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Abstract

Searches for scalar top, scalar bottom and mass-degenerate scalar quarks are performed in the data collected by the ALEPH
detector at LEP, at centre-of-mass energies up to 209 GeV, corresponding to an integrated luminosity of 675 pb−1. No evidence
for the production of such particles is found in the decay channelst̃ → c/uχ , t̃ → b�ν̃, b̃ → bχ , q̃ → qχ or in the stop four-body
decay channel̃t → bχ ff̄ ′ studied for the first time at LEP. The results of these searches yield improved mass lower limits. In
particular, an absolute lower limit of 63 GeV/c2 is obtained for the stop mass, at 95% confidence level, irrespective of the stop
lifetime and decay branching ratios. 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The results of searches for scalar quarks with the
data collected in the year 2000 by the ALEPH detector
at LEP are presented in this Letter. The energies and
integrated luminosities of the analysed data samples
are given in Table 1. Previous results obtained with
lower energy data have been reported by ALEPH in
Refs. [1–5] and by the other LEP Collaborations in
Refs. [6–8].

The theoretical framework for these studies is the
supersymmetric extension of the Standard Model [9],
with R-parity conservation. The lightest supersymmet-
ric particle (LSP) is assumed to be the lightest neu-
tralino χ or the sneutrinoν̃. Such an LSP is sta-
ble and weakly interacting. Each chirality state of the
Standard Model fermions has a scalar supersymmet-
ric partner. The scalar quarks (squarks)q̃L andq̃R are
the supersymmetric partners of the left-handed and
right-handed quarks, respectively. The mass eigen-
states are orthogonal combinations of the weak in-
teraction eigenstates̃qL and q̃R. The mixing angle
θq̃ is defined in such a way that̃q = q̃L cosθq̃ +

Table 1
Integrated luminosities, centre-of-mass energy ranges and mean
centre-of-mass energy values for the data collected by the ALEPH
detector in the year 2000

Luminosity(pb−1) Energy range (GeV) 〈√s〉 (GeV)

9.4 207–209 208.0
122.6 206–207 206.6
75.3 204–206 205.2

Fig. 1. Squark decay diagrams considered in this Letter: (a)t̃ → c/uχ ; (b) t̃ → bχ ff̄ ′ via W exchange and (c)t̃ → bχ ff̄ ′ via sfermion exchange;
(d) t̃ → b�ν̃ ; (e) b̃→ bχ .

q̃R sinθq̃ is the lighter squark. The off-diagonal terms
of the mass matrix, responsible for mixing, read, with
standard notation:mq(Aq − µκ), with κ = tanβ for
down-type andκ = 1/ tanβ for up-type quarks. Since
the size of this mixing term is proportional to the
mass of the Standard Model partner, it could well
be that the lightest supersymmetric charged particle
is the lighter scalar top (stop,t̃) or, in particular for
large tanβ values, the lighter scalar bottom (sbot-
tom, b̃). Squarks could be produced at LEP in pairs,
e+e− → q̃¯̃q, via s-channel exchange of a virtual pho-
ton or Z. The production cross section [10] depends
on θq̃ when mixing is relevant, i.e., for stops and sbot-
toms.

The searches for stops described here assume
that all supersymmetric particles except the lightest
neutralinoχ and possibly the sneutrinõν are heavier
than the stop. Under these assumptions, the allowed
decay channels arẽt → c/uχ , t̃ → bχ ff̄ ′ and t̃ →
b�ν̃ [10,11]. The corresponding diagrams are shown
in Fig. 1. The decaỹt → cχ (Fig. 1(a)) proceeds only
via loops and has a very small width, of the order of
0.01–1 eV [10], depending on the mass difference�M

between the stop and the neutralino, and on the masses
and field content of the particles involved in the loops.
For low enough�M values (�M � 6 GeV/c2), the
stop lifetime becomes sizeable, and must be taken into
account in the searches for stop production. If�M

is so small that thẽt → cχ channel is kinematically
closed, the dominant decay mode becomest̃ → uχ ,
and the stop can then be considered as stable for
practical purposes.
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Table 2
Topologies studied in the different scenarios

