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Abstract

An update of the search for sleptons, neutralinos and charginos in the context of scenarios where the lightest supersymmetric
particle is the gravitino and the next-to-lightest supersymmetric particle is a slepton, is presented, together with the update of
the search for heavy stable charged particles in light gravitino scenarios and Minimal Supersymmetric Standard Models. Data
collected in 1999 with the DELPHI detector at centre-of-mass energies around 192, 196, 200 and 202 GeV were analysed.
No evidence for the production of these supersymmetric particles was found. Hence, new mass limits were derived at 95%
confidence leveld 2001 Published by Elsevier Science B.V.
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1. Introduction In this work the results of the searches reported
in [13] are updated and the search for charginos is
In 1999, the centre-of-mass energies reached by extended to the sleptons co-NLSP scenario. Moreover,
LEP ranged from 192 GeV to 202 GeV, and the the update of the search for heavy stable charged
DELPHI experiment collected an integrated luminosi- particles presented in [14] is also performed. Heavy
ty of 228.2 pb!. These data were analysed to update Stable charged particles are predicted not only in
the searches for sleptons, neutralinos and charginosGMSB models but also in Minimal Supersymmetric
in the context of Gauge Mediated Supersymmetry Standard Models (MSSM) with a very small amount

Breaking (GMSB) models [1,2] already performed at Of R-parity violation, or with R-parity conservation if
the mass difference between the LSP and the NLSP
becomes very small. In these models the LSP can
be a charged slepton or a squark and decay with
a long lifetime into Standard Model particles [15].
Therefore, updated lower mass limits on heavy stable

lower energies. ~

In these models the gravitind, is the lightest
supersymmetric particle (LSP) and the next-to-lightest
supersymmetric particle (NLSP) can be either the
neutralino, X1a or the sleptons] [3-7]. The data

were analysed under the assumption that the NLSP ischarged particles, under the assumption that the LSP

a slepton. Depending on the magnitude of the mixing
between the left and right gauge eigenstatgsand
T, there are two possible scenarios. If the mixing is
large,® 71 (the lighter mass eigenstate) is the NLSP.
However, if the mixing is negligiblet; is mainly

right-handed [8] and almost mass degenerate with the

other sleptons. In this case, the and{ir three-body
decay [ — 17l with 71 — TG) is very suppressed,
andér andjir decay directly into®. This scenario is
called sleptons co-NLSP. ~

Due to the coupling of the NLSP 18, the mean de-
cay length,L, of the NLSP can range from microm-

eters to meters depending on the mass of the grav-

itino [9] (mg):

E’~ 2
L=176x103 (-') — 1(
my
(

For example, formg < 250 eV/c?, or equivalently,
for a SUSY breaking scale af F < 1000 TeV (since

my -5
100 GeV/c?

2
G
Yom

leV/c

1)

is a charged slepton, will be provided in this Letter
within both models, GMSB and MSSM.

The first search looks for the productionxﬁ’f pairs
in the Ty NLSP scenario

efe” - ) — T 5 e TG (2)
and in the sleptons co-NLSP scenario
efe” - X% - T~ = IFGITI*GI-  (3)

with | = e, y, T and BRE? — TI) = 1/3 for each
leptonic flavour. In the former case, neutralino pair
production would mainly lead to a final state with four
tau leptons and two gravitinos, while in the case of
a co-NLSP scenario, the final signature would contain
two pairs of leptons with possibly different flavour and
two gravitinos.

The second search conceingair production fol-
lowed by the decay of each slepton into a lepton and
a gravitino:
ete” > T~ > ITGIG.

(4)
This search has been performed within theNLSP

both parameters are related [10]), the decay of a NLSP scenario (= 1) and the sleptons co-NLSP scenario

with mass greater than for example 60 Ge¥ can
take place within the detector. This range ¥ is

in fact consistent with astrophysical and cosmological
considerations [11,12].

3 In GMSB models large mixing occurs generally in regions
of tang > 10 (the ratio of the vacuum expectation values of the
two Higgs doublets) ofu| > 500 Ge\//c2 (n is the Higgs mass
parameter).

(1 =1R). The signature of these events will depend on
the mean decay length of the NLSP, or equivalently, on
the gravitino mass. Therefore, if the decay length is too
short (1 eVe? <mg < 10 eV/e?) to allow the recon-
struction of the slepton, only the corresponding lepton
or its decay products will be seen in the detector, and
the search will then be based on the track impact para-
meter. If the slepton decays inside the tracking devices
(10 eV/c? < mg < 1000 eV/c?), the signature will be
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at least one track of a charged particle with a kink  The progranSUSYGEN [21] was used to generate
or a decay vertex. However, for very heavy graviti- neutralino pair events and their subsequent decay
nos (ng 2, 1000 eV/c?), the decay length is large and  products. In order to compute detection efficiencies,
the slepton decays outside the detector. The pair pro-a total of 90000 events were generated with masses
duction of such long-lived or stable particles yields 67 GeV/c? < me, + 2 GeV/c? < msgo <4/s/2 and at
a characteristic signature with typically two back-to- the four centre-of-mass energies.
back charged heavy objects in the detector. Finally,  Slepton pair samples of 99000 and 76 500 events
for very light gravitino massesiz < 1 eV/c?), the at 196 GeV and 202 GeV centre-of-mass energies
decay takes place in the primary vertex and the re- respectively were produced Wi THI A 5. 7 4[19]
sults from the search for sleptons in gravity mediated with staus having a mean decay length from 0.25 to
(MSUGRA) models can be applied [16]. 200 cm and masses from 40 to 100 Ge% Other

