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1 Introduction1.1 The R-Parity violating LagrangianDuring the last years, supersymmetry has been used extensively to chart the map of possiblephysics beyond the standard model (SM). This symmetry predicts the existence of additionalparticles, which di�er from their standard model partners by a half-integer spin. The massesand couplings of the new supersymmetric states are related by the symmetry to those of the SMstates. The simplest model available is the Minimal Supersymmetric Standard Model (MSSM)[1], which contains the minimal number of new particles and interactions that are consistentwith the SM gauge group. In this framework, many theoretical questions of uni�ed theoriessuch as the hierarchy problem and the uni�cation of couplings, may be successfully addressed.However, the facts that a) no such partners, degenerate in mass with the known particleshave been found to date, and b) many measurements of particle properties (e.g the protonlifetime) could be endangered by the virtual exchange of this new class of particles, imposestwo major modi�cations to the symmetric picture:� The symmetry can not be exact, but has to be broken in a way that its nice predictionsare still valid. In this case, the spectrum of supersymmetric partners is determined bya "soft" supersymmetry breaking mechanism. The details of the theory, as well as thephenomenological signatures, depend on the assumption of the supersymmetry breakingmechanism (e.g gravity or gauge mediated supersymmetry breaking).� The standard particle parameters are protected by a new multiplicatively conserved quan-tum number, R-Parity Rp [2]. This number assures the conservation of the leptonic (L)and baryonic (B) numbers or, more speci�cally, the conservation of the so-called (B�L)symmetry. It can be expressed in the form Rp = (�)(2S+3B+L) for a particle with spin S: itis even for standard particles and Higgs bosons and odd for their supersymmetric partners.The phenomenological consequences of the conservation of R-parity can be summarizedin two points: a) supersymmetric particles are produced in pairs and b) the LightestSupersymmetric Particle (the LSP) is stable.Most studies at LEP apart from a few exceptions [3], have searched for supersymmetricparticles and have put limits on the supersymmetric spectrum assuming R-Parity conservation.Nevertheless, the supersymmetric Lagrangian derived within the MSSM, possesses a more gen-eral expression when one includes the following supersymmetric invariant terms:�ijkLiLj �Ek + �0ijkLiQj �Dk + �00ijk �Ui �Dj �Dk (1)where L and E (Q and U ,D) denote the left-handed component of lepton doublet and antileptonsinglet (quark doublet and antiquark singlet) chiral super�elds respectively. The �ijk, �0ijk and�00ijk are new Yukawa couplings, where i, j and k are family indices going from 1 to 3. The termsproportional to � and �0 violate L explicitly, whereas the term with a �00 coupling, violatesB explicitly. In order to avoid an unacceptably large amplitude for proton decay throughsquark exchange, it is su�cient to assume that certain \dangerous" lepton and baryon numberviolating couplings that would generate such a process, are not simultaneously present in thelow energy Lagrangian. It has been shown in the literature, that as a result of symmetries, itis indeed possible to have large R-parity violating couplings in a way that the proton stabilityis maintained [4]. The simplest (and most conservative) assumption that one can make, is thatone R-parity violating coupling is dominant. In tables 1, 3 and 8, we report the existing limits1



from virtual exchange of R-Parity violating sparticles under this assumption [5, 6]1.Due to SU(2) invariance, there are only 9 allowed � terms i.e. all combinations of i, j andk going from 1 to 3 with i 6= j. There are 27 allowed �0 terms i.e. all combinations of i, j andk going from 1 to 3. Finally, from SU(3) invariance, there are only 9 �00 allowed terms i.e. allcombinations of i, j and k going from 1 to 3 with j 6= k. This amounts in total to 45 newpossible terms in the Lagrangian, leading to a large but manageable diversity of the possibleexperimental signatures and topologies [5, 9, 10, 11].One of the main phenomenological consequence of the R-Parity violating models (6 Rp )is the decay of the LSP. While in the context of R-Parity conserving models (Rp ) the LSPcandidates have to be neutral2 for cosmological reasons, in 6Rp models any particle can be theLSP (although if one makes the additional assumption of universality for superparticle massesat the GUT scale, the possible LSP candidates are more constrained). The absence of a model-independent prediction for the supersymmetric spectrum, greatly enlarges the parameter spaceto be searched in the case of these models.In this paper we will study three possible manifestations of R-Parity violation in an e+e�collider i.e. pair production of sparticles and subsequent decay through R-Parity violating cou-plings, R-Parity violating single production of sparticles and �nally indirect e�ects on standardparticle production cross section and asymmetries, through a R-parity violating exchange inthe t channel.1.2 DecaysWe can distinguish the 6Rp decays of the supersymmetric particles in 2 categories:� direct 6Rp decays. The sparticle decays directly or via a virtual exchange to standardparticles through an 6Rp vertex. This is always the case when the sparticle is the LSP.If e.g the ~� is the LSP, it can decay directly to a pair of fermions through the abovementioned 6Rp terms. If on the other hand the lightest neutralino ~�o1 is the LSP, then itcan decay into a fermion virtual-sfermion pair with the subsequent decay of the sfermionto standard fermions via the R-parity violating terms (see �gures 1 and 2).� indirect 6Rp (or cascade) decays. The sparticle �rst decays through an Rp -conservingvertex to an on-shell sparticle which then decays through a 6Rp vertex. This mode usuallydominates when there is enough phase space between the \mother" and the \daughter"sparticle. As a rule of thumb, when the di�erence of masses between these 2 sparticlesis larger than 5-10 GeV the indirect mode tends to dominate. An exception to this canbe the light stop decay, whose Rp decay is naturally suppressed. A typical example ofindirect decay is the Rp decay ~�+1! ~�01+ W �+ and the subsequent decay of ~�01 throughthe 6Rp couplings. In the case of �00 dominance, the direct ~�+1 decay has a signature of3 jets, while the indirect would give either 5 jets or 3 jets + 1 lepton + missing energy,depending on the decay modes of W � (see �g 3)Given the existing experimental limits on the couplings �, the two decay modes may com-pete at regions with some form of degeneracy between mother and daughter sparticles. In thispaper, we will mainly study the signatures of the direct 6Rp decays3. The indirect decays1We do not refer to cosmological constraints on R-parity violating interactions [7] as they can be avoided invarious schemes, such as electroweak baryogenesis [8]2e.g the ~�01or the ~� for gravity mediated supersymmetry breaking models3In what follows we use the nomenclature direct and indirect decays to denote direct 6Rp and indirect 6Rpdecays 2
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Figure 3: Direct (left) and indirect (right) 6Rp decays of a chargino.A further complication arises when �00 or �0 are involved and the decay lifetimes to quarksbecome larger than the hadronization ones. Then the system hadronizes into a squark hadronbefore decay and all the ambiguities in the modelization of the Rp ~t decay become relevant forthe 6Rp decays.1.3 Production� Pair production of gauginos and sfermions. It occurs through Rp couplings de-termined by the MSSM model parameters. The new couplings � do not enter into theproduction process. They only a�ect the decay. As long as they are strong enough topermit a sparticle decay close to the vertex, they play a minor role in the sensitivity of de-tection. They are studied in sections 3, 4 and 5 corresponding to 3 distinctive signatures:leptonic, semileptonic and multi-jet hadronic.4



More speci�cally we have searched for4:� leptonic topologies (� dominance)� e+e� ! ~�0i ~�0i ! 4 l + Emiss� e+e� ! ~�+i ~��i ! 6 l, 4 l + Emiss or 2 l + Emiss� e+e� ! ~�~� ! 4 l� e+e� ! ~l+~l� ! 2 l + Emiss� "semi-leptonic" topologies (�0 dominance)� e+e� ! ~�0i ~�0i (~�+i ~��i )! 2 l + 4 jets or 4 jets+ Emiss� e+e� ! ~t~�t(~b~�b)! 2 l + 2 jets for direct decays and for indirect decays via ~�0i 6jets+ Emiss or 2 l + 6 jets� multijet hadronic topologies (�00 and �0 dominance)� e+e� ! ~�0i ~�0i (~�+i ~��i )! 6 jets (�00 dominance)� e+e� ! ~t~�t(~b~�b)! 4 jets (�00 dominance)� e+e� ! ~�~�(~e+~e�)! 4 jets (�0 dominance)This is not a fully exhaustive list, since the complications of the cascade decays and theinterplay of direct and indirect decays will tend to alter the number of leptons, jets andmissing energy. We simulate both direct and cascade decays and accept the events thatful�ll the general search criteria.� Single production of squarks and sleptons. The search for manifestations of R-Parity violation can be extended to masses � ECM , provided we introduce at least one6Rp vertex in the production. The single production processes are of 2 types:� single squark production through the interaction of a quark (contained in aradiated "resolved" gamma from one of the incoming particles (e+ or e�) [12] (see�g. 4)
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Figure 4: Single squark productionIn this case as well, the direct and indirect decays respectively give:4In what follows l denotes charged leptons 5