Production Decay mode Topology/Analysis References

t̃ ¯̃t t̃ → cχ (�M � 6 GeV/c2) Acoplanar jets (AJ) [1–3,5]

t̃ ¯̃t t̃ → c/uχ (�M � 6 GeV/c2) Long-lived hadrons [4]

t̃ ¯̃t t̃ → bχ ff̄ ′ Multi-jets (MJ) This Letter

t̃ ¯̃t t̃ → b�ν̃ AJ plus leptons [1–3,5]

b̃¯̃b b̃→ bχ AJ plus b tagging [1–3,5]
q̃¯̃q q̃→ qχ AJ [2,3,5]

For stop masses accessible at LEP, i.e.,
� 100 GeV/c2, the decay modẽt → bχ ff̄ ′ is medi-
ated by virtual chargino and W (Fig. 1(b)) or sfermion
(Fig. 1(c)) exchange. It is therefore of the same or-
der in perturbation theory as the loop-inducedt̃ → cχ
decay, and can be substantially enhanced if charginos
have masses not much larger than their present ex-
perimental bounds, and could even dominate for light
sfermions [11]. The four-body decay channel yields
topologies with b-jets, additional jets and/or leptons,
and with missing mass and missing energy. A new
multi-jet analysis, hereafter called MJ, has been de-
signed to cope with these final states.

Thet̃ → b�ν̃ channel proceeds via virtual chargino
exchange (Fig. 1(d)) and has a width of the order of
0.1–10 keV [10]. This decay channel dominates when
it is kinematically allowed, i.e., if the lightest̃ν is
lighter than the stop. If the lightest neutralino is the
LSP, the sneutrino decays invisibly intoχν without
any change in the experimental topology.

Under the assumption that thẽb is lighter than
all supersymmetric particles except theχ , the b̃ will
decay as̃b → bχ (Fig. 1(e)). Compared to thẽt, theb̃
decay width is larger, of the order of 10–100 MeV.

The supersymmetric partners of the light quarks are
generally expected to be quite heavy. If they are light
enough to be within the reach of LEP, their dominant
decay mode is expected to beq̃ → qχ .

The final state topologies addressed by the searches
presented in this Letter are summarised in Table 2,
together with the related signal processes and with the
references where analysis details can be found.

This Letter is organised as follows. In Section 2,
the ALEPH detector and the simulated samples used
for the analyses are described. Section 3 is dedicated
to the selection algorithms with emphasis on the
new search for four-body stop decays. In Section 4

the results of the searches are given, along with
their interpretation in the theoretical framework. The
conclusions of the Letter are given in Section 5.

2. ALEPH detector and event simulation

A thorough description of the ALEPH detector
and of its performance, as well as of the standard
reconstruction and analysis algorithms, can be found
in Refs. [12,13]. Only a brief summary is given here.

The trajectories of charged particles are measured
by a silicon vertex detector (VDET), a cylindrical
multi-wire drift chamber (ITC) and a large time pro-
jection chamber (TPC). These detectors are immersed
in an axial magnetic field of 1.5 T provided by a su-
perconducting solenoidal coil. The VDET consists of
two cylindrical layers of silicon microstrip detectors;
it performs precise measurements of the impact para-
meter in space, yielding powerful short-lived particle
tags, as described in Ref. [14].

The electromagnetic calorimeter (ECAL), placed
between the TPC and the coil, is a highly-segmented
sandwich of lead planes and proportional wire cham-
bers. It consists of a barrel and two endcaps. The
hadron calorimeter (HCAL) consists of the iron return
yoke of the magnet instrumented with streamer tubes.
It is surrounded by two double layers of streamer
tubes, the muon chambers. The luminosity monitors
(LCAL and SiCAL) extend the calorimeter hermetic-
ity down to 34 mrad from the beam axis.

