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TEVATRON SEARCHES FOR LARGE EXTRADIMENSIONS AND LEPTOQUARKS�Sean MattinglyBrown University/DZero, Fermilab MS 352P.O. Box 500, Batavia, IL 60510, USAe-mail: sean�fnal.gov(Reeived July 1, 2002)This paper presents searhes for large extra dimensions and leptoquarksin pp ollisions from Run 1 at the Tevatron. Large extra dimensions aresearhed for in real graviton prodution with a monojet or monophotonand in virtual graviton exhange proesses with eletron or photon pairs.Results from leptoquark searhes are presented for three generations ofleptoquarks. No evidene of signal is found in any searhes for large extradimensions or leptoquarks and limits are plaed. Prospetives for thesesearhes in the Tevatron's Run 2 are disussed and initial Run 2 data ispresented.PACS numbers: 14.80.�j1. Large extra dimensionsThe possibility of more than three spatial dimensions has been raisedby a number of theories inluding string theories with six or seven extradimensions ompati�ed at distanes of the order of 10�32 m. Larger extradimensions an be used to solve the hierarhy problem and bring the e�etivePlank sale (MS) down to the TeV sale. In a model where gravity is theonly fore allowed to propagate in the extra dimensions, Arkani�Hamed,Dimopoulos and Dvali [1℄ show that if the extra dimensions are large enough,the apparent weakness of gravity in the observed three dimensions an beexplained by the surfae area added to the Gaussian surfae by the extradimensions. In order to make MS � 1TeV, the size of the extra dimensionsmust be R � 1MS �MPMS�2=n � 10( 32n )�19 m (1)� Presented at the X International Workshop on Deep Inelasti Sattering (DIS2002)Craow, Poland, 30 April�4 May, 2002.(3917)



3918 S. Mattinglywhere, MP is the Plank sale, n is the number of extra dimensions and allextra dimensions are assumed to have the same size.Cosmologial observations [2℄ and reent results from gravity experi-ments at sub-millimeter distanes [3℄ give onstraints of MS >� 100TeVfor n = 2 and MS >�5TeV for n = 3 while the orbits of the planets in oursolar system show the Newtonian 1=r nature of the gravitational potential,ruling out n = 1 (R � 1013 m). Clearly, n = 2 (R � 1 mm) is signi�antlyonstrained, however for n > 2, the required sizes of the extra dimensionsan be mirosopi. Probing these short sales an be aomplished at highenergy olliders where the e�ets of gravity may be enhaned by the aessi-bility of numerous exited Kaluza�Klein graviton states whih wind aroundthe ompati�ed dimensions.Large extra dimensions may be observed at olliders through real gravi-ton prodution or virtual graviton exhange [4�7℄. The typial signature ofreal graviton prodution is a monojet or single vetor boson with large trans-verse momentum as well as missing energy from a graviton that esapes thedetetor. The ross setion for real graviton prodution has a 1=(MS)n+2dependene: strongly dependent on the number of extra dimensions.Virtual graviton exhange produes fermion�antifermion or diboson pairswith large invariant mass. A number of di�erent formalisms desribe thisross setion in the presene of large extra dimensions [4, 5, 7℄. The rosssetion formalisms have weak or no dependene on the number of extradimensions. Calulations of virtual graviton e�ets require an ultravioletuto� to keep the divergent sum over the graviton exitation modes �nite.This uto� is expeted to be of the order of the e�etive Plank sale andis quoted as MS for limits on virtual graviton e�ets in this paper [8℄. Thelimits onMS in this paper are presented using the formalism of [7℄, whih hasno dependene on n and uses the parameter � = �1 to denote onstrutiveor destrutive interferene between Standard Model and graviton-mediatedprodution.In a reent study [9℄, the CDF ollaboration reports a searh for virtualgraviton e�ets in pp!  with ET > 22GeV and j� j< 1. A total of 287events pass these uts in 110 pb�1 of data from the Tevatron's Run 1 data-taking period. No deviation from the Standard Model desription of theinvariant mass of the  system is observed and limits of MS(� = +1) >0:899TeV and MS(� = �1) > 0:797TeV are extrated. An e+e� �nal stateis also explored with Ee�T > 25GeV and j�j < 1, 3298 events being aepted.Again, no deviation from the Standard Model is observed and limits ofMS(� = +1) > 0:826TeV and MS(� = �1) > 0:808TeV are extrated. Theresults from the  and e+e� �nal states have been ombined to inreasethe limits to MS(� = +1) > 0:939TeV and MS(� = �1) > 0:853TeV.