� a striking signature eq of a single lepton opposite a hadronic jet, with a resonantmass, or �q missing energy and a hadronic jet, equally resonant.� a Rp decay to q ~�01 or q0~�+1 , giving a �nal topology where a jet is opposite 2 jetsand a lepton or 2 jets and missing energy.� ~�� or ~�� resonant production in the s channel through the operators �121 and�131 (see �g 5).
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Figure 5: 6Rp sneutrino resonance production, and decay to Rp permitted channelsWe can have 2 possible decay modes:� indirect decays when the mass of ~�01 and/or ~�+1 is smaller than the mass of the~� so that the indirect Rp decay dominates. The ~� decays �rst to � ~�01 [5, 13] or��(��)~�+1 [13], giving a �nal signature of 2 or 4 leptons with or without missingenergy.� direct decays when the ~�01 and or ~�+1 have a mass equal or larger than the massof the ~�. The ~� decays either through the dominant operators responsible for itsproduction, or through any other. The R-Parity violation, will manifest itselfthrough:� deviations of the Rb or some other Rq value from the SM,� deviations of the Re value from the SM,� generational lepton number violating processes.This will be the subject of section 6.� Indirect e�ects on the SM cross sections and asymmetries. Finally the t channelexchange of a squark (or slepton) can in principle give access to squarks (slepton) masseswell beyond the ECM energies. Deviations of the SM cross-sections and asymmetries arestudied in section 7 as a means of setting new limits to 6Rp couplings, for high sfermionmasses beyond the kinematical limits of double or single sfermion production.6



2 Data samples and Background SimulationThe data used in this analysis were recorded in 1996 at center-of-mass energies of 161 GeV and172 GeV. The corresponding integrated luminosities were 9.7 pb�1 and 10.0 pb�1, respectively.A detailed description of the DELPHI detector, of the triggering conditions and of the readoutchain can be found in reference [17].The e�ects of the experimental resolution, both on the signals and on the backgrounds,were studied by generating Monte Carlo events for the SM background processes and for thepossible signals and passing them through the full DELPHI simulation and reconstructionchain. Some searches used a fast simulation of the detector [18] to generate a few hundreds ofpoints of the supersymmetric parameter space. The fast simulation has been checked againstthe full simulation and has been found to agree within a few %. When fast simulation is used,the e�ciencies have been down-scaled with factors obtained from the comparison with fullsimulation.Bhabha events, e+e� ! Z, WW , We�, ZZ, Zee, events were generated withPYTHIA [19]. In all four fermion channels, studies with the EXCALIBUR generator [20]were also performed. The two-photon (\") physics events were generated according to theTWOGAM [21] generator for quark channels ( QCD,  QPM,  VDM processes) andtwo-photon interactions leading to leptonic �nal states were generated with the Berends, Dav-erveldt and Kleiss program [22]. The statistics of the simulated background samples were 10-20times the real data statistic. Most of the signals have been generated with SUSYGEN 2.17[23], apart from the stop and sbottom generation where a speci�c generator has been used5.3 Leptonic topologiesMeasurements on weak processes at low energies provide strong constraints on 6Rp interactionswith L violation. Limits come from universality of quark and lepton couplings to W bosons,��� e scattering, forward backward asymmetry in e+e� collisions, atomic parity violation, and�e -majorana mass [24] [25]. Present experimental limits on couplings are presented in table 1.ijk �ijk � ijk �ijk � ijk �ijk ���e�e=�e��e(121) 0:04 ��e�e=�e�� e(131) 0:10 ����e=���� e(231) 0:09��e��=�e���(122) 0:04 ��e��=�e�� �(132) 0:10 �����=���� �(232) 0:09��e��=�e��� (123) 0:04 ��e��=�e�� � (133) 0:003 �����=���� � (233) 0:09Table 1: Indirect limits on the 6 Rp couplings � in units of (m ~f=100 GeV), where m ~f is theappropriate sfermion mass.The leptonic topologies fall in 4 categories:� Lightest neutralino pair production leading to 4 leptons and missing energy topologies.In the MSSM, assuming GUT uni�cation for the gaugino masses, the lowest neutralinohas a smaller mass than the chargino, except for a small region with positive � and lowtan � where the opposite happens. For this region we can use the similar direct decay ofthe chargino pairs to 4 leptons and missing energy, explicited below, which is abundantly5See section 4 for further details 7



produced and passes our cuts with substantial e�ciency. A decay of the lowest massneutralino to a sfermion LSP particle does not change the signature. It only changes thekinematics making the signal more easily distinguishable, so we can safely assume thatthe lowest mass neutralino will decay directly to 2 leptons and missing energy (~�01 ! ll�).� The chargino pair production leads to a series of distinctive topologies. Apart fromcases of extreme degeneracy between the chargino and the neutralino (e.g low � high M2regions), the chargino decay to the lowest mass neutralino plus an o�-shellW is dominantin practically all the phase space, apart fromIn these special cases of extreme degeneracy, the chargino decays directly to either 1lepton and 2 neutrinos, or 3 leptons (~�+1! �l+� or ~�+1! l+l�l+). When the chargino ispair produced, the mixture of these 2 possible (extreme degeneracy scheme) decays willgive 2 or 4 leptons and missing energy or 6 leptons and no missing energy. The signatureof 4 leptons and missing energy is identical to the neutralino direct decay. The strikingsignature of 6 leptons is also searched for. The search of the 2 lepton topology is coveredby the Rp searches of two acoplanar leptons6.In the rest of the parameter space the chargino decays indirectly giving either 3 leptonsand missing energy or 2 leptons and 2 jets, following the branching ratios of the o�-shellW . This will give either 6 leptons and missing energy, or 4-5 leptons, missing energy andjets. The �rst topology is again the same as the one of the neutralino direct decay. Thesecond is similar to a few topologies characteristic of a �0 dominated decay, analyzed inthe next section. It will be studied in a later publication. Similar arguments hold for thesecond neutralino direct and indirect decay.� The sneutrino pair production leads to a topology of 4 leptons and no missing energy, whendirect decays are dominant, since each sneutrino decays directly to 2 leptons (~� ! l+l�).This analysis though it exhibits similarities to the neutralino one, in the selection ofcandidates, di�ers by the fact that there is no missing energy and that one has thepossibility to reconstruct the candidates mass. The indirect decay ~� ! � ~�01 ! �l+l��dominates when kinematically available and � is below presently constrained limits. Thepair production of the indirect decay gives thus a signal very similar to the one of theneutralino search. We used the combination of the 2 analyses (multi-leptons + missingenergy and 4 leptons and no missing energy) to perform a model independent search.� Charged slepton pair decays to 2 leptons and missing energy. This analysis is similarto the "standard" MSSM R-Parity conserving analysis, where the slepton decays to thecorresponding slepton and a neutralino, at the kinematical limit of zero neutralino mass.We transpose here the results of Rp searches reported in [26].To summarize in this section we present:� the search for neutralinos, charginos and sneutrinos using the multi-leptons and missingenergy topology,� the search for sneutrinos decaying directly to 4 leptons and no missing energy and� the reinterpretation of the Rp searches of acoplanar leptons in the context of 6Rp models.6The reinterpretation of the limits obtained in [26] in the context of 6Rp chargino decays will be done in afuture publication 8



