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Abstract. Searches for topologies characteristic of Gauge Mediated SUSY Breaking models (GMSB) are
performed by analysing 173.6 pb™! of data collected at /s = 188.6 GeV with the ALEPH detector.
These topologies include acoplanar photons, non-pointing single photon, acoplanar leptons, large impact
parameter leptons, detached slepton decay vertices, heavy stable charged sleptons and four leptons plus
missing energy final states. No evidence for these new phenomena is observed and limits on production
cross sections and sparticle masses are derived. A scan of a minimal GMSB parameter space is performed
and model dependent lower limits of about 45 GeV'/c? on the next-to-lightest supersymmetric particle
(NLSP) mass and of about 9 TeV on the mass scale parameter A are derived, independently of the NLSP

lifetime.

1 Introduction

A search for topologies that are the expected character-
istic manifestations of Gauge Mediated SUSY Breaking
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models [1] (GMSB) is reported in this paper. The main
motivation for this class of models is the fact that they
can naturally accommodate the experimentally observed
absence of flavour changing neutral currents. This is due
to the fact that in GMSB the mechanism that propagates
the SUSY breaking to the visible sector is flavour blind
(gauge interactions) and that the scale at which this hap-
pens is not too far from the electroweak and well below
the Grand Unification scale.

From the phenomenological point of view the main dif-
ference with respect to Gravity Mediated SUSY Breaking
models is that in GMSB the Lightest Supersymmetric Par-
ticle (LSP) is the gravitino (G), which couples very weakly
to the other particles. In GMSB the natural mass range
for the gravitino LSP is 1072-10% eV /c? [1]. In eTe™ colli-
sions, pairs of SUSY particles can be produced and subse-
quently decay to their SM partners plus two gravitinos (R-
parity conservation is assumed). Another important fea-
ture of these models is that the next-to-lightest supersym-
metric particle (NLSP) is, in general, either the lightest
neutralino () or the slepton (£). In this scenario, if the
mixing in the stau sector is small the sleptons (€, fi, 7)
are three degenerate co-NLSPs while for large mixing the
stau is expected to be the NLSP. The lightest neutralino
and the sleptons are expected to be much lighter than the
other SUSY particles (charginos, squarks and gluinos) and
therefore they are the most relevant at LEP2.

The lifetime of the NLSP depends on the gravitino
mass (or equivalently on the SUSY breaking scale v/F
which is proportional to it), for a given NLSP mass and
field composition. For a gravitino heavier than a few hun-
dred eV /c?, the distance scale associated with this life-
time can be comparable to or even larger than the size of
the ALEPH detector. For this reason topological searches
that are able to identify a long-lived or a stable NLSP are
developed.

A list of the experimental topologies searched for in
this paper is given in Table 1.

The ALEPH Collaboration has previously published
separate papers on some of these topologies. Analyses re-
lated to searches for photons plus missing energy, which
are characteristic of the y NLSP scenario, have been pub-
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Table 1. Final state topologies studied in the different scenarios

NLSP  Production Decay mode Lifetime Expected topology
eT << Lgetector ~ Acoplanar photons
X ete” — XX X — 'yé et ~ Lyetector Non-pointing photon
cT >> Lgetector  Invisible (indirect search)
T << Lgetector ~ Acoplanar leptons
/ ete” — 00  §—1G T ~ Lyetector Kinks and large impact parameters
T >> Lgetector  Heavy stable charged particles
T << Lgetector Four leptons
1 ete” — XX X — 00— oG ot ~ Laetector Not covered here

et >> Lgetector

Not covered here

lished in [2] while topologies involving sleptons, which are

characteristic of the ¢ NLSP scenario, have been published
in [3-5]. In this paper previous results are updated by us-
ing the data collected during the 1998 LEP2 run, which
corresponds to an integrated luminosity of 173.6 pb~! at
a centre-of-mass energy of 188.6 GeV. In addition slepton
production in neutralino cascade decays are described for
the first time in this paper.

The organization of this paper is the following. In the
second section a short description of the ALEPH detec-
tor and the Monte Carlo samples used in the analyses is
given. In the third section the different selections are de-
scribed, starting with the search for topologies typical of
the neutralino NLSP case (photons plus missing energy,
non-pointing photons) followed by the topologies charac-
teristic of the slepton NLSP scenario (acoplanar leptons,
leptons with large impact parameters or detached decay
vertices, stable heavy charged particles, four leptons plus
missing energy). In section four a model dependent in-
terpretation of the results in the framework of a minimal
GMSB model is discussed and lower limits on the NLSP
mass and on the mass scale parameter A are derived.

