
1Search for charginos and neutralinos at LEPP. AnderssonaaDepartment of Physics , Stockholm University,E-mail: per@physto.seP.O. Box 6730, 113 85 Stockholm, SwedenA summary of the search for charginos and neutralinos at LEP is given, with the latest results from theps = 189 GeV run. The emphasis will be on models that provide a stable Lightest Supersymmetric Particle,which could turn out to constitute an important part of the dark matter.1. IntroductionThe interest in supersymmetry as an extensionof the Standard Model was boosted in 1990, whenit was shown that the uni�cation of the gauge cou-pling constants at a higher energy scale, MGUT ,was achieved in a supersymmetric theory, whilethis was not the case in the Standard Model. Afurther bene�t of this model is the reduction ofradiative corrections to the mass of scalar parti-cles, such as the Higgs particle, thus keeping it atthe electroweak scale without having to resort tounphysical �ne tuning.Spin 0 12 1~̀�L;R ! ~̀�1;2 `�L;R~�L �L~qL;R ! ~q1;2 qL;R~g gh0,H0,A0 ~
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Z0H� eH�fW� )~��j W�Table 1Particle contents of the minimal supersymmetricmodel (MSSM)

2. The Minimal Supersymmetric ModelThe so-called Minimal Supersymmetric Model(MSSM) [1] is minimal in the sense of the num-ber of additional particles that have to be addedto the Standard Model. For fermions, each he-licity state has a scalar superpartner, and it isalso required to add a second Higgs doublet, re-sulting in a Higgs sector containing �ve Higgsbosons, where two of them carry electric charge.The superpartners of the gauge bosons and theHiggs particles are called gauginos. There aretwo mass eigenstates formed by a mixing of thesuperpartners of the charged gauge bosons andcharged Higgs bosons called charginos, ~��1;2, andfour mass eigenstates associated with the neu-tral gauge bosons and neutral Higgs bosons calledneutralinos ~�01;2;3;4, where the indices are orderedwith increasing mass.An important concept of supersymmetry is R-parity , a multiplicative quantum number intro-duced to ensure lepton and baryon number con-servation. This means that in processes whichconserve R-parity, SUSY particles are producedin pairs, and their decay must contain at leastanother SUSY particle hence it also implies thestability of the Lightest Supersymmetric Parti-cle (LSP). This has the important consequence ofproviding a possible candidate for non-baryonicdark matter. This article will only treat the casewhere R-parity is conserved.The general formulation of MSSM contains



2124 free parameters, including all sfermionmasses, the Higgs mass and mixing matrices andM1,M2,M3, the U(1), SU(2) and SU(3) gaug-ino masses. With so many free parameters itis not a very predictive theory, there are how-ever ways of reducing this number considerably.From the non-observation of supersymmetric par-ticles, it can be inferred that the symmetry hasto be broken at lower energies. By construct-ing models how of this breaking takes place, re-lations between di�erent parameters can be ob-tained. The breaking of supersymmetry could oc-cur through gravitational interactions at the en-ergy scale MSUSY ' 1011 GeV or via ordinarygauge interactions at MSUSY ' 105 GeV. The�rst option is commonly referred to as the super-gravity (SUGRA) scenario and the latter as gaugemediated supersymmetry breaking (GMSB).2.1. The SUGRA scenarioIn the SUGRA scenario a Constrained MSSM(CMSSM) is used to guide the analysis. By as-suming that all sfermions have a common mass,m0, and that the gauginos have a common mass,m1=2, at some ultra high energy scale MX 'MGUT , reduces the number of parameters drasti-cally. A further assumption is a common trilin-ear coupling parameter A0. These parameters, inaddition to � and tan �, give a model that com-pletely describes its low energy behaviour with�ve parameters: f m1=2;m0; A0; tan �; � gAll masses, cross-sections and branching ratios atthe electroweak scale can be obtained by evolvingthe GUT scale parameters using renormalizationgroup equations. For instance, the condition ofa common gaugino mass at MX leads to the im-portant relation between M1 and M2 at the elec-troweak scale:M1 = 53 tan2 �WM2 � 0:5M2 (1)In the presented analyses this relation is assumed,and also that the ~�01 is the LSP.2.2. The GMSB scenarioIn contrast to the gravity mediated SUSYbreaking scenario, the gravitino, ~G, is very likelyto be the LSP in the GMSB model. This is due to

