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Abstract

We report the result of a search for scalar leptons in ete™ collisions at 183 GeV
centre-of-mass energy at LEP. No evidence for such particles is found in a data
sample of 55.2 pb~!. Improved upper limits are set on the production cross sections
for stable as well as unstable scalar leptons. New exclusion contours in the parameter
space of the Minimal Supersymmetric Standard Model are derived, as well as new
lower limits on scalar lepton masses.
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1 Introduction

One of the main goals of the LEP experiments is to search for new particles predicted by theories
beyond the Standard Model. In this letter we report on searches for stable and unstable scalar
leptons. Scalar leptons naturally occur in supersymmetric theories (SUSY) [1]. In SUSY
theories with minimal particle content (MSSM) [2], in addition to the ordinary particles, there
is a supersymmetric spectrum of particles with spins which differ by one half with respect to
their Standard Model partners. Scalar leptons (l% and Ef) are the supersymmetric partners
of the right- and left-handed leptons. They are produced in pairs through s-channel /7
exchange. For scalar electrons the production cross section is enhanced by ¢-channel exchange
of a neutralino.

Long-lived scalar leptons are expected in Gauge Mediated SUSY Breaking (GMSB) models
[3] as well as in R-parity violating SUSY models [4]. The R-parity is a quantum number which
distinguishes ordinary particles from supersymmetric particles. In GMSB, if the scalar lepton
is the next-to-lightest supersymmetric particle, it may acquire a long lifetime for high SUSY-
breaking energy scales [5]. For small R-parity violating couplings (A < 3-107%), decay lengths
longer than ten meters are predicted at LEP energies whenever the scalar lepton is the lightest
supersymmetric particle, thus leading to a “stable” heavy lepton signature.

Short-lived scalar leptons are expected in R-parity conserving SUSY models. If R-parity is
conserved supersymmetric particles are pair-produced and the lightest supersymmetric particle,
the neutralino ¥V, is stable. The neutralino is weakly-interacting and escapes detection. The
scalar lepton decays into its partner lepton mainly via x XU0E, but also via the cascade
decay, such as (¥ — XE — XY9Z*¢*, which may dominate in some regions of the parameter
space of the MSSM.

Results are presented here of a search for scalar leptons at centre-of-mass energies up to
182.7 GeV. Previous limits on scalar leptons have been reported by L3 [6] and other LEP
experiments [7]. In this paper, model independent limits are presented on production cross
sections, and are interpreted in terms of MSSM parameters. These limits are obtained by
combining the results of the present search with those obtained previously by L3 [6,8].

2 Data sample and simulation

We present the analysis of data collected by L3 [9] in 1997, corresponding to an integrated
luminosity of 55.2 pb™! at an average centre-of-mass energy of 182.7 GeV, denoted hereafter
as 183 GeV. The search for stable scalar leptons also includes data collected at the following
centre-of-mass energies: 130 — 136 GeV (12.1 pb™!) and 161 — 172 GeV (21.1 pb™1).

Events from Standard Model reactions are simulated with the following Monte Carlo gen-
erators: PYTHIA [10] for efe” — qq, eTe” — ZeTe™ and ete” — ~/Z~/Z; EXCALIBUR [11]
for efe™ — W*eFy; KORALZ [12] for efe™ — putp~ and ete™ — 7777; BHAGENE3 [13] for
efe” — eTe ; KORALW [14] for efe” — WTW~; DIAG36 [15] for eTe” — efe (T¢~ and
PHOJET [16] for ete” — ete™ hadrons. For the last two processes, events are simulated only
for two-photon invariant masses above 3 GeV. The number of events for each simulated back-
ground process is at least 100 times that of the collected data sample, except for two-photon
interactions for which it is more than two times the collected data.

Signal events are generated with the Monte Carlo program SUSYGEN [17], for masses of
scalar leptons (M) ranging from 45GeV up to the kinematic limit and for AM values (AM =
Mje — Myo) between 3 GeV and Mz — 1 GeV.
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The detector response is simulated using the GEANT package [18]. It takes into account
effects of energy loss, multiple scattering and showering in the detector materials and in the
beam pipe. Hadronic interactions are simulated with the GHEISHA program [19]. Time depen-
dent inefficiencies of the different subdetectors are also taken into account in the simulation
procedure.