2 The ALEPH detector
and Monte Carlo simulation

A detailed description of the ALEPH detector can be
found in [6], and an account of its performance as well
as a description of the standard analysis algorithms can
be found in [7]. Only a brief overview is given here.
Charged particle tracks are measured by a silicon ver-
tex detector (VDET), a multiwire drift chamber (ITC)
and a time projection chamber (TPC). The VDET has a
length of approximately 40 cm with two concentric layers
of silicon wafers at average radii of 6.5 and 11.3 cm. The
ITC consists of eight drift chamber layers of 2 m length
between an inner radius of 16 cm and an outer radius
of 26 cm. The TPC measures up to 21 space points in
the radial range from 30 cm to 180 cm and has an over-
all length of 4.4 m. These detectors are immersed in an

axial magnetic field of 1.5 T and together achieve a trans-
verse momentum resolution o (pr)/pr = 0.0006pr & 0.005
(pr in GeV/c). The TPC also provides up to 338 mea-
surements of the ionisation energy loss. It is surrounded
by the electromagnetic calorimeter (ECAL), which covers
the angular range |cos ] < 0.98. The ECAL is finely seg-
mented in projective towers of approximately 0.9° by 0.9°
which are read out in three segments of depth (storeys).
The energy resolution is o(E)/E = 0.18/v/E+0.009 (E in
GeV). The iron return yoke is instrumented with streamer
tubes acting as a hadron calorimeter (HCAL) and covers
polar angles down to 110 mrad. Surrounding the HCAL
are two additional layers of streamer tubes called muon
chambers. The luminosity monitors (LCAL and SICAL)
extend the calorimetric coverage down to polar angles of
34 mrad.

Using the energy flow algorithm described in [7], the
measurements of the tracking detectors and the calorime-
ters are combined into “objects” classified as charged par-
ticles, photons, and neutral hadrons. A good track is de-
fined as a charged particle track originating from the in-
teraction region (with transverse impact parameter |dp| <
1 cm and longitudinal impact parameter |zo| < 5 cm), hav-
ing at least four TPC hits, a transverse momentum greater
than 200 MeV/c and a minimum polar angle of 18.2°. In
order to get the correct charged multiplicity, photon con-
versions are reconstructed with a standard pair finding
algorithm [7]. Electrons are identified by comparing the
energy deposit in ECAL to the momentum measured in
the tracking system and by using the shower profile in the
electromagnetic calorimeter and the measurement of the
specific ionisation energy loss in the TPC. The tagging of
muons makes use of the hit patterns in HCAL and the
muon chambers.

All selections are developed using Monte Carlo tech-
niques. Monte Carlo samples corresponding to at least ten
times the collected luminosity of all major background
processes have been generated. For a more detailed list of
the Monte Carlo generators used see [2,5]. The position
of the most important cuts is determined using the Nys
prescription [8], which corresponds to the minimisation of
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the expected 95% confidence level upper limit on the num-
ber of signal events, under the hypothesis that no signal
is present in the data.

3 Experimental topologies and results

The topologies expected in GMSB models are charac-
terised by the nature and lifetime of the NLSP, as listed in
Table 1. In Sect. 3.1 topologies with photons plus missing
energy, expected in the xy NLSP scenario, are presented.
The topologies expected in the slepton NLSP scenario are
discussed in Sect. 3.2.

3.1 Topologies with photons

In the x NLSP scenario the main signature for GMSB is
the decay x — G~. For short neutralino lifetimes the re-
sulting experimental signature is a pair of energetic acopla-
nar photons. A search for this topology is presented in
Sect. 3.1.1. In Sect. 3.1.2 a new search for non-pointing
single photons, designed to increase the sensitivity to long
lived neutralinos, is described.

3.1.1 Short neutralino lifetimes

A search for a topology involving two acoplanar photons
and missing energy has already been performed at lower
centre of mass energies [2]. Events are selected with no
charged tracks (except those from a conversion) and at
least two photons with energies above 1 GeV inside the
acceptance of |cosd| < 0.95. Events with more than two
photons are required to have at least 0.4/s of missing en-
ergy. Background from the process ete™ — yy(7) is elim-
inated by requiring that the acoplanarity of the two most
energetic photons be less than 177° and that there be
less than 1 GeV of additional visible energy in the event.
The total measured transverse momentum relative to the
beam axis (p, ) is required to be greater than 3.75% of
the missing energy, reducing background from radiative
events, with final state particles escaping down the beam
axis, to a negligible level. The energy of the least energetic
photon is required to be greater than 33 GeV. This cut
has been optimised assuming the MGM [9] signal model,
the full integrated luminosity collected up to 188.6 GeV
and that background subtraction will be performed.

No candidates are found in the data at 188.6 GeV while
1.55 events are expected from background processes. Ap-
plying this increased energy cut to the previously analysed
data taken between 161 GeV and 183 GeV, one event is
observed in the data while 0.74 events are expected from
background processes.

The 95% CL upper limit on the production cross sec-
tion at 188.6 GeV, obtained performing background sub-
traction and taking into account data recorded at lower
energies, is in the range 0.028-0.043 pb for a 100% x — Gy
branching ratio and x masses in the range 45 GeV /c? to

ALEPH

=
N
o

[EE
[N
o

CDF Region

=
(@}
o

X;0 mass (GeV/(,z)
(o]
(@)

(0]
o

Excluded at 95% C.L.

30 \ \ T \
80 100 160 180 200

e, mass (GeV/c?)

