. The systematic uncertainties are included in the �nal result following
the method described in [13].

4 Results

A total of �ve events are selected by the ~t ! c� analysis, four by the high �m selection and
one by the low �m selection. This is consistent with the 3.5 events expected in the high �m
selection and the 1.5 events expected in the low �m selection. The kinematic properties of the
high �m events are all consistent with Z�, WW, or We�, while the kinematic properties of
the low �m event suggest the process  ! q�q.

A single event is selected by the ~b ! b� analysis. This event, which is found by the high
�m selection, is also found by the ~t! c� high �m selection. The three high �m ~t candidates
not selected by the sbottom analysis are all rejected by the b-tag. The number of events selected
in the data is consistent with the expectation from background processes (1.1 from the low and
0.6 from the high �m selections).

A single event is also selected by the ~t ! b`~� analysis. The event is found by the low
�m selection, and is consistent with  ! q�q production. The total of one event selected is
consistent with the 0.9 events that are expected from background processes (0.8 from the low
and 0.1 from the high �m selections).

Since no evidence for the production of ~t or ~b is found, it is appropriate to set lower limits
on their masses. The limits are extracted without background subtraction. Figures 2a and
2b give the 95% C.L. excluded regions for the channel ~t ! c�. For this channel, the �~t-
independent lower limit on m~t is 74 GeV=c2, assuming a mass di�erence between the ~t and
the � of 10{40 GeV=c2, corresponding to a large part of the region not excluded by the D0
search. Figures 3a and 3b give the excluded regions for the ~t ! b`e� channel, assuming equal
branching ratios for the ~t decay to e, � and � . In this case, the �~t-independent lower limit on
m~t is 82 GeV=c2, assuming a mass di�erence between the ~t and the ~� of at least 10 GeV=c2,
and using also the LEP1 exclusion on the sneutrino mass.

Figures 4a and 4b give the excluded regions for the ~b in the decay channel ~b! b�. A lower
limit of 79 GeV=c2 is set on m~b

, assuming that �~b is 0� and that the mass di�erence between
the ~b and the � is at least 10 GeV=c2. Figure 4b shows that only a restricted region is excluded
when �~b =68�. When decoupling from the Z occurs, sbottoms can only be produced through
photon exchange and the cross section for the ~b (charge �1=3) is four times lower than the
cross section for the ~t (charge +2=3).

Limits on degenerate squarks

Here the decay ~q ! q� is assumed to be dominant. It has a topology similar to that of
~t ! c�. The ~t ! c� analysis can therefore be used to search for generic squark production.
In order to check the e�ciency of the ~t! c� selection when it is applied to degenerate squark
production, samples of the process ~q ! q� were generated and run through the full ALEPH
detector simulation. As expected, the selection e�ciency for these samples is similar to the
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selection e�ciency for the corresponding ~t ! c� samples. The ~q ! q� e�ciencies were then
parametrised as a function of squark mass and �m, and this parametrization is used to set the
limits on generic squark production. For q = u, d, s, or c, the mixing between ~qR and ~qL is
expected to be negligible. The mixing between ~bR and ~bL is also assumed to be negligible in
the case that the sbottoms are mass degenerate with the partners of the four lightest quarks.

Figure 5a shows the exclusion curves assuming �ve degenerate squark avours. In the more
conservative curve, only ~qR�~qR production is allowed, while in the other curve, both ~qR�~qR and
~qL�~qL production are allowed, assuming that ~qL and ~qR are mass degenerate. For these curves
the e�ciency parametrisation developed for the dedicated sbottom search has been applied to

the processes e+e� ! ~bR
�~bR and e+e� ! ~bL

�~bL.

Searches for degenerate squarks have been performed by CDF and D0 at the Tevatron;
the resulting limits in the gluino-squark mass plane are shown in Figure 5b. While these
experiments can exclude quite an extensive region of this plane, there is an uncovered region
in the exclusion for large gluino masses.