In the parameter space where the sleptons are thesamples oft pairs were produced wittBBUSYGEN
NLSP, there are specific regions where the chargino is for the small impact parameter search with from
light enough to be produced at LEP [5]. Therefore, the 40 GeV/c? to 100 GeV/c2.
third search looks for the pair production of lightest For the search for heavy stable charged particles,
charginos in the&; NLSP scenario signal efficiencies were estimated on the basis of about
50000 simulated events. Pair produced heavy smuons

Fa _y oto— . at A +&, G
e'e > X1Xy > Ty vty Ve = T Guet Gur  (9) were generated at energies between 192 GeV and

and sleptons co-NLSP scenario 202 GeV with SUSYGEN, and passed through the
detector simulation as heavy muons. The efficiencies

ee” = i xy = Ikvlg vy — 1TGul~Gvy.  (6) were estimated for masses between 10 Gé\and
97.5 GeV/c2. 1000 events were generated per mass

The analysis is divided into four topologies accord-

ing to the mean lifetime of the slepton as explained SUSYGEN was also used to gener@t% pair pro-

in. the previous paragraph:' two .aCOP'a’?ar leptons duction samples and their decays at 192 GeV and
with respect to the beam pipe with missing energy 202 GeV centre-of-mass energies. In order to com-

(MSUGRA models), at_ least one track with large im- pute detection efficiencies, a total of 45 samples with
o el o Kk O o 51 1 ACK SO 500 vents ach were genraed il at 1, 100
. 2 2
The data samples are described in Section 2. The and 1000 eVe ’m“; 0.3 Gevye . St S Vs/2
efficiencies of the different selection criteria and the @ndmz, > 65 GeV/c®. Samples with smalleam =
number of events selected in data and in the Standard”'x; — 7, Were not generated because in this region
Model background are reported in Section 3. Finally, thexj does not decay mainly t& andv, but into W
the results are presented in Section 4. andG.
The background process e~ — qg(ny) was gen-
erated withPYTHI A 6. 125, while KORALZ 4. 2
2. Data sample and event generators [22] was used fou™ ™ (y) andt™ T (y). The gener-
atorBHW DE [23] was used foree™ — ete™ events.
All searches are based on data collected with Processes leading to four-fermion final states were

the DELPHI detector during 1999 at centre-of-mass generated using EXCALI BUR 1.08 [24] and
energies around 192, 196, 200 and 202 GeV. The GRCAF [25].
total integrated luminosity was 228.2 pb A detailed Two-photon interactions leading to hadronic final
description of the DELPHI detector can be found in states were generated usif@OGAM [26], including
[17] and the detector performance in [18].

To eyalugte the signal efficiencies and packground "4 Another two samples of 1000 events with; — 60 GeV/c2
contamination, events were generated using different and mean decay lengths of 5 and 50 cm, were generated using

programs, all relying odETSET 7. 4 [19], tuned to SUSYGEN to cross check with théYTHI A results. The same
LEP 1 data [20] for quark fragmentation. efficiencies were found within #2% difference.

point.
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the VDM, QPM and QCD components. The genera- 3.2.1. Search for secondary vertices ~
tors of Berends, Daverveldt and Kleiss [27] were used ~ This analysis exploits a feature of tHe— IG
for the leptonic final states. topology when the slepton decays inside the tracking
The cosmic radiation background was studied using devices, namely, one or two tracks originating from
the data collected before the beginning of the 1998 the interaction point and at least one of them with
LEP run. a secondary vertex or a kink. After applying the
The generated signal and background events wereselection criteria to search for this topology, two events
passed through the detailed simulation [18] of the in real data were found to satisfy all the requirements,
DELPHI detector and then processed with the same while 0.79f8€§were expected from SM backgrounds.
reconstruction and analysis programs used for real One event was compatible withyay — tHt~ with
data. a hadronic interaction in the Inner detector. The other
one was compatible with 8@~ — tr1~ eventwhere
one of the electrons (a decay product of thg

