Available online at www.sciencedirect.com
S(:IEN(:EC;JDIF!EGT®
PHYSICS LETTERS B

" G =
ELSEVIER Physics Letters B 583 (2004) 247—263

www.elsevier.com/locate/physletb

Absolute mass lower limit for the lightest neutralino of the MSSM
from ete™ data at,/s up to 209 GeV

ALEPH Collaboration
A. Heister, S. Schael

Physikalisches Institut das RWTH-Aachen, D-52056 Aachen, Germany

R. Barate, R. Bruneliere, I. De Bonis, D. Decamp, C. Goy, S. Jézéquel, J.-P. Lees,
F. Martin, E. Merle, M.-N. Minard, B. Pietrzyk, B. Trocmé

Laboratoire de Physique des Particules (LAPP)?RQ—CNRS, F-74019 Annecy-le-Vieux cedex, France

S. Bravo, M.P. Casado, M. Chmeissani, J.M. Crespo, E. Fernandez,
M. Fernandez-Bosman, LI. GarridoM. Martinez, A. Pacheco, H. Ruiz

Institut de Fisica d'Altes Energies, Universitat Autdnoma de Barcelona, E-08193 Bellaterra (Barcelona)? Spain

A. Colaleo, D. Creanza, N. De Filippis, M. de Palma, G. laselli, G. Maggi, M. Maggi,
S. Nuzzo, A. Ranieri, G. RasoF. Ruggieri, G. Selvaggi, L. Silvestris, P. Tempesta,
A. Tricomi4, G. Zito

Dipartimento di Fisica, INFN Sezione di Bari, I-70126 Bari, Italy

X. Huang, J. Lin, Q. Ouyang, T. Wang, Y. Xie, R. Xu, S. Xue, J. Zhang, L. Zhang,
W. Zhao

Institute of High Energy Physics, Academia Sinica, Beijing, People’s Republic of €hina

D. Abbaneo, T. Barklow, O. Buchmillef, M. Cattaneo, B. Clerbaux
H. Drevermann, R.W. Forty, M. Frank, F. Gianotti, J.B. Hansen, J. Harvey,
D.E. Hutchcroff, P. Janot, B. Jost, M. KadpP. Mato, A. Moutoussi, F. Ranjard,
L. Rolandi, D. Schlatter, G. Sguazzoni, F. Teubert, A. Valassi, |. Videau

European Laboratory for Particle Physics (CERN), CH-1211 Geneva 23, Switzerland

F. Badaud, S. Dessagne, A. FalvétdD. Fayolle, P. Gay, J. Jousset, B. Michel,
S. Monteil, D. Pallin, J.M. Pascolo, P. Perret

Laboratoire de Physique Corpusculaire, Université Blaise Pasc@PANCNRS, Clermont-Ferrand, F-63177 Aubiére, France

0370-2693/$ — see front mattét 2004 Published by Elsevier B.V.
doi:10.1016/j.physletb.2003.12.066



248 ALEPH Collaboration / Physics Letters B 583 (2004) 247-263

J.D. Hansen, J.R. Hansen, P.H. Hansen, A.C. Kraan, B.S. Nilsson
Niels Bohr Institute, DK-2100 Copenhagen, Denmidrk
A. Kyriakis, C. Markou, E. Simopoulou, A. Vayaki, K. Zachariadou
Nuclear Research Center Demokritos (NRCD), GR-15310 Attiki, Greece
A. Blondel*?, J.-C. Brient, F. Machefert, A. Rougé, H. Videau
Laboratoire Leprince-Ringuet, Ecole Polytechnique?¥CNRS, F-91128 Palaiseau cedex, France
V. Ciulli, E. Focardi, G. Parrini

Dipartimento di Fisica, Universita di Firenze, INFN Sezione di Firenze, 1-50125 Firenze, Italy

A. Antonelli, M. Antonelli, G. Bencivenni, F. Bossi, G. Capon, F. Cerutti, V. Chiarella,
P. Laurelli, G. MannoccH?, G.P. Murtas, L. Passalacqua

Laboratori Nazionali del'INFN (LNF-INFN), 1-00044 Frascati, Italy
J. Kennedy, J.G. Lynch, P. Negus, V. O’'Shea, A.S. Thompson
Department of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, United Kiydom
S. Wasserbaech
Utah Valley State College, Orem, UT 84058, USA

R. Cavanaugh, S. Dhamotharalf, C. Geweniger, P. Hanke, V. Hepp, E.E. Kluge,
A. Putzer, H. Stenzel, K. Tittel, M. Wunséh

Kirchhoff-Institut fir Physik, Universitét Heidelberg, D-69120 Heidelberg, Gern1r§ny

R. Beuselinck, W. Cameron, G. Davies, P.J. Dornan, M. Gitre.D. Hill,
N. Marinelli, J. Nowell, S.A. Rutherford, J.K. Sedgbeer, J.C. Thomp&dR. White

Department of Physics, Imperial College, London SW7 2BZ, United Kin@;ﬂlom

V.M. Ghete, P. Girtler, E. Kneringer, D. Kuhn, G. Rudolph

Institut fur Experimentalphysik, Universitat Innsbruck, A-6020 Innsbruck, Autria

E. Bouhova-Thacker, C.K. Bowdery, D.P. Clarke, G. Ellis, A.J. Finch, F. Foster,
G. Hughes, R.W.L. Jones, M.R. Pearson, N.A. Robertson, M. Smizanska

Department of Physics, University of Lancaster, Lancaster LA1 4YB, United Kin’gﬁjom