T T
120 140

Fig. 1. The excluded region in the neutralino-selectron
mass plane at 95% C.L. for a pure bino neutralino (light
shaded area). Overlaid is the CDF region determined from
the properties of the CDF event assuming the reaction
qq — €rer — eexx — eeGG~y~y [18]. The dark shaded region
corresponds to a topology not covered by this analysis

94 GeV /c?. The integrated luminosities of the lower en-
ergy data are scaled according to the cross section predic-
tions of the MGM [9] model. The mass limit obtained
for this model is M, > 91GeV/c? at 95% C.L. for a
neutralino with lifetime smaller than 3ns. The system-
atic uncertainty for this analysis is dominated by the er-
ror on the photon reconstruction efficiency, estimated to
be 2.4%, and the uncertainty on the level of background
from Standard Model processes, estimated to be 10% from
a comparison between different Monte Carlo generators.
The effect of these uncertainties on the cross section upper
limit is less than 1% when taken into account by means
of the method of [10]. The effect on the mass limit is neg-
ligible.

At LEP2 the production of bino-like neutralinos would
proceed via t-channel selectron exchange. Right-selectron
exchange dominates over left-selectron exchange. Thus,
the cross section for ete™ — yx depends strongly on the
right-selectron mass. The experimentally excluded region
in the neutralino-selectron mass plane is shown in Fig. 1.
Overlaid is the “CDF region”, the area in the neutralino—
selectron mass plane where the properties of the CDF
event described in [11] are compatible with the process
aq — €reRr — eexx — eeéé’y’y. Most of the CDF region is
excluded at 95% C.L. by this analysis.
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3.1.2 Longer neutralino lifetimes

In order to extend the neutralino NLSP search to longer
neutralino lifetimes a dedicated analysis is developed to
search for the case where one neutralino decays within
the volume bounded by the ECAL, while the other decays
outside the detector. This results in a topology with one
visible particle, a single photon which, in general, does not
originate from the interaction region. The search for this
topology is based on the single photon analysis detailed
in [2].

Events are selected with no tracks and exactly one
photon inside the acceptance cuts of |cosf| < 0.95 and
pr > 0.0375y/s. To suppress background from Bhabha
scattering, events are required to have no energy deposited
within 14° of the beam axis and to have less than 1 GeV
of non-photonic energy. To remove events from the pro-
cess eTe™ — viy(y) the impact parameter of the photon
is required to be larger than 40 cm. This impact param-
eter is defined to be the minimum of the three possible
values calculated from the pairings of the barycentres of
the photon shower measured in each of the three ECAL
segments.

Cosmic ray events that traverse the detector are pri-
marily eliminated by the charged track veto or by hits
recorded in the outer part of the HCAL. Residual cos-
mic ray events are rejected by requiring that at least 90%
of the photon’s energy be recorded in the ECAL. Back-
ground muons, produced by the interaction of the LEP
beams with matter, cross the detector with a trajectory
essentially parallel to the beam axis. They are eliminated
by requiring that there be no activity in either the muon
chambers or the ECAL within a transverse distance of 15
cm of the photon candidate. Events with detector noise
in the ECAL are removed by requiring that there be no
more than 50 fired storeys, in addition to those associated
with the photon, in any module. Finally, the interaction
time of the event is required to be within 40 ns of a beam
crossing.

The efficiency of this selection depends on the neu-
tralino’s laboratory decay length and has a maximum va-
lue of 10% for decay lengths around 8 m. The depen-
dence of the efficiency on the neutralino lifetime has been
checked on fully reconstructed Monte Carlo signal samples
for decay lengths up to 200 m. The residual background
from the ete™ — viry(7) process is estimated to be 0.4
events in the combined 161-188.6 GeV data sample. This
estimate takes into account the number of events before
the pointing cut (the cut on the photon impact parame-
ter) and the probability for photons from the interaction
region to pass the pointing cut as estimated from a sample
of ete™ — yy(v) data. The remaining contribution from
cosmics, beam muons and detector noise is estimated from
the number of events which pass all cuts except the final
cut on the interaction time of the event and is less than
0.4 events at 95% C.L. When the selection is run on the
data no events are selected allowing an upper limit on the
production cross section to be derived.

The efficiencies of the two analyses described in this
section are shown as a function of neutralino lifetime in

08 ALEPH
3
&
O o7
i

acoplanar photons

06

05

04 -

03

02 [

01 [

o Lowedo b b b b T T

0 25 5 75 10 125 15 175 20
yBet (m)

Fig. 2. Selection efficiency as a function of the neutralino

lifetime for the two analyses described in Sect. 3. The points
are the efficiencies obtained from fully simulated Monte Carlo
samples while the histograms represent the parameterizations
used in the computation of the limits

Fig. 2. The non-pointing photon analysis allows the ex-
clusion of x masses as high as 55 GeV /c? for cr, values
smaller than 100 m, assuming the MGM model described
in [9].

3.2 Topologies with leptons

In the case of a slepton NLSP, the pair-production process
ete™ — 00 — (GLG is expected to be one of the main
experimental signatures. The signal final state topology
depends strongly on the slepton lifetime. Four different
analyses are performed, each corresponding to a specific
range of mean decay length. The search for acoplanar lep-
tons covers the case of very small lifetimes, the searches for
tracks with large impact parameter and for kinks are used
in the intermediate range, whereas for very large lifetimes
a search for heavy stable charged particles is performed.
In region of the GMSB parameter space where the
mass difference between the lightest neutralino and the
sleptons is small, the cascade decay ete™ — xx — 0000 —
00GlIG can compete with the direct slepton production
and can increase the sensitivity to GMSB signatures. This
process benefits from a large cross section; the y is ex-
pected to be mainly bino and the right-selectron is ex-
pected to be light. It also benefits from a clear experimen-
tal signature: four leptons are produced in the final state
(two of them could be soft depending on the y-¢ mass dif-
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ference) and in half of the cases the two most energetic
leptons have the same charge (x are Majorana particles).