The energy flow algorithm described in Ref. [13]
combines the measurements of the tracking detec-
tors and of the calorimeters into “objects” classified
as charged particles, photons, and neutral hadrons.
The energy resolution achieved with this algorithm is
(0.6

√
E + 0.6) GeV (E in GeV). Electrons are identi-
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fied by comparing the energy deposit in ECAL to the
momentum measured in the tracking system, by us-
ing the shower profile in the electromagnetic calorime-
ter, and by the measurement of the specific ionization
energy loss in the TPC. The identification of muons
makes use of the hit pattern in HCAL and of the muon
chambers.

Signal event samples were simulated with the gen-
erator described in Ref. [1] for̃t → cχ , b̃ → bχ ,
q̃ → qχ andt̃ → b�ν̃. A modified version of this gen-
erator was designed to simulate the channelt̃ → bχ ff̄ ′,
where the final state is modelled according to phase
space and including parton shower development. The
generation of̃t → c/uχ with lifetime follows the pro-
cedure described in Ref. [4].

To simulate the relevant Standard Model back-
ground processes, several Monte Carlo generators
were used: BHWIDE [15] for Bhabha scattering, KO-
RALZ [16] for µ+µ− andτ+τ− production, PHOT02
[17] for γ γ interactions, KORALW [18] for WW pro-
duction, and PYTHIA [19] for the other processes
(e+e− → qq̄(γ ), Weν, Zee, ZZ, Zνν̄). The sizes of the
simulated samples typically correspond to ten times
the integrated luminosity of the data.

All background and signal samples were processed
through the full detector simulation.

3. Event selections

Several selection algorithms have been developed
to search for the topologies given in Table 2. All
these channels are characterised by missing energy.
The event properties depend significantly on�M, the
mass difference between the decaying squark and the
χ (or theν̃ in the case of̃t → b�ν̃). When�M is large,
there is a substantial amount of visible energy, and
the signal events tend to look like WW, Weν, ZZ, and
qq̄(γ ) events. When�M is small, the visible energy
is small, and the signal events are therefore similar to
γ γ events. In order to cope with the different signal
topologies and background situations, each analysis
employs selections dependent on the�M range. The
stop lifetime may become sizeable at small�M, in
which case the signal final state topology depends
strongly on thet̃ decay lengthλt̃ ; three different
selections are used, each designed to cope with a
specificλt̃ range [4].

The optimisation of the selection criteria as well as
the best combination of selections as a function of�M

andλt̃ were obtained according to theN95 prescrip-
tion [20], i.e., by minimisation of the 95% C.L. cross
section upper limit expected in the absence of a signal.
The selections are mostly independent of the centre-
of-mass energy except for an appropriate rescaling of
the cuts with

√
s when relevant. The selections applied

to the year 2000 data follow closely those described
in Refs. [1–5] except for the new analysis developed
to address thẽt → bχ ff̄ ′ decay, hereafter described in
some detail.

3.1. Search for̃t → bχ ff̄ ′

The MJ analysis consists of a small, a large and
a very large�M selection. These selections are de-
signed to address simultaneously all bχqq̄′ and bχ�ν

final states, independently of the decay branching ra-
tios. The selections use several anti-γ γ criteria, re-
ported in Table 3. The cuts are derived from the AJ
selection, described in Ref. [1] as well as the variables
used. Only the relevant differences are discussed in the
following.

In the t̃ → bχ ff̄ ′ channel, the b quark in the final
state produces a visible mass higher than in thet̃ → cχ
channel. Therefore, for the small�M selection, the
cut on the number of charged particle tracksNch is
reinforced by requiringNch > 10, and both the visible
mass,Mvis, and the visible mass computed excluding
the leading lepton,Mex�1

vis , are required to be greater
than 10 GeV/c2. These tighter cuts allow others to
be loosened: the transverse momentumpt and that
calculated excluding the neutral hadrons,pex NH

t , must
be greater than 0.005

√
s and 0.01

√
s, respectively.