O. van der Aa, C. Delaefd G. Leibenguti#®, V. Lemaitre?*

Institut de Physique Nucléaire, Département de Physique, Université Catholique de Louvain, 1348 Louvain-la-Neuve, Belgium



ALEPH Collaboration / Physics Letters B 583 (2004) 247-263 249

U. Blumenschein, F. Hélldorfer, K. Jakobs, F. Kayser, K. Kleinknecht, A.-S. Miiller,
B. Renk, H.-G. Sander, S. Schmeling, H. Wachsmuth, C. Zeitnitz, T. Ziegler

Institut fur Physik, Universitat Mainz, D-55099 Mainz, Germafy
A. Bonissent, P. Coyle, C. Curtil, A. Ealet, D. Fouchez, P. Payre, A. Tilquin
Centre de Physique des Particules de Marseille, Université Méditerrané®3HINRS, F-13288 Marseille, France
F. Ragusa

Dipartimento di Fisica, Universita di Milano e INFN Sezione di Milano, 1-20133 Milano, Italy

A. David, H. Dietl®®, G. Ganig®, K. Hiuttmann, G. Lutjens, W. Mannér, H.-G. Moser,
R. Settles, M. Villegas, G. Wolf

Max-Planck-Institut fur Physik, Werner-Heisenberg-Institut, D-80805 Miinchen, Gerjrﬁany

J. Boucrot, O. Callot, M. Davier, L. Duflot, J.-F. Grivaz, Ph. Heusse,
A. Jacholkowskd’, L. Serin, J.-J. Veillet, J.-B. de Vivie de Rédgfe

Laboratoire de I'Accélérateur Linéaire, Université de Paris-Su®RR-CNRS, F-91898 Orsay cedex, France

P. Azzurri, G. Bagliesi, T. Boccali, L. Foa, A. Giammanco, A. Giassi, F. Ligabue,
A. Messineo, F. Palla, G. Sanguinetti, A. Sciaba, P. Spagnolo, R. Tenchini, A. Venturi,
P.G. Verdini

Dipartimento di Fisica dell’'Universita, INFN Sezione di Pisa, e Scuola Normale Superiore, I-56010 Pisa, Italy

O. Awunor, G.A. Blair, G. Cowan, A. Garcia-Bellido, M.G. Green, T. Medcalf,
A. Misiejuk, J.A. Strong, P. Teixeira-Dias

Department of Physics, Royal Holloway & Bedford New College, University of London, Egham, Surrey TW20 OEX, United ingdom

R.W. CIlifft, T.R. Edgecock, P.R. Norton, I.R. Tomalin, J.J. Ward

Particle Physics Department, Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 OQX, United Kii"l‘bdom

B. Bloch-Devaux, D. Boumediene, P. Colas, B. Fabbro, E. Langcon, M.-C. Lemaire,
E. Locci, P. Perez, J. Rander, B. Tuchming, B. Vallage

CEA, DAPNIA/Service de Physique des Particules, CE-Saclay, F-91191 Gif-sur-Yvette cedexé¥rance

A.M. Litke, G. Taylor
Institute for Particle Physics, University of California at Santa Cruz, Santa Cruz, CA 950643USA
C.N. Booth, S. Cartwright, F. Comblé}; P.N. Hodgson, M. Lehto, L.F. Thompson

Department of Physics, University of Sheffield, Sheffield S3 7RH, United Kifgdom



250 ALEPH Collaboration / Physics Letters B 583 (2004) 247-263

A. Bohrer, S. Brandt, C. Grupen, J. Hess, A. Ngac, G. Prange

Fachbereich Physik, Universitat Siegen, D-57068 Siegen, Gerﬂﬁany

C. Borean, G. Giannini

Dipartimento di Fisica, Universita di Trieste e INFN Sezione di Trieste, 1-34127 Trieste, Italy

H. He, J. Putz, J. Rothberg
Experimental Elementary Particle Physics, University of Washington, Seattle, WA 98195, USA

S.R. Armstrong, K. Berkelman, K. Cranmer, D.P.S. Ferguson, Y.*36& Gonzalez,
0.J. Hayes, H. Hu, S. Jin, J. Kile, P.A. McNamara lll, J. Nielsen, Y.B. Pan,
J.H. von Wimmersperg-Toeller, W. Wiedenmann, J. Wu, Sau Lan Wu, X. Wu,
G. Zobernig

Department of Physics, University of Wisconsin, Madison, WI 53706,33SA

G. Dissertori

Institute for Particle Physics, ETH Honggerberg, 8093 Zirich, Switzerland
Received 27 November 2003; accepted 19 December 2003
Editor: M. Doser

Abstract

Charginos and neutralinos are searched for in the data collected by the ALEPH experiment at LEP for centre-of-mass energies
up to 209 GeV. The negative result of these searches is combined with those from searches for sleptons and Higgs bosons to
derive an absolute lower limit of 43.1 G¢¥ on the mass of the lightest supersymmetric particle (LSP), assumed to be the
lightest neutralino. This limit is obtained in the framework of the MSSM with R-parity conservation and with gaugino and
sfermion mass unification at the GUT scale and assuming no mixing in the stau sector. The LSP limit degrades only slightly
to 42.4 GeVc? if stau mixing is considered. Within the more constrained framework of minimal supergravity, the limit is
50 GeV/c2.
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1. Introduction

In this Letter, the results of the ALEPH searches for
particles predicted by supersymmetry are combined to
set an absolute lower limit on the mass of the lightest
supersymmetric particle (LSP). This limit is obtained
within the framework of the Minimal Supersymmetric
extension of the Standard Model (MSSM) [1] with
R-parity conservation and under the assumption that
the lightest neutralian is the LSP. Furthermore, the
assumption of universal gaugino and sfermion mass
terms at the GUT scale is made. The notations and
conventions for the MSSM parameters are those given
in Ref. [2].

