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SEARCH FOR SUPERSYMMETRY AT LEP�Ni
ola De FilippisOn behalf of LEP CollaborationsUniversity and INFN of BariOrabona 4, 70126 Bari, Italye-mail: Ni
ola.Defilippis�ba.infn.it(Re
eived June 28, 2002)Sear
h for supersymmetri
 parti
les are performed with the data 
ol-le
ted by the four LEP dete
tors, ALEPH, DELPHI, L3 and OPAL, at
entre-of-mass energies up to 209 GeV, between 1995 and 2000. No ev-iden
e for a signal related to the produ
tion of sfermions, 
harginos andneutralinos in the framework of the Minimal Supersymmetri
 StandardModel (MSSM) is observed. The number of 
andidate events observed isin agreement with that expe
ted from Standard Model (SM) ba
kgroundsour
es, for ea
h signal topology. The absen
e of any ex
ess is turnedinto ex
lusions domains in the spa
e of the relevant MSSM parameters andlower limits on the mass of the supersymmetri
 parti
les are derived at 95%Con�den
e Level (C.L.).PACS numbers: 12.60.Jv, 14.80.Ly1. Introdu
tionSupersymmetri
 models [1℄ are possible extensions of the SM [2℄, basedon the assumption that a symmetry transformation turns bosons into fer-mions. For ea
h fermion and gauge boson of the SM, a supersymmetri
partner with spin di�erent by 1/2 unit is expe
ted.The theoreti
al framework used in this paper is the MSSM [3℄ that isthe extension of the SM with the minimal parti
le 
ontent. Unlike SM, twodoublets of 
omplex s
alar Higgs are ne
essary to give masses to up anddown-type quarks and 
harged leptons. The R-parity 
onservation1 hypoth-esis is made to prevent from the proton de
ay and the lightest neutralino� Presented at the X International Workshop on Deep Inelasti
 S
attering (DIS2002)Cra
ow, Poland, 30 April�4 May, 2002.1 R-parity is a multipli
ative quantum number de�ned as R = (�1)3(B�L)+2S whereB, L and S are the baryon number, the lepton number and the spin of the parti
le,respe
tively. SM parti
le have R = +1 while their SUSY partners have R = �1.(3881)
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 Parti
le (LSP). The MSSMparameters that are 
onsidered for the interpretation the results are the ra-tio of the va
uum expe
tations values of the two Higgs doublets, tan �, themixing mass parameter in the se
tor of Higgs, �, the U(1)� SU(2)� SU(3)gaugino masses M1, M2, M3 at the ele
troweak s
ale and the slepton andsquark masses. The gaugino masses are assumed to be uni�ed to a 
ommonvalue at Grand Uni�
ation Theory (GUT) s
ale, mGUT ' 1016GeV and thesame is believed for all the sfermion masses (m0 being the uni�ed 
ommonvalue).After the ele
troweak symmetry breaking (EWSB), the spe
trum of theMSSM parti
les in
ludes four neutralinos and two 
harginos whi
h are 
om-binations of the supersymmetri
 partners of the neutral and 
harged gaugeand Higgs bosons, respe
tively. The lightest neutralino and 
hargino areusually labeled with � and �+1 respe
tively. In the MSSM are also expe
tedthree generations of squarks and sleptons, as supersymmetri
 partners ofSM fermions, and �ve Higgs bosons whose two 
harged, two neutral withCP = +1 and one neutral with CP = �1.The produ
tion me
hanisms of the supersymmetri
 parti
les, the de
aymodes and the �nal state topologies addressed by the sear
hes des
ribed inthis paper are simulated using a Monte Carlo generator SUSYGEN [4℄. Thede
ay properties depend mainly on the mass di�eren
e between the de
ayingparti
le and the LSP, �m, and on the leptoni
 bran
hing ratio. The mainsignatures of the de
ay are the missing energy due to the neutralino LSPand a a
oplanar pair of leptons or hadrons. As mu
h as �m be
omes large,the signal and the four fermions ba
kground topologies look like the sameone. Instead, if �m is smaller than few GeV=
2, the signal is overwhelmedby the two photons events. All the ba
kground events expe
ted from SMpro
esses are generated with statisti
s 
orresponding to at least 20 times theintegrated luminosity of the data.2. Sleptons and squarksTwo di�erent supersymmetri
 s
alars are predi
ted to be the partnersof the left and the right-handed 
hiral states of ea
h SM fermion. If theuni�
ation of the sfermion masses at GUT s
ale is assumed, lower massesand 
ross se
tions are typi
ally expe
ted for the partners of right-handedfermions. The right handed 
harged sleptons of the �rst two families are
alled sele
trons and smuons and are labeled with ~eR, ~�R. For 
hargedsleptons and squarks of the third family, the large Yukawa 
ouplings 
ausea relevant mixing between the left and the right states.Both the left and the right-handed sleptons and squarks are pair pro-du
ed at LEP via Z/
 ex
hange in the s 
hannel and also through the
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hannel neutralino ex
hange whi
h in
reases the 
ross se
tion espe
iallyfor sele
trons. In large regions of the MSSM parameter spa
e the dominantde
ay of the sfermions, ~f , is to the 
orresponding fermion and the lightestneutralino, ~f ! f�. Therefore the �nal state topologies are a pair of leptonsor jets and missing energy for sleptons and squarks respe
tively. With regardto the ~l! l� de
ay, in �gure 1(a) is shown the 95% C.L. ex
luded region inthe plane (M~l, M�) obtained by the 
ombination of the results of the fourLEP 
ollaborations at 
entre-of-mass energies between 183 and 208 GeV [5℄.The ex
lusion domain for the stau, labeled with ~� , is derived in the most
onservative 
ondition looking for the minimal 
ross se
tion whi
h dependson the mixing angle � (due to the variation in strength of the 
oupling to Z
omponent of the weak 
urrent) and has a minimum 
lose to � ' 45Æ. Thesele
tron, the smuon and the stau masses are ex
luded at 95% C.L. up to99:4, 95:4, 80GeV=
2, respe
tively. In the 
ase of the stop, ~t, the de
ay tothe top quark and the neutralino LSP is not kinemati
ally allowed at LEPand the dominant two body de
ay 
hannel is ~t! 
�. In �gure 1(b) is shownthe 95% ex
lusion domain in the plane (M~t, M�) under the assumption ofminimal (� ' 0Æ) and maximal (� ' 56Æ) 
ross se
tion [6℄. Stop masses upto 96 GeV=
2 are ex
luded at 95% C.L.
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Fig. 1. (a) 95% C.L. ex
lusion domain in the plane (M~l, M�) for the right sele
tron, theright smuon and the stau in the vanishing 
oupling to Z 
ondition, using all data 
olle
tedby the 4 LEP experiments at 
entre-of-mass energies between 183 and 208 GeV [5℄. Theobserved and the expe
ted limits are given by the full and the dotted lines respe
tively.The gray region is not kinemati
ally allowed; (b) Ex
luded region at 95% C.L. in theplane (M~t, M�) for two values of mixing angle 
orresponding to the minimal (� = 56Æ)and the maximal (� = 0Æ) 
oupling to Z [6℄. The region denoted CDF is ex
luded by theCDF Collaboration [7℄.



3884 N. De Filippis3. Charginos and neutralinosCharginos (neutralinos) are pair produ
ed at LEP via s-
hannel Z=
(Z)ex
hange or t-
hannel ex
hange of a sneutrino (sele
tron). The t-
hannel
ontribution be
omes relevant if the slepton is light. The interferen
e withthe s-
hannel is destru
tive in the 
ase of 
harginos but 
onstru
tive inthe 
ase of neutralinos. The de
ay of the lightest 
harginos (neutralinos)pro
eeds into the LSP and a pair of fermions via W (Z) emission dependingon the value of the s
alar masses.In the large s
alar masses s
enario and in the 
ase of 
hargino pair pro-du
tion, the �nal state is expe
ted to be four jets if both 
harginos de
ayhadroni
ally, two jets and one lepton if one 
hargino de
ays into l�� and witha
oplanar leptons if both 
harginos de
ay into leptons and �. In �gure 2(a)is shown the 95% C.L. lower limit on the 
hargino mass as a fun
tion of thesneutrino mass (M~�) obtained 
ombining the results from the four LEP 
ol-laborations at 
entre-of-mass energies up to 208 GeV [8℄. Chargino massesup to 103:5GeV=
2 are ex
luded at 95% C.L. for sneutrino masses largerthan 300 GeV=
2. In the small sneutrino mass s
enario the redu
tion of the
hargino 
ross se
tion and the enhan
ement of the leptoni
 de
ays lower thesensitivity of the dire
t sear
h. The sensitivity is re
overed from the dire
tprodu
tion of neutralinos and sleptons, translating the lower limit on theirprodu
tion into 
onstraints on the MSSM parameters.