3. Data selection after radiating a photon, was reconstructed as two
independent tracks.
3.1. Neutralino pair production The secondary vertex reconstruction procedure was

sensitive to radial decay lengthR, between 20 cm

The selection criteria used in the search for neu- and 90 cm. The Vertex detector and the Inner detector
tralino pair production in thec; NLSP scenario and  were needed to reconstruct thand the Time Projec-
in the sleptons co-NLSP scenario, were described in tion Chamber to reconstruct the decay products. The
detail in [13,28]. The main two differences between shape of the efficiency distribution was essentially flat
these two cases are that the mean number of neutrinosas a function o® decreasing when thedecayed near
carrying away undetected energy and momentum andthe outer surface of the Time Projection Chamber. The
the number of charged particles per event are consid- decrease was due to inefficiencies in the reconstruction
erably bigger for th&1 NLSP scenario. of the tracks coming from the decay products ofthe

After applying the selection criteria to the search The search for events with secondary vertices had an
for these topologies, six events passed the search forefficiency of (528 & 2.0)% for T with masses between
neutralino pair production in thé; NLSP scenario, 40 and 100 GeYc?, with a mean decay length of
with 3.36 + 0.98 Standard Model (SM) background 50 cm.
events expected. Four events passed the search for The same selection criteria were applied to smuons
neutralino pair production in the sleptons co-NLSP and selectrons. The efficiency was (56 2.0)% for
scenario, with 89+ 0.51 SM background events  m, between 40 to 100 Ge\?, and for selectrons it
expected. Efficiencies between 20% and 44% were was (381 £ 2.0)% in the same range of masses. The

obtained for the signal events. efficiency for selectrons was lower than for staus or
smuons due to an upper cut on total electromagnetic
3.2. Slepton pair production energy at the preselection level.

This section describes the update of the search for 3.2.2. Large impact parameter search
slepton pair production as a function of the mean  To investigate the region of lower gravitino masses
decay length. The details of the selection criteria used the previous search was extended to the case of
to search for the topologies obtained when the NLSP sleptons with mean decay length between 0.25 cm
decays inside the detector volume were described and approximately 10 cm. In this case thés not
in [13,28,29]. Likewise, the selection criteria used reconstructed and only the | (or the decay products
to search for heavy stable charged particles were in the case oft) is detected. The impact parameter
described in detail in [14,30]. The efficiencies were search was only applied to those events accepted by
derived for differenl masses and decay lengths by the same general requirements as in the search for
applying the same selection to the simulated signal secondary vertices, and not selected by the secondary
events. vertex analysis.
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The maximum efficiency was (31+ 2.0)% corre- measured owing to its limited length, further require-
sponding to a mean decay length of 2.5 cm. The effi- ments on the track quality were applied only to the
ciency decreased sharply for lower decay lengths due leading track with the larger impact parameter. This
to the requirement on minimum impact parameter. For particle was required to have a relative momentum er-
longer decay lengths, the appearance of reconstructedor < 30% and the track to be measured at least either
T in combination with the cut on the maximum number in the Time Projection Chamber or in all of the other
of charged particles in the event caused the efficiency three track detectors in the barrel (Vertex detector, In-
to decrease smoothly. This decrease is compensated byher detector and Outer detector).
arising efficiency in the search for secondary vertices. The efficiency of the search did not show any
For masses above 40 Gg# no dependence on the significant dependence on tfienass for masses over
mass was found far from the kinematic limit. 40 GeV/c? and it could be parameterized as a function

The same selection was applied to smuons and of the T decay length in the laboratory system. The
selectrons. For smuons the efficiency increased to maximum efficiency was- 38% for a mean decay
(60.0+ 2.0)% for a mean decay length of 2.5 cm and length of ~ 2 cm; the efficiency dropped at small
masses over 40 Ge\? since the smuon always has decay lengths+ 10% at 0.6 mm).

a one-prong decay. For selectrons the efficiency was The same selection criteria were used to search for
(36.3 &+ 2.0)% for the same mean decay length and smuons as reported in [13]. The maximum efficiency
range of masses. reached for the smuon search wa€l3% at~ 2 cm

Trigger efficiencies were studied simulating the mean decay length. To search for selectrons, in order
DELPHI trigger response to the events selected by to increase efficiency, the cQE; + E2) < 0.7 Epeam
the vertex search and by the large impact parameter(whereE, E> are the electromagnetic energy deposits
analysis, and were found to be around 99%. associated to the leading tracks) was not applied.

Two events in the real data sample were selected, The Bhabha events that survived the selection, when
while 1.77f8:§? were expected from SM backgrounds. the previous rejection cut was not applied, were
Both events are compatible withe™ — 1+t~ events those where at least one of the electrons under-
where one of the electrons (a decay product ofthe  went a secondary interaction, thus acquiring a large
after radiating a photon, was reconstructed only by the impact parameter. However, it was found that in these
Inner detector and Time Projection Chamber detectors cases the measured momentum of the electron was

giving a very large impact parameter track. smaller than the electromagnetic energy deposition
around the electron track. Therefore, the @ttt/ p1 +
3.2.3. Small impact parameter search E>/p2) < 2.2 was used for the selectron search. The