To obtain the results presented here, the published

searches for charginos and neutralinos [2,3] have been

extended to include data taken during the year 2000,

Letters B 583 (2004) 247—263 251

analyses to cover final states not considered previ-
ously. The searches for selectrons, which have already
been published in Ref. [4], have been optimized to in-
crease their sensitivity in the chargino-sneutraoo-
ridor, where the LSP mass limit is set [2]. The pub-
lished results on searches for Higgs bosons [5] as well
as for charginos accompanied by hard initial state ra-
diation [6] have also been included to derive the LSP
mass limit.

The masses of charginos and neutralinos are fully
determined by the universal gaugino mass., the
Higgs-mixing mass termu and targ, the ratio of
vacuum expectation values of the two Higgs dou-
blets. However, both the production cross sections and
the decay branching ratios depend on the sfermion
mass spectrum, which in turn depends on the uni-
versal sfermion massig. In this Letter, and unless

at centre-of-mass energies between 202 and 209 GeVotherwise specified, the effects of Yukawa couplings

These searches have been supplemented by specifi
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{n the renormalization group equations used to de-

rive the sfermion masses at the electroweak scale are
neglected. Chargino (neutralino) pair production in-
volves the exchange of a sneutrino (selectron) ircthe
channel, with destructive (constructive) interference
with the s-channel diagram. Similarly, the decays into
a neutralino and a fermion pair involve slepton and
squark exchange in addition to A& exchange. If mix-

ing effects in the sfermion sector are neglected, as was
done in Refs. [2,3], the lower limit on the mass of the
LSP depends solely on the interplay of four parame-
ters,mgo, my/2, n and targ.

Mixing effects in the sfermion sector are propor-
tional to the corresponding fermion mass via off-
diagonal termsnsas in the sfermion mass matrices,
with a; = As — ptang for down-type squarks and for
sleptons, andis = As — pcotB for up-type squarks,
where As is the trilinear Higgs—sfermion coupling.
These effects can therefore become important for the
third generation, while they are in practice negligible
for the other two generations. In particular, a large
mixing in the stau sector can cause the lighter stau
71 to be light enough to affect the decay patterns of
charginos and neutralinos. The branching ratios of de-
cay topologies that includes increase in this case,
and can even dominate if the two-body decgys—
v, andxd — £t are allowed kinematically.

This possibility, which affects the sensitivity of the
existing searches, and consequently the lower limit
derived on the mass of the LSP, is studied in this Letter
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for the full range of mixing angleg; in the stau sector.
The relation betweed ; andy; is given by:

1 2 —m?
A; = ptang — Etan(zga,)( R

m me
9
mq

wherem;, andm;, are the supersymmetry-breaking

mass terms associated with the two tau chirality states.

The no-mixing case, for whicl; = 7g, corresponds
to ¢ = 0, such that the relatiom; = utang is
fulfilled. The full range ofA; is covered ify; is varied
between-45° and 45.
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year 2000, the optimization of the selectron analysis,
and the specific selections developed to study the ef-
fects of stau mixing are presented in Section 3. The
interpretation of results without and with stau mixing
is given in Section 4, and the interpretation within the
more constrained framework of minimal supergravity
(MSUGRA) is presented in Section 5.

All limits reported in this Letter are given at the
95% confidence level.

2. The ALEPH detector and the data sample

Three new analyses have been developed to address

the above mentioned decays for different values of the

#1—x Y mass differenceAm:

e a search for e~ — Ty~ — v, 7V —
v x2 7. %9, leading to an acoplanar pair of
taus in the final state, appropriate for largen
values;

asearch foree™ — x9%9 — #1790 — 407 x?
(with j = 2, 3, 4) leading to a final state with one
or two detectable taus, depending on the value of
Am;

a search for te~ — X,ng - T1Thit —>
trxdrTy? (with j = 2,3,4) leading to a final
state with two or four detectable taus, depending
on the value ofAm.

The last two analyses have been developed in par-

A thorough description of the ALEPH detector and
of its performance can be found in Refs. [7,8]. Only
a brief summary is given here. Charged particle track-
ing, down to 18 relative to the beam axis, is achieved
by means of a silicon vertex detector, a cylindrical
drift chamber, and a large time projection chamber,
all immersed in a 1.5 T magnetic field provided by
a superconducting solenoidal coil. Hermetic calori-
metric coverage, down to polar angles of 34 mrad, is
achieved by means of a highly granular electromag-
netic calorimeter (ECAL), dedicated low angle lumi-
nosity monitors, and an iron return yoke instrumented
to act as a hadron calorimeter (HCAL). The ECAL
is used to identify electrons and photons by the char-
acteristic longitudinal and transverse developments of
the associated showers, and is supplemented for low
momentum electrons by a measurement of the specific

ticular to cover the region of mass degeneracy betweenenergy loss through ionization in the TPC. The HCAL

the lighter stau and the LSP in the smalj region of

the MSSM parameter space, where the neutralino pro-

duction cross sections are large. For larggrvalues,
the search for charginos accompanied by hard initial
state radiation (ISR), as developed in Ref. [6], is ap-
plied in addition.

provides a measurement of the hadronic energy and,
together with external muon chambers, efficient iden-
tification of muons by their characteristic penetration
pattern.

