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Abstract. Scalar leptons, charginos and neutralinos, predicted by supersymmetric theories, have been
searched for in data samples collected with the L3 detector at centre-of-mass energies of 161GeV and
172GeV with integrated luminosities of 10.7 pb−1 and 10.0 pb−1 respectively. No evidence for such particles
is found. New limits on production cross sections are set, assuming R–parity conservation. New exclusion
contours in the Minimal Supersymmetric Standard Model parameter space as well as new lower limits on
masses are derived.
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1 Introduction

One of the main objectives of the LEP experiments is the
search for supersymmetric particles (SUSY) predicted in
theories beyond the Standard Model [1]. They are partners
of the known particles with a spin difference of one half. In
addition supersymmetric models require at least two Higgs
doublets to generate the masses of the gauge bosons and
of the fermions.

In this letter the following assumptions are made: R–
parity, a quantum number which distinguishes ordinary
particles from supersymmetric particles, is conserved and
the neutralino (χ̃0

1) is the lightest supersymmetric particle.
The conservation of R–parity implies that supersymmet-
ric particles are produced in pairs and decay into non-
supersymmetric particles plus the χ̃0

1 which is stable and
escapes detection due to its weakly interacting nature.

Scalar leptons (˜̀±R and ˜̀±
L ) are the supersymmetric

partners of the right- and left-handed charged leptons.
They are produced in pairs through s-channel γ/Z ex-
change. The production of scalar electrons receives contri-
butions also from the t-channel exchange of a neutralino
which enhances the production cross section. The scalar
lepton decays into its associated lepton mainly via ˜̀± →
χ̃0

1`
±.
Charginos (χ̃±

1 ) are pair-produced via s-channel γ/Z or
t-channel scalar neutrino (ν̃) exchange. When the masses
of the charged scalar leptons (˜̀±), the scalar neutrino and
the charged Higgs bosons (H±) are very large, the χ̃±

1 de-
cays via exchange of a virtual W∗: χ̃±

1 → χ̃0
1W

∗ → χ̃0
1 ff̄ ′.

If the ˜̀± and ν̃ masses are comparable to MW the chargino
also decays via virtual scalar lepton or scalar neutrino ex-
change and the leptonic branching fraction is enhanced.
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Finally for ˜̀± and ν̃ lighter than the chargino, the decay
modes χ̃±

1 → ˜̀±ν or χ̃±
1 → ν̃`± become dominant.

Neutralino pair production e+e− → χ̃0
i χ̃

0
j (i, j = 1, . . .

. . . , 4; ordered by their masses) proceeds via s-channel Z
or t-channel scalar electron (ẽ±) exchange. We distinguish
two classes of detectable processes: e+e− → χ̃0

1χ̃
0
2 and

e+e− → χ̃0
2χ̃

0
2. The decays of heavier neutralinos provide

similar experimental signatures. When the masses of neu-
tral SUSY Higgs bosons (h, A), the ˜̀± and the ν̃ are very
large, the heavier neutralinos (χ̃0

j , j ≥ 2) decay via vir-
tual Z∗ exchange χ̃0

j → χ̃0
kZ∗ → χ̃0

k ff̄ with k < j. For a
chargino lighter than neutralinos the latter decay via vir-
tual W∗ exchange χ̃0

j → χ̃±
1 ff̄ ′. If the ν̃ and ˜̀± masses

are comparable to the Z mass, the neutralino decays also
via a virtual scalar lepton, enhancing the leptonic branch-
ing fraction. Finally, for ν̃ and ˜̀± lighter than neutralinos
the two-body decays χ̃0

j → ˜̀±`∓ or χ̃0
j → ν̃ν (j ≥ 2) be-

come dominant. The radiative decays χ̃0
j → χ̃0

kγ are also
possible via higher-order diagrams.

Limits on the existence of supersymmetric particles
have been obtained by L3 [2] and other LEP experiments
[3], as well as Tevatron experiments [4]. In what follows re-
sults are presented of a search for scalar leptons, charginos
and neutralinos at centre-of-mass energies of 161 and 172
GeV with the L3 experiment. Limits are presented on the
production cross sections of SUSY particles and on param-
eters of the Minimal Supersymmetric Model (MSSM) [5].
To obtain these limits the new data are combined with our
results previously obtained at lower centre-of-mass ener-
gies [6,7,2].

2 Data sample and simulation

Here we present the analysis of the data collected by the
L3 detector [8] during the high energy runs of LEP in
1996, corresponding to an integrated luminosity of 10.7
pb−1 at

√
s = 161.3 GeV, 1.0 pb−1 at

√
s = 170.3 GeV

and 9.0 pb−1 at
√

s = 172.3 GeV, referred to as 161 GeV
and 172 GeV data.

Monte Carlo generators are used to simulate events
from the following reactions: PYTHIA [9] for e+e− → qq̄,
e+e− → Z e+e− and e+e− → γ/Z γ/Z; EXCALIBUR [10]
for e+e− → W± e∓ν; KORALZ [11] for e+e− → µ+µ−
and e+e− → τ+τ−; BHAGENE3 [12] for e+e− → e+e−;
KORALW [13] for e+e− → W+W−; two-photon interaction
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processes have been simulated using DIAG36 [14] (e+e− →
e+e−`+`−) and PHOJET [15] (e+e− → e+e− hadrons), re-
quiring 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 three times
the data statistics.