The remaining background is reduced in the small
�M selection by requiring the thrust to be smaller
than 0.875, and by the cutEvis < 0.26

√
s.

For the large�M selections, the multi-jet sig-
nature is addressed by requiringy45, as calculated
with the DURHAM algorithm [21], to be greater than
0.001. The level of the WW, ZZ and Weν back-
ground is reduced by taking advantage of the b-
quark content in thẽt → bχ ff̄ ′ final state. The value
of − log10Puds is required to be greater than 0.5,
wherePuds is the b-tag event probability introduced
in Ref. [14]. This background is further suppressed
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Table 3
Criteria used in the MJ selections to address the backgrounds from (A)γ γ → qq, (B) γ γ → qq with spurious calorimetric objects and
(C) γ γ → τ+τ−. The † indicates that the cut is applied when the azimuthal angle of the missing momentumφ �pmiss

is within 15◦ of the
vertical plane

Small�M Large and very large�M

A Nch > 10
Mvis > 10 GeV/c2

E12◦ = 0 < 0.05
√
s

E30◦ < 0.25Evis < 0.3Evis
Φacop(acoplanarity) < 172.5◦ < 174◦
ΦacopT (transverse acop.) < 175◦ < 75◦
pt/

√
s > 0.005(> 0.01)† > 0.05 (> 0.075)†

pt/Evis > 1.305− 0.00725Φacop > 0.2
Mmiss < 25.0Evis
θpoint > 15◦ > 5◦ if θscat< 15◦
|cosθ �pmiss

| < 0.8 < 0.95
|cosθthrust| < 0.75

M
ex�1
vis > 10 GeV/c2

B pexNH
t > 0.01

√
s < 0.03

√
s if ENH

vis > 0.45Evis

pch
t > 0.005

√
s

ENH
1 < 0.3

√
s

ENH
vis < 0.3Evis

E(φ �pmiss
± 15◦) < 0.075

√
s

C N
jeti
ch , i = 1,2 > 4

mjeti , i = 1,2 > 4 GeV/c2

by a missing mass cut, the location of which is a
function of the�M of the signal considered. For ex-
ample, for�M = 20, 30 and 40 GeV/c2 the opti-
mal cuts areMmiss/

√
s > 0.75, 0.70 and 0.65, respec-

tively.
The region where the very large�M selection ap-

plies is characterised by a higher visible mass. The
sliding cut on the missing mass is looser than that
in the large�M selection. For�M = 20, 40 and
60 GeV/c2 the optimal cuts areMmiss/

√
s > 0.58,

0.34 and 0.10. Other cuts are then necessary to re-
duce the background mainly due to WW events. Sim-
ilarly to the large�M case,− log10Puds andy45 are
required to be greater than 0.5 and 0.003, respectively.
The mean momentum of all reconstructed charged par-
ticle tracks must be less than 0.007

√
s. To reduce

background from semileptonic W decays, the fraction
of visible energy due to charged objects excluding the
leading lepton is required to be greater than 0.5, and
the leading lepton, if present, must not be isolated, i.e.,
the additional energy deposited in a 30◦ cone around
its direction must be at least 50% of its energy. At

this level, the remaining background consists of WW
events with energy lost in the beam pipe, responsi-
ble for the missing mass. These events are rejected
by requiring |pz| < 0.1

√
s and the energyE12◦ de-

posited at polar angle smaller than 12◦ to be less than
0.015

√
s.