Global event quantities such as total energy, trans-
verse momentum, or missing energy are determined

In this Letter, stops and sbottoms are assumed to using an energy-flow algorithm which combines all

be too heavy to affect the decay pattern of charginos
and neutralinos. In the MSSM interpretation of the
results, the trilinear couplingd; and Ap are set to
their no-mixing values. However, mixing in the stop

and sbottom sector is appropriately taken into account

in the interpretation of Higgs boson searches.
This Letter is organized as follows. The ALEPH de-

the above measurements into charged particles (elec-
trons, muons, charged hadrons), photons and neutral
hadrons. These are the basic objects used in the selec-
tions presented in this Letter.

The data used for the analyses entering the present
combination were collected at centre-of-mass energies
ranging from 183 to 209 GeV. The corresponding

tector and the data used in the analyses are briefly de-integrated luminosities are given in Table 1, together
scribed in Section 2. The update of standard chargino with the references where the relevant results are
and neutralino searches to include the data from the published.
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Table 1
Integrated luminosities collected between 1997 and 2000, average centre-of-mass energies, and data samples used in the analyses mentioned
the text
Year 1997 1998 1999 2000
/5 (GeV) 1827 1886 1916 1955 1995 2016 2052 2066 2080
L (pb‘l) 56.8 1736 289 798 86.2 420 753 1226 94
ete —» xty~ Ref. [2] Ref. [3] Ref. [3] This Letter
ete" = xtx~"y Ref. [6] Ref. [6] Ref. [6] Ref. [6]
ete™ — XZ.OX;? Ref. [2] Ref. [3] Ref. [3] This Letter
ete” — (i~ Ref. [4], this Letter  Ref. [4], this Letter Ref. [4], this Letter Ref. [4], this Letter
ete” - hz Ref. [5] Ref. [5] Ref. [5] Ref. [5]
Specific searches (for decays into staus)
x> ffu, - This Letter This Letter This Letter
X9 — it - This Letter This Letter This Letter
3. Event sdlections Table 2

Numbers of events observed in the year 2000 dafg,d and
expected from Standard Model background sourcBexg) in

The selection criteria described below have been i :
standard chargino and neutralino searches

optimized using theVgs, prescription [9], which con-
sists in minimizing the upper limit on the signal cross
section expected in the absence of signal processessy
This has been done by applying all selections to fully
simulated Standard Model background samples, gen-
erated as described in Ref. [2] fore — ff, WW,
ZZ,Zee, We, Zvv, and fory y interactions. The sim-

ulation of supersymmetry signal processes has beenfor sSmall AM and by four-fermion processes (mostly
performed with SUSYGEN [10]. WW and We production) for largeAM. These

numbers are displayed in Table 2 for the combination
of analyses optimal for large:g values, for which
only three-body decays occur, and smalj values,
for which leptonic branching fractions are enhanced.
Because ofA M-dependent sliding cuts, each event
contributes to only a limited range af M values.

Neutralino searches
Largemg Smallmg

Nobs Nobs
32.0 1 1.5 82 73.5

Chargino searches
Largemq Smallmg
bs Nexp Nobs
11 111 35

Nexp Nexp Nexp

3.1. Update of chargino and neutralino searches

Chargino and neutralino pair productior,es —
xTx~and €e” — x2x?, has already been searched
for in the ALEPH data up to centre-of-mass energies
of 202 GeV [2,3]. Up to twenty selection algorithms o
had been designed to cover different decay channels3-2. Optimization of the selectron search
as well as different regions of mass differecaf be-
tween the produced chargino or the heavier neutralino  The published searches for selectrons have been
and the LSP. They address final states with four jets, optimized to increase the sensitivity for the LSP mass
two jets and a lepton, acoplanar jets or acoplanar lep- limit. In Ref. [4], the selectron selection uses the
tons, all accompanied by missing energy. The same momenta of the reconstructed charged particle tracks
searches have been applied to the data collected in theto estimate the electron energies. This choice was
year 2000 with an appropriate adjustment of the selec- not critical because, at very largeM, i.e., where
tion criteria according to the increased centre-of-mass the selectron mass limit is set, the signal and the
energy. main background process (W~ — etve~v) have

In all cases, the numbers of events observed are invery similar characteristics. In particular, the amount
agreement with those expected from Standard Model of bremsstrahlung energy lost by the electrons is
background sources, dominated by interactions similar.
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For intermediate values oAM, where the LSP  dependent cuts on the visible momenta of the taus.
mass limit is set, however, the signal electrons are, A comparison between the number of candidate events
on average, less energetic and radiate less energyand the Standard Model expectation is presented in
The discriminating power of the selection is therefore Fig. 1(b) as a function ahm (for AM =50 GeV/c?).
increased by including the neutral energy in a cone  For smaller values ofAm, the taus from the stau
around the charged particle in the lepton energy decays are too soft to be detected and the above final
estimate. The optimized selection has been applied tostate becomes invisible. The analysis has therefore
the data collected in 1999 and 2000. Before applying been supplemented with a search for an energetic
mass-dependent sliding cuts, the event numbers arelSR photon produced in association with the invisibly

identical to the ones reported in Ref. [4]. decaying chargino pair, as described in Ref. [6]. For
Am = 2 GeV/c?, the efficiency of this selection

3.3. Searchfotx~ — ffv,fl‘f)r — ranges from 0.5 to 2.3%, normalized to all chargino

v Qo xf pairs produced, fom + between 90 and 60 Gev/2.