Signal events have been generated with the Monte Car-
lo program SUSYGEN [16], for masses of SUSY particles
(Msp) ranging from 45 GeV up to the kinematic limit and
for ∆M values (∆M = Msp − Mχ̃0

1
) between 3 GeV and

Msp − 1 GeV. In the case of the chargino and neutralino
analyses we simulate for each decay mode at least 1000
events per (Msp, ∆M) point. Moreover, for charginos,
events have also been generated with the program DFGT
[17], which includes the spin correlation between charginos.
The signal efficiencies obtained are in agreement between
the two programs.

The detector response is modelled with the GEANT [18]
program which includes the effects of energy loss, mul-
tiple scattering and showering in the detector materials
and in the beam pipe. By means of randomly triggered
events in coincidence with the beam crossing we estimate
the amount of noise in the detector. We monitor the time-
dependent detector behaviour and take into account de-
tector inefficiencies in our analyses.

Hadronic events are reconstructed using information
from all sub-detectors. The energy of the event is obtained
from the energy depositions in the electromagnetic and
hadronic calorimeters and the particle momenta as mea-
sured in the central tracking and muon chambers.

An electron is identified as an electromagnetic shower
matched with a track. An electromagnetic shower not
matched with a track is identified as a photon. The en-
ergy measured in the electromagnetic calorimeter has to
be larger than 1 GeV and is assigned to the identified elec-
tron or photon. A muon is identified by a track in the
muon chambers which is matched with a track in the cen-
tral chamber. Taus are defined as isolated hadronic narrow
jets with energy larger than 2 GeV and one to three asso-
ciated tracks. The energy of the tau is defined as the en-
ergy contained in a cone of 10◦ half opening angle around
the tau direction. Its isolation is assured by requiring that
there are no additional tracks and no more than two ad-
ditional calorimetric clusters in a cone of 30◦ half opening
angle and that the ratio of the energies in the two cones
is less than 2.0.

Remaining clusters and tracks are classified as hadrons.
Jets are reconstructed with the Durham algorithm [19]
forcing the reconstruction into two jets.

3 Analysis procedure

3.1 Signal topologies and optimization procedure

As explained in the introduction, we expect for all pro-
cesses two undetected χ̃0

1’s in the final state. Therefore,

the main characteristics of supersymmetric processes un-
der study are large missing transverse momentum, miss-
ing energy, missing mass and acoplanarity. We apply three
types of selection criteria oriented to all possible decays of
scalar leptons, charginos and neutralinos, as listed below:

– topology 1: at least two acoplanar leptons;
– topology 2: hadrons and at least one isolated lepton;
– topology 3: purely hadronic final state with high mul-

tiplicity.

To account for the three lepton types and for the different
signatures of the SUSY particle considered in total, nine
different selections are performed.

The signal topologies and the associated background
sources depend strongly on ∆M . Therefore all nine se-
lections were optimized separately for three different ∆M
ranges: the low ∆M range at 5−10 GeV, the medium ∆M
at 20 − 30 GeV and the large ∆M at 50 − 60 GeV. In the
low ∆M range the expected topologies for the signal are
characterized by a low multiplicity and a low visible en-
ergy. There the background is dominated by two-photon
interactions. For large ∆M the signal signatures are very
similar to those of W-pair production.

As already reported in [2], the cut values are a pri-
ori optimized using Monte Carlo signal and background
events. The optimization procedure varies all cuts simul-
taneously to maximize the signal efficiency and the back-
ground rejection. In practice, we maximize the sensitivity
function 1/κ which is related to the ratio between the aver-
age Poisson upper limit on the signal without background
subtraction and the signal efficiency ε [20]

κ = Σ∞
n=0knPb(n)/ε (1)

where kn is the 95% confidence level Poisson upper limit
and Pb(n) is the Poisson distribution for n observed events
with a background of b events.

For a given signal, as explained above, the selections
are optimized for particular ∆M values. For intermediate
∆M values, we consider the logical “OR” of the three dif-
ferent selections (low, medium, large ∆M) and the combi-
nation of selections giving the highest sensitivity, accord-
ing to formula (1), is chosen. In this procedure, we take
into account the overlap between the selected samples in
data and Monte Carlo.

3.2 Event selection

Common to all selections is the rejection of tagged two-
photon interactions. We require that the sum of the ener-
gies measured in the lead-scintillator ring calorimeter and
in the luminosity monitors [8] is less than 10 GeV. These
two detectors cover the polar angle range 1.5◦ < θ < 9◦
on both sides of the interaction point.

3.2.1 Purely leptonic final states

Given the low multiplicity of the signal, events are re-
jected if the number of tracks is larger than 6 or if the
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number of calorimetric clusters (Ncl) is larger than 15.
We then require two or three identified leptons. The fol-
lowing quantities are defined: the energy depositions (E⊥

25
and E25) within ±25◦ around the missing energy direction
in the R–Φ plane or in space respectively, and the energy
deposition in a 60◦ half opening angle cone around the vec-
tor opposite to the sum of the two jet directions in space
(Eb

60). When three leptons are identified, a cut on the sum
of the three angles between the three lepton pairs (θl

123)
is also applied. We also apply cuts on the lepton energy
(Elep), on the total transverse momentum of the leptons
(p⊥), on their maximum acollinearity and acoplanarity, on
the polar angle of the missing energy vector (θmiss) and
on the variable ETTL. 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-φ plane. The cut
values optimized for the scalar lepton searches, are quoted
in Table 1 for the three ∆M ranges. As an example we
show in Fig. 1a the distribution of ETTL for identified
purely leptonic final states. The data at

√
s = 172 GeV

are compared to the background Monte Carlo and to the
expected signal e+e− → χ̃+

1 χ̃−
1 with Mχ̃±

1
= 85 GeV and

Mχ̃0
1

= 30 GeV.