The large impact parameter search can be extendedmaximum efficiency reached in the selectron search
further to mean decay lengths below 0.1 cm. Here was~ 35% at~ 2 cm mean decay length.
or_1|y the main points_ of the analysis and some changes Requiring b§+b§ ~ 600 um, the number of
with respect to previous ones are recalled. In low mul-
tiplicity events two hemispheres were defined using
the thrust axis. The highest momentum, good qual-
ity (Ap/p < 50%), particle tracks in each hemisphere
were labelled leading tracks. The impact parameters
from the beam spot;; andb», of the leading tracks
in the R¢ plane were used to discriminate against SM
backgrounds. The same selection criteria described in3.2.4. Heavy stable charged particle search
Refs. [13,28] were applied. However, some extra se- The analysis described in [14] has been applied for
lection was added in order to reduce the background each of the four centre-of-mass energies 192, 196, 200
from detector noise or failure. and 202 GeV. A careful run selection ensured that the
In order to preserve the efficiency in the region of Ring Imaging CHerenkov (RICH) detectors were fully
decay lengthy, 10 cm, where thé& can be observed as  operational because the method used to identify heavy
a particle coming from the primary vertex and badly stable particles relies on the lack of Cherenkov ra-

events selected in the data was 5 inftend|i search,
and 4 in thegé search, while ®5+ 0.39 events were
expected from the SM background in both searches.
All of the selected candidates were compatible with
SM events.
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Table 1 5 0E

Luminosities analysed and selected events for each of the four % § : (o) z ~§as RICH and TPC
centre-of-mass energies in the search for heavy stable charged% 7E > %

particles g 2 3

Vs 192GeV 196 GeV  200GeV 202 GeV g ;t —

£ (pb~1) 26.3 69.7 87.1 40.4 2E P -

Background (124004 0184004 Q314006 Q14003 1 ST B L
Observed 0 0 0 0 5.0 15. 45. 135.

momentum (GeV/c)

diation in DELPHI's RICH detectors. The luminosi-
ties analysed after the run selection are shown in Ta-
ble 1. Signal efficiencies were estimated from Monte
Carlo by simulating heavy sleptons wiBUSYGEN

and passing them through the detector simulation as
heavy muons. The background given in Table 1 was

os £ (®) Gas and Liquid RICH

Cherenkov angle liquid (rad)

estimated from data itself by counting the number of ; - ;0 - 12 - 4; "

tracks passing the individual selection criteria. Only momentum (GeV/c)
events with two or three charged particles were con-
sidered. Events were selected, if they contained at least
one charged particle with:

135.

Fig. 1. (a) Normalised energy loss as a function of the momentum
after the gas veto for the 202 GeV data. (b) Measured Cherenkov
angle in the liquid radiator as a function of the momentum after

(1) a momentum above 5 GeV, a high ionization the gas veto: if four photons or less were observed in the liquid

loss and no photons in the gas radiator were radiatqr, the (_:hgrenkov ang_le was set equal to zero. Th_e rectangular
associated to the particle (gas veto) or areas in (a) indicate selections (1) and (2), and that in (b) shows
AR selection (3). The selection criteria are explained in the text. Open
(2) a momentum above 15 Gg¥, an ionization loss circles are data. The small filled circles indicate the expectation for a
at least 0.3 below the expectation for a proton and 90 GeV/c? mass signal with chargee, resulting in a large H/dx
surviving the gas veto or, (upper plot) and no photons (except for a few accidental rings) in the

(3) a momentum above 15 Gg¥, surviving the gas liquid Cherenkov counter (lower plot). The solid lines with a mass
and the liquid RICH veto ' signal value indicate the expectation for heavy stable sleptons.

An event was also selected if both event hemispheres
contained particles with both either a high ionization cays at the vertex and the final state is two acoplanar
loss or a gas veto, or both having a low ionization loss. leptons with missing energy. In this case the search
No candidate events were selected in data. As an ex-for charginos and for sleptons in gravity mediated
ample, Fig. 1 show the data and the three main searchscenarios (MSUGRA) can be applied. The details of
windows for the search at an energy of 202 GeV. the search for charginos in MSUGRA models can be
The expectation for a 90 Ge¥? mass signal is also  found in [31]. The efficiencies obtained using these
shown. For particle masses below 60 Ge¥/the sig- analyses were 13—-36% for the NLSP scenario and
nal efficiencies are of the order of 30%, and rise with 15-29% for the sleptons co-NLSP scenario. The num-
increasing mass to about 78%. Then the efficiency ber of selected events in data was 39, while the back-
drops when approaching the kinematical limit due to ground expected from SM was 5B"533 for the %1
saturation effects, and it is assumed to be zero at theNLSP scenario. For the sleptons co-NLSP scenario

kinematical limit. the number of candidates in data was 81, while the
number of events expected from SM was7/¢ 3.9.
3.3. Chargino pair production Formg between 1 eYc? and 1000 eYc?, )21: has in-

termediate mean decay lengths and the final topolo-

The search for the lightest chargino depends on gies are events with kinks or large impact parameter

the slepton lifetime, or equivalently on the gravitino tracks. The efficiencies obtained with these analyses
mass as already stated. Fog < 1 eV/c?, Xi de- were 25-56% in th&, NLSP scenario, and 41-56%
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in the sleptons co-NLSP scenario. Four events in real of the searches at lower centre-of-mass energies with

data were found to satisfy all the conditions required the likelihood ratio method [32].