Despite the small efficiency due to the soft ISR

Chargino two-body decays to a stau and a neutrino spectrum, this channel has sensitivity in the SUSY
can be significant for smatkg values or large mixing ~ parameter space whemg—and hence the chargino
in the stau sector. For large values &fn, the mass pair production cross section—is large.
difference between the stau and the lightest neutralino,
the final state consists of an_acoplan_ar pa_ir oftaus. The3 4 padicated searches for neutralino decays into
search for acoplanar tau pairs described in Ref. [4] has ¢, \o
therefore been used. The efficiency depends primarily
on Am, while the mass differencAM between the
chargino and the lightest neutralino has less impact.  For smallmo and substantial mixing in the stau
The efficiency for signal events is shown in Fig. 1(a) Sector, two-body decays of heavier neutralings—
as a function ofAm, for several values ofAM. T — rrxf, lead to at least one tau with enough
As in Ref. [4], the final selection involves mass- momentum to be detected even for very smaih.

5.0-7 g100
g O AM =60 GeVic® @
g [ )
Eos| O AM =40 GeVre? a) =
A AM =20 GeVic® o 80
05 [
[ s =196 GeV ™
04 [ O 60
4
- 50
03 | %
[ 40
02 | ? 30
[ 20
wb 1
[ . 10
0 I'ﬁl 1 1 1 1 1 1 1 |
0 5 0 15 20 25 30 35 40 45 50 0

5 5 5 35

Am (GeV/c®) ’ v e (_GewCZ;U

Fig. 1. (a) Efficiency of the acoplanar tau-pair selection for chargino decays via staus as a functianforf different values ofA M, for

m(x¥) =89 GeV/c? and./s = 196 GeV. (b) As a function oAm (for AM =50 GeV/c?), comparison of the number of acoplanar tau pair
candidate events (points with error bars) with the total background expectation (open histogram) after the application of the mass-dependent
cuts. The contribution of the dominant WW background is represented by the shaded histogram. Each candidate event contributes to a finite
Am range, neighbouring points are therefore strongly correlated.
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2

B )
o
E a -
%o.s S |
]
b =
0s [ Vs = 196 GeV &
_____________________________ 80
04 - 21, asymm. |
60 |
03 -
_FU -
29 -
8 0 ...ul-..|||..I||.|I||.|I_.|||||-||\|.||
0 1 2 3 4 5 3 7 8
Am (GeV/ cz} Am (GeV/c?)

Fig. 2. (a) Parametrizations of the efficiency of the single-tau and asymmetric taue§aif’ production) and four-taux§x3 production)
analyses for/s = 196 GeV as a function oAm. The neutralino masses used 84’@(20) =87 GeV/c? andm(xf) =41 GeV/c?. (b) As a

function of Am, comparison of the number of tau-pair candidate events (points with error bars) with the total background expectation (open
histogram). The contribution of the WW background is shown shaded. Each candidate event contributes ta & fraitge, neighbouring

points are therefore strongly correlated.

These decays are exploited here to supplement thenarity angle between the directions of the identified

search for invisible charginos with ISR. tau and of the leading additional charged particle is re-
quired to be larger than 2@&nd smaller than 170In
3.4.1. Search fox %y — Frx? — tx9rx? order to reduce the background frony events, it is
The associatec{ neutralino production leads to final required that no energy be detected withir? 2 the
states with one (for smalkm) or two (for largerAm) beam axis, and the upper cutoff on the acoplanarity is

visible taus. Analyses have been developed to coverlowered from 170 to 140 for low energy tau candi-
both final states and are referred to as single-tau anddates, i.e., iff; / Epeam< 0.25.

asymmetric tau-pair searches in the following. Thetau A parametrization of signal efficiency is shown in
identification criteria are given in Ref. [11]. Fig. 2(a) as a function ohm (for AM = 46 GeV/c?,

The single-tau selection is developed in analogy where AM is the mass difference between the heav-
to the single-electron selection described as well in ier and the lightest neutralino). Because of the cut-
Ref. [11]. A search is performed for a single identified off on the remaining energy, the efficiency decreases
tau decay. The visible transverse momentum of the with increasingAm. To weaken this effect, this analy-
decay products is required to be larger thad4Q/s. sis is combined with an asymmetric tau-pair search.
Events are rejected if they contain a second identified The selection is again based on the stau-pair produc-
tau with a momentum above 1 Gg¥, If the tau decay  tion search [4]. However, the final sliding cuts on the
product is a single charged particle identified as an momenta of the taus have been optimized for the new
electron or a muon, the momentum of this lepton is decay kinematics. To select asymmetric tau pairs, the
required to be smaller than 45% of the beam energy. momentum of the second tau is required to be lower

The tau can be accompanied by some additional en-than aAm-dependent cutoff value. Over thhen range
ergy in the event, i.e., low momentum tracks or small between 2 and 8 Ge\?, this cutoff value increases
energy depositions in the calorimeters. This remain- from 6.5 to 20.4 GeYec. In addition, an upper cut on
ing energy is required to be smaller than 10 GeV, but the momentum of the leading tau is applied, depend-
events with no additional charged particles, likely to be ing on bothAm and the momentum of the second tau.
due to the We background, are rejected. The acopla- The contribution of this selection to the signal effi-
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ciency is also shown in Fig. 2(a). The efficiencies of

both selections have been found to be rather insensi-

tive to the exaciA M value, e.g., the relative efficiency
variations are below 10% iA M is changed from 35
to 46 GeV/c?.

