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NEW PARTICLE SEARCHES AT LEP2AT ps = 188:6 GeV�Nikos KonstantinidisyInstitute for Partile Physis, University of California at Santa CruzSanta Cruz, CA 95064, USAe-mail: n.konstantinidis�ern.h(Reeived Marh 12, 1999)Preliminary results are presented from searhes for new partiles ine+e� ollisions at ps = 188:6 GeV. No evidene for new physis was found,but a signi�ant range of parameters in various models was explored andexluded, in some ases with important theoretial impliations.PACS numbers: 14.80.�j1. Introdution: LEP in 1998The performane of the LEP aelerator in 1998 was extremely satis-fatory. It delivered to eah of the four experiments well above 2pb�1 ofintegrated luminosity per day at peak performane and on average morethan 1pb�1 per day, whih is by far better than the performanes of previ-ous years. Overall, the LEP experiments reorded � 170pb�1 of high energydata at ps=188.6GeV.This artile reports on the �rst results from searhes for new partilesin the above data samples, onentrating partiularly in searhes for Higgsbosons and Supersymmetri partiles. The Higgs results are presented inthe next Setion, while Setion 3 reviews the results from SUSY searhes. Asummary and onlusions follow in Setion 4, along with the future prospetsand the remaining potential for disovery of LEP.It is important to note that the results reported here, are very prelimi-nary as most of them were presented publily by the LEP experiments onlyabout a week after the end of data taking in November 1998. All limitspresented are at 95% on�dene level.� Presented at the Craow Epiphany Conferene on Eletron�Positron Colliders,Craow, Poland, January 5�10, 1999.y Current address: CERN / EP Division, CH-1211 Geneva 23, Switzerland(1775)



1776 N. Konstantinidis2. Higgs searhesThe searh for the Standard Model Higgs boson is one of the most a-tive and exiting �elds at LEP2. The motivation for it is strong, sine thepotential for disovery is supported experimentally. The latest results fromthe �ts of the preision eletroweak measurements to the SM parameters,whih involve logarithmially the Higgs mass, through radiative orretions,give [1℄: mH � 262GeV/2 (95%C:L:) ;and a non-negligible likelihood that the Higgs mass has suh a value that itan be disovered at LEP2.
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Fig. 1. The ontributions to the prodution ross-setion of the Standard ModelHiggs boson at ps= 188.6GeV.The Standard Model Higgs boson prodution at LEP2 is dominated bythe Higgs-strahlung proess, e+e�! Z� ! HZ, with smaller ontributionsfrom the WW and ZZ fusion proesses to the H��� and He+e� �nal states.The ross-setion as a funtion of the Higgs boson mass at ps= 188.6GeVis shown in �gure 1.A signi�ant di�erene ompared to the Higgs searhes in previous years,is that ps= 188.6GeV is for the �rst time above the kinemati threshold forresonant Z boson pair prodution. This proess has very similar harateris-tis to the signal prodution proess (espeially when the Higgs mass is loseto mZ , whih is urrently the region of interest), and therefore onstitutesto a large degree a soure of irreduible bakground.



