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Abstract

We report the result of a search for scalar leptons in eTe™ collisions at 189
GeV centre-of-mass energy at LEP. No evidence for such particles is found in a
data sample of 176 pb~!. Improved upper limits are set on the production cross
sections for these new particles. New exclusion contours in the parameter space
of the Minimal Supersymmetric Standard Model are derived, as well as new lower
limits on the masses of these supersymmetric particles. Under the assumptions of
common gaugino and scalar masses at the GUT scale, we set an absolute lower limit
on the mass of the lightest scalar electron of 65.5 GeV.
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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 unstable scalar
leptons. These particles are predicted by 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 (£% and %) are the supersymmetric partners of the right- and left-handed
leptons. Pair production takes place through s-channel v/Z exchange. For scalar electrons the
production cross section is enhanced by t-channel exchange of a neutralino.

Short-lived supersymmetric particles are expected in R-parity conserving SUSY models.
The R-parity is a quantum number which distinguishes ordinary particles from supersymmet-
ric particles. If R-parity is conserved supersymmetric particles are pair-produced and the
lightest supersymmetric particle, the lightest neutralino xY, is stable. The neutralino is weakly-
interacting and escapes detection. In this letter we assume R-parity conservation, which implies
that the decay chain of supersymmetric particles always contains, besides standard particles,
two invisible neutralinos causing the missing energy signature.

The scalar lepton decays into its partner lepton mainly via /= — %=, but also via the
cascade decay, such as (* — Y3+ — {9Z*¢*, which may dominate in some regions of the
parameter space of the MSSM.

Previous limits on scalar leptons have been obtained at lower energies by L3 [3-5] and
other LEP experiments [6]. Results presented in this paper are organised as follows: Data
sample and event simulation are presented in Section 2; Experimental signatures and event
selections are discussed in Section 3; In Section 4 experimental results are summarised and in
Section 5 model independent limits are presented on production cross sections. In Section 6,
our experimental results are interpreted in the framework of the constrained MSSM, and in the
minimal supergravity model. In these models, lower limits on the masses of supersymmetric
particles are obtained. For these limits present experimental results are combined with those
obtained previously by L3 at the Z peak [7] and at energies up to 183 GeV [3-5].

2 Data Sample and Simulation

We present the analysis of data collected with the L3 detector [8] in 1998, corresponding to
an integrated luminosity of 176.3 pb™! at an average centre-of-mass energy, /s, of 188.6 GeV,
denoted hereafter as /s = 189 GeV.

Standard Model reactions are simulated with the following Monte Carlo generators: PYTHIA [9]
for efe™ — qg, efe” — ZeTe™ and efe” — 7/Z~/Z; EXCALIBUR [10] for eTe™ — W*eTy;
KORALZ [11] for ee™ — ptp~ and ete” — 7777; BHWIDE [12] for efe™ — eTe™; KORALW [13]
for efe”™ — WTW~: two-photon interaction processes have been simulated using DIAG36 [14]
(efe™ — ete ¢T¢7) and PHOJET [15] (eTe” — eTe™ hadrons), requiring at least 3 GeV for the
invariant mass of the two-photon system. The number of simulated events for each background
process is equivalent to more than 100 times the statistics of the collected data sample except
for two-photon interactions for which it is more than two times the data statistics.

Signal events are generated with the Monte Carlo program SUSYGEN [16], for masses of
SUSY particles (Msysy) ranging from 45 GeV up to the kinematic limit, and for AM values
(AM = Mgysy — M)Z(l)) between 3 GeV and Mgysy — 1 GeV.
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The detector response is simulated using the GEANT package [17]. 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 [18]. Time depen-
dent inefficiencies of the different subdetectors are also taken into account in the simulation
procedure.

3 Analysis Procedure

3.1 Signal topologies and optimisation procedure

Besides the main characteristic of missing transverse momentum, supersymmetric particle sig-
nals can be further specified according to the number of leptons or the multiplicity of hadronic
jets in the final state.

For scalar leptons, signatures are simple since most of the time the final state is given by
two acoplanar leptons of the same generation. To account for the three lepton types three
different selections are performed. While for scalar electrons and muons, two identified leptons
are required in the event, scalar taus are selected as low multiplicity events with two narrow
jets.

A new analysis searching for a single electron is also presented for the first time. This search
accounts for e"e™ — €rér, production when the € is almost mass degenerate with the )2(1), since
the ¢z is heavier than the ég. Thus the visible electron comes from the decay of &, — Ve,
while the decay of €x can be invisible for AM ~ 0.