3.2.2 Lepton plus hadron final states

We select events with at least one isolated electron, muon
or tau for which the energy, not associated to the lepton, in
a cone of 30◦ half-opening angle around its direction is less
than 2 GeV. We apply cuts on the number of tracks in the
hadronic system (Ntk−Nlep) and the number of calorimet-
ric clusters. Furthermore, cuts are applied on the missing
energy direction isolation (θmiss and E⊥

25), the total trans-
verse momentum (p⊥), the energy of the isolated lepton
(Elep), the recoil mass Mrec, as well as on the acoplanarity
angle between the jet and the lepton. A cut is applied on
the visible energy (Evis) and ETTJL which is equivalent
to ETTL using the momenta of the jet and the lepton. A
cut on the invariant mass of the hadronic system (Mhad)
removes the WW background.

The cut values are shown in Table 2 for the three ∆M
ranges. The distributions of the visible energy and of the
acoplanarity are shown in Figs. 1b and 1c for events se-
lected with looser cuts. The data at

√
s = 172 GeV are

compared to background Monte Carlo and to an e+e− →
χ̃+

1 χ̃−
1 signal with Mχ̃±

1
= 85 GeV and ∆M = 50 GeV.

3.2.3 Purely hadronic final states

The list of cuts is reported in Table 3 for the three ∆M
ranges. Again, we apply cuts on Ncl, Ntk, p⊥, Evis, acol-
linearity and acoplanarity as well as on the missing energy
(θmiss and E⊥

25). Other variables are the absolute value of
the total momentum of the event along the beam line nor-
malized to the visible energy (p‖), the recoil mass (Mrec)
and the visible mass (Mvis).

Table 1. Values of the cuts optimized for the scalar lepton
searches and for various ∆M ranges. They are determined with
the optimization procedure described in Sect. 3.1

Scalar electron selection
Low ∆M Medium ∆M Large ∆M

Elep (GeV) ≤ 23.7 43.6 67
Elep (GeV) ≥ 2.63 19.7 14
Elep/Evis ≤ 0.34 0.39 0.7
p⊥ (GeV) ≥ 2.1 5.4 11
Acollinearity (rad) ≤ 2.0 2.6 3.13
Acoplanarity (rad) ≤ 3.1 3.0 3.0
E⊥

25 (GeV) ≤ – 1.8 4.4
E25 (GeV) ≤ – 4.5 –
Eb

60 (GeV) ≤ 5.5 5.4 3.1
sin(θmiss) ≥ 0.3 0.3 0.39
ETTL (GeV) ≥ 2.5 4.9 4.9

Scalar muon selection
Elep (GeV) ≤ 24 39 73
Elep (GeV) ≥ 2.1 19.7 10.6
Elep/Evis ≤ 0.34 0.48 0.7
p⊥ (GeV) ≥ 2.1 5.4 11
Acollinearity (rad) ≤ 3.1 3.0 3.1
Acoplanarity (rad) ≤ 3.1 3.0 3.0
E⊥

25 (GeV) ≤ – 6.3 6.5
E25 (GeV) ≤ 0.7 7.2 –
Eb

60 (GeV) ≤ 9.6 3.3 4.9
sin(θmiss) ≥ 0.3 0.3 0.3
ETTL (GeV) ≥ 1.1 2.1 3.6

Scalar tau selection
Elep (GeV) ≤ 19 26 29
Elep (GeV) ≥ 2.1 10.6 15.
Elep/Evis ≤ 0.19 0.36 0.41
p⊥ (GeV) ≥ 2.9 5.3 10.7
Acollinearity (rad) ≤ 3.1 2.7 2.5
Acoplanarity (rad) ≤ 3.0 3.0 2.5
E⊥

25 (GeV) ≤ – 1.7 1.8
θl
123 (rad) ≤ – 5.1 4.3

Eb
60 (GeV) ≤ – 2.9 3.3

sin(θmiss) ≥ 0.66 0.6 –
ETTL (GeV) ≥ 2.1 4.8 2.5

In the medium and large ∆M selections, a cut on the
width of the two jets is applied. We define y⊥ as the ratio
between the scalar sum of the particle momenta transverse
to the jet direction and the jet energy. This assures the
selection of events with broad jets. In the low ∆M range
a cut on the ratio ETTJ/p⊥ is applied. ETTJ is equivalent
to ETTL using the momenta and the directions of the two
jets. As an example the distribution of p⊥ is shown in
Fig. 1d for events selected with looser cuts. The data at√

s = 172 GeV are compared to background Monte Carlo
and to an e+e− → χ̃+

1 χ̃−
1 signal with Mχ̃±

1
= 85 GeV and

∆M = 50 GeV.
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Fig. 1. Distributions illustrating
the selection of signal events
at

√
s = 172GeV. Data are

compared to Standard Model
background processes (hatched
histograms) and to the expected
signal (open histograms): a the
variable ETTL (see Sect. 3.2.1)
for purely leptonic final states. b
Visible energy and c acoplanarity
of lepton plus hadron final states.
d The distribution of the trans-
verse momentum in purely
hadronic final states. The
signal distributions are eval-
uated for M

χ̃±
1

= 85GeV
and Mχ̃0

1
= 30GeV for a and

Mχ̃0
1

= 50GeV for b–d

3.3 Efficiencies and background contaminations

The number of variables, used in the analyses, is reduced
to one in the following manner: for a given set of ranges
of cuts Xi

loose and Xi
tight (where i = Cut1, ..., CutN ) we

define a variable ξ which runs from 0 to 1, and is linearly
related to all the cut values such that when ξ is 0 all the
cuts are on the loose edge (many background events satisfy
the selection) and when it is 1 all the cuts are on the tight
edge (no or few background events pass the selection):

Xi
cut = Xi

loose + (Xi
tight − Xi

loose) × ξ.