in the search for charginos with intermediate mean

decay lengths, While.26f8:§i31 events were expected 4.1. Neutralino pair production

from SM backgrounds. These results apply to both

scenariost; NLSP and sleptons co-NLSP, since the Limits for neutralino pair production cross section

same selection criteria were applied to search for staus,were derived in thefty NLSP and sleptons co-NLSP

smuons and selectrons. scenarios for eachm(i(l;,mi) combination. For the
Finally, for mg > 1000 eV/c® the event topology %, NLSP case, the combination took into account

is at least one track corresponding to a very massive the results from the LEP runs from 1996 (fofs >

stable charged particle. Therefore the search for sta-161 Gev) to 1999. The limits for the production

ble charged particles was applied. In this case the ef- ¢ross section allowed some sectors of the . m;)

ficiency is mainly affected by the momentum of the g,5:6 1o pe excluded. In order to exclude as much

slepton because the method used to identify heavy sta-, o possible of the mass plane, the results from two

ble particles relies on the lack of Cherenkov radiation i ar analyses were taken into account. The first is

in DELPHI's RICH detectors as already stated in Sec- g saarch for slepton pair production in the context of

tion 3.2.4. To remove SM backgrounds, low momen- \isyGRA models. In the case where the MSUGRA
tum particles are removed, thus reducing the efficiency >~<c1> is massless, the kinematics correspond to the case

for higher chargino masses, especially in the region of  decaying into a lepton and a gravitino. The second
where the mass differenceé\(z) between the NLSP . ying a'ep 9 L S
is the search for lightest neutralino pair production in

and the LSP is small. Therefore for this analysis the . -0 <
efficiencies vary from 0% forAm = 300 MeV/c? to the region of the mass space Whgqu th? NL.SP [33.]
(the region above the diagonal line in Fig. 2, i.e.,

62% for Am = 20 GeV/c2. No candidates in the data
passed the selection cuts, while7D+ 0.09 events

were expected from background. ;‘- 100 ] %-mo ' N
?’_95 : ?’_95 ’ig GY _;

) 15 w0 3

4. Resultsand interpretation 8 85 / E
Since there was no evidence for a signal above :: /% :Z ///////% 1
the expected background, the number of candidates in //%////Z TR /’//////////; :
data and the expected number of background events ™ s w0 a0 T s % 1w
were used to set limits at the 95% confidence level _ e mzp (GeVie?)
(CL) on the pair production cross section and masses £ wop '_'*'—; £ 100 \ \ '_'4'-;
of the sparticles searched for. The model described in £ _qs T1C NR '3
Ref. [4] was used to derive limits within the GMSB &, EC A E
scenarios. This model assumes radiatively broken _ 1 E
electroweak symmetry and null trilinear couplings at / E / 3
the messenger scale. The corresponding parametel 8': ////%f E :: ///% E
space was scanned as follows<ln < 4, 5 TeV< ' ///////////g = ///////%m

80 8 92

9 100 70 0 100
m=0 (GeVje2) m:0 (GeVye2)
X1 X1

A<90TeV,11< M/A <10°, 1.1< tang < 50, and N
sign(u) = +1, wheren is the number of messenger
generations in the mode} is the ratio between the
vacuum expectation values of the auxiliary component i 1

. . ms, plane forn =1 to 4, using all data from 161 GeV to 202 GeV
and the scalar component of the superfield ahds cenltre-of-mass energies. The positive-slope dashed area is excluded

the messenger mass scale. The pargmgters tamd by this analysis. The negative-slope dashed area is excluded by the
w are defined as for MSUGRA. The limits presented search foit{ — vG, and the point-hatched area by the direct search

here are av_ =202 GeV after combining the results  for stau-pair production in the MSUGRA framework.

Fig. 2. Areas excluded at 95% CL withs < 1 eV/c? in them .o vs
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me, > mkf{)' Within this zone, the neutralino decays experimental limits are the ones corresponding to the

into a gravitino and a photon. search for selectrons in MSUGRA models.
As an illustration, Fig. 2 presents the 95% CL  Assuming mass degeneracy between the sleptons,
excluded areas fong < 1 eV/c? in the msgo VS mg, (Fig. 3d), these searches extended the litgit>

plane for thet; NLSP. The negative-slope dashed area 80 GeV/c? set by MSUGRA searches [126] for very
is excluded by the analysis searching for neutralino SOt NLSP lifetimes, up teig = 700 eV/c*. For the
pair production followed by the deca}yg N éﬂ/ The MSUC_;R_A case no~ lepton combination exists, SO the
point-hatched area is excluded by the direct search for P€St limit from thefir has been usezd. The maximum
slepton pair production within MSUGRA scenarios. ~ €Xcluded value oin;, = 94 GeV/c* was achieved
for mg = 200 eV/c?. For mg > 700 eV/c? the best
lower mass limit was set by the stable heavy lepton
searchlg masses below 35 Ge2 were excluded by

) ~ LEP1data[34]. In the case bf degeneracy, this limit
The results of the search for slepton pair production improved to 41 GeYc?.

are presented in then(s, m;) plane combining the
two impact parameter searches, the secondary vertex,
analysis and the stable heavy lepton search, and using
all DELPHI data from 130 GeV to 202 GeV centre-of-
mass energies.