The AM dependence of the signal and background events is taken into account with dif-
ferent optimisations for each selection. For scalar electron and scalar muon analyses, three
selections are performed: for the low AM range at 3 — 5 GeV, the medium AM range at
10 — 40 GeV and the high AM range at 60 — 90 GeV. For the scalar tau analysis, four se-
lections are optimised for different AM ranges: 3 — 7 GeV, 7 — 15 GeV, 15 — 30 GeV, above
30 GeV.

The cut values of each selection are a priori optimised using Monte Carlo signal and back-
ground events. The optimisation procedure varies all cuts simultaneously to maximise the
signal efficiency and the background rejection. In fact, we minimise the average limit (xk™'),
for infinite number of experiments, assuming only background contribution. This is expressed
mathematically by the following formula:

k=¢€/3 o k(b),P(b,n) (1)

where k(b),, is the 95% confidence level Bayesian upper limit, P(b, n) is the Poisson distribution
for n events with an expected background of b events, and € is the signal efficiency.

3.2 Event selection

Lepton and photon identification, and isolation criteria in hadronic events are unchanged com-
pared to our previous analysis at /s = 183 GeV [4]. The Durham algorithm [19] is used for
the clustering of hadronic jets.

Events are first selected by requiring at least 3 GeV of visible energy and 3 GeV of transverse
momentum. Beam-gas events are rejected by requiring the visible energy in a cone of 30°
around the beam pipe to be less than 90% of the total, and the missing momentum vector
to be at least 10° away from the beam pipe. Tagged two-photon interactions are rejected by
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requiring the sum of the energies measured in the lead-scintillator ring calorimeter and in the
luminosity monitors [8] to be less than 10 GeV. These two detectors cover the polar angle range
1.5° < 6 < 9° on both sides of the interaction point.

Given the low multiplicity of the signal, events are rejected if the number of tracks is larger
than 6 or if the number of calorimetric clusters (V) is larger than 15. We then require
two or three identified leptons and photons. The following quantities are defined: the energy
depositions (Ey; and Eas) within 4-25° around the missing energy direction in the R—¢ plane
or in space respectively, and the energy deposition in a 60° half opening angle cone around the
vector opposite to the sum of the two jet directions in space (Eg,). We also apply cuts on the
lepton energy (Ej.,), on the total transverse momentum of the leptons (p, ), on their maximum
acollinearity and acoplanarity, on the polar angle of the missing energy vector (6,,:ss) and on
the variable Eppp. The latter is defined as the absolute value of the projection of the total
momentum of the two highest energy leptons onto the direction perpendicular to the leptonic
thrust computed in the R-¢ plane.

The scalar taus are selected as low multiplicity events with acoplanar jets. Upper cuts on
the jet width y,, defined as the ratio between the sum of particle momenta transverse to the
jet direction and the jet energy, are also applied. Distributions of the normalised transverse
missing momentum p, /FE,;s are shown in Figure 1 for data, signal and background Monte Carlo
events, at the preselection level.

The cut values optimised at /s = 189 GeV for the scalar lepton searches are quoted in
Table 1 for the different AM ranges.

The single electron analysis makes use of very simple requirements aimed at a reliable
identification of the electron and a nearly empty detector elsewhere. If two tracks are detected,
their acoplanarity must be between 10° and 160°. The electron energy has to be less than 65
GeV to reject photon conversion from ete™ — vy, when the two tracks are not resolved. The
energy of a second electron should be less than 4 GeV, and its acoplanarity with respect to
the highest energy electron must be at least 20°. If only one electron is detected, the missing
transverse momentum is required to be at least 6 GeV. If a second electron of at least 100 MeV
is detected, the missing transverse momentum must be greater than 10 GeV.

4 Results

The results obtained at /s = 189 GeV for the ten scalar lepton selections are shown in Table 2.
In this table, the results for the two lowest AM selections for scalar taus are shown together.
A good agreement between the expected background from Standard Model processes and the
selected data is observed.

The ten scalar lepton analyses performed at /s = 189 GeV select 21, 19 and 56 candidates
in the scalar electron, muon and tau channels, respectively. Those observations are in good
agreement with the background expectation of 23.0, 21.0 and 51.6 events, respectively.