The efficiencies of the three selections were para-
metrised as a function of�M for each stop pair fi-
nal state that may result from the decay channels con-
sidered (̃t → cχ , t̃ → bχ�ν, t̃ → bχqq̄′). This allows
the signal efficiency to be parametrised as a function
of the branching ratios. The efficiencies were checked
to be practically independent of the lepton flavour
(e,µ, τ ) in the t̃ → bχ�ν decay. The small, large and
very large�M selections are combined using theN95
procedure as a function of�M and of the branching
ratios. The background to the small�M selection is
dominated byγ γ → qq events and has a total expec-
tation of 5.0 fb, while the backgrounds of the large
and very large�M selections, dominated by WW and
other four-fermion processes amount to 3.5 and 4.4 fb,
respectively.
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3.2. Systematic uncertainties

The efficiencies of the MJ analysis may be affected
by uncertainties regarding the assumptions on the stop
hadron physics and by uncertainties related to the
detector response. The results of the systematic studies
are summarised in Table 4 for the three selections.

The systematic effects from the assumptions on
the stop hadron physics were assessed by varying the
parameters of the model implemented in the generator
as in Ref. [1]. The uncertainties from the stop hadron
mass were evaluated by varying the effective spectator
massMeff, set to 0.5 GeV/c2 in the analysis, in the
range between 0.3 and 1.0 GeV/c2. The efficiencies
of the large and very large�M selections are almost
insensitive to this change. The 9% effect found for
the small�M selection reflects the variation in the
invariant mass available for the hadronic system.

The systematic error due to the uncertainty on the
stop fragmentation was evaluated by varyingεt̃ by an
order of magnitude, whereεt̃ is the parameter of the
Peterson fragmentation function [22]. The effect on
the efficiency is very small (∼ 2%).

The amount of initial state radiation in stop pair
production depends on the value of the stop coupling
to the Z boson, which is controlled by the stop mixing
angle. A variation ofθ t̃ from 56◦ to 0◦, i.e., from
minimal to maximal coupling, was applied. The effect
was found to be small in all selections, at the level of
1 to 3%.

Detector effects have been studied for the variables
used in the selections. The distributions of all relevant
variables show good agreement with the simulation.
In particular, the b-tagging performance was checked
on hadronic events collected at the Z resonance. The
systematic errors associated to detector effects and

to the reconstruction procedure were found to be
negligible.

Beam-related background, not included in the event
simulation, may affect theE12◦ variable. Its effect
on the selection efficiency was determined from data
collected at random beam crossings. The net effect is a
relative decrease of the signal efficiency by about 5%.
The uncertainty on this correction is negligible.

Finally, an additional uncertainty of 3% due to the
limited Monte Carlo statistics was added. The total
systematic uncertainty is at the level of 10% for the
small �M selection. It is dominated by the limited
knowledge of the stop hadron physics, and results
from rather extreme changes in the model parameters.
The systematic uncertainties for the large and very
large�M selections are at the level of 4–5%.

The systematic uncertainties in the selections other
than for thẽt → bχ ff̄ ′ channel are essentially identical
to those reported in Refs. [4,5].

4. Results and interpretation

The numbers of candidate events selected and
background events expected are reported in Table 5
for all the data samples used to derive the results
below. An overall agreement is observed. In particular,
a total of six candidate events is selected by the
new MJ analysis, with 8.5 events expected from
background processes; two events are found by each
of the selections, in agreement with predictions of 3.3,
2.3 and 2.9 background events at small, large and very
large�M, respectively.