The T1 pair production cross section depends on

the mixing in the stau sector. Therefore, in order to o
put limits on the?; mass the mixing angle had to itino mass combining results from all the centre-of-

be fixed. The results presented here correspond to theMass energies from 183 GeV to 202 GeV. Fig. 4 shows
case when there is no mixing between fireand <, , the regions excluded at 95% CL in the: {+, m+,)
thus 71 is a pure right-handed state (Fig. 3a). In the Plane (&) andry, m;_) plane (b). The positive-slope
case which corresponds to a mixing angle which gives areais excluded for all gravitino masses. The negative-
the minimum#; pair production cross section and at slope area is only excluded ferg > 100 eV/c? and

the same time maintains > 0, the given limitwas  the brick area formg 2 1 keV/c?. The areas be-
reduced by~ 1 GeV. Therefore, within thé; NLSP low mz, = 73 GeV/c? (Fig. 4a) and belown;, =
scenario, the impact parameter and secondary vertex80 GeV/c? (Fig. 4b), are excluded by the direct
analyses extended the limitz, > 75 GeV/c? for search for slepton pair production in MSUGRA mod-
mg Sl eV/c?, set by MSUGRA searches [16], up els [16]. The area ofAm < 0.3 GeV/c? is not ex-
tomg =400 eV/c?, reaching the maximum excluded cluded because in this region the charginos do not de-
value ofmz, = 92 GeV/c? for mg = 200 eV/c?. For cay mainly tof; and v, but to W andG. Thus, if

mg > 250 eV/c? the best lower mass limit was setby Am > 0.3 GeV/c?, the chargino mass limits are 95.2,

4.2. Slepton pair production

.3. Chargino pair production

The limits on the chargino pair production cross
section were used to exclude areas within the
(qu,mi) plane for different domains of the grav-

the stable heavy lepton search. 96.8 and 99 GeYc? for mg = 1, 100 and 1000 eX¢?,
Within the sleptons co-NLSP scenario, the cross- respectively, in thet; NLSP scenario. In the slep-
section limits were used to derive lower limits fog tons co-NLSP scenario the limits are 95.2, 98.6 and

(Fig. 3b) andgr (Fig. 3c) masses at 95% CL. Thig 98.6 GeV/c? for mg = 1, 100 and 1000 eXt?, re-

pair production cross section is model independent, spectively. The limit atng =1 eV/c? is also valid
however, thé&g pair production cross sectionis afunc- for smaller masses of the gravitino, because they lead
tion of the GMSB parameters due to the exchange of a to the same final state topologies. The same argu-
)”(8 in the t-channel. Therefore, in order to put limits on  ment is true formg 2 1 keV/c?. The chargino mass
the &g mass, the aforementioned region of the GMSB  limit decreases with decreasimg;, because in sce-
parameter space was scanned and, for each selectromarios with gravitino LSP, small stau masses corre-
mass, the smallest theoretical production cross sec-spond to small sneutrino masses (both are proportional
tion was chosen for comparison with the experimental to A) and hence to smaller production cross sections
limits. For gravitino masses below a few g¢, the due to the destructive interference between the s- and
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Fig. 3. Exclusion regions in therg, mzy) (@), (ng. mpg) (0), (ng, ma) (€) (m(~3,m|~R) (d) planes at 95% CL for the present analyses

combined with the Stable Heavy Lepton (SHL) search and the seardhirfgravity mediated models (MSUGRA), using all DELPHI data
from 130 GeV to 202 GeV centre-of-mass energies. The positive-slope hatched area shows the region excluded by the combination of the
impact parameter and secondary vertex searches. The dashed line shows the expected limits.

t-channels. It should be noticed that within the parame- the lightest chargino of 125 GeV2. However, neu-

ter space covered by this work, the lightest chargino is tralinos were not directly searched for in heavier grav-
at least 40% heavier than the lightest neutralino. Thus, itino mass regions, therefore, a model dependent lower
for gravitino masses up te- 1 eV/c? the search for  limit cannot be set in this case. Thus, the experimental
neutralinos implies a model dependent lower limit on lower limit of 98.6 GeV/¢2 remains valid.
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mg > 100 eV/c? and the brick area fong > 1 keV/c?. The grey 70 & 80 85 %0 %,
area is excluded by the direct search for slepton pair production mﬁ (GeVic ™)

within MSUGRA models.

