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CONTACT INTERACTIONS, LARGE EXTRADIMENSIONS AND LEPTOQUARKS AT THERAAleksander Filip �arnekiInstitute of Experimental Physis, Warsaw UniversityHo»a 69, 00-681 Warszawa, Poland(Reeived November 8, 2001)The sensitivity of THERA to di�erent models of �new physis� has beenstudied, both for the ontat interation approximation and for the reso-nane prodution. For ontat interation models onserving parity, salesup to about 18TeV an be explored at THERA, extending onsiderablybeyond the existing bounds. Signi�ant improvement of existing limits isalso expeted for models with large extra dimensions. E�etive Plank masssales up to about 2.8TeV an be probed. THERA will be the best mahineto study leptoquark properties, for leptoquark masses up to about 1TeV.It will be sensitive to the leptoquark Yukawa ouplings down to �LQ�10�2.PACS numbers: 12.60.R, 12.60.i, 13.60.Hb, 14.80.j1. IntrodutionSearh for �new physis� has always been one of the most importantsubjets in the �eld of partile physis. Possibility of disovering new parti-les, new interations and/or other new phenomena is always onsidered asa main argument for building new, more powerful olliders. Colleted in thispaper are results onerning possible �new physis� searhes at THERA, pre-pared as a part of the dediated THERA physis study. The ollider projetand running options are brie�y summarized in Se. 2. Models onsideredin this paper are introdued in Se. 3. The method used for the analysishas been developed for the global analysis of the existing data [1, 2℄ and isbrie�y desribed in Se. 4. Some of the results disussed in Se. 5 have beenalready presented in [3℄.
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620 A.F. �arneki2. THERA olliderTHERA has been proposed as the next generation ep ollider, a straight-forward extension of the TESLA projet. It would bring high-energy ele-trons or positrons from the linear aelerator into ollisions with high-energyprotons from the existing HERA ollider. Using both arms of TESLA enter-of-mass energies of up to 1.6TeV ould be obtained at THERA, exeedingthe energy range urrently aessible at HERA by up to a fator of �ve.Following THERA running senarios are onsidered in this paper:� For nominal eletron beam energy of Ee = 250 GeV and proton beamenergy of Ep = 1000 GeV integrated luminosity of about 40 pb�1 isexpeted in a year. Results presented for this option assume integratedluminosity of 100 pb�1 for e�p and/or 100 pb�1 for e+p ollisions.It will be referred to as THERA-250.� Using both arms of TESLA, eletron beam energy an be inreasedto Ee = 500 GeV. Assumed integrated luminosity for this senario isalso 100 pb�1 for e�p and/or 100 pb�1 for e+p ollisions. It will bereferred to as THERA-500.� With TESLA mahine upgraded in power, eletron energies as high asEe = 800 GeV are possible for THERA operation. In this ase protonbeam energy is lowered to Ep = 800 GeV, to provide maximum lumi-nosity. Results presented for this option assume integrated luminosityof 200 pb�1 for e�p and/or 200 pb�1 for e+p ollisions. It will bereferred to as THERA-800.3. Models of �new physis�3.1. Contat interationsFour-fermion ontat interations are an e�etive theory, whih allows usto desribe, in the most general way, possible low energy e�ets oming from�new physis� at muh higher energy sales. As very strong limits have beenalready plaed on both salar and tensor ontat interations [4℄, only vetorontat interations are onsidered in this analysis. The in�uene of thevetor ontat interations on the ep NC DIS ross-setion an be desribedas an additional term in the tree level eq ! eq sattering amplitude [5, 6℄:M eiqj!eiqj (t) = �4��emeqt + 4��emsin2 �W os2 �W gei gqjt�M2Z + �eqij ; (1)



Contat Interations, Large Extra Dimensions and : : : 621where t = �Q2 is the Mandelstam variable desribing the four-momentumtransfer between the eletron and the quark, eq is the eletri harge of thequark in units of the elementary harge, the subsripts i and j label thehiralities of the initial lepton and quark, respetively, (i; j = L;R), gei andgqj are eletroweak ouplings of the eletron and the quark, and �eqij are theontat interation ouplings.In the most general ase, vetor ontat interations are desribed by4 independent ouplings for every quark �avor. As ep sattering is sensitivepredominantly to eletron-up and eletron-down quark ouplings, 8 inde-pendent ouplings should be onsidered. However, it is not possible, in oneexperiment, to put signi�ant onstraints on all of these ouplings simul-taneously, without additional assumptions. Therefore, only one-parametermodels, assuming �xed relations between the separate ouplings, are on-sidered in this paper. Relations between ouplings assumed for di�erentmodels are presented in Table I and Table II. Listed in Table I are modelswith de�ned oupling hirality. Models in Table II ful�ll the relation�eqLL + �eqLR � �eqRL � �eqRR = 0 ; TABLE IRelations between ouplings for ontat interation models with de�ned ouplinghirality onsidered in this paper.Model �edLL �edLR �edRL �edRR �euLL �euLR �euRL �euRRqLL +� +�qLR +� +�qRL +� +�qRR +� +�dLL +�dLR +�dRL +�dRR +�uLL +�uLR +�uRL +�uRR +�



622 A.F. �arnekiwhih is imposed to onserve parity, and to avoid strong limits oming fromatomi parity violation measurements. In the presented ontat interationanalysis it is also assumed that all up type and down type quarks have thesame ontat interation ouplings:�euij = �eij = �etij ;�edij = �esij = �ebij :Coupling � an be related to the e�etive mass sale of ontat intera-tions �: � = �g2CI�2 ;where the oupling strength of new interations is by onvention set togCI = p4�. TABLE IIRelations between ouplings for the parity onserving ontat interation modelsonsidered in this paper.Model �edLL �edLR �edRL �edRR �euLL �euLR �euRL �euRRVV +� +� +� +� +� +� +� +�AA +� �� �� +� +� �� �� +�VA +� �� +� �� +� �� +� ��X1 +� �� +� ��X2 +� +� +� +�X3 +� +� +� +�X4 +� +� +� +�X5 +� +� +� +�X6 +� �� +� ��U1 +� ��U2 +� +�U3 +� +�U4 +� +�U5 +� +�U6 +� ��



Contat Interations, Large Extra Dimensions and : : : 6233.2. Large extra dimensionsModel proposed by Arkani�Hamed, Dimopoulos and Dvali [7�9℄ assumesthe spae-time is 4 + n dimensional. Standard Model partiles, inludingstrong and eletroweak bosons are on�ned to 4 dimensions, but the gravityan propagate in the extra dimensions as well. With very large extra dimen-sions, the e�etive Plank sale MS an be of the order of TeV. The graviton,after summing the e�ets of its exitations in the extra dimensions, ouplesto the Standard Model partiles with an e�etive strength of 1=MS. At highenergies, gravitation interation an beome omparable in strength to ele-troweak interations. Virtual graviton exhange ontribution to eq ! eqsattering an be desribed by an e�etive ontat interations. Contribu-tion to the sattering amplitude (1), equivalent to the ross-setion formulagiven in [10℄, an be written as:�eqLL = �eqRR = � ��2M4S (4t+ s) ;�eqLR = �eqRL = � ��2M4S (4t+ 3s) ;where t and s are the Mandelstam variables desribing eletron�quark sat-tering. By onvention the oupling strength is set to � = �1.3.3. LeptoquarksIn this paper a general lassi�ation of leptoquark states proposed byBuhmüller, Rükl and Wyler [11℄ will be used. The Buhmüller�Rükl�Wyler (BRW) model is based on the assumption that new interations shouldrespet the SU(3)C� SU(2)L� U(1)Y symmetry of the Standard Model.In addition, leptoquark ouplings are assumed to be family diagonal (to avoidFCNC proesses) and to onserve lepton and baryon numbers (to avoid rapidproton deay). Taking into aount very strong bounds from rare deays [12℄it is also assumed that leptoquarks ouple either to left- or to right-handedleptons. With all these assumptions there are 14 possible states (isospinsinglets or multiplets) of salar and vetor leptoquarks. Table III lists thesestates aording to the so-alled Aahen notation [13℄. An S(V) denotesa salar(vetor) leptoquark and the subsript denotes the weak isospin.When the leptoquark an ouple to both right- and left-handed leptons, anadditional supersript indiates the lepton hirality. A tilde is introduedto di�erentiate between leptoquarks with di�erent hyperharge. Listed inTable III are the leptoquark fermion number F , eletri harge Q, and thebranhing ratio to an eletron�quark pair (or eletron�antiquark pair), �.



624 A.F. �arneki TABLE IIIA general lassi�ation of leptoquark states in the BRW model. Listed are theleptoquark fermion number F , eletri harge Q (in units of elementary harge),the branhing ratio to eletron�quark (or eletron�antiquark) � and the �avours ofthe oupled lepton�quark pairs. Also shown are possible squark assignments to theleptoquark states in the minimal supersymmetri theories with broken R-parity.Model Fermion Charge BR(LQ! e�q) Coupling Squarknumber F Q � typeSL0 2 �1=3 1/2 eLu �d ~dRSR0 2 �1=3 1 eLu~S0 2 �4=3 1 eLdSL1=2 0 �5=3 1 eL�u�2=3 0 ��uSR1=2 0 �5=3 1 eL�u�2=3 1 eL �d~S1=2 0 �2=3 1 eL �d ~uL+1=3 0 � �d ~dLS1 2 �4=3 1 eLd�1=3 1/2 eLu �d+2=3 0 �uV L0 0 �2=3 1/2 eL �d ��uV R0 0 �2=3 1 eL �d~V0 0 �5=3 1 eL�uV L1=2 2 �4=3 1 eLd�1=3 0 �dV R1=2 2 �4=3 1 eLd�1=3 1 eLu~V1=2 2 �1=3 1 eLu+2=3 0 �uV1 0 �5=3 1 eL�u�2=3 1/2 eL �d ��u+1=3 0 � �d