The combination of the single-tau and asymmetric
tau-pair analyses covers the smalt range down to

ALEPH Collaboration / Physics Letters B 583 (2004) 247-263

whenever background subtraction is performed. The
procedure is unchanged with respect to Ref. [3] for
the updated chargino and neutralino searches. For the
analyses based on the acoplanar tau-pair selection,
the dominant WW background is subtracted. The new
dedicated searches for neutralinos decaying into staus
suffer from a significant background from WeZee

values close to the tau mass. For smaller mass differ-andyy — 7 which is also subtracted.
ences, staus become long-lived since they cannot de- The main systematic errors affecting the updated
cay intOIXf. This configuration is efficiently covered analyses, related to the simulation of the energy flow
by the search for stable heavy charged particles [12]. reconstruction and of the lepton identification, are un-
changed with respect to Ref. [14]. The efficiencies of
the dedicated searches for neutralinos are in addition
If x9 pair production or associated production of a affected by a relative systematic uncertainty of 10%
heavier neutralino witty$ are kinematically accessi- ~ associated with the identification. In the following,
ble, four-tau final states are expected, in which at least the systematic uncertainties are included in the deriva-
two taus are visible. This clear signature can be effi- ton of the results according to the method proposed in
ciently selected with the search presented in Ref. [12], Ref. [15].
developed in the framework of gauge-mediated super-
symmetry breaking studies. When appliedx@) pair
production, the efficiency of the four-tau selection is of
the order of 40 to 50% (Fig. 2(a)) in the whole range
of Am values from 2 to 20 GeX2. The efficiency is
found to be essentially independent®is, for values
in the range between 30 and 45 GeVY.

3.4.2. Search fop(?xg — TT1TT —> rrxfrrxf

4.1. Constraints on the MSSM parameters

The upper limits on the production cross sections
of charginos and neutralinos can be used to constrain
the space of the relevant MSSM parameters. The
production cross sections and the decay branching
ratios have been calculated, here and in the following,
3.4.3. Results using the programme MSMLIB [16].

In the data collected between 1998 and 2000, 46  The domains excluded in the:, M>)-plane are
single-tau events are observed, to be compared with anshown for targ = /2 in Fig. 3(a) and (b) fop <0
expectation of 44.7 events from background sources. and . > 0, respectively, assuming that all scalars
In the asymmetric tau-pair analysis, no excess of are heavy enoughmp = 500 GeV/c?) to play a
events is observed either with respect to the Standardnegligible role in the phenomenology of charginos and
Model expectation, as can be seen in Fig. 2(b). In the neutralinos. The electroweak scale valie of the
same data sample, 22 four-tau events are observed, inSU(2) gaugino mass term is related iy ~ 0.81m1,2
agreement with the expectation of 16.5 events from to0 its value at the GUT scale. For small faand small
background sources. For the three analyses, the backnegativeu, the domain excluded by chargino searches

ground is dominated by WW and Wevents, with a IS extended by neutralino searches.
smaller contribution fronyy — rr. These exclusions can be translated into lower limits

on chargino and neutralino masses. Examples of these
results are presented in Fig. 3(c) and (d). The kine-
matic limit is closely approached for both chargino
and associated neutralino production, except at large
The numbers and properties of the events in all M5, where the searches lose sensitivity because of the
analyses are in good agreement with the expectationssmall AM values predicted by the model. The case
from the Standard Model. The negative result of the of charginos at smalh M has been studied in Ref. [6],
searches can be translated into upper limits on the where a mass lower limit of 88 Ge¥? is obtained for
chargino and neutralino production cross sections. To largemo. For tang = /2 and negative., the chargino
derive these limits, the method of Ref. [13] is used mass limit derived indirectly from neutralino searches

4. Interpretation of theresults
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Fig. 3. Results from chargino and neutralino searches fp= 500 Ge\//c2

and targ = +/2. (a) and (b) Excluded domains in the, (M>)-plane

of the MSSM foru < 0 andu > 0, respectively. (c) Chargino mass lower limit as a functiod©ffor .« < 0. (d) Lower limit on the sum of
the masses of the two neutralinos produced with the largest cross sectjor:f0r as a function ofi/>.

extends beyond the kinematic limit of chargino pair
production by up to 6 Gex¢2.

4.2. The LSP mass lower limit in the case of no stau
mixing

The lower limit on the mass of the LSP derived
from chargino and neutralino searches fap =
500 GeV/c? is shown as a function of tghin Fig. 4.

For thismg value, the smallest allowed value for the
mass of the LSP is 39.6 Gg¥2. It is found for
tang =1, Mo ~ 67 GeV/c? and u ~ —78 GeV/c2.
The mass lower limit derived from chargino searches
alone is 38 GeYc2. For smallermg, the loss of

limit on the mass of the LSP, obtained for {as= 1
and largeno, holds for any value ofg.

Higgs boson searches have been included to fur-
ther constrain the LSP mass, as discussed in Ref. [3].
The result is shown in Fig. 4. The lower limit on the
mass of the LSP is improved for tgrnvalues smaller
than 3.9, in such a way that the absolute lower limit
is now found at large taf and large negativg. For
tang = 35 the result is 43.1 GeM2, independent of
mo. This limit is determined by the result of selec-
tron searches in theorridor of sneutrino—chargino
mass degeneracy. The situation in theo, m1/2)-
plane is illustrated in Fig. 5(a) for tgh= 35 and
w = —1000 GeVc?, where the regions excluded by