Searches for direct slepton production have already
been performed at centre-of-mass energies up to 184 GeV
[3-5]. They are partially reoptimized here to account for
the increased centre-of-mass energy and the higher lumi-
nosity. Therefore only a short outline of the general con-
cepts is given in the following subsections, omitting de-
tails of the selection criteria where they have been left
unchanged with respect to [3-5].

3.2.1 Short-lived sleptons

If the slepton lifetime is negligible (c7; << flgetector)
GMSB signatures do not differ from those in models with
gravity mediated SUSY breaking (in the region of the pa-
rameter space where the x LSP has a small mass). The
searches for acoplanar leptons described in [4,5] and up-
dated for the 188.6 data in [12] are therefore used in the
very small lifetime domain. In the 188.6 GeV data sam-
ple a total of 33, 28 and 21 events are selected by the
acoplanar electrons, acoplanar muons and acoplanar taus
analyses. This has to be compared with 32.8, 29.6 and
15.5 background events expected for these three topolo-
gies form SM processes.

3.2.2 Medium-lived sleptons

For both the large impact parameter and the kink searches,
a common preselection against background from -~y events
is applied, requiring a minimum visible mass of 0.03y/s
and at least one well measured track with high transverse
momentum. Dilepton and Bhabha events are suppressed
by an upper cut on the visible energy of 0.9+/s for the kink
search and of 0.65/s for large impact parameter search.
Tracks identified as coming from photon conversions are
removed from the event.

The rejection of events containing cosmic muons is im-
proved with respect to [5]. Cosmic muons are often re-
constructed as two different tracks, possibly shifted along
the direction of the beam axis, due to their time offset
with respect to the nominal beam crossing. Such tracks
are identified by refitting the TPC hits of the two parts
under the hypothesis of a single helix, taking into account
the possible shift along the z axis where necessary.

The procedure used to reconstruct kinks is described
in [5] and has not been modified. As described there, real
decay signals are separated from kinks caused by hard
bremsstrahlung and hadronic interactions using the kink
angle and an energy veto in the inner track direction.
To account for the higher luminosity the cut on the mo-
mentum of the outer track is increased from 0.014/s to
0.015+/s.

The large impact parameter selection requires at least
one track with an impact parameter of more than 1 cm
(track 1) and a minimum momentum of 0.01,/s. The num-
ber of additional tracks with TPC hits is restricted to one

or three. In the latter case the three tracks must be con-
sistent with a three-prong tau decay. Such track triplets
are considered in the following as one track (track 2) with
a momentum given by the sum of the momenta of the
triplet. For these triplets the impact parameter is defined
as the average of the impact parameters of the three tracks.
The acoplanarity and the acollinearity of track 1 and
track 2 are used to suppress dilepton and +y background.
In addition the impact parameter of track 2 is required to
be in excess of 0.025 cm.

With the luminosity collected at 188.6 GeV a back-
ground of 0.5 events from tau pairs and Bhabha events is
expected in the kink search. The expected background of
0.1 events in the large impact parameter search is domi-
nated by Bhabha events. For each of the two selections a
background of 0.3 events is estimated from cosmic muons.

In the data no candidate events are selected by the
large impact parameter analysis and one candidate is se-
lected by the kink analysis. This candidate is consistent
with a three-prong tau decay.

3.2.3 Long-lived sleptons

When the slepton lifetime becomes much larger than the
detector size the sleptons behave as heavy charged par-
ticles. They can be identified by using the characteristic
kinematics of their pair production and the high specific
ionization that they are expected to release in the TPC.
The same selection criteria as in [3] are used here. A total
Standard Model background of about 0.9 events is ex-
pected, half of it coming from double-radiative dimuon
events and half from ditau events. In the data, three events
are selected by the more kinematics-oriented analysis (de-
fined as medium-mass in [3]) while no events are selected
by the analysis based mainly on the reconstruction of
highly ionizing pairs (referred to as high-mass in [3]). If
the three candidates were interpreted as pair-produced
heavy particles, their measured masses would be (54.3
+1.4) GeV /c?, (61.4£1.3) GeV /c? and (60.5+1.4)GeV /2

The systematic uncertainty on the selection cuts based
on kinematics is studied with a dimuon sample, selected
with criteria independent of those used in the analysis, on
which the performance of the tracking system is checked.
The dE/dx performance is checked with electrons, pions
and muons, selected by using the information from the
calorimeters, over a large  range. A total systematic er-
ror of less than 5% on the selection efficiency is estimated.
As the number of candidates is consistent with the ex-
pected background, a 95% C.L. upper limit on the pro-
duction cross section of the stable sleptons is derived; it
corresponds to about 30 fb for slepton masses in the range
65-90 GeV /c?.