The data and Monte Carlo are compared as a function of
the variable ξ. As illustrated in Figs. 2a and 2b for the
purely hadronic final states, the data and Monte Carlo
simulations are essentially in agreement for the medium
and the large ∆M selections while in the low ∆M range
the background expectation coming from two-photon pro-
cesses does not reproduce the data well, as can be seen in
Fig. 2c). The vertical arrows show the position of the op-
timized cuts. To avoid a dependence of the optimization
on limited Monte Carlo statistics we use an analytical ex-
trapolation of the background estimation (smooth curves
in Fig. 2).

For given values of SUSY particle and χ̃0
1 masses, and

given decay modes, the combination of selections provid-
ing the highest sensitivity according to formula (1) is cho-
sen. Each candidate and background event surviving this
set of selections belongs to this Msp − Mχ̃0

1
combination,
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Fig. 2. Number of events selected in data and in Monte Carlo
of Standard Model processes as a function of selection cuts with
increasing background rejection. The vertical arrows show the
position of the optimized cuts. The smooth lines correspond to
the analytical extrapolation for the background estimation. a,
b and c show the distributions for the large, medium and low
∆M selections of purely hadronic final states, respectively
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Table 2. Values of the cuts for the lepton plus hadron se-
lections; they are determined with the optimization procedure
described in Sect. 3.1

Inclusive lepton plus hadron selections
Low ∆M Medium ∆M Large ∆M

No. of isolated lepton ≥ 1 1 1
Ntk -Nlep ≥ 2 4 4
Ncl ≥ 6 10 10
sin(θmiss) ≥ 0.55 0.38 0.36
E⊥

25 (GeV) ≤ 6.9 – 7.9
p⊥ (GeV) ≥ 5.5 3.2 4.7
Elep (GeV) ≥ 1.8 4.2 7.5
Elep (GeV) ≤ 12.4 42.6 38
ETTJL (GeV) ≥ 0.8 – –
Acoplanarity (rad) ≤ – 2.97 3.04
Mhad (GeV) ≤ – 34 46.3
Mrec (GeV) ≥ 137 81.5 56
Evis (GeV) ≥ 4 5 5
Evis (GeV) ≤ 23.7 114 90

Table 3. Values of the cuts for the purely hadronic selec-
tions which are determined with the optimization procedure
described in Sect. 3.1

Purely hadronic selections
Low ∆M Medium ∆M Large ∆M

Ncl ≥ 11 11 11
Ntk ≥ 5 5 5
p⊥ (GeV) ≥ 6.8 7.9 23.7
p⊥/Evis ≥ – 0.24 0.29
Evis (GeV) ≤ 29.3 63.6 96.6
Acollinearity (rad) ≤ 2.7 2.7 2.0
Acoplanarity (rad) ≤ 3.1 2.5 2.9
sin(θmiss) ≥ 0.46 0.2 0.59
E⊥

25 (GeV) ≤ 0.5 9.2 7.44
p‖ ≤ 0.65 0.70 0.53
Mvis (GeV) ≥ – 15.7 –
Mrec (GeV) ≥ – 103 36.5
Evis/

√
s ≥ – – 0.36

ETTJ/p⊥ ≥ 0.24 – –
y⊥ ≥ – 0.23 0.28

without imposing any additional kinematic constraint.
Some of these results are given in Tables 4 to 6.

The selection efficiencies at
√

s = 161 GeV and
√

s =
172 GeV for scalar lepton masses ranging from 50 to
75 GeV, as well as the background expectations, are re-
ported for different values of ∆M in Table 4. Efficiencies
vary from 30% to 62% for scalar electrons and from 21%
to 50% for scalar muons with a maximum background ex-
pectation of 0.7 events for each. In comparison, the scalar
tau selection efficiencies are smaller.

Typical selection efficiencies, as well as the number
of background events expected for a 80 GeV or 85 GeV
chargino mass for different decay channels and assuming
a 100% W∗χ̃0

1 decay mode, are displayed in Table 5. In
the latter case, a maximum efficiency of 55% is reached
for a background contamination of 0.3 events for ∆M =

Table 4. Scalar electron, scalar muon and scalar tau efficien-
cies (ε) and the number of events expected from Standard
Model processes (Nexp). Results are obtained at