New Partile Searhes at LEP2 at ps = 188:6 GeV 1777At the masses of interest, the dominant deays of the Higgs boson are tob quarks (BR(H ! b�b) � 83%, for mH=95GeV/2), followed by the onesto �+�� (BR(H ! �+��) � 8%, for mH=95GeV/2). These deay modes,together with the Z deays to quarks, neutrinos and leptons, produe fourdistint event topologies whih are used in the searhes and onstitute about90% of all HZ �nal states:� H ! b�b and Z ! q�q (BR � 58%). The harateristis are fourdistint quark jets, two of them identi�ed as b quark jets, and the othertwo giving an invariant mass onsistent with mZ . These provide thehandles for suppressing the bakground; among them the identi�ationof b quark jets plays the most important role. More than half of theremaining bakground omes from ZZ, with the rest shared betweenthe WW and q�q (with gluon radiation) proesses. Typial e�ieniesare around 40%.� H ! b�b and Z ! ��� (BR � 17%). Two aoplanar b quark jetsand missing mass onsistent with mZ . Here too, the identi�ation ofb quark jets is important for the bakground rejetion. The bakgroundis again dominated by ZZ, with the remaining ontributions fromWW , We�, and q�q (with two initial state radiation photons esapingdetetion). Typial e�ienies are about 35%.� H ! b�b (or �+��) and Z !e+e� or �+�� (BR � 6%). A pair of twoleptons with invariant mass lose to mZ is the harateristi signatureof this �nal state. Despite its small branhing ratio, this hannel is veryimportant, as it has high e�ieny (� 70%) and very good resolutionfor the Higgs boson mass (taken as the reoil mass to the lepton pair).Almost 90% of the bakground is ZZ and the rest mostly Ze+e�.� H ! �+�� and Z ! q�q (BR � 5%) or H ! b�b and Z ! �+��(BR � 3%). Final states with taus are haraterized by two, thin,low multipliity jets from tau deays. The identi�ation of suh jets isessential in order to redue the bakground. b quark jet identi�ationis also useful for the ase H ! b�b. The bakground is mainly ZZ andWW and typial e�ienies are below 30%.Overall, more than a third of the produed signal events would be ob-served. For mH=95GeV/2, this orresponds to more than ten events perexperiment with the integrated luminosity olleted at ps= 188.6GeV. Theobservations from the four experiments are onsistent with the expetationsfrom Standard Model bakground proesses. Figure 2 shows the distributionof the reonstruted higgs mass for the data and the simulated bakground
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( GeV )Fig. 2. Distribution of the reonstruted Higgs mass in the data (dots with errorbars) and the simulation of bakground Standard Model proesses (umulativeshaded histograms) from the OPAL experiment. TABLE IExpeted and observed 95% C.L. mass limits for the Standard Model Higgs boson,from the four LEP experiments. The ALEPH result is given with ZZ bakgroundsubtration only (unlike the others, whih are derived applying full bakground sub-tration); preliminary studies have shown that the sensitivity is above 95GeV/2,when full bakground subtration is performed.mH limit (GeV/2)Expeted ObservedALEPH 93.4 90.4DELPHI 94.8 95.2L3 94.9 95.5OPAL 95.2 94.0proesses from OPAL. The observed and expeted mass limits are listed inTable I.Several possibilities for Higgs prodution open up in extensions of theStandard Model. In the most popular of those, the MSSM, there exist �veHiggs bosons, three neutral and two harged. From the neutral Higgs bosons,the ones with most relevant masses for the searhes at LEP2 are the lightest



New Partile Searhes at LEP2 at ps = 188:6 GeV 1779CP-even boson h and the CP-odd boson A. These an be produed at LEPin two ways: (i) the Higgs-strahlung proess, e+e�! Z� ! hZ, as in theStandard Model; (ii) the assoiated prodution e+e�! Z� ! hA; this isomplementary to the former one, in the sense that its ross-setion is pro-portional to os2(���), while the orresponding ross-setion for e+e�! hZis proportional to sin2(� � �) (with tan � the ratio of vauum expetationvalues of the two Higgs �elds and � the mixing angle in the CP-even setor).The event seletions for the Standard Model Higgs boson mentioned above,
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Fig. 3. The exluded region in the MSSM plane [mh,tan�℄ from DELPHI (lightshaded). The dark shaded regions are theoretially exluded, based on the alu-lations from [3℄.are used also here for the Higgs-strahlung proess, reinterpreted using theappropriate ross-setion and branhing ratios. The assoiated produtiongives rise to two �nal states, b�bb�b, when both h and A deay to b quarks andb�b�+��, when one of them deays to a � lepton pair. Speial analyses areemployed to selet these �nal states, relying more heavily on the identi�a-tion of b quark jets. The preliminary results at ps= 188.6GeV are given inTable II. The exluded region in the MSSM plane [mh,tan�℄ from DELPHIis shown in �gure 3. Although it is implied by this plot that a region at lowtan � is ompletely exluded, this is not stritly true due to experimentalunertainties (for example, in the top quark mass) and new theoretial al-ulations [2℄, whih push the theoretially exluded region to higher valuesof mh.Charged Higgs bosons are expeted in all two-Higgs doublet models. AtLEP, they would be produed in pairs, e+e�! H+H�, and deay to �s