Contat Interations, Large Extra Dimensions and : : : 625The leptoquark branhing frations are predited by the BRWmodel and areeither 1, 12 or 0. For a given eletron�quark branhing ratio �, the branh-ing ratio to the neutrino�quark is by de�nition (1 � �). Also inluded inTable III are the �avours and hiralities of the lepton�quark pairs ouplingto a given leptoquark type. In three ases the squark �avours (in supersym-metri theories with broken R-parity) with orresponding ouplings are alsoindiated. Present analysis takes into aount only leptoquarks whih ou-ple to the �rst-generation leptons (e, �e) and �rst-generation quarks (u, d).It is also assumed that one of the leptoquark types gives the dominant ontri-bution, as ompared with other leptoquark states and that the interferenebetween di�erent leptoquark states an be negleted. Using this simpli-fying assumption, di�erent leptoquark types an be onsidered separately.Finally, it is assumed that di�erent leptoquark states within isospin doubletsand triplets have the same mass.In the limit of heavy leptoquark masses (MLQ�ps) the e�et of lepto-quark prodution or exhange is equivalent to a vetor type eeqq ontatinteration. Contribution to the eq ! eq sattering amplitude (1) does notdepend on the proess kinematis and an be written as�eqij = aeqij � �LQMLQ�2 ;where MLQ is the leptoquark mass, �LQ the leptoquark�eletron�quarkYukawa oupling and the oe�ients aeqij are given in Table IV [14℄.For leptoquark masses omparable with the available ep enter-of-massenergy u-hannel leptoquark exhange proess and the s-hannel leptoquarkprodution have to be onsidered separately. Corresponding diagrams forF = 0 and F = 2 leptoquarks are shown in Fig. 1. The leptoquark ontri-bution to the sattering amplitude an be now desribed by the followingformulae� for u-hannel leptoquark exhange (F = 0 leptoquark in e�q or e+�qsattering, or jF j = 2 leptoquark in e+q or e��q sattering)�eqij (s; u) = aeqij �2LQM2LQ � u ;� for s-hannel leptoquark prodution (F = 0 leptoquark in e+q or e��qsattering, or jF j = 2 leptoquark in e�q or e+�q sattering)�eqij (s; u) = aeqij �2LQM2LQ � s� is �LQMLQ ;



626 A.F. �arneki TABLE IVCoe�ients aeqij de�ning the e�etive ontat interation ouplings �eqij = aeqij �2LQM2LQfor di�erent models of salar (upper part of the table) and vetor (lower part)leptoquarks. Empty plaes in the table orrespond to aeqij = 0.Model aedLL aedLR aedRL aedRR aeuLL aeuLR aeuRL aeuRRSL0 + 12SR0 + 12~S0 + 12SL1=2 � 12SR1=2 � 12 � 12~S1=2 � 12S1 +1 + 12V L0 �1V R0 �1~V0 �1V L1=2 +1V R1=2 +1 +1~V1=2 +1V1 �1 �2where �LQ is the total leptoquark width. The partial deay width forevery deay hannel is given by the formula�LQ = �2LQMLQ8�(J + 2) ;where J is the leptoquark spin.For leptoquark masses smaller than the available ep enter-of-massenergy diret prodution of single leptoquarks an be onsidered. In thenarrow-width approximation, the ross-setion for single F = 2 leptoquarkprodution in eletron�proton sattering (via the eletron�quark fusion) isgiven by



Contat Interations, Large Extra Dimensions and : : : 627
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Fig. 1. Diagrams desribing leading order Standard Model proesses and leptoquarkontributions oming from F = 0 and F = 2 leptoquarks, for NC e�p DIS atTHERA.
�ep!LQX(MLQ; �LQ) = (J + 1) ��2LQ4M2LQ xLQ q �xLQ;M2LQ� ; (2)where q(x;Q2) is the quark momentum distribution in the proton andxLQ =M2LQ=s. 4. Analysis methodThe analysis method used has been desribed in details in the reentlypublished papers [1, 2℄. For all models onsidered, limits on the model pa-rameters an be extrated from the measured Q2 distribution of NC DISevents at THERA. The leading-order doubly-di�erential ross-setion foreletron�proton NC DIS (e�p! e�X) an be written asd2�LOdxdQ2= 116� Xq q(x;Q2)�jM eqLLj2 + jM eqRRj2 + (1� y)2 �jM eqLRj2 + jM eqRLj2�	+ �q(x;Q2)�jM eqLRj2 + jM eqRLj2 + (1� y)2 �jM eqLLj2 + jM eqRRj2�	 ;