All the scalar lepton selections are parametrised as a function of a single parameter, £, in
the following manner: given a lower edge, Xj,,.., and an upper edge, X}, ,,, for the cut on
variable i, the parameter £ is equal to 0 when this cut is at the lower edge (many background
events satisfy the selection) and to 100 when it is at the upper edge (no or few background

events pass the selection). All cuts (i = 1,...., N) are related to the parameter £ as follows:
cut — “*loose tight loose 100



The parameter £ is scanned around the optimal value (£ = 50) to check the agreement between
data and Monte Carlo at different background rejection stages. As illustrated in Figure 2 for
electrons and muons, and for several AM ranges, the data and Monte Carlo simulations are in
good agreement. The vertical arrows show the £ value corresponding to the optimised cuts.

For intermediate AM values different from those chosen for optimisation, we choose the
combination of selections among those previously defined, providing the highest sensitivity [4].
In this combination procedure, we take into account the overlap among the selections within
the data and Monte Carlo samples.

The selection efficiencies at /s = 189 GeV for scalar lepton pair production, as well as the
background expectations, are reported for different values of AM in Table 3. Efficiencies vary
from 19% to 58% for scalar electrons and from 11% to 36% for scalar muons. In comparison,
the scalar tau selection efficiencies are smaller, ranging from 1.4% to 30%.

With the single electron analysis, 13 events are selected in data and 14.0 are expected from
Standard Model processes. The transverse momentum distributions for the selected data, signal
and background Monte Carlo events are shown in Figure 3. Signal efficiencies vary from 4% at
Mg, — Mgo =D GeV to 60% at mg, — mgo = 50 GeV, and they do not change for any values of
Mgy, — M0 smaller than 4 GeV.

Systematic errors on the signal efficiencies are evaluated as in Reference 3, and they are
typically 5% relative, dominated by Monte Carlo statistics. These errors are taken into account
following the procedure explained in Reference 20.

5 Model independent upper limits on production cross
sections

No excess of events is observed and we set upper limits on scalar lepton production cross sec-
tions. Exclusion limits at 95% C.L. are derived taking into account background contributions.

To derive the new upper limits on the production cross sections, and for interpretations in
the MSSM we combine the 1998 data sample collected at /s = 189 GeV with those collected
at lower centre-of-mass energies.

Assuming a branching fraction for * > X% of 100%, upper limits are set on pair produc-
tion cross sections of scalar electrons, muons and taus in the plane Mi? versus M. as depicted
in Figure 4. The efficiency for the selection of scalar electrons includes the t-channel contri-
bution. For scalar electron and muon masses below 94 GeV, and AM sufficiently large, cross
sections above 0.1 pb are excluded. Owing to the lower selection sensitivity, the corresponding
upper limit for the scalar tau cross section is 0.3 pb.

6 Limits on scalar lepton masses in the MSSM

In the MSSM, with Grand Unification assumptions [21], the masses and couplings of the SUSY
particles as well as their production cross sections, are entirely described [2] once five parameters
are fixed: tan 3, the ratio of the vacuum expectation values of the two Higgs doublets, M = Mo,
the gaugino mass parameter, u, the higgsino mixing parameter, mg, the common mass for scalar
fermions at the GUT scale, and A, the trilinear coupling in the Higgs sector. We investigate



the following MSSM parameter space:

1< tanf <60, 0 GeV < My, <2000 GeV,
—2000 GeV < 1 < 2000 GeV, 0 GeV < mg <500 GeV.

All the limits on the cross sections previously shown combined with the results obtained at
lower centre-of-mass energies, and for the mSUGRA interpretation with the recent results of
chargino and neutralino searches [22], can be translated into exclusion regions in the MSSM
parameter space. To derive limits in the MSSM, we optimise the global selection for any
different point in the parameter space. This is obtained, choosing every time the combination
of selections providing the highest sensitivity, given the production cross sections and the decay
branching fractions which are calculated with the generator SUSYGEN.

In general, the SUSY partners of the right-handed leptons (£%) are expected to be lighter
than their counterparts for left-handed leptons. Hence, we show in Figures 5a, 5b and 5c
the exclusion contours in the Mzo — Mgg plane considering only the reaction ete™ — (% (F

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 5a. The
values of 11 and tan § are also relevant for the calculation of the branching ratio for the decay
(= — U+ — Y9Z*¢* in Figures 5a-c. To derive these exclusions, only the purely leptonic
decay l% — (X! is considered, neglecting any additional efficiency from cascade decays.