1780 N. Konstantinidis TABLE IIExpeted and observed 95% C.L. lower limits on mh in the MSSM. The ALEPHresult is extrated with ZZ bakground subtration only; about 2GeV/2 are ex-peted to be gained in sensitivity with full bakground subtration.mh limit (GeV/2) CommentsExpeted ObservedALEPH 79.8 82.2 tan� = 10DELPHI 80.5 83.5 tan� > 0:5OPAL � 76.0 tan� > 1:0or ��, with the branhing frations depending on the model parameters.Three topologies arise from the above deays: four jets (�ss�), two jets anda � (�s�+�) and two � leptons (�+�����). The prinipal, partly irreduiblebakground isWW , whih gives similar �nal states. Searhes are performedin all three topologies and limits are set as a funtion of BR(��). Figure 4shows the exlusion plot from L3. Charged Higgs bosons with masses below72GeV/2 are exluded, independent of BR(��).
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Fig. 4. Exluded harged Higgs masses as a funtion of BR(��) from the L3 exper-iment.Finally, searhes have also been performed for Higgs bosons produedby the Higgs-strahlung proess and deaying either invisibly (for exampleto two neutralinos in extensions of the MSSM) or to two photons in fermio-



New Partile Searhes at LEP2 at ps = 188:6 GeV 1781phobi Higgs senaria. In the former ase, the topologies omprise a pairof aoplanar jets or leptons from the Z deay, while in the latter ase,two energeti photons are also present. No evidene for suh deays wasfound. For a ross-setion equal to the one for the Standard Model Higgs-strahlung, the searhes for invisible Higgs deays exlude Higgs masses below87.5GeV/2 (ALEPH), while the h!  searh from OPAL exludes massesbelow 98.5GeV/2 and below 96GeV/2 in the model of Ref. [4℄.3. Searhes for SUSY partilesSupersymmetry is theoretially one of the most appealing extensions ofthe Standard Model. Its phenomenology ontains a rih spetrum of newpartiles whih makes the experimental searhes exiting. Most of the resultspresented here refer to the MSSM with R-parity onservation; some resultsfrom searhes for signatures from R-parity violating and gauge mediatedSUSY breaking (GMSB) models are also shown.At LEP, in the MSSM senario with R-parity onservation, the SUSYpartiles are pair-produed via s or t hannel diagrams and deay to Stan-dard Model partiles and the Lightest Supersymmetri Partile (LSP) whihis neutral and stable (usually the lightest neutralino) and therefore esapesdetetion. The energy arried away by the two LSP's in a signal event, whihtranslates to missing energy in the event, is the harateristi signature ofR-parity onserving SUSY.Although there is a wide range of partiles to be searhed for, the signalsarrange themselves into just four distint topologies:� four jets + missing energy (harginos)� two jets + lepton + missing energy (harginos)� two aoplanar leptons + missing energy (harginos, neutralinos, slep-tons)� two aoplanar jets + missing energy (neutralinos, squarks)In all ases, the signal event properties and the bakground ompositiondepend ritially on the mass di�erene, �M , between the produed SUSYpartiles and the LSP. When �M is small, there is little energy left tothe visible system and the two photon proess is the dominant bakground.When �M is large, the missing energy is small in signal events and it is,therefore, not so powerful in rejeting the bakground, whih is dominated bythe four-fermion proesses and partiularly WW . At these extreme regionsof �M , the searhes are rather ine�ient.