Tevatron Searhes for Large Extra . . . 3919Similarly, DZero searhes for virtual graviton e�ets by ombining boththe  and e+e� �nal states and searhing for events with a �nal stateonsisting of two eletromagneti showers in the alorimeter [10℄. The ele-tromagneti showers are required to have greater than 45GeV of transverseenergy and satisfy j�j < 1:1 or 1:5 < j�j < 2:5. A total of 1250 eventsare found in 127 pb�1 of Run 1 luminosity. Instead of omparing to theone-dimensional invariant mass distribution, this analysis �ts to the two-dimensional distribution of the invariant mass versus j os ��j, where �� isthe sattering angle of the di-eletron or di-photon system. This methodprovides greater sensitivity beause the Standard Model ontributions tohigh invariant mass �nal states tend toward large j os ��j, while ontri-butions from virtual graviton exhange tend toward low j os ��j. Eventsin the data with high invariant mass our at large j os ��j, onsistentwith Standard Model prodution. Limits of MS(� = +1) > 1:1TeV andMS(� = �1) > 1:0TeV are extrated.A searh for real graviton prodution has been onduted by the DZeroollaboration in the qq ! gG hannel [11℄. Events are required to have150GeV of missing transverse energy, a jet with ET > 150GeV and j�j < 1:0;if a seond jet is found it must have ET < 50GeV and not point at themissing transverse energy. The searh is onduted in �79 pb�1 of Run 1data and 38 events are found with an expeted bakground of 38 events.No deviation from the Standard Model is found, and limits on MS from0:886TeV for n = 2 to �0:650TeV for n � 5 are set.The CDF ollaboration has performed a searh for qq ! G [12℄. Eventsare required to have a photon with ET > 55GeV and j�j < 1:0, missingtransverse energy greater than 45GeV, no jets with ET > 15GeV and notraks with pT > 5GeV. From 87 pb�1 of Run 1 luminosity, 11 events arefound with an expeted bakground of 11�2 events. Limits ofMS(n = 4) >0:550TeV to MS(n = 8) > 0:600TeV are extrated.The sensitivities of the Tevatron searhes for large extra dimensions areall limited by the statistis available in Run 1. The Tevatron upgrade forRun 2 inreases the enter-of-mass energy as well as the instantaneous lu-minosity, and both the DZero and CDF detetors have been improved forRun 2. Whereas in Run 1, 130 pb�1 of luminosity were delivered Runs 2aand 2b will onsist of 2 fb�1 and 20 fb�1 of data. The luminosity inreasein Run 2a will approximately double the sensitivity of Tevatron searhesfor large extra dimensions relative to the Run 1 searhes, and the Run 2bluminosity will triple the sensitivity relative to Run 1.In a searh for virtual graviton e�ets in events with two eletromagnetiobjets in the initial 10 pb�1 of Run 2 data, the DZero ollaboration hasfound events with invariant masses up to 286GeV. The events have largej os ��j and are onsistent with Standard Model prodution.