3 Search procedure for stable scalar leptons

Pair production of long-lived heavy scalar leptons appears as two back-to-back charged tracks
in the detector. As the mass of the scalar lepton increases, the differential energy loss (dFE/dx)
increases, while the available kinetic energy decreases. For masses up to about 80% of the beam
energy (Ep), the heavy lepton has sufficient kinetic energy to penetrate both the electromag-
netic (BGO) and hadronic calorimeters, and makes a track in the muon chambers.

The analysis is designed for stable particle masses in the range between 45 GeV and the beam
energy. To reject backgrounds from pair production of light particles, the search uses both the
dE /dx information from the tracking chamber and the muon chamber momentum measurement.
The search is performed with selection requirements optimised in three different mass regions:
high (M/Ep > 0.8), intermediate (0.7 < M/Ep < 0.8) and low (0.5 < M/Ep < 0.7).

Events are selected which have two charged tracks with momentum greater than 5 GeV and
polar angle | cos 6| < 0.82. The acollinearity angle between the two tracks is required to be less
than 15°. The polar angle requirement selects events where the trigger and track reconstruction
efficiency is high and the dFE/dz resolution is good. From independently-triggered ete™ —
ete™ events, the tracking chamber trigger efficiency is determined to be 98% over the interval
| cos 0] < 0.82. The momentum and acollinearity angle requirements reduce the backgrounds
from lepton pairs produced in two-photon collisions or in association with a high energy photon.
After these requirements 4503 events are selected in data with 4410 expected from Standard
Model processes, mainly from ete™ — eTe™.

3.1 High mass region

In the region M/Ep > 0.8, only the tracking chamber information is utilised. Tonization energy
loss is measured in units of minimum ionising particles. The dE/dxz measurement is calibrated
with Bhabha scattering events, and the resulting dE/dx resolution is oqg/ax = 0.08. Events
are selected for which the ionization energy loss for each track is between 1.25 and 8, and the
product of the track ionization losses is larger than 2.

Figure 1 shows dFE/dx for the first and second track for data events passing all cuts except
those on track ionization. In Figure 1 is also shown the simulated signal from pair-production
of heavy scalar leptons at 183 GeV. No events are observed in the region defined by the dE/dz
cut in this sample or in any of the lower energy samples.

In order to estimate background contamination, a control sample of 30 pb~! of data collected
at the Z peak is used. The fraction of Z events which have both tracks in the signal region is
less than 4 x 107> at 90% C.L., which leads to an estimated background of less than 0.2 events
in the combined 130 — 183 GeV data.

The efficiency for selection of stable scalar leptons ranges from 80% to 86% over the mass
range 0.8 < M/Ep < 0.99. At very high masses, the charged particles are highly ionising and
saturation effects become significant, which may lead to track reconstruction inefficiencies.



3.2 Intermediate mass region

In the region 0.7 < M/Ep < 0.8, the dE/dx signature is insufficient to reject the backgrounds
from lighter particles. Assuming the heavy scalar leptons live long enough to traverse the
entire L3 detector, then they have sufficient kinetic energy to penetrate the calorimeters and
produce a high momentum track in the muon chambers. Events are required to satisfy the
following criteria: the matched energy deposit in the BGO is less than 2 GeV for each track;
the ionization energy loss for each track is greater than 1.05 and their product is larger than
1.25; and there is at least one muon track with P,/Ep > 0.4.

No such events are observed in any of the data samples. The total background in the full
130 — 183 GeV data is estimated to be 0.5 events. The selection efficiency ranges from 50% at
M/Eg = 0.7 up to 80% at M/Eg = 0.8.

3.3 Low mass region

In the region 0.5 < M/Ep < 0.7, the dE/dx is indistinguishable from that of lighter parti-
cles. Consequently, only the muon chamber momentum and calorimeter information are used.
Assuming the energy of the particles is Eg, the momentum of the muon track is used to re-
construct the mass of the particle. Events are required to satisfy the following criteria: two
tracks are found in the muon spectrometer in the polar angle range | cos | < 0.76, each with
0.5 < P,/Ep < 1.0; the acollinearity angle between the tracks is less than 10°; the matched
energy deposit in the BGO is less than 2 GeV for each track; the sum of the unmatched BGO
energy deposits is less than 1 GeV. In addition, there is at least one time-of-flight counter time
within 5 ns of the beam crossing time. The reconstructed mass of each particle exceeds 45 GeV.