3.1 Chargino and neutralino decays to multi-leptonsIn the present analysis it was assumed that only one �ijk is dominant.Two searches have been performed :� the �rst assuming that �122 is dominant. In this case, each ~�01 can decay into e+ �����, or�� ��e�+ (and their conjugates). The corresponding �nal state is : missing energy, comingfrom the undetected neutrinos, plus 2e2� (� 25%) or 1e3� (� 50%) or 4� (� 25%). Thiscase is the most favorable since selection depends on e and � identi�cation.� the second assuming that �133 is dominant. The corresponding �nal states are the sameas for �122 but with the � replaced by � . This case should have the worst e�ciency dueto the presence of several � in the �nal state.To evaluate signal e�ciencies, SUSYGEN 2.17 was used to generate neutralinos (~�01, ~�02)and charginos (~�+1 ) through the processes e+e� ! ~�01~�01; ~�02~�01; ~�+1 ~��1 . The ~�02, ~�+1 indirectdecays: ~�02 ! ~�01���, ~�02 ! ~�01l+l� and ~�+1 ! ~�01l+� were studied because they also lead to amulti-leptonic �nal state. The plane (M2, �) was scanned for two values of tan� (1.5 and 30)and two values of m0 (90 GeV=c2 and 300 GeV=c2). The results will be presented as exclusioncontours in the plane (M2, �). The � parameters have been set to their present experimentalupper limits (see table 1) : �122 = 0:04 and �133 = 0:003.Several points in the (M2, �) parameter space were generated and passed through thefull DELPHI simulation in order to obtain the corresponding e�ciencies. For these points,performances and e�ciencies were compared with a fast simulation of the DELPHI detector.The two simulations agree very well apart from few points where the neutralino mass is verylow (below 10 GeV=c2), for which the fast simulation is around 6% more optimistic than thefull simulation. The fast simulation is used to evaluate e�ciencies at di�erent points in theparameter space, taking into account the small di�erences between fast and full simulation asmentioned above. Of the order of one thousand points have been simulated with fast simulation.3.1.1 �122 searchEvents are selected if they satisfy the following criteria:� at least two loose muons [17] are identi�ed in the event;� the visible energy is greater than 40 GeV;� the number of charged particles is in the range between 4 to 6;� the total charged energy is greater than 30 GeV;� an isolation criterium is imposed for the identi�ed leptons (no other charged track in acone of 5 degrees around the lepton);� the missing energy is at least 15 GeV.E�ect of the cuts on the real data and on the simulated background are given in table 2.After the cuts, no event survived, consistent with the 0:72 events expected from StandardModel processes. 70% of this background comes from the four fermion (2e2�) process. Theobtained e�ciencies are between 52-75% depending on the point in the (M2, �) plane.3.1.2 �133 searchThe � are searched as isolated particles or thin jets reconstructed using the JADE algorithmwith ycut = 0:00017 corresponding to the � mass. In this case the missing energy is expected9



Cuts data Expectedevents SM eventsEtotal > 40 GeVN� loose � 2 655 6524 � Ncharged � 6 7 5Echarged � 30 GeV 4 4:3j � Q j� 2 1 3�minlepton�track � 5o 1 1:5Emiss > 15 GeV 0 0:72Table 2: Number of events remaining after each cut of the �122 search on the data and on thesimulated normalized background.to be higher than in the �122 case due to the presence of neutrinos coming from � decay.Events are selected if they satisfy the following criteria:� at least one loose lepton is required;� the visible energy is greater than 30 GeV;� the number of charged particles is in the range of 4 to 8;� the missing pt is greater than 5 GeV=c;� there should be no other charged track in a 5 degrees cone around the identi�ed lepton(s);� the missing energy is at least 60 GeV;� The ps0 energy should not be within the Z peak � 3.5 GeV.Further selections based on jet properties or topologies have been applied on the remainingevents :� the number of jets in the event should be in the range 4 to 6;� at least 4 charged jets;� all the jets should have a polar angle in the range 20o � � � 160o;� at least one jet with a lepton as a leading particle;� if leading lepton found in jet, no other charged track and no more than a neutral allowedin this jet.No candidate event remains after the cuts with 0.9 expected events from standard backgroundprocesses. The background is equally distributed to four-fermion, radiative return and WWdecays to � 's. The last background becomes dominant at 172 GeV. For ~�01 pair produced,e�ciencies are in the range 20-37 %.3.1.3 ResultsThe processes contributing to the selected �nal state are combined to give the exclusioncontours at 95% CL in (M2, �). The maximum number of signal events in presence of back-ground is given by the standard Poisson formula [27]. All the points in (M2, �) which satisfythe condition: N � ( Pi=3i=1 �i;161�i;161)L161 + (Pi=3i=1 �i;172�i;172)L172,where i runs for the contributing processes ( ~�01~�01, ~�02~�01, ~�+1 ~��1 )10
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are excluded at 95% CL7. Using the obtained e�ciencies, one deduces the exclusion contoursshown on �gure 6. The light grey area shows the region excluded by the �133 search and thedark grey area, the region excluded by the �122 search which, having a better e�ciency, includesand extends the excluded region. One can consider these two searches as the most sensitive andthe least sensitive cases. The other couplings must have a sensitivity lying in between thesetwo extremes.3.2 Sneutrino search in �122 hypothesisThe cross section of sneutrino production at the center of mass of 136, 161 and 172 GeV isshown in �gure 7.
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� each loosely identi�ed lepton should be isolated (no other charged track in a cone of 5degrees around the lepton);� the maximum invariant mass of any 2 leptons in the event is greater than 30 GeV=c2.
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Figure 8: Invariant mass of two leptons for signal (45 GeV=c2 sneutrino pair production) events.Figure 8 shows the invariant mass between two leptons for the signal events before the lastcut. After the cuts no event remained in the data with 0.7 expected from standard backgroundprocesses. The obtained e�ciency for signal events varied between 60 and 65% for sneutrinosbetween 45 and 70 GeV=c2. Figure 9 shows the number of expected events as a function ofthe sneutrino mass. The LEP2 DELPHI data exclude a sneutrino decaying directly throughthe �122 between 40 and 62 GeV=c2.Since the neutralino decays to 2 leptons and a neutrino, the indirect sneutrino decay gives�nally 4 leptons and missing energy, a signature studied for the case of the neutralino. Thegeneral case will be a mixture of direct and indirect decays. By combining the direct andindirect searches, one hopes to cover the entire parameter space. By �xing the mass of sneutrinoto 55 GeV=c2 and scanning through di�erent points of (M2,�) plane, the two possible decaymodes (direct and indirect) of sneutrino are studied simultaneously; we combine therefore thetwo analyses above. The same two values of tan� (1.5, 30) are studied. The combination of thetwo searches can exclude e.g a sneutrino mass of 55 GeV=c2 at 95% C.L for all the cases apartfrom the deep higgsino region, i.e for low values of � (� � 20) and high values of M2(M2�200). In this region, the dominant decay is ~�+1 l�, and the purely leptonic decays are severelysuppressed. One needs to extend the search to include the leptons + multijets signature tocover this area. Before then, no limits, independent of the chosen (indirect/direct), mode canbe obtained. 13



Figure 9: Expected sneutrino events decaying directly through the �122 operator.3.3 Charged slepton pair decays to 2 leptons and missing energyWhen the charged slepton decays directly through the � operator the signature is a lepton anda neutrino, giving a signature of two acoplanar leptons and missing energy. This signature isthe same as the Rp decay of sleptons to the corresponding lepton and a massless neutralino,reported by DELPHI at [26]. In fact it is di�cult to distinguish kinematically a neutralinoof zero mass from a neutrino. One can transpose thus the limits obtained in the context ofRp studies, in the 6Rp case, provided one assumes that the corresponding slepton is the LSP,so that indirect decays do not change the signature. Indirect decays, will in general fall inthe category of multilepton studies and missing energies studied in the previous section, thecombination thus of direct and indirect studies could in principle give a limit independent ofthe decay mode. The 95% CL lower mass limits, at � � �200 and tan� = 35, obtained in [26]are 70 GeV=c2for the selectrons, 58.5 GeV=c2for the smuons and 52.5 GeV=c2for the stau'sat the limit of minimal cross section.
14



4 Semileptonic decaysPresent experimental limits on couplings are presented in table 3.ijk �0ijk � ijk �0ijk � ijk �0ijk ��0eud=�0�edd(111) 0:0004 �0�ud=�0��dd(211) 0:012 �0�ud=�0�� dd(311) 0:012�0eus=�0�eds(112) 0:012 �0�us=�0��ds(212) 0:012 �0�us=�0�� ds(312) 0:012�0ecd=�0�esd(121) 0:012 �0�cd=�0��sd(221) 0:012 �0�cd=�0�cd(321) 0:012�0ecs=�0�ess(122) 0:012 �0�cs=�0��ss(222) 0:012 �0�cs=�0�� ss(322) 0:012�0eub=�0�edb(113) 0:012 �0�ub=�0��db(213) 0:012 �0�ub=�0�� db(313) 0:012�0�ebd=�0etd(131) 0:04 �0��bd=�0�td(231) 0:22 �0�� bd=�0�td(331) 0:26�0ecb=�0�esb(123) 0:012 �0�cb=�0��sb(223) 0:012 �0�cb=�0�� sb(323) 0:012�0ets=�0�ebs(132) 0:4 �0�ts=�0��bs(232) 0:4 �0�ts=�0�� bs(323) 0:012�0etb=�0�ebb(133) 0:001 �0�tb=�0��bb(233) 0:4 �0�tb=�0�� bb(333) 0:26Table 3: Limits on the 6Rp couplings �0 in units of (m ~f=100GeV ) , where m ~f is the appropriatesfermion mass.We searched for manifestations of the "semi-leptonic" couplings dominance in the stop pairproduction, where each stop decays to a lepton and a jet leading to a signature of 2 leptonsand 2 jets. This is the main signature studied in this section. Indirect decays where each stopdecays into charm and neutralino and subsequently the neutralino decays to a lepton and 2 jets,end up to 2 leptons and multi-jets. The e�ect of the indirect decay is to soften the resultingleptons. We studied only the direct decays case.4.1 Stop decays to leptons and jetsThe expression of the width of the stop decaying directly into ld (where ld can be ed, �d or e.g�b) is given by [28]: �(~t1 ! lq) = �0216�cos2�tm~t1 (4)where �t is the stop mixing angle [30]. This expression may be compared to the width ofthe decay into ~�01 which is given by [29]:�(~t1 ! c~�o1) = (0:3 � 3) � 10�10m~t1 "1� m2~�o1m2~t1 #2 GeV (5)The corresponding decay time (� 10�20 sec) is far longer than the strong-interaction timescale of the order of 1 fm (i.e. O(10�23) sec), so that a produced ~t1 hadronizes into a stophadron before it decays. The stop hadronization also occurs before decaying in the 6Rp mode,for values of the �0 coupling lower than O(10�1). As the relevant current HERA limit on �0[6] for stop masses accessible to LEP2 already excludes �0131 above O(10�2) we will take theattitude of considering that the stop always hadronizes before decaying via 6Rp couplings.15