√
s = 161GeV

and
√

s = 172GeV as a function of ∆M for different M˜̀± val-
ues

√
s = 161GeV

Mẽ± = 70GeV Mµ̃± = 60GeV Mτ̃± = 50GeV
ẽ±ẽ∓ µ̃±µ̃∓ τ̃±τ̃∓

∆M(GeV) ε (%) Nexp ε (%) Nexp ε (%) Nexp

5 31 < 0.1 24 0.2 3.1 0.3
10 51 0.1 40 0.1 12 0.4
20 60 0.1 41 0.1 17 0.5
30 62 0.4 47 0.3 15 0.5
40 61 0.4 46 0.3 15 0.5
45 61 0.4 49 0.3 15 0.3
55 58 0.4 45 0.3 – –
65 47 0.4 – – – –√

s = 172GeV
Mẽ± = 75GeV Mµ̃± = 65GeV Mτ̃± = 55GeV

ẽ±ẽ∓ µ̃±µ̃∓ τ̃±τ̃∓

∆M(GeV) ε (%) Nexp ε (%) Nexp ε (%) Nexp

5 30 < 0.1 21 0.1 2.9 0.3
10 50 0.2 41 0.2 11 0.4
20 60 0.2 39 0.2 18 0.7
30 53 0.1 50 0.7 18 0.5
40 61 0.7 45 0.7 18 0.5
50 56 0.7 46 0.7 16 0.5
60 59 0.7 44 0.7 – –
70 50 0.7 – – – –

Table 5. Chargino efficiencies (ε) for the lepton plus hadrons
(LH), the purely leptonic (LL) and the purely hadronic (HH)
final states and assuming 100% χ̃0

1 W∗ decay mode. Nexp is
the number of events expected from Standard Model processes.
Results are given as a function of ∆M for M

χ̃±
1

= 80(85)GeV

pair production at
√

s = 161(172)GeV

M
χ̃±
1

= 80GeV
√

s=161 GeV

LH LL HH χ̃0
1 W∗

∆M(GeV) ε (%) Nexp ε (%) Nexp ε (%) Nexp ε (%) Nexp

5 4.2 0.5 1.7 0.3 5.5 0.2 4.3 0.6
10 44 0.3 34 0.3 40 0.4 30 0.3
20 58 0.1 48 0.2 64 0.2 50 0.3
30 57 0.1 53 0.2 48 0.5 45 0.6
40 68 0.3 50 0.1 39 0.6 44 0.8
60 54 0.5 40 0.3 16 0.1 28 0.8
75 17 0.6 20 0.3 3.2 0.1 9.3 0.9

M
χ̃±
1

= 85GeV
√

s = 172GeV

LH LL HH χ̃0
1 W∗

∆M(GeV) ε (%) Nexp ε (%) Nexp ε (%) Nexp ε (%) Nexp

5 4.2 0.5 2.0 0.4 4.1 0.3 3.8 0.8
10 40 0.3 33 0.4 38 0.3 29 0.3
20 65 0.2 44 0.2 66 0.2 55 0.3
30 73 0.2 57 0.3 60 0.3 52 0.3
40 70 0.3 58 0.6 30 0.9 42 1.1
60 62 0.7 27 0.6 23 0.2 32 0.8
75 21 0.8 20 0.5 6.2 0.2 13 1.3



214 The L3 Collaboration: Search for scalar leptons, charginos and neutralinos in e+e− collisions

0

10

20

30

40

50

60

70

80

90

45 50 55 60 65 70 75 80 85 90

M
χ~

10  
(G

eV
)

M     (GeV)  e
~

0.55 pb

1.3 pb

σ > 0.4 pb

e
~
 ±→ e± χ

~
1
0

L3

Excluded at 95 % C.L.

∆M=0

a)

0

10

20

30

40

50

60

70

80

90

45 50 55 60 65 70 75 80 85 90

M
χ~

10  
(G

eV
)

M     (GeV)  µ
~

0.75 pb
0.38 pb

σ > 0.26 pb

µ
~
 ±→ µ± χ

~
1
0

L3

Excluded at 95 % C.L.

∆M=0

b)

0

10

20

30

40

50

60

70

80

90

45 50 55 60 65 70 75 80 85 90

M
χ~

10  
(G

eV
)

M     (GeV)  τ
~

1.3 pb

2.5 pb
σ > 0.9 pb

τ
~
 ±→ τ± χ

~
1
0

L3

Excluded at 95 % C.L.

∆M=0

c)

Fig. 3. Upper limits on the production cross sections for scalar leptons as a func-
tion of the lightest neutralino mass Mχ̃0

1
. a–c show the limits for scalar electrons,

muons and taus, respectively

Table 6. Neutralino efficiencies (ε) for the purely hadronic
(HH), the purely leptonic (LL) final states and assuming 100%
χ̃0

1 Z∗ decay mode. Results are given as a function of ∆M for
Mχ̃0

2
+ Mχ̃0

1
= 160(170)GeV at

√
s = 161(172)GeV

Mχ̃0
1

+ Mχ̃0
2

= 160GeV
√

s = 161GeV

HH LL χ̃0
1 Z∗

∆M(GeV) ε (%) Nexp ε (%) Nexp ε (%) Nexp

10 13 0.5 7.2 0.4 10 0.5
20 40 0.6 12 0.5 27 0.4
30 51 0.4 38 0.3 40 0.5
40 52 0.3 47 0.6 36 0.3
50 57 0.3 27 0.8 41 0.5
70 54 0.8 31 0.5 40 0.8
80 31 0.8 36 1.0 24 0.8
120 2.6 0.6 10 0.9 2.8 1.4