the fact that particles acquire their masses fromordinary gauge interactions and that the SUSYbreaking scale, pF , is much lower. The gravitinomass can be expressed as:m~G = Fp3MPl = 2:37�10�2 pF10 TeV!2 eV(2)A characteristic feature of a given model is thenthe nature of the next-to-lightest supersymmetricparticle (NLSP). There are a numerous options athand, but only the case with a neutralino NLSPwill be considered here.3. MSSM phenomenologyIn SUSY models with R-parity conservation,each SUSY process has at least two LSPs in the �-nal state. Thus the canonical signature for SUSYis missing transverse energy, =ET , [2]. The pro-duction of charginos (neutralinos) can proceed ei-ther with an exchange of a Z/
 ( Z ) in the s-channel or a ~� ( ~e ) in the t-channel. In the regionwhere the gaugino is mostly higgsino-like, usuallycalled the higgsino region, M2 � j�j, only the s-channel contribution is important, while both s-and t-channel are important in the gaugino region, j�j � M2 , provided that the mass of the slep-ton involved is not too large, i.e. for low enoughm0. It is noteworthy that the s- and t-channelinterference is destructive for charginos while theopposite is true for neutralinos. In most caseshowever, the production cross-section is consid-erably larger for charginos than for neutralinos.In SUGRA models were the lightest neutralino~�01 is the LSP, the most important chargino andneutralino production processes are ~�+1 ~��1 and~�01 ~�02 or ~�01 ~�03, since the ~�01~�01 production isinvisible. For most of the parameter spacethe charginos decay through a W�, leading tohadronic, semi-leptonic or leptonic �nal states,in addition to the escaping LSPs, and neutralinosdecay through a Z� giving either hadronic or lep-tonic �nal states. For the case of small m0 how-ever, the leptonic decay channels are enhanced.The detection e�ciency depends largely on themass di�erence �M = m~� � mLSP , where ~� is



3the heavier SUSY particle produced. The analy-sis is optimized to reach the best signal to back-ground ratio for the di�erent topologies and alsofor di�erent �M . For �M < 10 GeV the back-ground comes mainly from 

 processes, whilefor large �M four fermion processes constitutethe most di�cult background.In the GMSB scenario, the situation forcharginos are similar to the one described above.There is however an important di�erence. Sincethe LSP in this model is the ~G the decay ~�01 ! ~G
reduces the missing energy signature, but givesinstead an energetic photon. In this model theproduction of charginos would give similar sig-natures as above with the addition of a pair ofenergetic photons. For neutralino searches themost important production processes becomes~�01~�01 and ~�01 ~G with the subsequent decay ~�01 !~G
 , leading to �nal states consisting of a pairof acoplanar photons or a single photon. TheStandard Model background for such signaturesis very small and comes mainly from e+e� !��
(
) and e+e� ! ��

(
) , with a cross-section of the order of a few pb. Depending onm~G, the life-time of the ~�01 could be considerable.In that case the direction of the photon would notpoint towards the primary interaction point. Amore detailed description of GMSB phenomenol-ogy can be found in [3].4. Experimental resultsThe results presented here was primarily ob-tained with the data collected by the four LEPexperiments at the 189 GeV run in 1998, andshould all be considered preliminary. Since nosignal was found the results are presented as 95%C.L. on production cross-sections and masses.4.1. Results in SUGRAAll four LEP experiments have been searchingfor the production of ~�02~�01 and ~�+1 ~��1 [4]. Thesearches all rely on the signatures expected froman R-parity conserving model with a ~�01 LSP.The cross-section limits have been calculated as-suming that the relative weight of the di�erentdecay modes is the same as in the decay of a

Z or W� boson respectively. The L3 cross-sectionlimit on ~�+1 ~��1 and OPAL limit on ~�02 ~�01 produc-tion is shown in Fig.1.
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Figure 1. Top: The cross-section limits for~�+1 ~��1 production obtained by L3, as a functionof (m~��1 ,m~�01), assuming W� branching ratios.Bottom: Cross-section limits for ~�02 ~�01 produc-tion, as a function of (m~�02 ,m~�01) obtained byOPAL, assuming Z branching ratiosIn the context of CMSSM these model-independent cross-section limits can be translatedinto mass limits. In order to do that the pa-rameter space where scanned, for each point the



4expected number of events is calculated and bytaking into the account the expected backgroundand the number of observed events the point caneither be excluded with a 95 % C.L or not. AllLEP experiments usually present the excluded re-gion in the CMSSM space as a projection ontothe the (M2,�) plane. In Fig. 2 the region ex-cluded by DELPHI is shown for tan � = 1:5 andm0 = 1000GeV=c2.
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Figure 2. Excluded region of the MSSM param-eter space in the (M2; �) plane for M2 = 1000GeV=c2 and tan �=1.5In Fig. 3, the points excluded by OPAL isshown in the (m~��1 ;m~�01) plane, which can beinterpreted as a limit on the chargino mass. Form0 > 500 GeV=c2 and �M > 5 GeV=c2 achargino mass lower than 93.6 GeV=c2 is excludedfor tan � = 1:5, while allowing for any value ofm0reduces the limit to 78.0 GeV=c2. It should benoted that in order to put limits in the lowm0 re-gion, the chargino and neutralino searches have tobe supplemented by the results obtained in slep-ton searches and also searches for the ~�02 ! ~�01
decay. This is also the case for the lower limit onthe LSP mass. In Fig. 4 the DELPHI LSP masslimit is shown as a function of tan �. The LSP
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54.2. Results in GMSBAll LEP experiments have also searched foranomalous photon production. In the data col-lected in 1998 no signal was found [5]. Thesearch for 
+ =ET or 