No events pass the selection requirements in any of the data samples. From the Monte
Carlo, the background is estimated to be 0.7 events in the entire 130 — 183 GeV data sample.
The selection efficiency for scalar leptons ranges from 14% at M/Ep = 0.5 up to 45% at
M/Eg =0.7.

4 Search procedure for unstable scalar leptons

In R-parity conserving models we expect two undetected x{ in the final state for all processes.
Therefore the signature of scalar lepton production is the following: two acoplanar leptons,
large missing transverse momentum, missing energy, and missing mass. To account for the
three lepton families, three different selections are performed.

The signal topologies and the associated background sources depend strongly on the visible
energy, which is approximately proportional to AM (AM = My — M)z?). Therefore each
of the three selections is optimised for three different AM ranges: low (3 — 10 GeV), medium
(20—30 GeV) and high (60—80 GeV). In the low AM range the expected signal is characterised
by low visible energy, and the background is dominated by two-photon interactions. In the
highest AM range the main background is due to leptonic W decays.

Events are preselected as described in Reference 6. Distributions at the preselection level, for
data and Monte Carlo at 183 GeV, for the most important variables of scalar lepton selections
are shown in Figure 2. The variables shown are FErpr, which is defined as the absolute value of
the projection of the total momentum of the two leptons onto the direction perpendicular to the
leptonic thrust computed in the R-¢ plane; and the normalised transverse energy, Ery, of the



two leptons. Good agreement is observed between data and expected background. Simulated
signal distributions are also shown for comparison.

The selections are optimised using the same procedure and variables described in Reference
6. The optimised cut values are tighter than those in Reference 6 due to the increased integrated
luminosity and higher WTW™ cross section. For intermediate AM values different from those
chosen for optimisation we choose the combination of selections (low, medium and high AM)
providing the highest sensitivity [6]. In this combination procedure, we take into account the
overlap among the selections within the data and Monte Carlo samples.

A summary of the searches at 183 GeV is given in Table 1. It should be noted that the
same event can be selected by more than one selection. No excess of events is observed relative
to the expected Standard Model background.

Selection Low AM Medium AM High AM Combined
Ndata Nexp Ndata Nexp Ndata Nexp Ndata Nexp
ot 1 1.1£0.6 1 2.8+0.8 2 3.8+0.3 3 6.9+1.1
s 1 3.2+1.5 1 3.0x1.3 4 3.0+£0.3 4 6.1+1.5
7+ 2 1.0£0.5 2 41+06| 11 |100x£06| 13 |11.6%£0.7
Combined 4 5.7x£1.7 4 92+16| 16 |155x£0.7| 19 |227£19

Table 1: Number of observed events, Ngq, and expected events from Standard Model processes,
Neap, for each selection separately and for combinations of them. The error on the Monte Carlo
prediction is mainly due to the limited statistics for two-photon interactions.

Figure 3 shows the efficiencies for scalar leptons as a function of AM. The efficiencies for
the low, medium and high AM selections are shown separately. The efficiency of the combined
selection, in the mass region close to the expected limit, reaches 68% for scalar electrons (Figure
3a), 46% for scalar muons (Figure 3b), and 31% for scalar taus (Figure 3c).

5 Model independent limits on production cross sections

5.1 Stable scalar leptons

No signal events are recorded in any of the data samples for the three sets of selection require-
ments. This is converted into an upper limit on the production cross section of stable scalar
leptons at 183 GeV. The relative systematic error, which is mainly due to limited Monte Carlo
statistics, is estimated to be 5% and is taken into account by reducing the selection efficiency by
one standard deviation. The luminosity for the data at lower centre-of-mass energies is scaled
to 183 GeV according to the ratio o(£, 5)/0(183), where o is the cross section for a given scalar
lepton mass.

Figure 4 shows the upper limit on the cross section at 183 GeV as a function of the scalar
lepton mass. The upper limit on the production cross section for pair production of long-lived
scalar leptons, in the mass range 50 — 90 GeV, is below 0.06 — 0.10 pb and below 0.2 pb in the
mass range 45 — 50 GeV. Also shown in Figure 4 is the predicted SUSY cross section for the
scalar partners of the left- and right-handed muons or taus as a function of mass at 183 GeV.
In the MSSM, we exclude long-lived scalar leptons with a mass smaller than 81.2 GeV (/%) and
82.2 GeV (f%), at 95% C.L.