In the framework of the supersymmetric extension
of the Standard Model [9], the outcome of these
searches can be translated into constraints in the

Table 4
Summary of the relative systematic uncertainties (%) on the efficiencies of the MJ analysis

MJ selections

Small�M Large�M Very large�M

Meff (0.3–1.0 GeV) 9 2 3
εt̃ (10−5–10−4) 2 2 2
θ t̃ (0◦–56◦) 3 1 1
Detector and reconstruction 2 1 2
Monte Carlo statistics 3 3 3
Total 10 4 5
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Table 5
Numbers of candidate events observed (Nobs) and expected from background (Nexp) for the different selections. Also given are the sizes
(
∫
Ldt) and the average centre-of-mass energies〈√s 〉 of the samples analysed

Sample Year 1997 1998 1999 2000∫
Ldt (pb−1) 57.0 173.6 236.9 207.3

〈√s 〉 (GeV) 182.7 188.6 197.6 206.2

Analysis Selection Nobs Nexp Nobs Nexp Nobs Nexp Nobs Nexp

AJ Small�M 1 1.5 3 5.5 2 2.4 2 2.1
Large�M 4 3.5 5 4.0 8 7.3 11 8.6

Long-lived hadrons Smallλt̃ AJ, small�M

Intermediateλt̃ – – 0 0.3 0 0.5 0 0.4
Largeλt̃ – – 1 0.4 0 0.6 0 0.6

MJ Small�M 0 0.3 1 0.7 1 1.2 0 1.1
Large�M 1 0.2 0 0.6 0 0.8 1 0.7
Very large�M 0 0.2 0 0.8 1 1.0 1 0.9

AJ Plus leptons Small�M 1 0.8 0 1.9 3 2.6 0 2.4
Large�M 0 0.1 2 0.4 2 1.4 3 1.6

AJ plus b-tagging Small�M 0 1.1 3 3.3 1 2.2 2 2.0
Large�M 1 0.6 0 0.9 1 0.7 0 1.2

space of the relevant parameters. In this process the
systematic uncertainties on the selection efficiencies
were included according to the method described in
Ref. [23], and no background subtraction was applied.
The constraints discussed below, derived from the
results given in Table 5, are at 95% confidence level.

The regions excluded in the plane(Mt̃,Mχ) under
the hypothesis of a dominantt̃ → c/uχ decay are
shown in Fig. 2(a) for two values of thẽt mixing
angleθ t̃, 0◦ and 56◦, corresponding to maximal and
vanishing̃t t̃ Z coupling, respectively. For 8 GeV/c2 <

�M <MW +Mb, and using also CDF results [24], the
lower limit onMt̃ is 92 GeV/c2, independent ofθ t̃.

The very small�M corridor is partially covered
by the “long-lived hadrons” analysis as indicated by
the plain dark region in Fig. 2(a). The stop mass
lower limit provided by the “long-lived hadrons”
analysis is shown in Fig. 2(b) as a function of
log(cτt̃/cm) for various�M values. The smallest�M

value considered is 1.6 GeV/c2, corresponding to the
“effective” kinematic limit for the decaỹt → cχ [4].
Below that�M value, the stop decay mode ist̃ → uχ ,
and the limit is 95 GeV/c2, given by the large lifetime
selection. The absolute mass lower limit obtained is
63 GeV/c2. It is reached for�M = 1.6 GeV/c2

and for acτt̃ value of∼ 1 cm. In that configuration
of parameters, the “AJ small�M” and the “long-

lived hadrons intermediate lifetime” selections are
combined.

In the MSSM [9], more restrictive constraints on
the stop mass can be obtained since�M and the stop
lifetime are related. The mass lower limit obtained
by scanning over the relevant model parameters as in
Ref. [4] is shown in Fig. 2(c) as a function of tanβ . For
any tanβ , the stop mass limit is 65 GeV/c2, reached
for tanβ ∼ 2.7.

Under the hypothesis that the decayt̃ → bχ ff̄ ′ is
dominant, the regions excluded in the plane(Mt̃,Mχ)

are shown in Fig. 3(a), for relative proportions of the
possible f̄f ′ final states as in W∗ decays. In Fig. 3(b)
the leptonic modes bχ�ν (with equal branching ratios
for � = e, µ and τ ) are assumed to be dominant.
The excluded regions are given forθ t̃ = 0◦ andθ t̃ =
56◦. For �M > 8 GeV/c2, theθ t̃-independent lower
limits on Mt̃ are 78 GeV/c2 and 80 GeV/c2, for the
two cases of W∗ and leptonic final state dominance,
respectively.