sensitivity of chargino searches is recovered by slepton searches for three-body chargino decays, for two-body
searches, as discussed in Ref. [2]. A scan performedchargino decays via sneutrinos, for selectrons and for
over the relevant parameter space shows that the lowerstaus are shown.
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Section 4.2 is changed if mixing in the stau sector
is allowed for. In addition to the analyses considered
in Section 4.2, the searches for chargino decays via
staus as well as nearly invisible chargino decays
accompanied by hard ISR, and the dedicated searches
for neutralino decays into staus, have been included.
The effects of stau mixing are illustrated in the
gaugino region g = —1000 GeVc?) for tang =
35 in Fig. 5(a)-(d). The excluded regions in the
(mo, my/2)-plane are shown for four values of the stau
\ RN ] mixing angle ¢, = 0, 30, 35 and 40 degrees).
1 2 5 10 tanf With increasing stau mixing, the leptonic decay
channels of the charginos become more important.
Eig.trzlin-lc-)heas SaO/:‘)ur?él_k.)r:oc\;\liet;?!in':'i:leogatshheedmjjr?/eoifng;;tlgshttiset When the lighter stau gets lighter than the chargino,
Iirilijt from éhargino searches alone fag = 500 GeV/c?. The grey the TV decay r_nOde of the chargino domm?'tes’ and a
area at small tai shows the improvement obtained if chargino  Significant region of the parameter space is excluded
and neutralino searches are combined. The other limit curves are Dy searches for that decay channel (region Il in
achieved from (right to left) slepton searches in the corridor, Higgs Fig. 5). For mixing angles near 35the limit on the
boson searche_s in the corridor, chargino searches for large sfermion ass of the LSP is determined by direct stau searches
masses and Higgs boson searches. and chargino searches via decays into staus.
For large enough mixing angles the stau mass
Higgs boson searches cover a larger fraction of the approaches the mass of the LSP and direct stau decays
corridor as tar$ decreases. As a result, the LSP mass into the LSP lose sensitivity, due to the small mass
limit moves into the region of large, for tang < 3.2, difference Am involved. A new uncovered corridor,
and is set by the chargino searches. The results ob-the stau-LSP corridor, appears. The dedicated searches
tained using the Higgs boson searches depend on thefor neutralinos decaying into staus and for charginos
value chosen for the top quark mass, on the max-  accompanied by hard ISR allow sensitivity to be
imum mq considered and on the theoretical uncer- recovered in that region. The relative importance of
tainty from the calculation of radiative corrections to these analyses depends on the location of the stau-
the Higgs boson mass. This last uncertainty is con- LSP corridor in the (mo, m1,2)-plane. For mixing
servatively taken into account by increasing the pre- angles near 40 the neutralino analyses protect the

m, (GeVich)

]

45

35

dicted Higgs boson mass by 2 G&¥. For m; = lower limit on the LSP mass. For larger mixing
175 GeV/c? andmo < 1 TeV/c?, the lower limit on angles, the corridor shifts towards largery (for

the mass of the LSP for tgh< 3.2 is 49.3 GeVYc?. fixed m1,2), so that the chargino cross section is
For m; = 180 GeV/c? andmo < 2 TeV/c?, this limit large enough for that region to be excluded by using

is reduced to 45.5 Ge\? except for a narrow re-  the search for charginos with hard ISR, despite the
gion of tang around 1.0. This region is however ex- small efficiency of the selection. The interplay of the
cluded if the LEP combined limit for the Higgs bo-  different analyses for large mixing angles is shown in
son mass [17] is used instead of the sole ALEPH Fig. 5(c) and (d).

limit. In order to extract the LSP mass lower limit in the
presence of stau mixing, a scan over the parameter

4.3. The impact of stau mixing on the LSP mass range

lower limit

1 < tanB < 50, Il < 20 TeV/c?,
As mentioned in Section 1, stau mixing may
significantly affect the decay pattern of charginos and and the full range of stau mixing angles
neutralinos. It has therefore been investigated how
the lower limit on the mass of the LSP presented in —45° < ¢r <45°
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Fig. 5. Limits in the(mg, m1/2)-plane for a point in the gaugino region & —1000 GeV/c?), for tang = 35, and for various stau mixing angles

¢r. The regions marked in the plots are excluded by searches for three-body chargino decays (region ), two-body chargino decays (region ),
chargino decays via staus (region Il1), selectron and stau searches (indicated in the plot) and by the dedicated searches for neutralinos decaying
into staus and for charginos accompanied by hard ISR (region IV, close to the stau LSP line). The regions in the upper left corner at large mixing
angles are either unphysical or thés the LSP.

has been performed. The results for the LSP massthe LSP mass lower limit has been found to be up to
limit as a function of| tang | are shown in Fig. 6(a). 0.4 GeV/c? higher than for the corresponding positive
The limit is shown for various values of tgnas well angles.

as for the scan over the full tghrange considered. The LSP mass limit is relatively stable for large
No large differences for the LSP mass lower limit tang values and the limit found in the non-mixing case
have been found between positive and negative mixing is only slightly degraded. A minimum, corresponding
angles. The only significant differences appear for to an LSP mass value of 42.4 Gg¥, is found
large tarB values, where for negative mixing angles for tang, values around 0.96 in the region of large



260

2

n
n
T

a)

&

neutralino mass limit (GeV/c“)
2 2

R
N i S
01 02 03 04 05 06 07 08 09 1

Itan 6,1
ﬁm
2 -~ full A, range
B[ — lal< 20 Tevic* b)
= -+== 1A_| < 20 TeV/c’ and neutralino searches
g 1A, < 4 Tevie*
= 50 |
Eusl
£
Ba
3
=
s
30
25 -
» )
1 10
tan B

Fig. 6. Limits on the mass of the lightest neutralino as a function of
(a) |tang; | and (b) tarB.

ALEPH Collaboration / Physics Letters B 583 (2004) 247-263

Table 3

Summary of the LSP mass lower limits in the MSSM. The Higgs
constraints are obtained under the assumptions: 175 GeV/c?,

mo < 1 TeV/c? and|At| < 4 TeV/c?