5.2 Unstable scalar leptons

We set upper limits on scalar lepton production cross sections. These limits, at 95% C.L., are
derived taking into account background contributions. As the background from two-photon
interactions is not well described by the Monte Carlo, in the evaluation of the limits, we con-
servatively assume no contribution from this source. Systematic errors on the signal efficiency,
dominated by Monte Carlo statistics, are smaller than 5%. These errors are taken into account
following the procedure explained in Reference 20.

To derive upper limits on production cross sections, we combine data collected at 183 GeV
with those collected from 130 to 172 GeV [6,8]. The combination is performed without any
scaling of the cross section. Hence these limits should be interpreted as limits on the luminosity-
weighted average cross section (L1 Yk . 0(ER)LER)).

Figure 5 shows the upper limits set on the production cross section of scalar electrons,
scalar muons and scalar taus, in the plane Mo — M. These upper limits are derived under

the assumption of a 100% branching fraction (* — 0%, The upper limit for scalar electrons
takes into account the decrease of the selection efficiency, which occurs when scalar electrons
are produced via the t-channel, which is dominant for light neutralinos. For scalar electrons
and muons with medium AM, cross sections larger than 0.15 pb are excluded. Owing to the
lower selection efficiency, the corresponding upper limit for the scalar tau cross section is 0.3
pb.

6 Limits on unstable scalar leptons in the MSSM

To derive limits in the MSSM, we optimise the combination of selections for each point on a
fine grid in the MSSM parameter space. At each point the combination of selections providing
the highest sensitivity, given the production cross sections and the decay branching fractions,
is chosen.

In the MSSM, with Grand Unification assumption [21], the masses and couplings of the
supersymmetric particles as well as their production cross sections, are entirely described once
five parameters are fixed: the ratio of the vacuum expectation values of the two Higgs doublets,
tan (3, the gaugino mass parameter, M, the higgsino mixing parameter, u, the common mass
for scalar fermions at the GUT scale, myq, and the trilinear coupling in the Higgs sector, A. We
investigate the following region in the MSSM parameter space:

1< tanf <40, 0< M, <2000 GeV,
—500 GeV < 14 < 500 GeV, 10 GeV < mg <500 GeV.

The interpretation in the MSSM of the search results presented here do not depend on the
value of A except for the exclusion of scalar taus.

All cross section limits previously shown can be translated into excluded regions of the
MSSM parameter space. To derive such exclusions, experimental results are confronted to
theoretical cross sections and branching fractions as computed with the program SUSYGEN.

In general, the SUSY partners of the right-handed leptons (l%) are expected to be lighter
than their counterparts for left-handed leptons. Hence, we show in Figures 6a, 6b and 6¢
the exclusion contours in the Mzo — MZ?; plane considering only the reaction ete™ — (£

and setting © = —200 GeV and tan3 = /2. These exclusions hold also for higher tan /3
and |p| values. For smaller |u| values, the t-channel contribution to the scalar electron cross



section is reduced, thus reducing by a few GeV the limit on its mass shown in Figure 6a. The
values of 1 and tan 8 are also relevant for the calculation of the branching ratio for the decay
0= — 90+ — Y9Z*¢* in Figures 6ac. To derive these exclusions, only the purely leptonic
decay l% — (XY is considered, neglecting any additional efficiency from cascade decays.

Under these assumptions lower limits on scalar lepton masses are derived. From Figures 6a
and 6b scalar electrons lighter than 80GeV, for AM > 20 GeV, and scalar muons lighter than
66 GeV, for AM > 6 GeV, are excluded. From Figure 6¢ we conclude that scalar taus lighter
than 53 GeV, for AM > 10 GeV, are excluded if there is no mixing.

Mass eigenstates of scalar leptons are in general a mixture of the weak eigenstates gﬁ and
gf The mixing between Zli% and Ef is proportional to the mass of the partner lepton. Hence
the mixing for scalar electrons and muons is always negligible while it can be sizable for scalar
taus. The mixing is governed by the parameters A, u and tan 3.

Scalar tau mass eigenstates are given by 7, = 7 pcosfpr + T 1 sinfrr, where fpr is the
mixing angle. The production cross section for scalar taus can be parametrised as a function
of the scalar tau mass and of the mixing angle [22]. At O g ~ 0.52° the scalar tau decouples
from the Z and the cross section is minimal. It reaches the maximum at cosf;r=1 when the
scalar tau is equivalent to the weak eigenstate 7.