The combination of the AJ and MJ analyses allows
constraints to be set under the more general hypothe-
sis that both thẽt → cχ andt̃ → bχ ff̄ ′ decay channels
contribute to stop decays. The excluded regions in the
plane(Mt̃,Mχ) are shown in Fig. 4(a) forθ t̃ = 0◦and
θ t̃ = 56◦. This result was obtained by arbitrarily vary-
ing thet̃ → cχ branching ratio and the leptonic frac-



16 ALEPH Collaboration / Physics Letters B 537 (2002) 5–20

(a) (b)

(c)

Fig. 2. (a) Excluded regions at 95% C.L. in theMχ vs. Mt̃ plane fromt̃ → c/uχ searches; the excluded regions are given forθ t̃ = 0◦,
corresponding to maximum̃t t̃ Z coupling, and forθ t̃ = 56◦, corresponding to vanishing̃t t̃ Z coupling. The dark region in the small�M

corridor is excluded by the “long-lived hadrons” analysis. The CDF experiment result is also indicated. (b) Stop mass lower limit at 95% C.L.
from the “long-lived hadrons” as a function of log(cτt̃/cm) for several�M values, without any assumption on the relation between�M and
the stop lifetimeτt̃ . (c) Stop mass lower limit at 95% C.L. from the “long-lived hadrons” analysis as a function of tanβ, independent of the
other MSSM parameters.

tion in thet̃ → bχ ff̄ ′ decay, and by using theN95 pre-
scription to determine the appropriate combination of
selections. The stop mass limit is shown in Fig. 4(b)
as a function of the branching ratio BR( t̃ → cχ) for
several fixed�M values and forθ t̃ = 56◦. The small-
est�M value considered is 5 GeV/c2, corresponding
to the threshold for the production of a b quark in the
final state. The lowest limit obtained is 63 GeV/c2; it

is reached for�M = 5 GeV/c2, BR( t̃ → cχ) = 0.22,
and BR( t̃ → bχ�ν)= 0.55.

Under the assumption that thet̃ → b�ν̃ decay mode
is dominant, with equal branching ratios for� = e,µ
and τ , the excluded region in the plane(Mt̃,Mν̃) is
shown in Fig. 5(a). If�M > 8 GeV/c2, and using the
LEP1 limit on the sneutrino mass and D0 results [25],
the lower limit onMt̃ is 97 GeV/c2, independent ofθ t̃.
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(a) (b)

Fig. 3. Excluded regions at 95% C.L. in theMχ vs.Mt̃ plane from̃t → bχ ff̄ ′ searches: (a) the W∗ modes or (b) the leptonic modes are assumed
to be dominant for the ff̄ ′ final states. The excluded regions are given forθ t̃ = 0◦, corresponding to maximum̃t t̃ Z coupling, and forθ t̃ = 56◦ ,
corresponding to vanishing̃t t̃ Z coupling.

(a) (b)

Fig. 4. (a) Branching ratio independent excluded regions at 95% C.L. in theMχ vs. Mt̃ plane, fromt̃ → bχ ff̄ ′ and t̃ → cχ searches. The
excluded regions are given forθ t̃ = 0◦ , corresponding to maximum̃t t̃ Z coupling, and forθ t̃ = 56◦, corresponding to vanishing̃t t̃ Z coupling.
(b) Limit on the stop mass at 95% C.L. as a function of BR( t̃ → cχ) for various�M values. The limits are given forθ t̃ = 56◦.
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(a) (b)