By combining all the direct slepton analyses described
above and including the results obtained at lower centre-
of-mass energies [3-5], it is possible to derive a limit on
the slepton mass as a function of the slepton lifetime. This
is shown in Fig. 3 for the stau NLSP scenario. A 95% C.L.
lower limit of 68 GeV /c? can be derived on the 7 mass
and of 85 GeV /c? on the degenerate co-NLSP (r mass.
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Fig. 3. Excluded stau-right mass at 95% C.L. as a function
of its lifetime. The thick curve gives the expected limit. The
dashed curves show the exclusions provided by the different
analyses described in the text

The limit on the co-NLSP /5 is evaluated by taking into
account only the s-channel for & production.

3.2.4 Neutralino to slepton cascade topologies

In this section, searches for the cascade process ete™ —
xx — 0000 — GG are described. The slepton life-
time is assumed to be negligible. The final state can have
different lepton flavour composition depending on which
particle is the NLSP. If the stau is much lighter than the
other sleptons (typical case of the large tan 3 scenario)
four taus are produced. If the three sleptons are degen-
erate in mass the final state will consist of two pairs of
same-flavour leptons in about 1/3 of the cases and of two
pairs of mixed-flavour leptons in about 2/3 of the cases.
In order to cover these different scenarios, selections for
all possible topologies (fifi, €& , 77, [iT, €7 and [i€) are de-
veloped. These selections are based on the same variables
as those described in [5]. In particular the lepton identi-
fication (electron, muon and tau) is the same. Here only
the main aspects of the selections are summarised. The
details of the selections are given in the appendix A.

All the topologies have a common anti-y+y preselection
almost identical to that adopted in [5]. This is based on
the rejection of events with low transverse momentum or
with energy deposits at small polar angles which indicate
the presence of a scattered electron. A small charged track
multiplicity is also required in order to reject ¢qg(y) events
and hadronic WW and ZZ decays. For each topology, at
least two energetic leptons are required, where a lepton
can also be a jet with small multiplicity and invariant

Table 2. Selection efficiencies, expected Standard Model
background and selected candidates for the various slepton cas-
cade topologies. The background is normalised to an integrated
luminosity of 173.6 pb~!

Channel Efficiency (%) Background Data candidates
fifi 75 0.1 1
ee 65 0.5 1
TT 55 5.1 4
s 60 1.0 0
a 60 1.2 2
] 65 0.6 1

mass, in order to select hadronic tau decays. They must
be acoplanar, acollinear and their energies must be in the
range allowed by the signal kinematic properties. These
cuts reject most of the £¢(v) background. The kinematic
cuts are also effective against WW and Wer backgrounds
where the W decays leptonically. Since two other leptons
(soft for small x-f mass difference) are expected in the
signal topology at least one additional lepton is required
in the selection. If the charges of the two most energetic
leptons are not equal, the acoplanarity and the kinematic
cuts are tightened.

The performance of the different analyses is listed in
Table 2. The efficiencies refer to a mass difference between
the neutralino and the slepton of 5 GeV /c? and to a neu-
tralino mass of 90 GeV /2. The energy spectra of the most
and of the second most energetic lepton for the differ-
ent topologies, after some preselection cuts, are shown in
Fig. 4.

The systematic uncertainty on the selection efficiency
is studied by checking the main selection variables (lep-
ton identification and isolation, acoplanarity, acollinearity,
etc.) on leptonic samples selected from the data. A total
systematic uncertainty of 2% is evaluated for all the vari-
ables related to the lepton identification. It is found that
in about 8% of the random triggers there is an energy
deposit within the 12° cone around the beam line. The
selection efficiency is reduced by this amount. The sys-
tematics uncertainty on the background is estimated to
be 2% dominated by the uncertainty on the lepton iden-
tification.

The neutralino to slepton cascade analyses are applied
to the data collected at 188.6 GeV and the number of
selected candidates is reported in Table 2. No excess is
observed, hence limits on the production cross section for
the different topologies are derived. The limits are between
30 and 90 fb, where the worst limit is obtained for the 77
topology. In the evaluation of the limits the background
has been subtracted in the basis of method [10].

These cross section upper limits can be translated into
exclusions in the neutralino-slepton mass plane, as shown
in Sect. 4, once some model dependent assumptions are
made.



The ALEPH Collaboration: Search for gauge mediated SUSY breaking topologies at /s ~ 189 GeV 79

50 50
3 a) ALEPH 3 "1p) ALEPH
O O
o o
— —
> 40 > 40
Z Z
30+ 301
20 201
1oa+ 10]
0 T T T T O T T T T
0 20 40 60 80 100 0 20 40 60 80 100
E(lepton max) GeV E(lepton min) GeV
25 25
% {0 ALEPH 3 "1 d) ALEPH
O )
o o
i —
= 20 > 20
Z Z
15 15
Fig. 4a—d. The energy
10 104 spectra for the most and the
second most energetic lepton
are shown in Figs. a and b
for the €é, i1 and [ifi topolo-
5 5 gies after preselection cuts.
The same distributions for
the 77, 7t and 7€ topolo-
gies are shown in Figs. ¢ and
d. The histograms represent
0 - ; ; ; ———t 0 ‘ ‘ ‘ ; = the Monte Carlo SM back-
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120