Mχ̃0
1

+ Mχ̃0
2

= 170GeV
√

s = 172GeV

HH LL χ̃0
1 Z∗

∆M(GeV) ε (%) Nexp ε (%) Nexp ε (%) Nexp

10 14 0.5 32 0.4 13 0.6
20 52 0.4 42 0.5 40 0.5
30 46 0.4 31 0.7 27 0.4
40 39 0.4 37 0.8 26 0.3
50 52 0.4 51 0.4 41 0.4
70 50 0.7 35 0.3 37 0.8
90 26 0.5 35 1.8 18 0.5
130 8.9 2.3 29 2.3 9.1 2.4

Table 7. Results on scalar leptons, chargino and neutralino
searches: Ndata is the number of observed events and Nexp is
the number of expected events from Standard Model processes
for the total integrated luminosities recorded at

√
s = 161GeV

and
√

s = 172GeV

Ndata Nexp

ẽ± 3 1.3
µ̃± 0 1.3
τ̃± 1 1.2

χ̃±
1 , χ̃0

1 5 4.5
Overall 8 7.6

20 GeV. In the low ∆M region the efficiency decreases due
to the large contamination of two-photon interactions and
due to the lower trigger acceptance. For large ∆M it de-
creases because of the WW background. To extract the
total number of expected background events, we take into
account the overlap between the different selections.

The selection efficiencies, as well as the number of
background events expected for a sum of neutralino mas-
ses Mχ̃0

1
+Mχ̃0

2
= 160 GeV and 170 GeV for different decay

channels and assuming a 100% Z∗χ̃0
1 decay mode, are dis-

played in Table 6. Compared to the chargino selection, the
efficiencies are lower due to the invisible decays of the Z∗.

Systematic errors on the signal efficiencies are evalu-
ated as for the data taken at

√
s = 130 − 140 GeV (see

[2]). They are typically 5% relative, dominated by Monte
Carlo statistics.
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Fig. 4. Upper limits on the production cross section e+e− →
χ̃+

1 χ̃−
1 in the Mχ̃0

1
-M

χ̃±
1

plane. a Exclusion limits are obtained
assuming standard W branching ratios in the chargino decay
χ̃±

1 → W∗±χ̃0
1 and b assuming purely leptonic W decays χ̃±

1 →
`±νχ̃0

1, (` = e, µ, τ)

4 Results

A summary of the searches at
√

s = 161 GeV and 172 GeV
is given in Table 7 showing the number of candidates
and expected background events. It should be noted that
events can be selected by more than one selection. We
do not observe any excess of events relative to what is
expected from Standard Model processes.

Therefore, we set upper limits on the scalar lepton,
chargino and neutralino production cross sections and lim-
its on the masses of these particles in the framework of
the MSSM. Exclusion limits at 95% C. L. are derived tak-
ing into account background contributions. As the back-
ground from two-photon processes is not well described
by the Monte Carlo we conservatively do not include this
contribution in the evaluation of the limits. To derive lim-
its in the MSSM, we optimize the global selection for any
different point in the parameter space. This is obtained,
choosing every time the combination of selections provid-
ing the highest sensitivity, given the production cross sec-
tions and the decay branching fractions. The systematic
errors are taken into account following the procedure ex-
plained in [21].
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Fig. 5. Upper limits on the production cross section of e+e− →
χ̃0

1χ̃
0
2 in the Mχ̃0

1
− Mχ̃0

2
plane. Exclusion limits are obtained

assuming standard Z∗ branching ratios in the neutralino decay
χ̃0

2 → Z∗±χ̃0
1

4.1 Upper limits on scalar lepton, chargino and
neutralino production cross sections

To derive upper limits on the production cross sections,
we use the integrated luminosities collected at the differ-
ent centre-of-mass energies between 130 GeV and 172 GeV
without assuming a scaling of the cross sections. Hence
our limits correspond to luminosity weighted average cross
sections.

Assuming a branching fraction for ˜̀± → χ̃0
1`

± of 100%,
upper limits are set on production cross sections for scalar
electrons, muons and taus in the plane Mχ̃0

1
versus M˜̀±

as depicted in Fig. 3. The efficiency for the selection of
scalar electrons includes the t-channel contribution. For
scalar electron and muon masses below 80 GeV, and ∆M
sufficiently large, cross sections above 0.55 pb and 0.38 pb
are excluded, respectively. Owing to the lower selection
efficiency and the presence of a candidate event, the cor-
responding upper limit for the scalar tau cross section is
1.3 pb. Exclusions in the mass range 80 − 86 GeV are less
stringent because only data taken at

√
s = 172 GeV con-

tribute.
The contours of upper limits on the production cross

sections for the process e+e− → χ̃±
1 χ̃∓

1 are shown in Fig. 4
assuming χ̃±

1 → W∗χ̃0
1 for the chargino decays with stan-

dard W branching fractions a) and for purely leptonic W∗
decays b). In parts of the kinematically accessible region,
a cross section as low as 0.5 pb is excluded for standard
W branching fractions.

Similarly, cross section limits for associated neutralino
production e+e− → χ̃0

1χ̃
0
2 are derived, as shown in Fig. 5,

assuming only Z∗χ̃0
1 transitions in χ̃0

2 decays. For Mχ̃0
2

larger than ≈ 110 GeV and ∆M > 10 GeV a cross section
larger than 1.5 pb is ruled out.