Under these assumptions lower limits on scalar lepton masses are derived. From Figures 5a
and 5b scalar electrons lighter than 85.5 GeV, for AM > 10 GeV, and scalar muons lighter than
78 GeV, for AM > 15 GeV, are excluded. Including also the contribution from the process
ete™ — egeér, and using the single electron selection, the very small AM region for the ér can
be excluded at 95% C.L. up to Még = 69.6 GeV. This additional exclusion is shown as the
dark area in Figure 5a. From Figure 5¢ we conclude that scalar taus lighter than 65 GeV, for
10 GeV < AM < 40 GeV, are excluded if there is no mixing.

Mass eigenstates of scalar leptons are in general a mixture of the weak eigenstates g}iz and
gf The mixing between g}iz and gf 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 7y 5 = 7, g costir *+ T [ sinfr, where Oy 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 [23]. At g ~ 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 %f.

The exclusion contours in Figure 5d are obtained considering only the reaction ete™ —
77 7, and assuming 100% branching ratio for 7, — 7x?. The two contours correspond to the
minimal and maximal cross sections. Under the most conservative assumption for the mixing,
a scalar tau lighter than 60 GeV is excluded for AM values between 8 and 42 GeV. In case of
cos g = 1 the mass limit reaches 71.5 GeV assuming AM greater than 12 GeV.

The limiting factor towards an absolute limit on the scalar electron mass was the lack of
detection efficiency for very small AM values. This can be overcome in the constrained MSSM
by taking profit of the ete™ — €réy, process. The searches for acoplanar electrons at centre-of-
mass energies between 130 GeV and 189 GeV, and single electrons at /s = 189 GeV have been
combined to derive a lower limit on M;, as a function of tan 3 and for any value of mg, M,
and p as shown in Figure 6. The new lower limit for the lightest scalar electron independent
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of the MSSM parameters, found at tan g = 1, is:
Mz, > 65.5 GeV.

Assuming a common mass for the scalar leptons at the GUT scale, this limit holds also for the
lightest scalar muon, fig.

Mass limits on scalar electrons and muons can also be expressed in terms of the My and
myg parameters. This is shown in Figure 7 where exclusion domains in the My — mg plane are
determined in the minimal supergravity framework for Ag = 0, tan3 = 2 and u < 0. The
exclusion regions in Figure 7 are obtained by combining scalar electron and muon searches
with chargino and neutralino searches [22]. The two contributions are well separated, as the
contribution from scalar lepton searches is dominant for mg < 70 GeV while that from chargino
and neutralino is dominant for mg 2 70 GeV.
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Scalar electron selections

AM (GeV) 3-5 10 — 40 | 60 — 90
Erep (GeV) < 5.34 374 | 59.8
S Erep (GEV) > 145 169 | 656
Evis/ /5 < 0.12 036 | 0.63
P (GeV) > 3.62 145 | 8.95
Acollinearity (rad) < 2.26 3.10 -
Acoplanarity (rad) < 2.95 3.08 3.01
Ef: (GV) < - 3.8 751
Eos (GeV) < 0.28 3.2 3.52
EL, (GeV) < 2.03 3.7 159
ST (Oprzes ) > 0.46 0.60 | 0.20

Scalar muon selections

AM (GeV) 3-5 10 — 40 | 60 — 90
Erep (GeV) < 0.07 956 | 784
Evis/ /5 < 0.16 0.30 | 0.58
pL (GeV) > 2.69 853 | 11.2
Acollinearity (rad) < 3.09 3.09 2.41
Acoplanarity (rad) < 2.90 3.11 2.44
Es: (GeV) < - 3.97 4.04
Ea; (GeV) < 1.0 293 | 343
£t (G&V) < 0.04 779 | 6.67
S (Gyrzes ) > 0.80 053 | 0.35
Errr, (GeV) > 9.44 235 | 4.99

Scalar tau selections

AM (GeV) 3—7]7-15]15—30]30—90
Eyis/\/'s > 1 0.04 | 0.06 0.08 0.11
Eyis (G&V) <219 | 381 | 544 76.1
71 (GeV) > 368 | 943 | 912 | 137
1/ Eyis > 1 0.08 0.36 0.19 0.30
Acollinearity (rad) < | 3.08 | 298 3.14 3.03
Acoplanarity (rad) < | 3.13 | 3.08 3.07 2.77
ST (Oprzes ) > 1085 | 067 | 058 | 055
E%: (GeV) <897 | 724 | 156 | 087
Erry (GeV) > 214 | 223 | 381 | 089
Erry/p1 > | 0.21 0.13 0.13 0.04
Max track acoplanarity (rad) | < | 2.98 | 2.97 2.93 2.66
i <1 0.38 0.33 0.36 0.73
E* (GeV) <| 143 | 338 50.8 62.2

Table 1: Optimised cut values for the scalar lepton searches for the different AM ranges. They
are determined with the optimisation procedure described in Section 3.1.