+ =ET topologies can thenbe used to set limits on supersymmetric mod-els where such a signature is expected. This isthe case in models with a gravitino LSP and aneutralino NLSP where the decay ~�01 ! ~G
 giverise to such signatures following either ~G~�01 or~�01~�01 production. In Fig. 5 the distribution of allevents containing a single or two acoplanar pho-tons, selected by the L3 experiment, is shown.This agrees well with Standard Model expecta-tions. In the search for 
+ =ET events DELPHI�nds 145 events within there barrel region, where157.7 was expected. This can be translated intoa limit on the production cross-section of ~G~�01,shown in Fig. 6.
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Figure 5. Distribution of the photon energy forsingle photon or acoplanar photon pair events,from the L3 data collected at ps = 188:7 GeV.In Fig. 7 the cross-section limit is given for aprocess that gives a signature equal to what would

be expected from a ~�01~�01 production, with a grav-itino LSP and where the ~�01 decays promptly.
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 decay. In this caseonly photons detected in the barrel region areused.Limits have also been put on speci�c models.The MGMmodel described in [7], is a model witha neutralino NLSP, where the signature is twoacoplanar photons and missing energy. In thisparticular selection the energy of the least ener-getic photon was required to exceed 36 GeV. Theexcluded NLSP mass as a function of its lifetime isshown in Fig. 8. The mass limit obtained withinthis model is m~�01 > 91GeV=c2, for a neutralinowith lifetime < 3 ns. For larger lifetimes the ex-clusion is obtained by using the non-pointing pho-ton search.5. ConclusionsThe work of many people in the LEP experi-ments has been dedicated to �nd any evidence forthe existence of supersymmetric particles. How-ever so far without any sign of that yet. The



6
Mχ

∼ 0
1  (GeV)

   
σ 

   
  *

B
r(

χ∼
0 1→

G∼
γ)

 (
pb

)
χ∼

0 1χ∼
0 1

M
e ∼

R
,L =150 G

eV

M
e ∼

R
,L =100 G

eV

Bino

Photino

Higgsino

Excluded at 95% C.L.

χ
∼ 0

1 → G
∼

 γ

L3
Preliminary

0

0.1

0.2

0.3

0 20 40 60 80Figure 7. L3 cross-section limits on processes thatcould be interpreted as ~�01 ~�01 production, whichwould produce a acoplanar photon pair signature.The �gure also shows the predicted cross-sectionfor three extreme cases of the ~�01 composition andfor two di�erent ~e masses as a function of the~�01 mass in the model of [6]results have nevertheless already put some strin-gent bounds for di�erent models. In the SUGRAinspired CMSSM model, charginos are found tobe heavier than � 94:3GeV=c2 for the case ofheavy sfermions and with �M > 5 GeV=c2, and� 78.0 GeV=c2 for any m0. In the same scenariothe mass of the lightest neutralino is found tobe > 32.3 GeV=c2. In the GMSB scenario, cross-section limits for processes resulting in single pho-ton or acoplanar photon pairs + =ET are found tobe below 0.1 and 0.4 pb respectively. In the MGMmodel, the mass of the lightest neutralino is foundto be > 91 GeV=c2 for a neutralino NLSP withlife-time < 3ns.REFERENCES1. H.P. Nilles, Phys: Rep:110(1984)1;H.E. Haber and G.L. Kane,Phys: Rep:117(1985)75.2. G. Altarelli, T. Sj�ostrand and F. Zwirnereditors, CERN 96-01, Vol. 1, February 1996.

45

50

55

60

65

70

75

80

85

90

95

0 20 40 60 80 100 120
 cτ (m)

 χ
10  

m
as

s 
lim

it 
(G

eV
/c

2 )

Excluded at 95% C.L.

ALEPH  PRELIMINARY

Figure 8. Mass limits of a neutralino NLSP in theMGM model [7], obtained by ALEPH.3. S. Ambrosanio, G.D. Kribs and S.P. MartinPhys: Rev:D56(1997)17614. ALEPH Coll., CONF 99-006DELPHI Coll., DELPHI 99-9DELPHI Coll., DELPHI 99-11DELPHI Coll., DELPHI 99-88L3 Coll., L3 Note 2374OPAL Coll., CERN-EP/99-1235. ALEPH Coll., CONF 99-002DELPHI Coll., DELPHI 99-15DELPHI Coll., DELPHI 99-35L3 Coll., L3 note 2372OPAL Coll., OPAL PN3866. J.L Lopez and D.V. NonopoulosPhys: Rev:D55(1997)44507. S. Dimopoulos, S. Thomasand J. D. Wells, Phys: Rev:D54(1996)3283.