4.2 Interpretation in the MSSM

In the MSSM, with Grand Unification assumption [22],
the masses and couplings of the gauginos and of the SUSY
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Fig. 6. Mass limits on the scalar partners of right-handed electrons a and muons
b as a function of the neutralino mass Mχ̃0

1
. These two figures are obtained using

only the upper limits on the cross section obtained from direct searches. c shows
the limits for scalar leptons assuming universality for scalar masses. The latter is
derived from the results of the searches for scalar leptons, charginos and neutrali-
nos in the constrained MSSM. In the upper left corner, regions not allowed in the
MSSM are indicated

particles as well as their production cross sections, are en-
tirely described [5] once five parameters are fixed: tanβ
(the ratio of the vacuum expectation values of the two
Higgs doublets), M ≡ M2 (the gaugino mass parameter),
µ (the higgsino mixing parameter), m0 (the common mass
for scalar fermions at the GUT scale) and A (the trilinear
coupling in the Higgs sector). The assumption of a com-
mon scalar mass scale is relevant only if light fermion part-
ners are considered. We investigate the following MSSM
parameter space:

1 ≤ tanβ ≤ 40 ,

0 ≤ M2 ≤ 2000 GeV ,

−500 GeV ≤ µ ≤ 500 GeV ,

10 GeV ≤ m0 ≤ 500 GeV .

The interpretation of the search results in the MSSM pre-
sented here do not depend on the value of A1.

All the limits on the cross sections previously shown
can be translated into exclusion regions in the MSSM pa-
rameter space. To derive such limits, we use the generator
SUSYGEN [16] where the cross sections and branching frac-
tions are calculated in the MSSM framework.

4.2.1 Limits on scalar lepton masses

In general, the SUSY partners of the right-handed leptons
(˜̀±R) are expected to be lighter than their counterparts for

1 Searches for scalar partners of the third family fermions are
not used directly. Indirect effects, like the decay χ̃±

1 → τ̃±ν,
do not affect the limits presented here for −5 ·m0 < A < 5 ·m0

left-handed leptons. Hence, we show in Fig. 6a the ex-
clusion contour in the Mχ̃0

1
− Mẽ±

R
plane considering only

the reaction e+e− → ẽ±
R ẽ∓

R and setting µ = −200 GeV
and tanβ = 1.41. To derive this contour, only the purely
leptonic decay ẽ±

R → e±χ̃0
1 is considered, neglecting the ef-

ficiency for cascade decays. For Mχ̃0
1

< 48.8 GeV and ∆M

≥ 5 GeV, we exclude a scalar electron lighter than 70 GeV
for tanβ = 1.41. As the cross section increases with tanβ,
this limit holds also for larger tanβ. This significantly im-
proves our result obtained at

√
s = 130 − 140 GeV [2].

With the same assumptions, and considering only the
reaction e+e− → µ̃±

R µ̃∓
R, we derive the lower limits on

the scalar muon mass as a function of Mχ̃0
1

as shown in
Fig. 6b). In particular, for Mχ̃0

1
< 50 GeV and ∆M ≥

5 GeV, we exclude a scalar muon lighter than 60 GeV, in-
dependent of tanβ. This new limit improves the one ob-
tained at the Z resonance [6].

Assuming universality for the scalar masses and com-
bining the searches for charginos, neutralinos and scalar
partners of the left- and right-handed electrons and mu-
ons, lower limits on the mass of the SUSY partners of the
right-handed leptons as a function of Mχ̃0

1
are obtained, as

shown in Fig. 6c). A limit of M˜̀± ≥ 73.9 GeV is reached
for Mχ̃0

1
< 47.7 GeV and ∆M ≥ 3 GeV. The exclusion of

a light neutralino, described below, enables us to rule out
a ˜̀±

R with a mass beyond the kinematic limit of 86 GeV.
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4.2.2 Limits on chargino and neutralino masses

In the MSSM framework, while the cross sections and de-
cay branching fractions of the charginos and neutralinos
depend on the masses of the scalar leptons, their masses
depend only on M2, µ and tanβ. Therefore, exclusion re-
gions can be expressed in the M2 − µ plane for a given
tanβ. The exclusions in the high m0 range are derived
from chargino and neutralino searches, while for low m0
the searches for scalar leptons also contribute. We also
take into account all chargino and neutralino cascade de-
cays:

– χ̃±
1 → χ̃0

2 W∗: we observe a slight decrease of the ef-
ficiency relative to χ̃±

1 → χ̃0
1 W∗ depending on the

masses of χ̃0
2, χ̃±

1 and χ̃0
1. Conservatively, the lowest

efficiency is used for cascade decays.
– χ̃0

3,4 → χ̃0
2 Z∗: the efficiency is found to be larger than

the efficiency achieved for the χ̃0
3,4 → χ̃0

1 Z∗ channel,
especially in the large ∆M region. We use conserva-
tively the efficiencies obtained in the latter, standard
channel.

Substantial extension of the excluded regions with re-
spect to the results obtained at

√
s = 130 − 140 GeV

are reached, as shown in Fig. 7 for tanβ = 1.41 a) and
tanβ = 40 b). Our limits are extended by typically 20 GeV
on µ and 25 GeV on M2.

Depending on the neutralino-chargino field content,
one distinguishes the following cases for the determination
of lower limits on the neutralino and chargino masses:

– Higgsino-like χ̃0
2 and χ̃±

1 (M2 � |µ|): in this case, the
production cross sections do not depend on the scalar
lepton masses, ∆M is low and decreases with increas-
ing M2. Consequently, the limits on the masses of the
next to lightest neutralino and the lightest chargino
decrease with M2 as depicted in Figs. 8a and b), re-
spectively. For tanβ = 1.41 and M2 less than 500 GeV,
Mχ̃0

2
≤ 92 GeV and Mχ̃±

1
≤ 85 GeV are excluded.

