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Abstract

The data collected at a centre-of-mass energy of 188.6 GeV by ALEPH at LEP, corresponding to an
integrated luminosity of 173.6 pb−1, are analysed in a search for the scalar partners of quarks and
leptons predicted in supersymmetric models. No evidence for any such particles was found in the
decay channels ˜̀→ `χ, t̃ → cχ, t̃ → b`ν̃, b̃ → bχ, and q̃→ qχ. Improved mass lower limits have been
obtained in the framework of the Minimal Supersymmetric Standard Model.
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K. Affholderbach, A. Böhrer, S. Brandt, C. Grupen, J. Hess, A. Misiejuk, G. Prange, U. Sieler



Fachbereich Physik, Universität Siegen, D-57068 Siegen, Germany16

C. Borean, G. Giannini, B. Gobbo
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1 Introduction

In the Minimal Supersymmetric extension of the Standard Model (MSSM) [1], each Standard
Model fermion chirality state has a scalar supersymmetric partner. The sfermions f̃R and f̃L are
the supersymmetric partners of the right-handed and left-handed fermions, respectively. These
are weak eigenstates which can mix to form the mass eigenstates. The mixing is a unitary
transformation of the f̃R and f̃L states, parameterised by a mixing angle θ. Because the off-
diagonal elements of the sfermion mass matrix are proportional to the SM partner masses, the
mixing is expected to be relevant for the scalar top (stop, t̃), scalar bottom (sbottom, b̃) and
scalar tau (stau, τ̃).

Sfermions can be produced at LEP in pairs, e+e− → f̃
¯̃
f, via s-channel exchange of a virtual

photon or a Z, whereas the t-channel exchange of neutralinos can contribute in the case of
selectron (ẽ) production, making possible, for this flavour, the mixed production ẽRẽL when
kinematically allowed.

The searches for sfermions described here assume that the lightest supersymmetric particle
(LSP) is the lightest neutralino χ or possibly the sneutrino. The conservation of R-parity is
also assumed; this implies that supersymmetric particles are produced in pairs and that the
LSP is stable.

Under these assumptions, all the sfermions but the stop decay predominantly as f̃ → fχ
(the decay t̃ → tχ is kinematically inaccessible at LEP2). The stop can decay as t̃ → cχ or
t̃→ b`ν̃ [2]. The first decay can proceed only via loop diagrams and thus has a very small width,
of the order of 0.01–1 eV [2]. The t̃ → b`ν̃ channel proceeds via 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.

Direct searches for squarks and sleptons were performed in the dominant decay channels
mentioned above. The final states studied are summarized in Table 1. As described in Ref.[4],
the search for mixed selectron production extends the sensitivity of the selectron searches to
situations where the acoplanar electron search is ineffective because of the small mass difference
between the lightest selectron and the lightest neutralino. In this case the outgoing lepton from
the decay of the heaviest selectron (typically the ẽL) has enough energy to be detected, leading
to a single electron topology.

Table 1: Topologies studied in the different scenarios.

Production Decay mode Topology

q̃¯̃q q̃ → qχ Acoplanar jets

t̃̃̄t t̃ → cχ Acoplanar jets

b̃
¯̃
b b̃ → bχ Acoplanar b-jets

t̃̃̄t t̃ → b`ν̃ Acoplanar jets plus leptons
˜̀̀̃̄ ˜̀→ `χ Acoplanar leptons
ẽL,(R)

¯̃eR,(L) ẽ → eχ Single electron (small mẽR −mχ)
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Data collected at
√

s = 188.6 GeV and corresponding to an integrated luminosity of
173.6 pb−1 have been analysed. The results of these searches supersede the ALEPH results
reported earlier for data collected at energies up to

√
s = 184 GeV [3, 4]. Searches for light

stop and sbottom have also been performed at the Tevatron [5, 6]. The CDF experiment [6]
has reported a lower limit on the stop mass of about 120 GeV/c2 for the decay into cχ and a
lower limit on the sbottom mass of about 140 GeV/c2 for the decay into bχ; these limits are
valid for a mass difference between the q̃ and the χ larger than about 40 GeV/c2. The D0 and
CDF Collaborations have also published limits on squark masses under the assumption that u,
d, s, c and b squarks are mass degenerate [7].

Searches for squarks and sleptons using data collected at LEP at energies up to
√

s =
189 GeV have also been performed by OPAL [8].

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
detector (VDET), a drift chamber (ITC) and a time projection chamber (TPC), all immersed
in a 1.5 T axial magnetic field provided by a superconducting solenoid. The VDET consists
of two cylindrical layers of silicon microstrip detectors; it performs 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 flow particles” [10]. These objects are used to calculate the variables that are employed
in the analyses described in Section 3.