Equating the width �(~t1 ! ld) = �(~t1 ! c~�o1) for �t = 0 i.e. pure left stop, gives:�02 = 16�(0:3� 3)� 10�10[1� m2~�o1m2~t1 ]2 (6)So that one can estimate the accessible range of the �0 couplings involved in the direct stopdecay into ld.For conservative values in the theoretical uncertainty[29] of �(~t1 ! c~�o1), i.e. 3 �10�10and no suppression by phase space, one obtains the minimum value of �0, �0min = 1:2 �10�4above which direct decays dominate. For small mass di�erences between ~�01 and the stop thesuppression due to phase space gives a �0min closer to 10�5.For �0 below �0min, we expect that the stop decays �rst into charm and ~�01 and then the ~�01may decay via 6Rp giving more complicated topologies than 2 l, 2 jets and no missing energy.By restricting ourselves to the 2 l, 2 jets and no missing energy topology, we do not explorecoupling values below �0min. This very conservative value of the coupling will be taken as ourlimit if no evidence for this topology is found in our data.In this section we will concentrate on the �0ijk term and more precisely on cases where:� the �0131 or �0231 couplings are dominant. In this case, we have either the decay ~t1 �! ed,for the dominant coupling �0131, leading to the signature 2e, 2 jets and no missing energyor the decay ~t1 �! �d, for the dominant coupling �0231, leading to the signature 2�, 2jets and no missing energy. The lightest stop ~t1 is produced in pairs [30]. In both cases,�0131 and �0231, we have the signature 2 l + 2 jets.� or the �0333 is dominant. There are several motivations to concentrate on this particularcoupling concerning the third sfermion-fermion generation. First, there are very mildexperimental constraints on �0333 from the LEP I measurement of R� which give �0333 <0:45 at the 2� level or �0333 < 0:26 at the 1� level. Second, several theoretical analysestend to indicate the possibility of having a not too small i.e. close to O(1) �0333 coupling(the same for the �0233 and the �00233 coupling) [32] and [33]. We will therefore examine thedirect decay ~t1 ! �b via the �0333 coupling leading to the signature 2 � and 2 b and nomissing energy. We will concentrate on the topology in which the tau decays into hadronsso that the �nal signature we will consider is 4 jets and no substantial missing energy.The stop and sbottom event generators used the program package GRACE [36] for thecalculation of the matrix elements, and the program packages BASES and SPRING describedin [35] for the phase space generation and event production. The di�erential cross sectionfunction is based on the calculation of [34] which includes the initial state QED correction in thecollinear approximation at the leading order as well as QCD corrections. The event generatorhas been interfaced with JETSET 7.3 [19] in order to bene�t of the facilities in treating thehadron fragmentation and decays and in order to accommodate easily the treatment requiredby the stop hadronization (some more details on hadronization in [30]). Numerical values forproduction cross sections at ps = 161 GeV and 172 GeV can be found in table 2 of [31]. Wesimulated stop signals at di�erent masses and decay patterns at the two energies which thenpassed through DELSIM and DELANA.4.1.1 �0131 and �0231 searchThe selection used for the present analysis has been derived from the analysis designed for thesearch of the higgs boson in the hZ mode where 2 leptons (� � or e e) and 2 jets are produced.16



This analysis has been described in [37]. The selection has only changed in some slight detailsand is described below.� Hadronic events are selected by requiring at least �ve charged particles in the barrelacceptance and a total energy from charged particles above 12% of ps.� Among charged particles, at least two fast charged particle with p > 10 GeV=c withopposite charges are required, which are then our two leptons candidates.� Then the selection proceeds by requiring an isolation of 3o and polar angles in the rangeof [5o, 185o] for these lepton candidates, at least 2 jets in the event using a JADE-likejet algorithm and at least 2 charged particles in the second most energetic jet. Moreover,the maximum angle between the candidate lepton and the closest jet is required to begreater than 40o while the minimum angle between the candidate lepton and the closestjet is required greater than 10o.� At ps = 172 GeV, additional cuts have been introduced in order to reduce further thefour fermions background. Namely, thrust is required to be below 0:9, sphericity greaterthan 0:125 and acolinearity below 0:5.� Neither lepton identi�cation nor lepton-jet mass reconstruction have been used in theselection.The e�ects of these selections in the data as well as in the simulated samples of backgroundevents are shown in table 4 at ps = 161 GeV ps = 172 GeV.Energy data MC f �f () WW ZZ Zee We�  Bhabba161 GeV 0 1.41 � 0.25 0.31 0.32 0.35 0.27 0.009 0.15 0172 GeV 1 1.08 � 0.11 0.11 0.33 0.53 0.11 0 0 0Table 4: E�ect of the selection the for �0131 and �0231 searchIn our selection the lepton candidates are selected with a lower momentum threshold i.e.10 GeV, than in the case of the h�� or hee analyses i.e. 15 GeV, and no lepton identi�cationis attempted. The choice of this strategy has been imposed by the sake of optimizing thee�ciencies on the signal using a single analysis designed originally for the (h,lepton lepton)channel.4.1.2 ResultsCombining Data and MC at ps = 161 GeV and ps = 172 GeV, one obtains 1 candidate inthe data for 2.49 events expected in the MC. The candidate has a total energy of 169.95 GeV,a total visible mass of 169.61 GeV and missing energy of 0.73 GeV. It contains two candidateleptons of momentum 54.07 and 32.15 GeV respectively. Signal e�ciencies are given in table 5.There are no evidence for a 2 l, 2 jets and no missing energy topology in the data atps = 161 GeV and ps = 172 GeV which can not be interpreted in terms of SM processes. Nosignal for stop decaying into ed or into �d has been found in the data. In consequence, limitson the stop mass at the 95 % con�dence level, combining the results at ps = 161 GeV andps = 172 GeV, can be derived for the ed channel and for the �d channel for two stop mixingangles corresponding respectively to the pure left stop i.e. mixing angle equal to 0, and to thestop decoupling from the Z boson i.e. mixing angle equal to 0.98 radian, denoted ~t0:98 below.17



channel 40 50 60 70 80 85e d161 31.3 � 4.1 34.6 � 4.5 33.1 � 4.4 30.9 � 4.1 24.6 � 3.6� d161 49.5 � 5.4 34.6 � 4.5 44.9 � 5.0 43.3 � 4.9 42.5 � 4.8e d172 18.7 � 3.1 21.0 � 3.3 24.2 � 3.7 20.2 � 3.3 16.0 � 2.8� d172 32.4 � 4.1 31.4 � 3.9 33.4 � 4.1 29.4 � 3.7 27.0 � 3.5Table 5: Signal e�ciencies (in %) for the �0131 and �0231 searchThe two stop decay channels have to be considered separately since we are considering twodi�erent 6Rp couplings.The results are shown in table 6.~t1 ! ed ~t1 ! �dm~tL > 66.93 GeV 95 % C.L. m~tL > 69.51 GeV 95 % C.L.m~t0:98 > 50.03 GeV 95 % C.L. m~t0:98 > 58.69 GeV 95 % C.L.Table 6: Stop mass limitsIn the case of a zero stop mixing angle i.e. a pure left stop, �0min has been establishedconservatively to be equal to 1:1 10�4, so that we have the boundaries �0131 and �0231 < 1:1 10�4.In the case of a mixing angle equal to 0.98 i.e. stop decoupling from the Z boson, the abovevalue of the couplings have to divided by cos(0:98) = 0:557 (see equation 4) which gives 1:9 10�4for �0131 and �0231 respectively. In the case of a pure left stop the exclusion domain in the �0131and m~t1 plane are shown in �gure 21 and compared with other searches from DELPHI, LEPand HERA. While the range of accessible stop masses is modest when compared to the rangeof H1, �0131 coupling values can be excluded down to the 10�5 level which are about 2 orders ofmagnitude below the H1 limits. Even lower coupling values can be explored when consideringmore complicated signatures than 2 l, 2 jets and no missing energy i.e. signature in which thestop �rst goes into charm and ~�01 and then the ~�01 decaying via the �0131 6Rp coupling. Suchtopologies will be studied in a future work.4.1.3 �0333 searchThe selection used for the present analysis has been derived from the analysis designed forthe search of the higgs boson in the hZ and hA mode where 2 � and 2 jets are produced.This analysis has been described in [37]. The selection has only changed in some slight detailsfor the last three cuts. One concerns the b-tagging which has been tightened so that the b-tagging variable P+E , which is the event probability computed from tracks with positive impactparameters only, is now required to be below 10�3. The two other cuts concern the m�� andmjet jet masses which have been removed and replaced by a cut on �b pair mass di�erences inthose combination for which the mass di�erence of the two possible �b pairing is minimum. Werequire that this mass di�erence is lower than 40 GeV. The result of this selection on signale�ciencies can be seen in table 7. 18