E(tau-jet max) GeV

The search for the cascade decay x — 77 — 77G
allows the extension of the 7 mass lower limit, in the 7
NLSP scenario, up to 84 GeV /c? if the y is lighter than
87 GeV/c?, the x-7 mass difference is greater than the 7
mass, and the 7 lifetime is negligible. The x field compo-
sition is assumed to be 100% bino and the right-selectron
mass is assumed to be 1.2 times the neutralino one.

ground while the points are

E(tau-jet min) GeV . data

4 Interpretation of the results
in the minimal GMSB model

A scan over the parameter space of a minimal GMSB
model is performed. This model is defined by the follow-
ing set of parameters: A, the universal mass scale of SUSY
particles; N5, the number of messenger pairs; M,css, the
messenger mass scale; tan 0, the ratio between the vac-
uum expectation values of the two Higgs doublets; sign(p),

where 4 is the higgsino mass parameter; and v/F, the
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Table 3. Ranges used in the GMSB parameter scan

Parameter Lower limit Upper limit
Moess 10* GeV 10'? GeV
Mg 1071 GeV 107* GeV

A 10> GeV  min(VF, Momess)
tan 3 1.3 38

N5 1 5

sign (1) -

SUSY breaking scale (which is related to the gravitino
mass by the formula given at the end of this section). As
in SUGRA models the absolute value of u is obtained by
imposing dynamical electroweak symmetry breaking. The
aim of this scan is to understand which topologies con-
tribute to exclude regions in the parameter space, to set a
lower limit on the NLSP mass and on the universal mass
scale A.

In addition to the analyses described in this paper,
results obtained at LEP1 [13,14] are also used to exclude
very low NLSP masses. The searches for the charginos [15]
and sleptons [12] of the minimal supersymmetric extension
of the SM (MSSM) up to 189 GeV are used in this scan
to obtain indirect constraints on the y NLSP mass, when
the neutralino lifetime is very long.

The scan is performed in the ranges specified in Ta-
ble 3. The granularity of the scan is such that more than
107 points in the GMSB parameter space are tested.
Points where the NLSP mass is higher than the beam
energy (94.3 GeV) are not considered (i.e., not excluded).
This scan is not exhaustive, but it covers a large portion of
the allowed range of the minimal GMSB parameter space.
The implication of possible extensions of the scan ranges
is discussed at the end of this section. For each point of
the scan, SUSY particle masses, cross sections, branching
ratios and lifetimes are evaluated by using an interface to
the ISAJET [16] program. All these properties are taken
into account when the possible exclusion of the scanned
point by the ALEPH searches is evaluated. A point in
the minimal GMSB parameter space is considered as ex-
cluded if the most sensitive of the accessible topologies is
excluded at 95 % confidence level.

4.1 Lower limit on the NLSP mass

In the stau NLSP scenario the 95% CL lower limit on Mx
is almost unaffected by the stau mixing and is 67 GeV /c?
for any stau lifetime, over the full scan range.

The validity of the limits obtained in the y NLSP sce-
nario over the parameter space covered by the scan is stud-
ied. For short x lifetimes (¢rnpsp << lgetector) the limit
on the x mass is lowered by about 5 GeV /c? (from 91 to
86 GeV /c?) with respect to the value reported in Sect. 3.1,
where the more restrictive model [9] is assumed. For long x
NLSP lifetimes (¢tnrsp >> Ldetector) the neutralino be-
comes invisible and only indirect exclusions are possible,

ALEPH
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V02 & 68
IoglO(CTX/cm)
Fig. 5. Region excluded at 95 % confidence level in the

logio(cty)-My plane for negative p, N5 = 1, Mpess =
10'2 GeV /c* and tan 8 = 20. The horizontal-dashed region is
excluded by the searches for acoplanar-photons and single pho-
ton. The crossed region is excluded by the MSSM acoplanar-
lepton searches. The vertical-dashed region is excluded by the
MSSM chargino searches

similarly to what happens in the SUGRA LSP determina-
tion [15]. The relationship between the x mass and the ¢
and y* masses can be exploited to put indirect limits on
the x mass using the ALEPH results of the MSSM slep-
ton [12] and chargino [15] searches. An example is shown
in Fig. 5, where the contribution of the MSSM slepton
and chargino searches to the x NLSP exclusion is illus-
trated in the M,-c7nrsp plane (for My,ess = 1012 GeV /2,
tan = 20, N5 = 1 and negative p) together with the
exclusion given by acoplanar photons and single-photon
topologies. A general scan gives a lower limit on M, of
45 GeV /c? for any NLSP lifetime (i.e., for any gravitino
mass). This is also the absolute lower limit on the NLSP
mass obtained in this scan.

The interplay between the different searches for short
NLSP lifetimes in the M, -M; plane is shown in Fig. 6a. It
can be seen that all three analyses (acoplanar ~’s, acopla-
nar 7’s and multi leptons) contribute to exclude some
points in this plane. The same plane for long NLSP life-
times is shown in Fig. 6b. The absolute lower limit on the
NLSP quoted above is visible in this plot.