1782 N. Konstantinidis

0

20

40

60

80

100

50 60 70 80 90 100

stop mass (GeV/c2)

ne
ut

ra
lin

o 
m

as
s 

(G
eV

/c
2 )

CDF Preliminary

Θt̃ = 0o

Θt̃ = 56o

Mt̃ < Mχ + MD

ALEPH Preliminary

(a)

Fig. 5. The exluded ~t1 masses as a funtion of the neutralino mass in the ~t! �deay from ALEPH.Squarks are generally expeted to be heavy. It is possible, however, that,due to the large top quark mass, the mixing in the stop setor leads one ofthe stop mass eigenstates to be light. This is also the ase for ~b in a di�erentregion of the MSSM parameter spae. Searhes for ~t ! �, ~t ! b`~� and~b ! b� showed no evidene for suh signals. The derived limits dependadditionally on the mixing angle in the mass matrix, sine this a�ets thesquark oupling to the Z and therefore the squark prodution ross setion.The exluded region from the ALEPH ~t ! � searh is shown in �gure 5;this, in fat, is a good demonstration of the omplementarity of the squarksearhes at LEP and at the Tevatron.Limits from slepton searhes are derived for e+e�! ~̀+R ~̀�R prodution,sine the ~̀R is expeted to be lighter than the ~̀L. Single experiment limitsgo up to � 80GeV/2 for smuons, � 90GeV/2 for seletrons (thanks tothe enhanement of their prodution ross setion from the neutralino thannel exhange) and to about 72GeV/2 for staus (due to the poorerdetetion e�ieny). These limits are valid when �M is more than a fewGeV/2. The exlusions annot easily reah the kinemati limit due to the�3 suppression of their ross setion near threshold. Therefore, here too, theombination of the results of the four experiments will be bene�ial.Charginos are exluded up to the kinemati limit (m�+ > 94GeV/2),exept in speial irumstanes. This result, together with the negativediret neutralino searhes, an be used to derive exlusion domains in the



New Partile Searhes at LEP2 at ps = 188:6 GeV 1783MSSM plane [M2; �℄, assuming gaugino mass uni�ation at the GUT sale.The regions exluded by ALEPH for �xed tan� andm0 are shown in �gure 6.By inluding also the slepton searhes, an absolute lower limit on the massof the lightest neutralino an be derived; the preliminary value from L3 is28.2GeV/2.
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Fig. 6. The regions exluded by ALEPH in the [M2; �℄ plane.In R-parity violating models, the LSP is no longer stable. Hene, thesignature of missing energy gives its plae to more leptons and/or quarkjets, depending on whih R-parity violating term in the SUSY Lagrangianis non-vanishing. Therefore, the signal topologies are numerous. No evidenefor signal has been observed and the limits derived over similar parameterregions as in the R-parity onserving ase. An interesting possibility is thes hannel sneutrino exhange, whih would a�et the lepton ross-setionsand asymmetries. This allows to probe sneutrino masses up to ps and evenbeyond. Limits on the relevant R-parity violating ouplings as a funtion ofthe sneutrino mass are shown in �gure 7.In GMSB models, the gravitino ( ~G) is the LSP. The phenomenologydepends on the next-to-lightest SUSY partile (NLSP). If the NLSP is theneutralino, it would deay to ~G and a photon. The signal topology in thatase would be two aoplanar photons. As the e+e�! �� is produed via at hannel exhange of a seletron, the ross-setion depends on the seletronmass and thus limits are derived as a funtion of it, as shown in �gure 8.Alternatively, a slepton (usually assumed to be the ~�R) an be the NLSP,in whih ase there are aoplanar leptons in the �nal state. A ompliation,
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Fig. 7. Exluded values of the �121 R-parity violating oupling as a funtion of thesneutrino mass from L3.
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New Partile Searhes at LEP2 at ps = 188:6 GeV 17854. Summary and outlookThe four LEP experiments have looked for evidene of new physis ina wide variety of �nal states, inluding typial signatures suh as photons,leptons, quark jets, and missing energy. The searhes use standard signals(Higgs, SUSY) as guidelines, but attempt to be as model independent aspossible.Despite the wide range of searhes, no deviations from the StandardModel expetations were observed in almost 700 pb�1 of e+e� data atps=188.6GeV.In the Higgs setor, the sensitivity to the Standard Model Higgs bosonhas inreased substantially and will reah the kinemati threshold (mH�97GeV/2) when the results of all four experiments are ombined. Atpresent, the highest single experiment mass limit is mh>95.5GeV/2. Inthe MSSM, the lightest CP-even neutral Higgs boson h should have a massabove 83.5GeV/2 for all values of tan�> 0:6. A signi�ant inrease in sen-sitivity (of the order of 5GeV/2) is expeted for the ombined LEP result.Of partiular interest is the exlusion in the low tan� region, whih is theo-retially appealing in the ontext of the Infrared Fixed Point senario of theMSSM. Although, with the experimental unertainties (suh as in the massof the top quark) and reent theoretial alulations [2℄ taken into aount,no values of tan � an be exluded ompletely, the latest negative resultsraise questions within the theory ommunity about the naturalness of theremaining points [6℄.No evidene for harged Higgs prodution was found and the exlusionhas been extended up to 72GeV/2, independent of the BR(H� ! ���).Here also, the results would bene�t from the ombination of all LEP data.Finally, the searhes for invisible Higgs deays or photoni deays of a fermio-phobi Higgs boson were also negative, resulting to lower mass limits of87.5GeV/2 and 98.5GeV/2 respetively for unit branhing ratio and pro-dution ross-setion equal to the one of the Standard Model Higgs Boson.In the SUSY setor, the mass limits on the harginos in the MSSM havebeen extended to the new kinemati threshold. No sleptons or squarks wereobserved and lower mass limits were set between 75 and 95GeV/2; hereagain the ombination of all LEP data will be bene�ial. The ombinationof the above negative results allows to set an absolute lower limit on the massof the LSP lose to 30GeV/2. Finally, no signatures of R-parity violatingor GMSB models were deteted.The suessful operation of LEP in 1998 lends great on�dene and op-timism for its performane in 1999 and 2000, the last two years of datataking. It is expeted that already in 1999 the entre-of-mass energy willreah 200GeV and, by the end of 2000, around 200pb�1 will have been ol-