m~t1 in GeV 50 60 70 80ps = 161 GeV 12.2 �2.1 15.8 �2.2 18.8 �1.8 23.6 �2.6ps = 172 GeV 12.9 �1.7 13.0 �1.7 14.3 �3.3 24.0 �1.6Table 7: Signal e�ciencies (in %) for the �0333 search4.1.4 ResultsNo candidate is found in the data while we expect 0.225 � 0.050 from processes from the Stan-dard Model simulated by MC. In consequence, limits on the stop mass at the 95 % con�dencelevel, combining the results at ps = 161 GeV and ps = 172 GeV, can be derived for the �dchannel for two stop mixing angle corresponding respectively to the pure left stop i.e. mixingangle equal to 0, and to the stop decoupling from the Z boson i.e. mixing angle equal to 0.98radian.We exclude a m~tL > 59.3 GeV/c2 at 95 % Con�dence Level. In the case of a pure left stop,for the reasons that have been explicited above, we have the boundary �0333 < 1:1 10�4.
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5 Hadronic decaysThe existing constraints on �00ijk couplings are shown in table 8. These are limits on operators.Wechoose to disregard limits on products of operators, given our hypothesis of a single operatordominance. ijk �00ijk � ijk �00ijk � ijk �00ijk ��00usd(121) 10�6 �00csd(221) 1:25 �00tsd(321) 0:97�00ubd(131) 10�4 �00cbd(231) 1:25 �00tbd(331) 0:97�00ubs(132) 1:25 �00cbs(232) 1:25 �00tbs(332) 0:97Table 8: Limits on the 6Rp couplings �00 in units of (m ~f=100GeV ), where m ~f is the appropriatesfermion mass.In this section we will treat the hadronic multijet events coming from the decay throughthe operators �00ijk and �0ijk. There will be 3 types of events in these topologies.� Chargino and neutralino decays to multijet (more than 4 jets) topologies through the op-erators corresponding to �00ijk. The arguments concerning the neutralino having a smallermass than the chargino have been developed in section 3. We can safely assume that thelowest mass neutralino will decay directly to 3 jets (~�01 ! �u �d �d). Its pair production willgive a 6 jet topology. We search for peaks in a 6 jet topology. On the other hand theindirect decay of the chargino to the neutralino plus an o�-shell W is dominant in practi-cally all the phase space, apart from cases of extreme degeneracy of the chargino and theneutralino. In these special cases the chargino decays directly and the �rst analysis canbe transposed without any change. In the rest of the parameter space it decays indirectlygiving a �nal 10 jet topology.� Squark decays to 4 jet topologies through the operator corresponding to �00ijk. Among thesquarks the third generation has the highest probability to be the �rst accessible to a e+e�collider due to mixing and the strongest inuence of Yukawa couplings. The stop woulddecay to 2 down quarks (~t! dd) and the sbottom to an up and a down quark (~b! ud).For the case of the light stop where the 6Rp decays are going through C.K.M suppressedmatrix elements, the direct decay dominates for a large region of values of �00. On thecontrary the decay of a sbottom to a b and ~�01 dominates whenever it is kinematicallypossible giving 8 jet topologies.� Charged slepton and sneutrino decays to 4 jet topologies through the operator correspond-ing to �0ijk. The charged sleptons decay to an up and down quark, while the sneutrinosdecay to two down quarks. Table 3 shows charged sleptons can decay through 6 couplingswith 2b's in the products, 12 couplings without b's and 9 couplings are inaccessible; whilethe sneutrino decays through 15 couplings with b's in the products and 12 without. Thedirect decay is comparable to the indirect for high �0 values even when the neutralinomass is quite far from the parent sfermion, so a direct decay search for 4 jets is particu-larly sensitive. The indirect decays give a charged lepton or a neutrino and a neutralinowhich in turn decays to a lepton and 2 jets. So mixed events consisting of leptons missingenergy and jets are produced. These topologies will be studied in a later publication. Wewill take the third generation cross-section, conservatively avoiding thus the region where20



the �rst generation cross-section is enhanced due to exchanges in the t channel. Thereforethe case where the stau is the LSP will be covered.5.1 Chargino and neutralino decays to more than 4 jetsThe particularity of these channels comes from the necessity to go beyond the common 4-jetevent analysis. In the case of the neutralino or a chargino decaying directly we search for twoheavy objects with the same mass which decay in 3 quarks. A clusterization of the particles in6 jets has to be performed in order to estimate the energy and direction of the initial partons.The main backgrounds come from QCD events (e.g. Z �! q�q with gluon emission) andfrom the W pair 4-jet events.Due to the backgrounds, the selection of the 6-jet signal requires a multi-jet analysis. Inour analysis each event is clusterized in 2 to 6 jets. The 2- 3- 4- and 5-jet topologies are usedto cut the QCD and WW events, while the 6-jet topology is used to reconstruct the masses ofthe two objects.This task is performed by using the Durham clustering algorithm [38] which gives for eachevent the di�erent possible clusterizations from 2 to 6 jets, with corresponding values of theymin distances between the two closest jets [e.g. ymin(ij) = 2min(Ei; Ej)(1 � cos �ij) ]. Forexample, y34 is the value of ymin for which the event goes to from a 4-jet to a 3-jet topologyand can be used to select 4-jet events.After QCD, WW and ZZ cuts, we performed for the six jets con�guration a multi-jetrescaling [39] imposing conservation of energy and momentum.In order to reconstruct the two masses we must choose one combination of three jet pairsamong 10 possible combinations. Selection criteria are imposed on the maximum �ijmax andthe minimum �ijmin angles between each jet of the same object. A combination of 3 jets with�ijmin � 90 degrees and �ijmax � 160 degrees is rejected. These selection optimize the resolutionfor heavy object with a mass between 30 and 70 GeV. Then we choose the combination whichhas the lower value of j Ma � Mb j + j Ea � Eb j and which has a di�erence of massjMa�Mb j lower than 10 GeV (a and b stands for a and b reconstructed 3-jet objects).With the prescription given above we can reconstruct a signal of two neutralinos fromm~�01 = 45 GeV=c2 to 60 GeV=c2 with a resolution of 4 GeV=c2 for the sum of the 2 massesand 50% e�ciency. The 50% on-peak reconstruction e�ciency is a major advantage of thisalgorithm given the complexity of these 6-jet events.5.1.1 �00usd(221) searchThe selection of the 6 jets signal is performed in 4 steps :� Standard hadronic selection and anti-ISR cuts{ Hadronic selection : Charged particles � 12, Echarged � 0.30 ps,Etotal � 0.12 ps and Eeem � 0.70 ps{ Anti-ISR cuts in 2-jet topology : the energy Ecal of radiative  lost in the beam pipeis calculated using energies and directions of the 2 jets coming from the Z. Eventswith Ecal � 25 GeV are rejected.{ Anti-ISR cuts in 3-jet topology : The electromagnetic energy of the jet must belower than 0:9�Ejet and the number of charged particles of the jet must be greateror equal to 2. These criteria cut events with the ISR photon in one of the jet.21