12



Low AM | Medium AM | High AM Combined
Ndata Ne:tp Ndata Ne:tp Ndata Nexp Ndata Nexp
7 6.0 3 4.8 11 124 | 21 23.0
10 11.5 2 1.0 3 9.1 19 | 21.0
23 | 23.1 ) 7.5 33 1294 | 56 | 51.6

N[

Table 2: Results of the acoplanar lepton searches: Ngu, is the number of observed events and
Negp is the number of expected events from Standard Model processes for the total integrated
luminosity collected at /s = 189 GeV.

/5 = 180 GeV
Mz =90 GeV | M+ =80 GeV | M;z+ = 70 GeV
eTe — &Ter 3T FEET
AM(GeV) € (%) | Newp € (%) | Newp € (%) | Newp
3 20.4 2.3 11.5 11.5 1.4 23.1
5) 18.7 5.9 24.0 12.3 6.4 23.1
10 44.5 4.8 33.3 1.0 9.1 7.5
20 53.8 4.8 32.1 1.0 26.1 16.5
30 49.1 4.8 35.6 9.7 26.3 16.5
40 54.4 16.6 33.4 9.1 30.0 29.4
50 57.9 16.6 33.1 9.1 28.2 29.4
60 56.1 11.9 31.6 9.1 29.1 29.4
68 595.9 11.9 29.9 9.1 29.7 24.4
78 55.9 11.9 27.2 9.1 — -
88 53.4 11.9 — - - —

Table 3: Scalar electron, muon and tau efficiencies (¢) and number of events expected from
Standard Model processes (N.;,). Results at /s = 189 GeV are listed as a function of AM for
different M. values.

13



2-photon

2-fermion
4-fermion

@ Data

---=== Stau signal x 500

0.75

0.5
pD/ Evis

NN
000
Dotetote!
XXX
K
Seteede!
R
doseed
2% %%
().2255

e
S
2020202220201 %%6%

£
3%
%
5
5%
%
2K
o2e%

oy

ek
%&%&
Satetele!

LT
DoV %
T
QBIRBD
0XXXS
RILRR
FRRK
pofeletels
SeSetotete!

o
<

%
S
L

<>
35 ]

et XX K KW
oo ssss e
u&m&mmmmjm&
e

o

400+

200+

¢0°0/siusnd

Figure 1: Normalised transverse momentum distributions p, /E,;s for data and MC events at

Vs = 189 GeV after preselection. Contributions from 2-photon interactions, 2-fermion and

4-fermion final states are given separately. The distribution for an expected scalar tau signal

1

70 GeV and M.o = 55 GeV is also shown.
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Figure 2: Number of events selected in data (dots), in Monte Carlo simulations of standard
processes (solid line) and signal sensitivity (dashed line) as a function of selection cuts with
increasing background rejection power. The vertical arrows show the & value corresponding to
the optimised cuts. Distributions for the scalar electron low AM a) and high AM b), the
scalar muon medium AM c¢) and high AM d) selections are shown.
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Figure 3: Transverse momentum distribution for the selected events in the single electron final
state analysis. Data events observed at /s = 189 GeV are compared to Standard Model
background processes and to the expected signal distributions with arbitrary normalisation.
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Figure 5: Mass limits on the scalar partners of right-handed electrons a), muons b) and taus
c) as a function of the neutralino mass My. d) shows the exclusion for the scalar tau, when
mixing between 7z and 7, occurs, for the minimal and maximal cross sections. These four
figures are obtained using only the upper limits on the cross section from direct searches at
centre-of-mass energies between 130 GeV and 189 GeV. The dashed lines show the average
limits obtained with Monte Carlo trials with background only.
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Figure 6: Lower limit on M5z, as a function of tan 8 and for any value of mg, My, and p. This

limit is obtained with searches for acoplanar electrons at centre-of-mass energies between 130
GeV and 189 GeV, and single electrons at 189 GeV.
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Figure 7: Exclusion domains in the M; — my plane in the minimal SUGRA framework for
Ag =0, tanf = 2 and u < 0. The exclusions are obtained by combining scalar electron and
muon searches with chargino and neutralino searches. The exclusion obtained by DO, at the
Tevatron, from a search for gluinos and scalar quarks [24] is also shown. The small region in
the bottom left corner is theoretically forbidden within mSUGRA.
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