In the MSSM, when GUT relation are assumed, the neutralino mass can be related to the
gluino mass once the values of � and tan� are �xed. Therefore, ALEPH limits in the squark-
neutralino mass plane can be translated to the gluino-squark mass plane. The ALEPH results
are shown in Figure 5b assuming the values of � and tan� used by CDF (tan� = 4 and � =
�400 GeV=c2). This exclusion is a�ected only slightly if the D0 set of values (tan� = 2 and �
= �250 GeV=c2) is used instead.

The limit on m~q is at least 87 GeV=c2 up to m~g � 545 GeV=c2 (535 GeV=c2 if D0 values
are used). At this point, m� = 82 GeV=c2 and the mass di�erence between ~q and � is only
5 GeV=c2. Beyond these points, the ~t ! c� analysis is no longer sensitive to the production
of degenerate squarks.

5 Conclusions

Searches have been performed for scalar quarks at
p
s = 183 GeV. Five candidate events are

observed in the ~t ! c� channel, one in the ~t ! b`~� channel, and one in the ~b ! b� channel.
These totals are consistent with the expectation from background processes.

A 95% C.L. limit ofm~t > 74 GeV=c2 is obtained from the ~t! c� search, independent of the
mixing angle and for 10 < �m < 40 GeV/c2. From the ~t ! b`e� channel, the �~t-independent
limit m~t > 82 GeV=c2 is established, if the mass di�erence between the ~t and the ~� is greater
than 10 GeV=c2 and for equal branching ratios of the ~t into e, �, and � .

A limit is also obtained for the ~b decaying as ~b ! b�. The limit is m~b > 79 GeV=c2 for
the supersymmetric partner of the left-handed state of the bottom quark if the mass di�erence
between the ~b and the � is greater than 10 GeV=c2.

Finally, limits are also derived for the supersymmetric partners of the light quarks.
Assuming �ve degenerate avours and the production of both \left-handed" and \right-handed"
squarks, a limit of m~q > 87 GeV=c2 is set. This limit is valid for �m > 5 GeV=c2. Using the
GUT relations, for tan� = 4 and � = �400 GeV=c2, the limit of m~q > 87 GeV=c2 is valid for
gluino masses smaller than 545 GeV=c2.
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Figure 2: Excluded regions for ~t! c�. (a) Excluded region in the m� vs m~t plane; the region
excluded by the D0 collaboration is also indicated. (b) Excluded region in the m~t vs �~t plane.
In (a), the excluded regions are given for �~t=0

�, corresponding to maximum ~t-Z coupling, and
for �~t=56

�, corresponding to minimum ~t-Z coupling.
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Figure 3: Excluded regions for ~t! b`~� (equal branching fractions for the ~t decay to e, �, and
� are assumed). (a) Excluded region in the m~� vs m~t plane. (b) Excluded region in the m~t

vs �~t plane. In (a), the excluded regions are given for �~t=0
�, corresponding to maximum ~t-Z

coupling, and for �~t=56
�, corresponding to minimum ~t-Z coupling. Also shown in (a) is the

region excluded from LEP1 data, i.e., the ~� mass limit obtained from the measurement of the
Z lineshape.
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Excluded region in the m~b vs �~b plane. In (a), the excluded regions are given for �~b=0
�,

corresponding to maximum ~b-Z coupling, and for �~b=68
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Figure 5: (a) Excluded region for the supersymmetric partners of the u, d, s, c, and b quarks,
assuming the squarks to be degenerate in mass. In (a), two curves are given: one curve assumes
that only ~qR is accessible at LEP2 energies, while the other curve assumes that ~qR and ~qL are
both accessible at LEP2 energies. (b) The ALEPH result for �ve degenerate avours, ~qR and
~qL production, shown in the gluino-squark mass plane for tan� = 4 and � = �400GeV=c2.
This result excludes a small region not excluded by CDF and D0.
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