{ We cut also events with detected  at Emes � 25 GeV and with undetected  (lostin the beam pipe) requiring a Pmiss � 35 GeV.� Anti-QCD cuts{ Selection in 4-jet topology : following standard hA and hZ 4-jets analysis we cut theQCD background with gluon emission along the quarks with the following function[41] : �min Emin � 19:5 � 4:5 �min EmaxEmin where �min means the minimum anglebetween the 4 jets, �min means the minimum angle between the highest energeticjet and the three others and Emax (Emin) are the maximum (minimum )jet energy.We also require �min Emin � 5 GeV and �minEmaxEmin � 1.� Anti-WW cuts{ Selection in 4-jet topology is performed with a standard 4 jets 5C �t requiring equalmasses. If the mass mfit5C is greater than 72 GeV with a normalised �2 � 2, theevent is considered as a WW event and it is rejected.� 6-jet selection{ In order to have a least �ve good separated jets we cut on the Durham distance y45at 0.0015{ We require a di�erence of rescaled masses jMa �Mb j� 10 GeV.The e�ect of these cuts on the real data and on the simulated backgrounds is given intable 9. Real data and simulated standard model events are in a good agreement.This can be seen in the �nal result obtained for the sum of masses represented in Figure10. cut observed expectedevents SM events QCD WW ZZHadronic preselectionwith anti-ISR 602 580.2 482.5 71.2 26.5anti-QCD 196 199.9 124.0 59.2 16.7anti-WW 166 163.7 116.6 31.7 15.46 jets 34 34.9 18.1 13.8 3.0Table 9: Number of events remaining after each cut on the data and the simulated normalizedbackground.The e�ciency for the signal after the cuts, in a 2 � window around each reference mass is25% for masses from 45 to 60 GeV=c2. Since no obvious peak is seen we scan the mass plot ina window of � 2 � and extract a limit for each mass. We exclude therefore for these masses aneutralino or chargino directly decaying into 3 jets, with a cross section of 1.4 pb at 95% CL.22
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Figure 10: Sum of the two 3-jet masses after all cuts, in multijet search, compared to normalizedbackground and a 6 jet signal.5.2 Stop and sbottom decays to 4 jetsThe �00332 and �00323 R-parity violating terms correspond to the stop decay to sb quarks giving riseto a 4 jets with no missing energy topology. The selection used for this 4 jets topology searchhas been taken from the search for hA into 4 b jets described in [37]. With this selection, nocandidates were found in the DATA at ps = 161 GeV and ps = 172 GeV while 1:8�0:2 eventswere expected from the MC simulation of the processes of the Standard Model. The result ofthis selection on the ~t! sb signal in terms of e�ciencies can be seen in table 10. No signal form~t1 in GeV 50 60 70 80ps = 161 GeV 16.1 � 2.6 18.6 � 2.8 19.6 � 2.8 14.6 � 2.5ps = 172 GeV 11.6 � 2.3 12.6 � 2.3 15.1 � 2.5 15.1 � 1.8Table 10: Signal e�ciencies.stop decaying into sb has been found in the data. In consequence, limits on the stop mass atthe 95 % con�dence level, combining the results at ps = 161 GeV and ps = 172 GeV, can bederived for the sb channel. For a stop mixing angle �t = 0, we have m~t1 > 61.0 GeV/c2 at 95 %Con�dence Level. In the case of a zero stop mixing angle, a value �00min can be establishedconservatively 1:1 10�4, so that we have the limits �00323 < 1:1 10�4 and �00332 < 1:1 10�4.23



5.3 Stau and sneutrino pair decay to 4 jetsThe sneutrino decays to d �d through the 6Rp term �0�� dd(311) and to d�b or to b�b quarks throughthe �0�� db(313) and the �0�� bb(333) terms respectively.Hadronic events are selected by requiring at least 12 charged particles, a total of chargedenergy above 0.30ps and a total energy exceeding 0.40ps. In order to reduce the radiativeq�q background a cut on the maximum photon energy Emax or Ecal to be less than 35 GeV isapplied.The DURHAM algorithm [38] is used to reconstruct a four jet event. A ycut value of 0.003is applied. If the number of jets is less than four then the event is rejected otherwise it is forcedby to be a four jet event.5.4 The �0��dd(311), �0��db(313), �0��bb(333) search.The same selection criteria are applied for all the �03jk terms while b tagging is applied only forthe �0�� db(313) and �0�� bb(333) searches. The selection criteria are the following:� All four jet events are required to satisfy energy and momentum conservation by applyinga kinematical(4C) �t [40]. Then the �24C is required to be less than 25 to reduce the badlyreconstructed or radiative events.� The remaining radiative q�q background can be further reduced by requiring a jet to haveat least 2 charged particles, an electromagnetic energy less than 0.8Ejet and a mass mjetgreater than 1 GeV=c2.� The QCD background is further reduced by applying a cut on the following four jetevent shape variables [41]: The product �min � Emin, where �min is the minimum anglebetween two jets and Emin the lowest energy of the jets and �min� EmaxEmin , where �min is theminimum angle between the highest energetic jet and the three others. The �min �Eminis required to be greater than 15 + 0:5� �min � EmaxEmin .� The 4-parton matrix element for e+e� ! q�qgg is calculated as de�ned in [42]. A "QCD-probability" PQCD is formed, taking as inputs the jet four vectors, and only events withlow PQCD are retained.� The mass reconstruction is done by applying a kinematical �t with �ve constraints(5C)[40], where the additional �fth constraint requires the production of two equal massobjects. For a 45 GeV=c2sneutrino a resolution of 1.42 GeV=c2is obtained.The event and jet tagging is using the AABTAG algorithm [43]. This algorithm combinesinformation from impact parameters and rapidities of the tracks, the masses from the secondaryvertices and the fraction of the energy taken by B-hadrons in the jets. An event tagging variableT4b [43] is de�ned to distinguish four b-jet events from QCD and WW event topologies. Thedistributions of the event probability for positive impact parameters �log10(prob+) and thetagging variable T4b are given in �gure 11.For the �0�� db(313) search (2b's in the event) the prob+ < 10�1 is required, while for the�0�� bb(333) search (4b's in the event) the additional requirement T4b > -2 is applied.Results are summarized in table 11. Full agreement between DATA and MC is found for theall the 6Rp terms. The distributions of DATA and SM background processes before b-taggingis shown in �gure 12. One candidate with mass equal to 41.7 GeV=c2is left after b-tagging isapplied while 0.6 are expected from the SM background at 171 GeV.24



Selection DATA q�q W+W�, Z0Z0 e�.(%), �0�� db(313)criteria m~�� = 45 GeV=c2Four jets, yDcut > 0:003 87(110) 75.9(52.2) 16.44(63.1) 66�24C < 25 72(95) 63.7(45.3) 14.68(56.9) 62ISR and QCD 15(38) 9.2(9.3) 10.35(39.3) 35prob+ < 10�1(�0�� db(313)) 4(13) 3.1(2.8) 2.8(9.9) 32T4b > �2(�0�� bb(333)) 0(1) 0.7(0.4) 0.05(0.2)Table 11: DATA, SM background events the signal e�ciency for a ~�� ( produced at 172 GeV)with mass equal to 45 GeV=c2at center of mass energy of 161 (172) GeV.For the 6Rp terms �0�� dd(311), �0�� db(313) and �0�� bb(333) the e�ciencies for di�erent sneutrinomasses are presented in table 12. In the latter two terms the b-tagging algorithm is applied.6Rp 45 GeV=c2 50 GeV=c2 55 GeV=c2 60 GeV=c2 65 GeV=c2terms e�.(%) e�.(%) e�.(%) e�.(%) e�.(%)�0�� dd(311) 33(32) 43(41) 45(47) 48(50) 49(53)�0�� db(313) 30(28) 38(36) 43(42) 44(44) 47(48)�0�� bb(333) 30(30) 40(39) 44(45) 48(48) 51(49)Table 12: The e�ciency as a function of the ~�� mass after all cuts at center of mass energy of161 (172) GeV.5.4.1 ResultsA preliminary limit at 95% con�dence level is calculated for the �0�� bb(333) violating term wherethere is no candidate above 45 GeV=c2. The number of expected events as a function of massat the center of mass energy of 161 and 172 GeV respectively is plotted in �gure 13. At 95%con�dence level masses lower than 57.5 GeV=c2are excluded.For the other 6Rp terms the sensitivity of a single experiment, given the available luminosityis not su�cient to give robust limits. Nevertheless, a preliminary limit is obtained for the�0�� db(313) violating term. At 90% con�dence level sneutrino masses lower than 56.8 GeV=c2are excluded. Finally for the �0�� dd(311) term the luminosity available is not su�cient to obtaina 90 % CL limit. A combination of the results of at least three experiments, or the assumptionthat the 3 operators �0�� dd(311), �0��dd(211) and �0�edd(111) are di�erent from zero, pro�ting fromthe extra production of ~�� and ~�e, at the same mass.The analysis for the sneutrino is also applied to stau 6Rp term �0�ud(311). The analysis andthe e�ciencies of detection are the same as these of �0�� dd(311) search . The result is shown in�gure 13. For the production cross section a left ~� has been assumed. Here too more luminosityor a combination of results is needed. 25
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6 Single sparticle production6.1 Single squark productionThe analysis of [44] covers the search for leptoquarks produced singly, decaying through thecharged mode at center-of-mass energies of ps = 161 GeV and ps = 172 GeV. Since the signalof a direct decay of a squark, is the same as the one of a scalar leptoquark, we will transposethe searches of this paper, in a 6Rp supersymmetric context. The main di�erence, is the factthat a squark will have a mixture of Rp and 6Rp decays. A complete scan of the supersymmetricparameter space is beyond the scope of this paper, so we will assume that the searched squarksare the LSP's having only 6Rp modes.The highest contribution to the total cross section, comes from the resolved photon con-tribution [45], where the hadronic contents of a Weizacker-Williams photon radiating o� fromone of the initial electrons is taken into account. The GRV parameterization [46] of the partondistribution is used. Since the photon has di�erent u-quark and d-quark contents, the produc-tion of the corresponding squarks will also be di�erent. On the other hand, the productioncross section being basically proportional to (1 + q)2 the squarks of charge q=-1/3 (-2/3) willbe produced with di�erent production cross sections.Charged decays of singly produced high mass squarks would be characterized by a hightransverse momentum jet recoiling against an electron. Some hadronic activity can be presentin the forward region, originated from the remanent of the quasi real photon. The initialelectron which scatters the quasi real photon was assumed to escape detection. Thus, �nal statetopologies would be energetic mono-jet topologies with one well isolated energetic electron andeventually a low energy jet in the forward region of the detector.Events were considered to have a mono-jet topology if the Durham resolution variable (ycut)in the transition from two to one jet was lower than 0.09. Events were considered to have atwo-jet topology if the resolution variable ycut associated to the transition from three to twojets was lower than 0.03.In a very loose identi�cation, charged tracks were considered to be isolated energetic elec-trons if their momenta were higher than 10 GeV/c, if there were no associated hits in themuon chambers, and if in the double cone centered on each track with internal and externalhalf-angles of 5� and 25� the charged energy and the neutral energy were less than 1 GeV and2 GeV respectively. Inside the inner cone no other charged track was allowed. Due to the verylow background no requirement on the associated electromagnetic energy was made.To the obtained sample of events with one or two jets and one isolated electron, the followingselection criteria were applied:� the electron and jets had to be between 30� and 150� in polar angle,� the most energetic jet should be > 10 GeV and the less energetic < 30 GeV,� the angle between the lepton and the most energetic jet had to be larger than 900.In order to reduce the contamination from semileptonic decays of WW pairs, an addi-tional cut was applied rejecting events with both the missing transverse momentum and themomentum of the electron inside a window of �10 GeV around 40 GeV.One and two events were found in the data atps =161 GeV andps =172 GeV, respectively.The expected SM background is 2:4 � 0:5 at ps =161 GeV and 1:8 � 0:5 ps =172 GeV.29