Fig. 5. Predicted production cross section for left and right-handed
stable smuons (staus) as a function of the particle mass. The
cross-section limit indicated in the figure has been derived using
all DELPHI data between 130 and 202 GeV.

The results presented in Section 3.2.4 were com-

bined with previous DELPHI results in this channel,
and cross-section limits were derived as indicated in ing at the main vertex. The shaded areas are excluded.
Fig. 5. From the intersection points with the predicted The areas below the dashed lines contain points of the
cross sections for smuon or staus in the MSSM, left GMSB parameter space wi&ﬁ NLSP. The areas to
(right) handed smuons and staus can be excluded up tathe right (above for. = 1) of the dashed-dotted lines
masses of 94.0 (93.5) Gg¥? at 95% CL. No limits contain points of the GMSB parameter space where
are given on selectrons here, because the cross sectiosleptons are the NLSP. It can be seen that the region of
can be highly suppressed by an additional t-channel slepton NLSP increases with The contrary occurs to
sneutrino-exchange contribution. the region of neutralino NLSP. A limit could be set for
the variableA at 17.5 TeV.

4.4. Heavy stable charged particle pair production

4.5. Limits on the GMSB parameter space

Finally, all these results can be combined to produce 5. Summary
exclusion plots within the (ta, A) space. The cor-
responding parameter space was scanned as follows: Lightest neutralino, slepton and chargino pair pro-

1<n<45TeV< A<90 TeV, 11 < M/A < 10°, duction were searched for in the context of light grav-
1.1 <tanB <50, and sigiu) = +1. As an example,  itino models. Two possibilities were explored: thg
Fig. 6 shows the zones excluded for= 1 to 4 for NLSP and the sleptons co-NLSP scenarios. No ev-

mg < 1 eV/c2, which corresponds to the NLSP decay- idence for signal production was found. Hence, the



DELPHI Collaboration / Physics Letters B 503 (2001) 34-48

3 «50 7

20

wn
=

tan f§

20F

10F

.I....I....I....I....I\....I....I....I.. lisy

i A I T
20 25 30
A(TeV)

Fig. 6. Shaded areas in the (#4nA) plane are excluded at 95%
CL. The areas below the dashed lines contain points of the GMSB
parameter space witja(l’ NLSP. The areas to the right (above for

n = 1) of the dashed-dotted lines contain points of the GMSB
parameter space were sleptons are the NLSP.

DELPHI collaboration sets lower limits at 95% CL for
the mass of th&J at 86 GeVc? if mg <1 eV/c?,
and lower mass limits for the sleptons in all the grav-
itino mass range. The limit on the chargino mass is
95.2 GeVc? for all mg in both scenariosf; NLSP
and the sleptons co-NLSP.

Finally, mass limits for heavy stable charged par-
ticles were also derived within the MSSM. For these
particles the DELPHI collaboration sets lower mass
limits at 95% CL for the left (right) handed sleptons
at 94.0 (93.5) GeYc2.

Acknowledgements

We are greatly indebted to our technical collabora-
tors, to the members of the CERN-SL Division for the
excellent performance of the LEP collider, and to the
funding agencies for their support in building and op-
erating the DELPHI detector.

We acknowledge in particular the support of Aus-
trian Federal Ministry of Education, Science and
Culture, GZ 616.364/2-111/2a/98; FNRS-FWO, Flan-
ders Institute to encourage scientific and technologi-

47

cal research in the industry (IWT), Belgium; FINEP,
CNPq, CAPES, FUJB and FAPERJ, Brazil; Czech
Ministry of Industry and Trade, GA CR 202/96/0450
and GA AVCR A1010521; Commission of the Eu-
ropean Communities (DG Xll); Direction des Sci-
ences de la Matiére, CEA, France; Bundesminis-
terium fur Bildung, Wissenschaft, Forschung und
Technologie, Germany; General Secretariat for Re-
search and Technology, Greece; National Science
Foundation (NWO) and Foundation for Research on
Matter (FOM), The Netherlands; Norwegian Research
Council; State Committee for Scientific Research,
Poland, 2P03B06015, 2P03B11116 and SPUB/P03/
DZz3/99; INICT-Junta Nacional de Investigag&o Cien-
tifica e Tecnoldgica, Portugal; Vedecka grantova agen-
tura MS SR, Slovakia, Nr. 95/5195/134; Ministry of
Science and Technology of the Republic of Slovenia;
CICYT, Spain, AEN96-1661 and AEN96-1681; The
Swedish Natural Science Research Council; Particle
Physics and Astronomy Research Council, UK; De-
partment of Energy, USA, DE-FG02-94ER40817.