3 The selections

Several selection algorithms have been developed to search for squarks and sleptons. Events
with acoplanar jets and acoplanar jets plus two leptons are signatures for squark production.
Events with acoplanar lepton pairs or with single electrons are expected from slepton
production. All these channels are characterised by missing energy.

The event properties depend significantly on ∆m, the mass difference between the decaying
sfermion and the produced χ or ν̃. 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, Weν, Zγ∗, and
qq̄(γ) events. When ∆m is small, the energy available for the visible system is small and
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the signal events are therefore similar to γγ events. In order to cope with the different signal
topologies and background situations, each analysis employs a low ∆m selection and a high
∆m selection. The optimization of the selection criteria, as well as the best combination of
the high and low ∆m analyses, have been obtained by minimization of the expected 95 % C.L.
cross section upper limit in the absence of signal (the N̄95 prescription [12]). The selections
applied to the 189 GeV data follow closely those described in Refs. [3, 4]. The selection cuts
have been re-optimized to take into account the increased centre-of-mass energy and the larger
integrated luminosity. Additional cuts have also been introduced for the acoplanar jets (low
∆m selection) and for the stau selections.

3.1 Acoplanar jet selection

The acoplanar jet selection is used to search for the processes e+e− → q̃¯̃q (q̃ → qχ). The same
cuts used in Ref. [3] to reject the γγ → qq̄ background are applied after an appropriate rescaling
with the centre-of-mass energy. For the low ∆m selection a new cut has been included: the
number of charged tracks in a jet is required to be greater than one. This cut reduces the
background contamination from WW and γγ processes producing τ → one-prong final states.

For large ∆m, a few changes have been made in order to cope with the increased level of
background from WW, Weν, and Zγ∗ that results from the increased integrated luminosity.
The Mvis/

√
s cut has been tightened. The position of the cut depends on the ∆m of the

signal being considered. For ∆m = 15 GeV/c2 the optimal cut is Mvis/
√

s < 0.20, while for
∆m = 25 GeV/c2 the optimal cut is Mvis/

√
s < 0.25. Finally, the optimal cut for all ∆m

greater than 40 GeV/c2 is Mvis/
√

s < 0.30.

The low ∆m selection is used for ∆m < 8 GeV/c2, while for ∆m ≥ 8 GeV/c2 the high
∆m selection is used. The background to the low ∆m selection is dominated by γγ → qq̄ and
has a total expectation of 5.5 events (∼ 32 fb). For the high ∆m selection, the background
is dominated by WW, Weν, Zγ∗, and qq̄(γ). If the loosest value of the upper cut on Mvis is
applied, the total background expectation for the high ∆m selection is 4.0 events (∼ 23 fb).

The experimental topology of the e+e− → b̃
¯̃
b (b̃ → bχ) process is characterised by two

acoplanar b jets and missing mass and energy. The selection used to search for this topology
is quite similar to that used at lower energies [3]; here only the differences are described.

For the high ∆m selection, the WW, Zγ∗ and Weν backgrounds are reduced by taking
advantage of the presence of b jets. The events are tagged by using the b tag event probability
Puds described in [11]. The two-dimensional cut in the (Mvis,Puds) plane described in [3] has
been tightened to cope with the increased background.

The optimization chooses the low ∆m selection for ∆m < 12 GeV/c2 and the high ∆m
selection for ∆m > 12 GeV/c2. The total background expectation for the low ∆m selection
is 3.3 events (19 fb), dominated by γγ → qq̄. For the high ∆m selection the WW, Zγ∗, and
Weν background is highly suppressed by b tagging and the total background expectation is 0.9
events (5 fb).
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3.2 Acoplanar jet plus leptons selection

The experimental signature for e+e− → t̃̃̄t (t̃ → b`ν̃) production is two acoplanar jets plus two
leptons with missing momentum. For this search the same selection as in [3] is applied.

For ∆m < 11 GeV/c2, the logical OR of the high and low ∆m selections is used: the high
∆m selection helps to increase the efficiency while leaving the background level unchanged.
For ∆m ≥ 11 GeV/c2, only the high ∆m selection is used. The background to the low ∆m
selection is dominated by γγ → qq̄ and has a total expectation of 1.9 events (11 fb). For the
high ∆m selection, the 2.5 fb of expected background (0.4 events expected) is dominated by
WW and qq̄ events.