Fig. 5. (a) Excluded regions at 95% C.L. in theMν̃ vs. Mt̃ plane fromt̃ → b�ν̃ searches (equal branching fractions for thet̃ decay to e,µ,
andτ are assumed). The excluded regions are given forθ t̃ = 0◦, corresponding to maximum̃t t̃ Z coupling, and forθ t̃ = 56◦, corresponding
to vanishingt̃ t̃ Z coupling. The regions excluded at LEP 1 and by the D0 experiment are also indicated. (b) Excluded regions at 95% C.L. in
theMχ vs.Mb̃ plane fromb̃ → bχ searches. The excluded regions are given forθb̃ = 0◦, corresponding to maximum̃bb̃Z coupling, and for

θb̃ = 68◦ , corresponding to vanishing̃bb̃Z coupling. The region excluded by the CDF experiment is also indicated.

The lower limit is 82 GeV/c2 if the t̃ → bτ ν̃τ decay
mode is dominant and�M > 8 GeV/c2, independent
of θ t̃.

The excluded region in the plane(Mb̃,Mχ) is
shown in Fig. 5(b) under the assumption of a dominant
b̃ → bχ decay. Taking also the CDF exclusion [24]
into account, a lower limit of 89 GeV/c2 is set on
Mb̃, for any b̃ mixing angle and�M > 8 GeV/c2.

The region excluded forθb̃ = 0◦, for which theb̃b̃Z
coupling is maximal, is also shown.

As discussed in detail in Ref. [2], the results of the
search for acoplanar jets, with or without b-tagging,
can also be translated into constraints on the mass
of degenerate squarks. In order to compare these re-
sults with those obtained at the Tevatron [24,25], lim-
its have been evaluated within the MSSM [9] under the
following assumptions: a degenerate massMq̃ for all
left-handed and right-handedũ, d̃, c̃, s̃, b̃ squarks; low-
est order GUT relation between the soft supersymme-
try breaking gaugino mass terms, allowing the gluino
and neutralino masses to be related; tanβ = 4 and
µ = −400 GeV. The results in the plane(Mg̃,Mq̃) are
shown in Fig. 6. Improved constraints are obtained in
the region of small̃q toχ mass differences.

Fig. 6. Excluded regions at 95% C.L. from the search for generic
q̃ pairs, assuming five mass-degenerateq̃ flavours. The results
are shown in the gluino–squark mass plane for tanβ = 4 and
µ = −400 GeV, together with results from experiments at pp̄
colliders.
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Table 6
Lower limits on stop and sbottom masses in some relevant cases. All limits are valid for any value of the mixing angle

Squark 95% C.L. Mass limit �M range Dominant decay channel(s) Comments
(GeV/c2) (GeV/c2)

t̃ 92 > 8 t̃ → cχ CDF result [24] used
78 > 8 t̃ → bχW∗
97 > 8 t̃ → b�ν̃ LEP 1, D0 result [25] used
63 Any Any Any branching ratios, any lifetime

b̃ 89 > 8 b̃→ bχ CDF result [24] used

5. Conclusions

Searches for signals of pair-produced scalar part-
ners of quarks have been performed in the data sam-
ple of 207 pb−1 collected in the year 2000 with the
ALEPH detector at LEP, at centre-of-mass energies
ranging from 204 to 209 GeV. The final state topolo-
gies studied arise from the decayst̃ → c/uχ , t̃ →
bχ ff̄ ′, t̃ → b�ν̃, b̃ → bχ , and q̃ → qχ . The four-
body stop decay channel was analysed for the first
time at LEP, and the corresponding selections were ex-
tended to the 675 pb−1 of data collected by ALEPH at
centre-of-mass energies of 183 GeV and above. All
numbers of candidate events observed are consistent
with the backgrounds expected from Standard Model
processes. The results of these searches, combined
with earlier ones obtained with data collected from
1997 to 1999, have been translated into improved mass
lower limits, of which relevant examples are given
in Table 6. In particular, a 95% C.L. lower limit of
63 GeV/c2 has been set on the stop mass, irrespective
of its lifetime and decay branching ratios.
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