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Fig. 2. (a) 95% C.L. ex
lusion domain in the plane (M�+1 , M~�) at 
entre-of-mass energiesup to 208 GeV (tan � = 2 and � = �200 GeV=
2) [8℄; (b) Lower limit at 95% C.L. onthe neutralino LSP mass as a fun
tion of tan � obtained 
ombining the results from the
harginos, sleptons and Higgs sear
hes at 
entre-of-mass energies up to 208 GeV [12℄. Thelines are used to distinguish the 
ontributions of ea
h analysis.



Sear
h for Supersymmetry at LEP 3885All the results quoted before are derived assuming a large value of themass di�eren
e between the 
hargino and the LSP (typi
ally�m>5GeV=
2).If �m is smaller than few GeV=
2 the �nal de
ay produ
ts are not e�
ientlydete
ted due to the small visible energy; in this 
ase the dete
tion of isolatedand energeti
 initial state radiation (ISR) photons produ
ed in asso
iationwith 
hargino pairs ensure the trigger of data a
quisition and an e�
ientsignal to two photons ba
kground dis
rimination [9℄. No �m independentlimit on the 
hargino mass 
an be set in the light sfermion s
enario and
hargino masses up to mZ=2 are ex
luded indire
tly from the measurementof the Z total width at LEP 1 [10℄.In the 
ase of neutralinos produ
tion the most important signatures areexpe
ted to be a
oplanar pairs of jets or leptons with missing energy andmomentum. Heavier neutralinos give also rise to 
as
ade de
ays with mul-tiple jets or leptons in the �nal state also a

ompanied by photons. Fromthe dire
t sear
hes for 
harginos and neutralinos a lower limit on the massof the lightest neutralino is derived as a fun
tion of tan� [11℄. The lowestvalue is about 40 GeV=
2 at 95% C.L. and holds for any value of m0 if the
ombinations with slepton sear
hes results is performed. Moreover, with theassumption that the mixing in the stau se
tor is negligible, 
onstraints fromneutral Higgs bosons sear
hes are used to derive a lower limit on M2 as afun
tions of tan � for a given m0; this is easily translated into a lower limiton the neutralino LSP mass [12℄. In the range tan� < 2:5 the lower limiton � is set at large m0 by Higgs bosons sear
hes while for 2:5 < tan� < 4it is provided by the 
hargino sear
hes as shown in �gure 2(b). As mu
has tan� in
reases, 
onstraints from the Higgs se
tor be
omes less powerfuland the limit on the LSP mass is set at small m0 by the slepton sear
hes. Alower limit on the neutralino mass of 45GeV=
2 at 95% C.L. is set by the
ombination of the sear
hes for 
harginos, sleptons and neutral Higgs bosonsat 
entre-of-mass energies up to 208 GeV.4. Con
lusionsSear
h for sfermions, 
harginos and neutralinos are performed with thedata 
olle
ted at LEP, at 
entre-of-mass energies up to 209 GeV. No evi-den
e for a signal is observed and the results are interpreted in the frameworkof MSSM. In the hypotheses of gaugino and sfermion masses uni�
ation,lower limits on the mass of the supersymmetri
 parti
les are derived. Thesele
trons, smuons, staus and stop masses are ex
luded up to 99.4, 95.4, 80and 96 GeV=
2 at 95% C.L, respe
tively. In the large s
alar masses s
e-nario, 
harginos masses are ex
luded up to 103.5 GeV=
2. The sear
hes forsleptons, 
harginos and neutral Higgs bosons are 
ombined and a 95% C.L.lower limit on the neutralino LSP mass of about 45 GeV=
2 is set.
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