The jet-lepton invariant mass distribution shows no evident clusterizations and it is inagreement with the MC expectation. Within the low statistics there is a reasonable agreementbetween data and SM predictions. The mass resolution at 100 GeV/c2 is 12 GeV/c2. Thee�ciency was found to be between 30% and 56% for squark masses in the range from 80GeV/c2 up to the kinematic limit for both ps = 172 GeV and ps = 161 GeV.The limits obtained can be interpreted in terms of the squark coupling parameter �0. Limitson �0 as a function of the squark mass are shown in �gure 21 for both up and down squarks.6.2 ~� resonant productionThe most spectacular manifestation of 6Rp could be the presence of a sneutrino resonance. Thisreaction arises from a s-neutrino resonant production via the couplings �121 and �131. Withinitial state radiation, there is an excellent sensitivity for masses below the center of massenergy.6.2.1 ~� ! ~�01�Since no signi�cant deviation has been observed at LEP2 for the leptonic channels, one mayassume that � has to be smaller than the standard coupling constant and it seems thereforenatural to assume that the produced sneutrino could decay into an R-parity allowed mode. Ifthis mode has some missing energy features - e.g. ~� ! �� with �! e+e�� - DELPHI searchesgive a high sensitivity to this type of mechanism. In the example given above, the signal canbe observed in the DELPHI selectron search [26] with a large e�ciency (40-60 %) and with lowbackground (1 candidate for 161+172 GeV data). One can therefore derive upper limits on �at the few 10�3 level in the mass range below 172 GeV (�gure 14).6.2.2 ~� ! l�i ��On the other hand, a dedicated search for signals from the sneutrino resonance Rp decay modeproducing a single chargino production has been performed under the assumption that thedominant 6Rp couplings involve only leptonic �elds (~� ! l�i ��). where i = 2 or 3 for a chargedlepton of the second or third family. The goal of this study was to determine the minimum 6Rpcoupling that can be probed when the energy at the center of mass is on the resonance.The produced chargino decays either directly, via the R-parity violating coupling, or viacascade decay, depending on the ��1 and �01 mass di�erence and the � Coupling. The mostinteresting �nal topology involves 4 leptons with or without missing energy, a signature similarto the one studied in section 3.A dedicated analysis has been performed for the �nal state of four charged leptons with orwithout missing energy. Events have been selected if they satis�ed the following criteria:� The multiplicity of the event to be bigger than 3 and smaller than 10;� The energy measured by the STIC Calorimeter to be below 15 GeV;� The total energy to be greater than 40 GeV and the visible energy greater than 30 GeV.The energy carried by the neutral particles was required to be less than 20 GeV;� Four charged particles with momentum above 5 GeV and with 20o < � < 160o . Thecharge sum was equal to zero;� At least two identi�ed leptons with one identi�ed loose muon;30



Cuts data Expected data Expectedevents SM events events SM events161 GeV 161 GeV 172 GeV 172 GeV4 � Ntotal < 10 612 590: 584 570ESTIC < 15GeV=c2Echarged � 30GeV 349 330: 341 320:Eneutral < 20GeVNcharged = 42 leptons; (1 Muon) 3 2:1 4 3:�minlepton�track � 10o 0 0:3 2 0:6Mll > 2:GeV=c2 0 0.2 1 0.3Table 13: Number of events remaining after each cut on the data and the simulated normalizedbackground.� Each charged track was isolated without other charged tracks around inside a cone of 10degrees;� The invariant mass of every two charged tracks to be greater than 2 GeV/c2The Standard Model background was estimated using simulated samples from four-fermion�nal states , especially 2e 2� , Z, ,WW and Bhabha events. The SM background for exoticevents with lepton number violation is zero. E�ect of the cuts on real data and on the simulatedbackground are given in Table 13 for the center of mass energies of 161 and 172 GeV.The e�ciencies are dependent on the parameters of the MSSM model chosen for the sim-ulation. Table 14 contains the results from e�ciency calculation of fully simulated events forthree points of the MSSM parameter space. The Table also contains the mass of the singlyproduced ��1 and the corresponding model-independent cross-section upper limits at 95 % C.L.An upper limit 0.003 is given on the �121 coupling at 95 % con�dence level for the s-neutrinoresonant production via the coupling �121.Although a complete study of these limits requires a scanning of the MSSM parameterspace, these �rst results from the search of Single Chargino production probe a mass regionnaturaly well above the limits obtained for pair chargino production.6.2.3 ~� ! b�bIf both R-parity violating mechanisms (� and �') are present, ~� can decay into d �d and one couldobserve an excess in down quark channels (note that, due to helicity conservation, this diagramdoes not interfere with the SM terms). Assuming, as in [32], that the largest coupling is tob�b, a speci�c study has been performed. Figure 15 shows the mass distributions observed byDELPHI for b�b �nal states. Data are peaking at nominalps with large tails due to initial stateradiation. No obvious structure is observed within these tails. Figure 14 gives the correspondinglimit on �. This limit is obtained by optimizing the mass integration range given the predictedbackground with the assumption that the total width is of the order of 8 GeV (as given in[32]). Since limits are similar in both scenarios, one may argue that the e�ective limit is not31