References

[1] M. Dine, W. Fischler, M. Srednicki, Nucl. Phys. B 189 (1981)
575;
S. Dimopoulos, S. Raby, Nucl. Phys. B 192 (1981) 353;
M. Dine, W. Fischler, Phys. Lett. B 110 (1982) 227,
M. Dine, M. Srednicki, Nucl. Phys. B 202 (1982) 238;
L. Alvarez-Gaumé, M. Claudson, M. Wise, Nucl. Phys. B 207
(1982) 96;
C. Nappi, B. Ovrut, Phys. Lett. B 113 (1982) 175.
[2] M. Dine, W. Fischler, Nucl. Phys. B 204 (1982) 346;
S. Dimopoulos, S. Raby, Nucl. Phys. B 219 (1983) 479.

[3] J.A. Bagger, K. Matchev, D.M. Pierce, R. Zhang, Phys.
Rev. D 55 (1997) 3188.

[4] D.A. Dicus, B. Dutta, S. Nandi, Phys. Rev. D 56 (1997) 5748;
D.A. Dicus, B. Dutta, S. Nandi, Phys. Rev. Lett. 78 (1997)
3055.

[5] K. Cheung, D.A. Dicus, B. Dutta, S. Nandi, Phys. Rev. D 58
(1998) 015008.

[6] F. Borzumati, hep-ph/9702307 and WIS/96-50-PH, December
1996.

[7] G.F. Giudice, R. Rattazzi, Phys. Rep. 322 (1999) 419.

[8] A. Bartletal., Z. Phys. C 73 (1997) 469.

[9] S.P. Martin, hep-ph/9709356.

[10] S. Deser, B. Zumino, Phys. Rev. Lett. 38 (1977) 1433;
E. Cremmer et al., Phys. Lett. B 79 (1978) 231.

[11] S. Dimopoulos, M. Dine, S. Raby, S. Thomas, J.D. Wells,
Nucl. Phys. Proc. Suppl. A 52 (1997) 38.



48

[12] E. Calzetta, A. Kandus, F.D. Mazzitelli, C.E.M. Wagner, Phys.
Lett. B 472 (2000) 287.

[13] DELPHI Collaboration, P. Abreu et al., Eur. Phys. J. C 16
(2000) 211.

[14] DELPHI Collaboration, P. Abreu et al., Phys. Lett. B 478
(2000) 65.

[15] H. Dreiner, hep-ph/9707435.

[16] DELPHI Collaboration, P. Abreu et al., CERN EP 2000-134,
to be published on Eur. Phys. J. C.

[17] DELPHI Collaboration, P. Aarnio et al., Nucl. Instrum. Meth-
ods 303 (1991) 233.

[18] DELPHI Collaboration, P. Abreu et al., Nucl. Instrum. Meth-
ods 378 (1996) 57.

[19] T. Sjostrand, Comp. Phys. Commun. 39 (1986) 347,

T. Sjostrand, PYTHI A 5.6 and JETSET 7.3, CERN-
TH/6488-92.

[20] DELPHI Collaboration, P. Abreu et al., Z. Phys. C 73 (1996)
11.

[21] S. Katsanevas, S. Melachroinos, SUSYGEN 2.20, in: Physics
at LEP2, CERN 96-01, Vol. 2, p. 328 and http://lyoinfo.in2p3.
fr/susygen/susygen.html;

S. Katsanevas, P. Moravitz, Comp. Phys. Commun. 122 (1998)
227.

[22] S. Jadach, B.F.L. Ward, Z. Was, Comp. Phys. Commun. 79
(1994) 503.

[23] S. Jadach, W. Placzek, B.F.L. Ward, Phys. Lett. B 390 (1997)
298.

DELPHI Collaboration / Physics Letters B 503 (2001) 34-48

[24] F.A. Berends, R. Pittau, R. Kleiss, Comp. Phys. Commun. 85
(1995) 437.

[25] J. Fujimoto et al., Comp. Phys. Commun. 100 (1997) 128.

[26] S. Nova, A. Olshevski, T. Todorov, CERN Report 96-01,
Vol. 2, p. 224.

[27] F.A. Berends, P.H. Daverveldt, R. Kleiss, Comp. Phys. Com-
mun. 40 (1986) 271;
Comp. Phys. Commun. 40 (1986) 285, Comp. Phys. Com-
mun. 40 (1986) 309.

[28] DELPHI Collaboration, P. Abreu et al., Eur. Phys. J. C 7 (1999)
595.

[29] DELPHI Collaboration, P. Abreu et al., Eur. Phys. J. C 6 (1999)
385.

[30] DELPHI Collaboration, P. Abreu et al., Phys. Lett. B 444
(1998) 491.

[31] DELPHI Collaboration, P. Abreu et al., Phys. Lett. B 479
(2000) 118;
DELPHI Collaboration, P. Abreu et al., Phys. Lett. B 446
(1999) 75.

[32] A.L. Read, Modified frequentist analysis of search results (the
CLs method), CERN 2000-205.

[33] DELPHI Collaboration, P. Abreu et al., Eur. Phys. J. C 17
(2000) 53;
DELPHI Collaboration, P. Abreu et al., Eur. Phys. J. C 6 (1999)
371.

[34] Particle Data Group, Eur. Phys. J. C 15 (2000) 1.