3.3 Acoplanar lepton selection

Slepton pair production leads to a final state characterized by two acoplanar leptons of the same
flavour and missing mass and energy; acoplanar lepton selections are used to search for these
processes. The selections developed for the 183 GeV data [4] are optimized to account for the
increase in energy and luminosity, as well as the changes in the composition of the background.
The background from the leptonic WW processes is subtracted in the optimization. In the
following a detailed description of the new or modified cuts is given.

In the search for selectrons and smuons with high ∆m the same selections as in [4] are
applied. In the low ∆m selection the cut based on the Fisher discriminant analysis has been
tightened with respect to [4]: it is required that the output variable be greater than −13. The
low ∆m selection is used for ∆m < 12 GeV/c2 and the high ∆m selection for ∆m ≥ 12 GeV/c2.
Sliding cuts, i.e. cuts depending on the mass hypothesis considered, are finally applied on the
lepton momenta. Before those cuts, a total of 32.8 background events are expected in the search
for acoplanar electrons and 29.6 in the search for smuons.

For the acoplanar tau analysis at high ∆m, the visible mass is required to be less than
80 GeV/c2 to reduce the four-fermion background. For both the high ∆m and low ∆m
selections, correlations between the missing momentum and other kinematic variables such as
Mvis, the polar angle θ of the missing momentum and the ρ variable [13] are taken into account.
A sliding cut on the energies of the τ ’s has been applied. The reconstructed τ is required to
have an energy smaller than the maximum kinematically allowed for a given combination of
mass hypotheses. Because of the higher luminosity, cuts on the momenta p1, p2 of the identified
electrons and muons must be tightened with respect to [4]. The complete list of cuts of the
stau analysis is summarised in Table 2. The low ∆m selection is used for ∆m < 30 GeV/c2

while for ∆m ≥ 30 GeV/c2 the high ∆m selection is used. Before sliding cuts are applied, a
total background of 15.5 events is expected for this selection.

3.4 Single electron selection

The search for single electrons is designed to select the signal expected from the mixed
selectron production. The selection described in [4] has been optimized without changes in
the selection strategy. The expected background from Weν and Zee processes is subtracted in
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Table 2: Selection criteria for the searches for acoplanar taus (energy=[GeV], mass=[ GeV/c2],
momentum=[GeV/c], angle=[degrees]).

∆m ≥ 30 ∆m < 30

charged tracks two identified τ ’s
neutral veto yes
energy within 12◦ from beam E12 = 0
acollinearity α > 2
visible mass Mvis > 4

Mvis < 80
acoplanarity ρ > (ΦAco − 150)/8
missing pmiss

T > 15−Mvis/4 Mvis > 30
momentum or pmiss

T > 5
pmiss

T < 1.14(θ − 10) θ > 10
ρ variable pmiss

T > 15− 2ρ
identified pT1, pT2 > 0.5%

√
s

e and µ p1, p2 < 23 p1, p2 < 13
energy of τ Eτ < Emax(mτ̃ , mχ)

the optimization of the analysis. A total of 12.4 background events is expected, dominated by
the Weν and Zee processes.

3.5 Results of the selections

A total of eight events are find in the data by the t̃ → cχ analysis: five by the high ∆m selection
(4.0 events expected) and three by the low ∆m selection (5.5 events expected).

In the b̃ → bχ channel no events are selected in the data by the high ∆m analysis (0.9
expected) and three events by the low ∆m search (3.3 expected); these events are the same as
those selected by the low ∆m t̃ → cχ analysis.

In total, the acoplanar jet t̃ and b̃ analyses observe eight events, in good agreement with
the expectation of 9.5 events from Standard Model processes.

The t̃→ b`ν̃ analyses select two and zero events in the high and low ∆m cases, respectively.
The number of expected events are 0.4 and 1.9, respectively.

Before sliding cuts a total of 33 events are observed in the search for acoplanar electrons,
28 in the search for smuons and 21 in that for staus; the expected backgrounds are 32.8, 29.6,
and 15.5 respectively. A total of eight events are observed in the single electron search, with
13.8 expected, mainly from four-fermion processes.
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4 Systematic uncertainties

The systematic uncertainties on the selection efficiencies originating from the Monte Carlo
simulation of the signal processes, as well as those related to detector effects, are evaluated
following the procedure described in Refs. [3, 4]. The relative uncertainty on the selection
efficiency in the case of t̃ → cχ is 13% for low ∆m and 6% for high ∆m; in the case of t̃→ b`ν̃
it is 16% for low ∆m and 7% for high ∆m; for the b̃ → bχ channel it is 12% for low ∆m and
6% for high ∆m. These errors are dominated by the uncertainties on the simulation of t̃ and
b̃ production and decay. The systematic uncertainties on the slepton selections amount to 3%
for selectrons and smuons and up to 5% for staus.