1786 N. Konstantinidisleted by eah experiment at the highest entre-of-mass energy. This datawill o�er to the LEP experiments sensitivity to very interesting parameterregions. In the SUSY partile spetrum, another 6GeV/2 over the existinglimits will beome aessible. In the Higgs setor, the onlusions are similarfor the pair prodution of Higgs bosons, while for a Higgs boson produedvia the Higgs-strahlung proess e+e�! hZ, the explorable mass range willinrease by almost 12GeV/2. This is a partiularly interesting mass range,both in view of the results from the eletroweak preision measurements, butalso in the MSSM framework at low tan�. In this way, it will be possibleto exlude the existene of a Standard Model Higgs boson with mass upto 110GeV/2, or disover it if it has a mass up to 107GeV/2 or so. Forexample, in the senario ps=200GeV, L = 200 pb�1/experiment, a Higgsboson with mh= 105GeV/2 would give rise to the prodution of about 120signal events and about 40 of them would be seleted, making a statistiallyompelling disovery.I would like to thank warmly the organizers for their hospitality andthe exellent organisation of the onferene. I also wish to ongratulatemy olleagues from the aelerator division of CERN for the very suessfuloperation of LEP in 1998, and �nally thank my olleagues from the fourLEP ollaborations for o�ering swiftly material for this review.REFERENCES[1℄ Dean Karlen, Experimental status of the Standard Model, presented at theICHEP, Vanouver, July 1998, to appear in the proeedings.[2℄ S. Heinemeyer, W. Hollik, G Weiglein, The Masses of the Neutral CP-evenHiggs Bosons in the MSSM: Aurate Analysis at the Two-Loop Level, hep-ph/9812472.[3℄ M. Carena, M. Quiros, C.E.M. Wagner, Nul. Phys. B461, 407 (1996).[4℄ A. Stange, W. Mariano, S. Willenbrok, Phys. Rev. D49, 1354 (1994).[5℄ J. Lopez, D. Nanopoulos, Phys. Rev. D55, 4450 (1997).[6℄ S. Pokorski, Status of Low Energy Supersymmetry, presented at the sameonferene, to appear in the proeedings.