3920 S. Mattingly2. LeptoquarksThe possible existene of leptoquarks is suggested by the apparent sym-metry between the lepton and quark setors. Leptoquarks appear in teh-niolor, R-parity violating supersymmetry, ompositeness and grand uni�edtheories [13℄. A leptoquark would ouple diretly to both leptons and quarksand arry frational eletri harge. A leptoquark ould be either a vetoror salar boson. Strit limits on �avor hanging neutral urrents implythat a leptoquark an only ouple within a single generation of leptons andquarks, i.e. a �rst generation leptoquark ould only deay to eq or �eq.Many searhes for leptoquarks have been performed at CDF and DZeroand are summarized in Table I [14℄. The limits on leptoquark masses dependon whih type (salar or vetor, generation number) of leptoquark was inves-tigated, the assumed ouplings between the leptoquark and its generation'sleptons and quarks, and the branhing ratio, �, of the leptoquark's deay toleptons. Limits on the mass of �rst generation leptoquarks run from 79GeVto 345GeV with a reent ombined limit from CDF and DZero onstrainingthe mass of �rst generation salar leptoquarks to above 242GeV for � = 1.Limits on seond and third generation leptoquarks tend to be somewhatlower. TABLE ITevatron limits on �rst/seond/third generation leptoquark masses (inGeV/)for salar and vetor leptoquarks assuming minimal and Yang�Mills ouplings.The branhing ratio of the leptoquark to leptons is denoted as �.Experiment � Salar Vetor: Vetor:Minimal Yang�Millsoupling oupling1 225/200/� 292/275/� 345/325/�DZero 0.5 204/180/� 282/260/� 337/310/2090 98/ 98/98 238/238/238 298/298/2981 220/202/99 280/�/170 330/�/225CDF 0.5 202/�/� 265/�/� 310/�/�0 �/123/148 �/171/199 �/222/250Combined CDF/DZero 1 242/�/�



Tevatron Searhes for Large Extra . . . 3921In a reently released study, DZero onduts a generation-independentsearh for prodution of two leptoquarks whih both deay to �q [15℄. Eventsare required to have greater than 40GeV of missing transverse energy, twojets with ET > 50GeV and �Rjets =q��2jets +��2jets > 1:5. In 85 pb�1 ofdata, 231 events are found with a bakground estimated to be 242 � 18.9events. No deviation from the Standard Model is seen and the improvedDZero limits for all generations of leptoquarks at �=0 are shown in Table I.The inreased enter-of-mass energy and luminosity available in Run 2will inrease the sensitivity of Tevatron searhes for leptoquarks by about100GeV in leptoquark mass. A DZero searh for di-leptoquark produtionwith the leptoquarks deaying to e�q in the �rst 10 pb�1 of Run 2 datahas found 5 events with two eletromagneti showers in the alorimeter withET > 25GeV and two jets with ET > 20GeV. One of these events hastraks mathed to the alorimeter eletromagneti objets. The salar sumof transverse energy and the eletron-jet invariant masses in these events isonsistent with Standard Model prodution.3. SummarySearhes for the e�ets of large extra dimensions in data from the Teva-tron's Run 1 onstrain MS to greater than about 1TeV, while searhes forleptoquarks onstrain their masses to be greater than � 100�350GeV, de-pending on the type of leptoquark. The inreased energy and luminosity ofRun 2 at the Tevatron will initially double and eventually triple the sensitiv-ities of searhes for large extra dimensions, and the sensitivity to leptoquarkmasses will be inreased by about 100GeV.REFERENCES[1℄ N. Arkani-Hamed, S. Dimopoulos, G. Dvali, Phys. Lett. B429, 263 (1998);I. Antonaidis, N. Arkani-Hamed, S. Dimopoulos, G. Dvali, Phys. Lett.B436, 257 (1998).[2℄ S. Cullen, M. Perelstein, Phys. Rev. Lett. 83, 268 (1999); L. Hall, D. Smith,Phys. Rev. D60, 085008 (1999); C. Hanhart et al., Nul. Phys. B595, 335(2001); S. Hannestad, G. Ra�elt, hep-ph/0103201.[3℄ Talk by E.G. Adelberger at CPT01 onferene (http://www.npl.washington.edu/eotwash/publiations/kostel.pdf).[4℄ G. Giudie, R. Rattazzi, J. Wells, Nul. Phys. B544, 3 (1999).[5℄ T. Han, J.D. Lykken, R.-J. Zhang, Phys. Rev. D59, 105006 (1999).[6℄ E.A. Mirabelli, M. Perelstein, M.E. Peskin, Phys. Rev. Lett. 82, 2236 (1999).[7℄ J.L. Hewett, Phys. Rev. Lett. 82, 4765 (1999).
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