4.2 Lower limit on A

In the context of this minimal GMSB model, it is rele-
vant to put a lower limit on the parameter A which fixes
the universal mass scale of the SUSY particles. A lower
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limit on the NLSP mass implies a lower limit on this pa-
rameter. The relation between the SUSY particle masses
and A depends on N5, therefore it is interesting to pro-
vide this limit as a function of N5. The excluded region
for the parameter A as a function of tan( is shown in
Fig. 7, for different N5 and different NLSP lifetimes. In
the “short-NLSP-lifetime” scenario the lower limit on A is
about 12 TeV. In the “long-NLSP-lifetime” scenario the
lower limit on A is about 9 TeV and corresponds to the
absolute lower limit on A obtained in the full scan. This
limit occurs for N5 = 5, Mess = 10*2 GeV /c?, tan 3 in
the range 1.5-20 and a large gravitino mass (stable NLSP).
For values of tan 3 larger than 20 the stau becomes the
NLSP and the lower limit on A is improved thanks to the
search for long-lived staus. At this point the x is the NLSP

1000 0
7

tanf3

and has a mass of about 60 GeV /c?; the next-to-NLSP
is the 7 with a mass of about 72 GeV /c? and the MSSM
stau searches are not able to exclude this point. All other
SUSY particles are above threshold. The lower limit on A
as a function of N5 (for any lifetime) is shown in Fig. 8a.
The final result of the scan is that the limit A > 9 TeV
can be derived.

It should be stressed that the range of parameter space
over which this limit holds is reasonably large but not
exhaustive. An increase in the tan 4 scan range would not
change this result, because for values of tan 3 larger than
38 the 71 mass becomes lower. The only parameters that
can invalidate the lower limit on A are N5 and M,y¢ss. For
larger values of N5 or M,,css, the x and the £ masses are
outside the LEP2 reach for quite modest values of A. As
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Table 4. Selection cuts for the different topologies described
in Sect. 3.2.4. The cuts with the * are applied only to the events
in which the two most energetic leptons have opposite charge

10™ GeV the

lower limit on A goes down to about 5 TeV.

an example it has been observed (with a dedicated scan)

that for values of N5 = 6 and M,,,css

In this scan the MSSM Higgs exclusions reported in
[17] are not used. In the minimal GMSB model, the stop
mixing is expected to be small so the ALEPH Higgs limits

would exclude the region with 1 < tan 8 < 2. This would,
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however, only have a small impact on both the NLSP and

on the A limits presented here.

It is worth mentioning that the lower limit on A pro-
vides an indirect constraint on v/F and therefore on the

gravitino mass. In fact in GMSB models the relation A <

VF is satisfied (this relation is based on the simple as-

sumption of positive messenger masses-squared, as can be

easily derived from [1]). By using this relation and the

equation

longer y lifetime, the non-pointing photon analysis allows
the exclusion of y masses as high as 55 GeV /c? for cry

values smaller than 100 m.

P
2.4 x 108 GeV /c? is the reduced Planck

~F
¢ VM
mass) an indirect lower limit on Mg as a function of N5

M

In the stau NLSP scenario 7 masses lower than 67
GeV /c? are excluded at 95 % C.L., for any values of the

scenario the lower

limit on the slepton mass extends up to 85 GeV /c? (only
s-channel production for the right-selectron is assumed)

stau lifetime. In the slepton co-NLSP

’

where Mp
is derived, as shown in Fig. 8b. The lower limit on v/F of

about 9 TeV implies a lower limit on Mg of 2x1072 eV /2.

(

for any slepton lifetime. The search for the cascade decay

X > TT =TT

7 mass lower

G allows the extension of the
limit, in the 7 NLSP scenario, up to 84 GeV/c? if the

x is lighter than 87 GeV /c?, the -7 mass difference is

A large variety of GMSB topologies have been searched greater than the 7 mass, and the 7 lifetime is negligible.

5 Conclusions

The x field composition is assumed to be 100% bino and
the right-selectron mass is assumed to be 1.2 times the

neutralino one.

for in the 188.6 GeV ALEPH data sample. No evidence

for new physics is found. In the x NLSP scenario a lower
limit of 91 GeV/c? on the NLSP mass is derived at 95
% C.L., assuming the MGM model, described in [9], and

A scan over the parameters of a minimal GMSB model
is performed in order to check the sensitivity of the ALEPH

a short x lifetime. Assuming the same model [9] but for
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Table 5.

Selection cuts applied to the ffi, €€ and € topologies,

described in Sect. 3.2.4, in case the two most energetic leptons have

different charge

Variable i éé €[l
E¢-max(GeV) >8 AND < 85 >9 AND <80  >17 AND <75
E¢—min(GeV) >2 AND < 65 >3.2 AND <60 -
E’yiSO(Gev) - =0 -
E;:(GeV) - >28 AND <60
Acop <171 <171 <172

Table 6. Selection cuts for
the 77 topology described in
Sect. 3.2.4. The first three cuts