m0= 172: GeV=c2 m0= 172: GeV=c2 m0= 172: GeV=c2tan �= 1:5 tan�= 1:5 tan�= 1:5M2=150. GeV=c2 M2=800. GeV=c2 M2=250. GeV=c2� = �150: GeV=c2 � = 150: GeV=c2 � = �100: GeV=c2Mass ��1= 154 GeV Mass ��1= 140 GeV Mass ��1= 115 GeVefficiency 52% 44% 51%�lim 1:3pb 1:3pb 1:0pbupper limit at 95%CL�121 0:005 0:007 0:003upper limit at 95%CLTable 14: E�ciencies, model-independent �lim and �121 upper limits at 95 % CL for the signal.too much model dependent.In conclusion, DELPHI data allow to set a very tight constraint (� at a few 10�3)on R-parityviolation in the leptonic sector if there is a sneutrino with mass below 172 GeV. This resultsurvives if, as assumed in [32], the sneutrino couples to b�b �nal states.
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DELPHI limit on sneutrino
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DELPHI b tagged events
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Energy ADLO ZFITTER low . lim. upper lim.GeV pb pb pb pb161 36.7 � 1.1 35.1 -0.2 3.4170+172 30.0 � 1.1 29.1 -0.9 2.7Table 15: Combined LEP2 results on hadronic cross sections7 Indirect e�ects: sparticle exchange in the t channelAssuming R-parity non conservation with lepton number violation (�0 term), an e�ect can beinduced at LEP2 on e+e� ! q�q processes through a t-channel exchange of an up or down typesquark. Cross sections and charge asymmetries measurements of the various quark avors cantherefore provide an indirect evidence of the existence of heavy squarks. The formulae used toestimate these e�ects are described in [14] and have been cross-checked using results of [51].Experimental results are based on an analysis using Delphi data collected at 130-136, 161 and172 GeV which is described in [48].7.1 E�ect on the total hadronic cross-sectionA negative interference is expected between the squark exchange amplitude and the SM ampli-tude with the relevant helicities [14]. When a down-type squark is exchanged (u�u and c�c �nalstates) , the e�ect is maximal since the interference occurs with a large SM term. In contrast,for an up-type squark exchange (d �d, s�s and b�b �nal states) , the interference term becomesnegligible which considerably reduces the sensitivity of the measurement.Combining the 4 LEP experiments [49], one can derive the upper limits (95% C.L.) shownin table 15. These cross sections have been obtained selecting events with more than 85% ofthe center of mass energy. Assuming that there is no other source of deviation (e.g. Z 0, contactterms) to the standard model than the contribution of a given squark to a given avor channel,one derives the limits of �gure 16 and 17.The sensitivity of these results is excellent when a down-type squark is exchanged and issu�cient to exclude this hypothesis for the e�ect seen at HERA [50]. As explained in [14], onecan estimate from the HERA e�ect that �0 should be �0.40/pBf , where Bf is the branchingratio of the squark into e+q. Bf �0.5 since down-squarks can decay into d+� (R-parityconserving channels should not inuence too much Bf given the large value assumed for �0).When an up-squark is exchanged, the sensitivity is reduced as can be seen in �gure 17 butis not far from constraining a scenario for which the HERA e�ect would be due to an s quarkfrom the sea. �0 �0.06=pBf if the process seen at HERA is e+d ! ~uL. Given this low value,R-parity conserving processes could contribute and one can assume [26] that Bf varies from0.1 to 1. If the HERA process is e+s ! ~uL, �0 �0.40/pBf and one therefore expects Bf �1.7.2 E�ect on separate avorsAs explained in reference [48], avor separation between b, c and light quarks is obtained usingthe vertex informations with the purities/e�ciencies given in table 16.Cross-sections and charge asymmetry (jet charge measurements) can therefore be derived forthese avors. Results are summarized in table 17. The cross sections ratios Rq, de�ned as the35



LEP2 limits for down squarks
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LEP2 limits for up squarks
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quark avor (Rq �RSM )=RSM total error Aqfb �ASMfb total error(energy)bottom (130-136 GeV) -0.17 0.17 0.21 0.52charm (130-136 GeV) -0.26 0.33 -0.75 1.2light (130-136 GeV) 0.11 0.10down (130-136 GeV) 0.34 0.31 0.95 0.65up (130-136 GeV) 0.26 0.24 -0.75 0.52strange (130-136 GeV) 0.38 0.35 0.78 0.54bottom (161-172 GeV) -0.13 0.15 0.02 0.41charm (161-172 GeV) -0.05 0.25 -1.91 0.78light (161-172 GeV) 0.05 0.08down (161-172 GeV) 0.16 0.26 -1.19 0.62up (161-172 GeV) 0.12 0.20 0.75 0.39strange (161-172 GeV) 0.18 0.29 -1.25 0.64Table 17: The derived quark cross section ratio and forward-backward quark asymmetry dif-ference w.r.t the Standard Model for di�erent avors at energies of 130-136 and 161-172 GeVselecting events with more than 85% of the center of mass energy.
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DELPHI FB vs R for beauty and strange
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DELPHI FB vs R for charm
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8 Complementarity of the searchesFigure 21 presents a synopsis of the complementary searches and measurements that can beperformed in an e+e� collider, and in particular at DELPHI. There can be 2 possible intrerpre-tations of the HERA anomalous events as squark production through the R-Parity violatingoperator �0. Production of a left up squark from a valence de+d! ~cL; ~tL(�0121; �0131) (7)Production of a left up squark from a sea s, or right down quark from a sea anti-up quark.e+s! ~cL; ~tL(�0122; �0132) (8)e+�u! ~sR;~bR(�0121; �0131) (9)As we have shown in the previous sections, we can look for an equivalent e�ect at LEP in3 ways:� Pair production: The �0 operators do not a�ect the production cross-section, since itis a R-Parity conserving one. They only determine the decay properties. Dependingon the strength of �0 the direct R-Parity violating decays can dominate or not over thecascade decays. The stop case is a particular one, since its R-Parity conserving decayis naturally supressed when the stop is below the top, and it occurs mostly through aCabibo-Kobayashi-Maskawa transition to charm and the neutralino. The direct R-Parityviolating decays dominate down to a strength of 10�4. The search of the stop describedin section 4 in the 2 lepton + 2 jets channel provides the limit extending down to very low�0. This corresponds to the dark area in the upper plot. Unfortunately the right sbottomis produced with a very small cros-section at LEP and the indirect decays dominate, soa more complete analysis has to be implemented. For the time being no limit can bereported.� Single production: The squarks can be produced singly as shown in section 6 throughan emitted gamma "resolved" to a quark-antiquark pair. Here the study looking fora leptoquark decaying in a charged lepton + jet in DELPHI can be transposed in asupersymmetric context. Since for the stop the direct decays dominate for the �0 above10�4 and the only possible decay is ~t ! eq, the leptoquark limits for a production of acharge 2/3 scalar, with branching ratio 1, are reported in light grey in the same plot.For the sbottom case, two direct possible decays are open ~b ! eq ou ~b ! �q, since oursearch was only in the lepton + jet channel, we take the branching ratio 50% limits of theleptoquark paper. The supersymmetric R-Parity decays will worsen this picture unlessan indirect search is done, but since anyway this search is less sensitive than the t channellimits, we do not pursue the matter further.� Exchange of a squark in the t channel: Further the indirect decays are reported on thesame plot in medium dark colour. The idirect search barely touches the s interpretationof the anomalous events, while completely excludes the �u interpretation. The H1 stopexclusion (in blue) while it seems to exclude the s interpretation, it had assumed a valencequark, so it is not immediately applicable.41



Figure 21: Exclusion domain in the �0 versus m~q plane.42



9 ConclusionsIn this paper, preliminary results are shown on the possible manifestations of R-Parity viola-tion at an e+e� collider, using the DELPHI detector. Three main categories of e�ects wereinvestigated, pair production of sparticles, single production of sparticles and indirect e�ectsthrough exchange of sparticles in the t channel.The �rst category of e�ects, pair production of sparticles, not depending on the 6Rp couplings� can probe these same couplings till the limit of the sparticle decaying beyond the �ducialvolume of the detector, turning an 6Rp search to an Rp one. The possible signatures are varied,ranging from 6Rp speci�c signatures as e.g multileptons examined in section 3, and multijetsexamined in section 6, through signatures common with other searches, e.g 4 jets, 2 jets and2 leptons as in Higgs searches, where nevertheless speci�c strategies have to be developed,to signatures where one can with a minimal e�ort transpose results from Rp searches, as forexample the acoplanar leptons and jets, in common with slepton and squark studies. Wehave presented prototype studies for searches of neutralinos and charginos decaying throughthe purely leptonic or purely hadronic operators. Exclusion plots in the MSSM plane at 95%are shown for a typical such operator in �gure 6. The inclusion in the future of indirect orcascade decays, resulting very often in mixed leptonic and hadronic topologies will make thesesearches model independent. In the sfermion sector we have presented a series of new limits, onsneutrinos, selectrons, stops and sbottoms, under the assumption that these sparticles are theLSP and therefore indirect decays are not relevant. The independence from this assumptionhas been partially explored in the case of a sneutrino decaying leptonically. Further, in thecase of the stop the naturally suppressed Rp decay width permits the study of � couplingsdown to � 10�4 independently of this assumption. On all sfermion cases we have studied 2characteristic decay operators, e.g � and �0 for sleptons and �0 and �00 for squarks. The singlesfermion production and the exchange of squarks in the t channel is a means to extend thestudy of sfermions beyond the double production kinematical limit, though one has to pay theprice of loosing the quasi-independence from the strength of �'s, as can be seen in �gure 21.Finally, the studies presented in this paper intend to show that the complementarity ofsignatures and modes of production at LEP makes the search of 6Rp e�ects, a �nite and wellde�ned task despite the 45 new couplings that 6Rp models introduce.
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