The uncertainties on the evaluation of the subtracted backgrounds range from 3% to 9%
depending on the selection and on the ∆m considered.

The beam-related background is not included in the event simulation and is taken into
account separately by using data collected at random beam crossings. The net effect is a
relative decrease of the signal efficiency and the background expectation by 4%–8% depending
on the studied selection. The systematic uncertainties on this correction are negligible.

5 Interpretation in the MSSM

The non-observation of any excess of candidates can be interpreted as lower limits on the
masses of the particles searched for. The systematic uncertainties on the selection efficiencies
are included following the method described in [14]. For slepton processes, the dominant sources
of expected background (WW processes for the acoplanar lepton selections, Zee and Weν for
the single electron) are subtracted according to the prescription of Ref. [15]. These subtracted
backgrounds are reduced by their systematic uncertainties in the evaluation of the limits. No
background subtraction is performed in interpreting the results of the searches for squarks. The
limits are derived by combining the results presented here with the previous ALEPH ones [3, 4].

5.1 Squark mass lower limits

The regions excluded at 95% C.L. in the plane (mt̃, mχ) are shown in Fig. 1a under the
hypothesis of a dominant t̃ → cχ decay, and for two values of the t̃ mixing angle θt̃, 0◦ and 56◦,
corresponding to maximal and minimal cross section, respectively. For ∆m in the range from
10 to 40 GeV/c2 the lower limit on mt̃ is 84 GeV/c2, independent of θt̃.

Under the assumption of a dominant t̃ → b`ν̃ decay and equal branching ratios
for ` = e, µ and τ , the excluded region in the plane (mt̃, mν̃) is shown in Fig. 1b.
Assuming ∆m > 10 GeV/c2 and using the LEP 1 lower limit on the sneutrino mass of
43 GeV/c2 (calculated assuming three mass degenerate ν̃’s), the θt̃ independent lower limit on
mt̃ is, in this case, 86 GeV/c2.

The excluded region in the plane (mb̃, mχ) is shown in Fig. 2a under the assumption of a
dominant b̃ → bχ decay. A lower limit of 86 GeV/c2 is set on mb̃, assuming the b̃ mixing
angle θb̃ = 0◦ (corresponding to the case of maximal cross section) and ∆m > 10 GeV/c2. The
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region excluded for θb̃ = 68◦, for which the cross section is minimal, is also shown in Fig. 2a; the
comparison with the result from data collected in ’97 up to

√
s = 184 GeV [3], also shown in

the figure, clearly shows the substantial improvement in sensitivity thanks to the high statistics
of the data sample collected at

√
s = 188.6 GeV.

As discussed in detail in Ref. [3], the negative results of the search for acoplanar jets, with
or without b tagging, can also be interpreted as a lower limit on the mass of degenerate squarks.
In order to compare the results directly with those obtained at the Tevatron, the limits have
been evaluated under the following assumptions: a degenerate mass mq̃ for left-handed and
right-handed ũ, d̃, c̃, s̃, b̃; GUT relation between the soft supersymmetry breaking terms Mi

associated with the SU(2)L×U(1)Y ×SU(3)C gauge group, relating the gluino and neutralino
masses; tan β = 4 and µ = −400 GeV. Under these assumptions, the ALEPH results can be
translated into an exclusion region in the plane (mgluino, mq̃), as shown in Fig. 2b.

In all these squark searches there is an improvement over the Tevatron exclusions [6, 7] in
the region of small mass differences.

5.2 Slepton mass lower limits

The region excluded at 95% C.L. in the planes (mẽ, mχ) and (mµ̃, mχ) and the expected
sensitivity are shown in Figures 3a and 3b assuming a dominant ˜̀

R → `χ decay. For large
m˜̀ and small neutralino masses, cascade decays such as ˜̀

R→ `χ′ can play a role. Assuming
tanβ = 2 and µ = −200 GeV/c2, as well as vanishing selection efficiency for final states deriving
from cascade decays, reduces the excluded region as shown in the figures. For ∆m > 8 GeV/c2

selectron masses below 88 GeV/c2 and for ∆m > 5 GeV/c2 smuon masses below 80 GeV/c2

are excluded at 95% C.L.