The exclusion contours in Figure 6d are obtained considering only the reaction ete™ —
77 7, and using the same values as above for 1 and tan 3 for the calculation of the rate of
cascade decays, for which we neglect any additional efficiency. The two contours correspond to
the minimal and maximal cross sections. Even under the most conservative assumption for the
mixing the above mass limits for scalar taus hold. The differences between the experimental
and average limits in Figures 6¢ and 6d do not reflect a disagreement between data and Monte
Carlo (see Table 1) but merely that the cross section is relatively insensitive to the mass far
from the kinematic limit.

Mass limits on scalar electrons and muons can also be expressed in terms of the M, and
mgo parameters. This is shown in Figure 7 where exclusion domains in the M, — my plane
are presented for several tan § values and for p = —200 GeV. The exclusions in Figure 7
are obtained by combining scalar electron and muon searches with chargino and neutralino
searches [23]. The two contributions are well separated, as the contribution from scalar lepton
searches is dominant for my < 70 GeV while that from chargino and neutralino is dominant
for mg 2 70 GeV. In Figure 7 is also shown for comparison the exclusion obtained by DO, at
Tevatron, from a search for gluinos and scalar quarks [24]. The exclusion by DO is determined
in the minimal supergravity framework [2], which is equivalent to that adopted in this paper if
large values for |u| are taken, such as = —200 GeV.

In summary, improved limits on scalar leptons are presented. Long-lived scalar leptons
lighter than 81.2 GeéV (%) and 82.2 GeV (%) are excluded at 95% C.L. Unstable scalar electrons
lighter than 80 GeV, for AM > 20 GeV, and scalar muons lighter than 66 GeV, for AM >
6 GeV, are excluded for most of the possible values for the MSSM parameters. Unstable
scalar taus lighter than 53 GeV, for AM > 10 GeV, are excluded under the most conservative
assumption for the mixing.
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Figure 1: The measured ionization energy loss of track 2 versus track 1, for the highest energy
data, at 183 GeV, and the simulated signal for stable scalar leptons with masses of 75 GeV and
85 GeV. The lines represent the selection requirements.
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Figure 2: Distributions at the preselection level for the most important variables of scalar
lepton selections. Data at 183 GeV are compared to Standard Model background processes
(solid line) and to the expected signal (dashed line): a) the variable Erpr (see section 4) in the
scalar electron selection, b) the variable Erpr in the scalar muon selection, ¢) the variable Eppr
and d) the normalised sum of taus transverse energies (FEry) in the scalar tau selection. The
signal distributions are evaluated a) for Mz = 60 GeV and AM = 45 GeV, b) for M; = 60 GeV
and AM =5 GeV, c) and d) for Mz =55 GeV and Mzo = 25 GeV.
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Figure 3: Efficiencies as a function of AM for scalar leptons: a) scalar electrons (M = 90 GeV),
b) scalar muons (M; = 70 GeV) and c) scalar taus (M; = 60 GeV). The efficiencies for the
low, medium and high AM selections as well as for the combined selection are shown. These
efficiencies are given for the decay (= — X0,
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Figure 4: Model independent upper limit on the production cross section for pair-production
of stable scalar leptons at 183 GeV. The theoretical predictions for the pair-production cross

sections of jfig and fi, are also shown. Lower mass limits for long-lived scalar leptons of 81.2
GeV (£3) and 82.2 GeV (£F) are obtained as indicated by the arrows.
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plane Mgo — Mj.: a) scalar electrons, b) scalar muons and c) scalar taus. For all the limits the
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Figure 6: Mass limits on the scalar partners of right-handed a) electrons, b) muons and c) taus
as a function of the neutralino mass, Mo. d) shows the exclusion for the scalar tau, when
mixing between 7 and 7 occurs, for the minimal and maximal cross sections. These four
exclusions are obtained using only the upper limits on the cross section obtained from direct
searches at centre-of-mass energies between 130 GeV and 183 GeV. The dashed lines show the
average limits obtained with Monte Carlo experiments with background only.
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Figure 7: Exclusion domains in the My — mg plane for several tan 3 values and for pu =
—200 GeV. Regions below the lines are excluded at 95% C.L. These exclusions are obtained by
combining scalar electron and muon searches with the results of our search for charginos and
neutralinos. The exclusion obtained by D0, at Tevatron, from a search for gluinos and scalar
quarks in the mSUGRA framework [24] is also shown.

18