Table 7. Selection cuts for the fiT and €7 topologies described
in Sect. 3.2.4

are applied to all the events while Variable AT et
only the second OR the third se-
riesyof cuts must be satisfied by Meor(GeV/c?) >4 >4
the event Ei2//s <0.05 < 0.05
Nen =(4,5,6) =(4,5,6)
Variable 7T N, >1 >1
Applied to all events Er—max(GeV) >21 AND <73  >21 AND <73
Er_min(GeV) <58 <58
Mot ( GeV/C2) >4 Ni—piore >1 >1
B/ < 0.05 Er_min (GeV) >0 AND <26 >0 AND <25
N, =3 Thrust <0.97 <0.97
alternative 1 NH- <2 <2
M(E-7)(GeV /c?) < 85 <85
Nen =(3,4,5,6,7) Mopiss( GeV /c?) >38 >38 AND <170
Thrust < 0.95 Acol <175 <175
Acol <170
Acop <169
M. (GeV/c?) <78
Mmiss(GeV /c?) > 40 universal SUSY mass scale A and an indirect lower limit
Nopot <0 of 2 x 1072eV /c? on the gravitino mass.
Nenro >0
pr1(GeV/c) <40 Acknowledgements. We wish to thank our colleagues in the
pra( GeV /) <15 CERN acceler?,tor div%sions for the successful operation 9f the
LEP storage ring at high energy. We also thank the engineers
alternative 2 and technicians in all our institutions for their support in con-
structing and operating ALEPH. Those of us from non-member
|Charge(m1 + 72) | <2 states thank CERN for its hospitality. We also thank Sandro
N.n =(4,5,6,7) Ambrosanio for the many fruitful discussions concerning the
Acol <174 GMSB models
Acop <174
f}“}év & D Appendix x — 2¢ — £¢G selection cuts

results to the assumptions made in deriving exclusions
and to show the interplay of the different analyses in cov-
ering the accessible GMSB parameter space. This scan
provides a lower limit of 45GeV /c? on the NLSP mass
(for any NLSP lifetime), a lower limit of 9 TeV on the

In this appendix the cuts used by the cascade slepton anal-
yses, described in Sect. 3.2.4, are given in detail. The vari-
ables used are the same as those defined in the previously
published slepton paper [5].
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Anti-~~y preselection

The following anti-yy preselection cuts applied to all the
four-lepton analyses:

— P /5 > 0.05 08 ((| Pumiss—90 |= 15 0T | dmiss—270 |=
15) and p, /+/s > 0.075)

— Gdef > 5° or Ogeqrr > 15°

— Enn/Eror < 0.30 0r (Enp/Eror < 0.45 and p1 unn//5 >
0.03)

— | cos Omiss| < 0.95

The cut variables are defined as follows: p is the trans-
verse momentum of the event, /s is the centre-of-mass en-
ergy, Gmiss is the azimutal direction of the missing momen-
tum, Oq;rr and Oscqee are two variables associated to the
~7v kinematic hypothesis, E,,;, is the reconstructed neutral-
hadron energy, E;,; is the total energy of the event, p| nnn
is the transverse momentum of the event evaluated with-
out the neutral hadrons and 6,4 is the polar angle of the
missing momentum.

ee, g and e selections

The same muon and electron identification as described
in the MSSM scalar paper [5] is applied here. After the
preselection the cuts listed in Table 4 are applied to the
three topologies that do not involve taus in the final state.

After these cuts the charge of the two most energetic
leptons is checked. If the two most energetic leptons have
equal charges, no further selection is needed (except for
the éé€ selection, in which the energy of the most energetic
lepton is required to be smaller than 90 GeV) because
the Standard Model background is reduced to a very low
level. Otherwise the selection criteria listed in Table 5 are
applied.

The variables listed in the tables are defined as fol-
lows: M;, is the invariant mass of the event, N, is the
number of tracks and Ny is the number of identified lep-
tons. In the €€ selection at least three electrons and in
the fij1 selection at least three muons are required. In the
é/1 selection one of the two most energetic track must be
identified as an electron and the other as a muon. Further-
more not more than two leptons of the same type are ac-
cepted. The Eq5 variable is the total energy reconstructed
in a 12° cone around the beam line, AcopT is the trans-
verse acoplanarity of the two most energetic leptons, E3g
is the total energy reconstructed in a 30° cone around the
beam line, Ey_nax (min) is the energy of the first (sec-
ond) most energetic lepton in the event. E_iso Is the total
energy of isolated photons, E;; the energy of the most en-
ergetic track and Acop is the angle between the two most
energetic leptons in space.

77T, T and eT selections

After the preselection further selection cuts are applied.
The cuts for the 77 topology are described in Table 6 while

the cuts for mixed topologies involving one 7 are listed in
Table 7.

For the 77 selection the event must contain at least
three jets (JADE algorithm with y.,; = 0.001) with an
invariant mass smaller than 6 GeV /c?. Subsequently the
two most energetic jets with a mass smaller than 2 GeV /c?
and either one or three charged tracks are considered (as
jet 1 and 2). The definition of the reconstructed tau is
given in the slepton paper [5].

The definition of the variables used in Tables 6 and 7
are the following: Acol is the acollinearity of the two most
energetic taus, Acop is their acoplanarity, M., is the in-
variant mass of the two most energetic taus, M,,;ss is the
missing mass of the event, N1 2 is the number of charged
tracks in the two most energetic tau jets, p,1,2 is the mo-
mentum of jet 1 or 2, |Charge(r; + 72) | is the sum of
the reconstructed charges of the tracks in jets 1 and 2,
E;_Mmax (min) is the energy of the first (second) most
energetic tau of the event, NH, is the number of neutral
hadrons reconstructed in the tau jet and M(E-7) is the
invariant mass of the event once the most energetic tau
jet has been removed.
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