– Gaugino-like chargino (|µ| � M2): the cross section
depends strongly on the scalar neutrino mass. For
50 GeV ≤ Mν̃ ≤ 80 GeV the destructive interference
term reduces the cross section by one order of magni-
tude compared to what is expected for Mν̃ ≥ 500 GeV.
When the two body decay χ̃±

1 → `± ν̃ is dominant, the
relevant ∆M becomes ∆M = Mχ̃±

1
−Mν̃ . In this case,

for the low ∆M region, the acceptance for charginos
decreases but we benefit there from the complemen-
tary scalar lepton searches, especially at low tanβ val-
ues. The limits obtained in the Mχ̃±

1
− Mν̃ plane are

shown in Fig. 9 for tanβ = 1.41 and two values of
µ (−200 GeV and −500 GeV). The dashed line indi-
cates the boundary Mχ̃±

1
= Mν̃ . For small Mν̃ we can

exclude chargino masses beyond the kinematic limit.
For large Mν̃ and for µ = −500 (200) GeV we obtain
Mχ̃±

1
> 85.5(84.0) GeV, which is close to the kine-

matic limit, independently of tanβ. Finally, for µ =
−500 (−200) GeV a limit of Mχ̃±

1
> 79.8 (69.2) GeV is

obtained for any Mν̃ and for tanβ ≤ 1.41.
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Fig. 7. Exclusion regions in the M2-µ plane derived from the
search for charginos and neutralinos for m0 = 500GeV with
tan β = 1.41 a and 40 b. The results using all data (solid lines)
are compared to the limits obtained using only data collected
at the Z resonance and at

√
s = 130 − 140GeV (broken lines)
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Fig. 10. a Lower limit on the lightest neutralino mass Mχ̃0
1

as a function of m0 for five different values of tan β. b Lower
limit on Mχ̃0

1
as a function of tan β and for any value of m0

We also derive limits on the mass of the lightest neu-
tralino as a function of m0 (Fig. 10a and as a function
of tanβ (Fig. 10b). The results shown in Fig. 10 are ob-
tained from a scan in the MSSM parameter space in steps
of 1 GeV for M2, 0.5 GeV for µ and 1 GeV for m0. The
following values of tanβ are used: 1.0, 1.2, 1.41, 1.7, 2.0,
2.2, 2.4, 3.0, 5.0, 10.0 and 40.0.

For low m0 (≤ 65 GeV) the limit comes mainly from
the scalar lepton searches. For large m0 (≥ 200 GeV),
where the limit is derived only from chargino and neu-
tralino searches we obtain Mχ̃0

1
> 24.6 GeV for tanβ ≥ 1.

For small tanβ values and for µ values in the range –
60 GeV to –70 GeV the excluded domain still benefits from
the results obtained with data at the Z peak.

In the intermediate region (65 GeV ≤ m0 ≤ 85 GeV)
the production cross section for charginos is minimal and
the scalar neutrino is light enough to allow the follow-
ing decay modes χ̃0

2,3,4 → ν̃ν and χ̃±
1 → ν̃l±. The min-

imum allowed value for Mχ̃0
1

is found in the parameter
space region where ∆M = Mχ̃±

1
− Mν̃ is small and where

the next to lightest neutralinos decay invisibly (i. e. for
m0=67 GeV, µ = −104 GeV, M2=18 GeV and tanβ=2).
There, the exclusion contour is derived from the scalar
lepton searches. If photonic final states are not taken into
account, we find a deeper minimum for Mχ̃0

1
at lower tanβ

values (1.2-1.41). There, the next to lightest neutralino
decays almost 100% into γχ̃0

1 and searches for single and
multi photons plus missing energy [23] become impor-
tant, as can be seen in Fig. 10b). Finally, we obtain a
lower limit for the lightest neutralino of Mχ̃0

1
≥ 10.9 GeV

for tanβ ≥ 1 and for any m0 value.

5 Conclusion

No evidence for SUSY particles is found since 8 candidate
events survive the cuts when a number of 7.6 background
events is expected. This enables us, using also data at
lower centre-of-mass energies, to set new upper limits on
their production cross sections. In the MSSM framework,
assuming also scalar lepton mass universality and gauge
mass unification, the following 95% C. L. lower limits are
derived:
– M˜̀± > 73.9 GeV for Mχ̃0

1
≤ 47.7 GeV, | µ |≥ 200 GeV

and tanβ ≥ 1.41;
– Mχ̃±

1
> 85.5 GeV for a Gaugino-like chargino with

Mν̃ ≥ 300 GeV and µ = −500 GeV ;
Mχ̃±

1
> 79.8 GeV for any Mν̃ , tanβ ≤ 1.41 and µ =

−500 GeV;
– Mχ̃±

1
> 85.0 GeV for a Higgsino-like chargino assuming

M2 ≤ 500 GeV and tanβ = 1.41;
– Mχ̃0

2
> 92.0 GeV for a Higgsino-like neutralino assum-

ing M2 ≤ 500 GeV and tanβ = 1.41;
– Mχ̃0

1
> 24.6 GeV for m0 ≥ 200 GeV and tanβ ≥ 1;

Mχ̃0
1

> 10.9 GeV for any m0 value.

These results improve significantly our previous limits.
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