In the case of staus, an additional degree of freedom affecting the production cross section
comes from possible mixing between the left and right interaction eigenstates. The regions
excluded at 95% C.L. in the plane (mτ̃ , mχ) assuming a dominant τ̃1→τχ decay are shown in
Fig. 3c for the mixing cases corresponding to minimal cross section and pure right-handed τ̃ .
The expected sensitivity in the latter case is also shown. For ∆m > 10 GeV/c2 stau masses
below 66 GeV/c2 are excluded at 95% C.L.; for ∆m > 13 GeV/c2 stau masses below 71
GeV/c2 are excluded in the case of no mixing.

Assuming a common scalar mass at the GUT scale, the relation between the masses of the
right- and left-handed sleptons can be used to combine results of the searches for acoplanar
leptons and the search for events with single electrons. The region of the plane (m˜̀

R
, mχ)

excluded at 95% C.L. for tanβ = 2 and µ = −200 GeV and the expected sensitivity are shown
in Fig. 3d. The loss of sensitivity of the ẽR

¯̃eR search for very low values of ∆m (< 3 GeV/c2)
is recovered for m˜̀ < 68 GeV/c2 by the search for ẽ±R ẽ∓L . The effect of cascade decays at low
mχ is compensated by the search for ˜̀

L
˜̀
L production.

7



6 Conclusions

In the data sample of 173.6 pb−1 collected in 1998 by the ALEPH detector at LEP at a centre-
of-mass energy of 188.6 GeV, searches for signals from pair-production of the scalar partners
of quarks and leptons have been performed. In all channels the number of candidates observed
is consistent with the background expected from Standard Model processes.

In the MSSM the following lower mass limits are set at 95% C.L.:

• for stops:

– 84 GeV/c2, dominant t̃→cχ, ∆m > 10 GeV/c2;

– 86 GeV/c2, dominant t̃→b`ν̃, ∆m > 10 GeV/c2;

• for sbottoms:

– 86 GeV/c2, dominant b̃→bχ, ∆m > 10 GeV/c2, θb̃ = 0◦;

• for degenerate squarks:

– 92 GeV/c2, dominant q̃→qχ, ∆m > 10 GeV/c2;

• for selectrons:

– 88 GeV/c2, ∆m>8 GeV/c2, tanβ = 2 and µ = −200 GeV/c2;

– 68 GeV/c2, any ∆m, tanβ = 2 and µ = −200 GeV/c2, common scalar mass at
GUT scale;

• for smuons:

– 80 GeV/c2, dominant µ̃→µχ, ∆m>5 GeV/c2;

• for staus:

– 66 GeV/c2, dominant τ̃→τχ, ∆m>10 GeV/c2, worst case mixing;

– 71 GeV/c2, dominant τ̃→τχ, ∆m>13 GeV/c2, right-handed stau.
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Figure 1: (a) Excluded regions at 95% C.L. in the mχ vs mt̃ plane from t̃ → cχ searches; the
region excluded by the CDF experiment is also indicated. (b) Excluded regions at 95% C.L.
in the mν̃ vs mt̃ plane from t̃ → b`ν̃ (equal branching fractions for the t̃ decay to e, µ, and
τ are assumed). The excluded regions are given for θt̃ = 0◦, corresponding to maximum t̃̃tZ
coupling, and for θt̃ = 56◦, corresponding to vanishing t̃̃tZ coupling.
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Figure 2: (a) Excluded regions at 95% C.L. in the mχ vs mb̃ plane from b̃ → bχ searches; the
region excluded by the CDF experiment is also indicated. The excluded regions are given for
θb̃ = 0◦, corresponding to maximum b̃b̃Z coupling, and for θb̃ = 68◦ for which the ’97 result is
also shown, corresponding to vanishing b̃b̃Z coupling. (b) Excluded region from the search for
generic q̃ pairs, assuming five degenerate q̃ flavours. The results are shown in the gluino-squark
mass plane for tanβ = 4 and µ = −400 GeV/c2 together with results from experiments at pp̄
colliders.
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Figure 3: Excluded regions at 95% C.L. in the m˜̀
R

vs mχ plane from slepton searches.

BR(˜̀→ `χ) = 100% is assumed for solid curves in (a) and (b) and all curves in (c). The dashed
curves in (a) and (b) show the effect of cascade decays for tanβ = 2 and µ = −200 GeV/c2,
assuming zero efficiency for those decays. The dashed curve in (c) shows the limit in the mτ̃1 vs
mχ plane in the case of minimal τ̃1τ̃1Z coupling. In (d), the effect of cascade decays is included.
The dark shaded region is not accessible because the common scalar mass at the GUT scale
becomes unphysical.
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