Stau mixing tarB Higgs searches LSP mass
range lower limit
¢or =0 >~10  none 39.6 GeYe?
>10  included 43.1 GeYc?
Any ¢, >10  none 29.7 GeYe?
|Az| <20 TeV/c?2  >1.0  none 36.6 GeYlc?
|Az| < 4 TeV/c? >10 included 42.4 GeYic?

and is found to be 29.7 GeV? at tang ~ 1.1, u ~
—80 GeV/c?, mg ~ 375 GeV/c? and ¢, = 44.85°,
which corresponds td, ~ —80 TeV/c?.

The LSP mass lower limit is shown in Fig. 6(b) as
a function of targ. As in the no-mixing case, the stan-
dard neutralino searches can be applied to improve the
limit in the small tarB region. In a detailed scan it has
been verified that in the region of intermediate mix-
ing angles, i.e., tap, < 0.9, all LSP masses smaller
than 36.6 GeYc? can be excluded by the standard
neutralino searches. Due to the tiny cross sections for
associated neutralino production these analyses do not
improve the LSP mass lower limit in the regions of
extreme and unnaturally large; values. IfA; is re-
stricted to] A | < 20 TeV/c? the limit of 36.6 GeV¢?
holds over the full parameter space.

The low tans region can further be covered by
Higgs boson searches. As in Ref. [18], the range of

negativen. For these extreme mixing angles, where trilinear couplings (A¢| and, here,|A;|) has been
the stau-LSP corridor appears, the LSP lower mass restricted to a maximum of 4 Te\2. The constraints
limit is stabilized by the dedicated neutralino analyses obtained in the no-mixing case are found to hold if

and by the search for invisibly decaying charginos stau mixing is taken into account. The LSP mass lower

accompanied by hard photons.

In the region of small ta the LSP mass lower
limit is weaker and is found fop values in the range
—100 GeV/c? < u < —60 GeV/c?, a region where

limit with stau mixing is therefore the one obtained at
large targ, namely 42.4 GeYc?2.

A summary of the results obtained for the LSP
mass lower limit is given in Table 3. As discussed

the chargino production cross sections are small. In in Ref. [3], these limits are affected by theoretical

addition to a minimum for tap, values around 0.8, a
second minimum is found for extreme mixing angles

uncertainties of the order of a Ge~.

The DELPHI experiment at LEP [19] has seta LSP

(pr ~ 44.8°). Besides chargino production, stau-pair mass limit of 46 GeVc? using Higgs boson searches
productionis the only SUSY process with a significant and assuming no stau mixing. If mixing is allowed
cross section in that region. However, due to the for, they obtain the following results: for tgh> 3,
small Am value, it cannot be exploited to improve a limit of 45.5 GeV/¢? for |Ay| and|A;| smaller than
the mass limit. The absolute LSP mass lower limit 1 TeV/c?; for tang > 2, a limit of 39 GeV/c? for any

is determined by the chargino search with hard ISR A, and assuming no mixing in the stop sector.
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Fig. 7. Minimal supergravity scenario: domains of theg, m1,2)-plane excluded for taf = 10 and 30 and fordg = 0. Region (1) is
theoretically forbidden. The other regions are excluded by the Z width measurement at LEP1 (2), and by chargino (3), slepton (4), Higgs
boson (5) and stable-charged-particle (6) searchgs at 209 GeV.

4.4. Interpretation in minimal supergravity The interplay among the different searches is shown
in Fig. 7 as exclusion domains in tl@o, m1,2)-plane

The interpretation in the framework of minimal for tang = 10 and 30, foru < 0 andu > 0, and for
supergravity presented in Refs. [2,3] has been updatedAg = 0, whereAg is the universal trilinear coupling
with the final results of the searches for charginos at the GUT scale. The top quark mass has been set to
and neutralinos presented in the previous sections, and175 GeV/c?. The extent of the regions covered by the
those for sleptons [4] and neutral Higgs bosons [5]. searches for Higgs bosons in the hZ channel decreases
In particular, the inclusion of the specific searches as a function of tag and saturates for tgh> 30.
described in Sections 3.3 and 3.4 allows the condition Here too, a theoretical uncertainty of 2 G&¥ for the
mg —myo > 5 GeV/c?, needed in Refs. [2,3] to  Higgs boson mass has been taken into account.
avoid the stau-LSP corridor, to be relaxed. In this ~ The lower limit on the LSP mass is shown in Fig. 8
analysis, the full renormalization group equations, as a function of tag for Ao = 0 and both signs of.
including Yukawa couplings, have been used to derive The lowest allowed value for the LSP mass is found
the sfermion masses at the electroweak scale. at large values ofno, typically 700-800 GeYc? for
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Fig. 8. Minimal supergravity scenario: lower limit on the LSP mass
as a function of tag. The dashed line shows the result obtained
with Ag = 0. The full line represents the results obtained for the
LSP mass limit, independent of the parameter

large tam3. Altogether, an LSP mass lower limit of
53 GeV/c? is set forAg = 0. It is reached for tag ~
7.0 andu < 0.

The impact of a non-vanishingo value has been
studied by scanning the range allowed by theoretical
constraints and by stop searches [20]. The lower limit
on the mass of the LSP as a function of gaobtained
from the Ag scan is also shown in Fig. 8. In this case
the LSP mass lower limit decreases to 50 GeA/ a
value reached for taghi~ 6.5 andu < 0.

5. Conclusions

ALEPH Collaboration / Physics Letters B 583 (2004) 247-263

The results are summarized in Table 3. If mix-
ing in the stau sector is neglected, the LSP mass
limit is 43.1 GeV/c2. This limit slightly degrades
to 42.4 GeVc? if stau mixing is considered. In the
framework of minimal supergravity, the LSP mass
limit is 50 GeV/c?.
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