628 A.F. �arnekiwhere x is the Bjørken variable, desribing the fration of the proton mo-mentum arried by the struk quark (antiquark), q(x;Q2) and �q(x;Q2) arethe quark and antiquark momentum distribution funtions in the proton andM eqij are the sattering amplitudes of (1), whih an inlude ontributionsfrom �new physis�.The ross-setion integrated over the x and Q2 range of an experimentalQ2 bin from Q2min to Q2max is�LO = Q2maxZQ2min dQ2 1ZQ2s ymax dx d2�LOdxdQ2 ; (3)where ymax is an upper limit on the reonstruted Bjørken variable y,y = Q2=xs. In the presented analysis this limit is set to ymax=0.95. Eq. (3)is used to alulate numbers of expeted events in Q2 bins. Expeted limitson model parameters, from high-Q2 NC e�p DIS at THERA, are alulatedassuming that no deviations from the Standard Model preditions will beobserved.For every value of the model parameter � (�4�=�2 for the ontat in-teration models, �1=M4S for large extra dimensions, (�LQ=MLQ)2 for lep-toquark models in the high-mass limit1) the probability funtion desribingthe agreement between the model and the data is alulated:P(�) � Yi Pi(�) :The produt runs over all Q2 bins i (separately for e�p and e+p data).The probability Pi is desribed by the Poisson distributionPi(�) � n(�)N exp (�n(�))N ! ; (4)where N and n(�) are the measured and expeted number of events ina given bin. This formula properly takes into aount statistial errors inthe measured event distributions. The systemati errors in the StandardModel expetations are assumed to be orrelated to 100% between di�erentQ2 bins, and inrease from 1% at Q2=1000 GeV2 to 5% at Q2=100000 GeV2.The method used to inlude systemati errors, as well as the migrationorretions resulting from the assumed Q2 measurement resolution of 5%are disussed in detail in [1℄.1 For leptoquark masses omparable with the available enter-of-mass energy, two pa-rameter probability funtion P(�LQ;MLQ) is onsidered and limits on �LQ are al-ulated as a funtion of the leptoquark mass MLQ.



Contat Interations, Large Extra Dimensions and : : : 629To onstraint leptoquark Yukawa oupling values, for leptoquark massessmaller than the available ep enter-of-mass energy, diret prodution of sin-gle leptoquarks is also onsidered, as desribed by (2). Only the leptoquarksignal in the eletron-jet deay hannel is taken into aount. Expeted sig-nal from single leptoquark prodution, for given leptoquark mass MLQ andYukawa oupling �LQ, is ompared with the observed number of events fromthe Standard Model bakground (NC DIS) in the �5% mass window. Thebakground is suppressed by applying a ut on the Bjørken variable y, whihis optimized for every leptoquark type as a funtion of the leptoquark mass.After the y ut is imposed, probability funtion P(�LQ;MLQ) is alulatedfrom the Poisson distribution (4).As P is not a probability distribution, it does not satisfy any normaliza-tion ondition. Instead it is onvenient to resale the probability funtion insuh a way that for the Standard Model it has the value of 1P(� = 0) = 1 :Using the probability funtion P(�) limits on the model parameters arealulated. Rejeted are all models (parameter values) whih result inP(�) < 0:05 : (5)This is taken as the de�nition of the 95% Con�dene Level (CL) exlusionlimit2. Exlusion limits presented in this paper are lower limits in ase ofmass sales � orMS, leptoquark massMLQ orMLQ=�LQ, and upper limits inase of �LQ. For leptoquark masses smaller than the available enter-of-massenergy, both indiret (from d�=dQ2) and diret �LQ limits are alulated,and the stronger one is presented.5. Results95% CL exlusion limits on the ontat interation mass sales �� and�+ (for negative and positive oupling signs) expeted from the measure-ment of high-Q2 NC DIS ross-setions at THERA, are presented inTable V and Table VI. Results presented are the mean values from 1000 MCexperiments. Poisson �utuations in the observed numbers of events an re-sult in the statistial �utuations in the limit values of the order of 10�20%.2 For Gaussian shape of the probability funtion, ondition (5) orresponds to �2:45�limit. Mass sale limits presented in this paper would inrease by 10 to 15%, if thede�nition more ommonly used in the literature is used: P(�) = 0:147 orrespondingto �1:96�. However, this de�nition assumes the Gaussian shape of the probabilityfuntion, whih is not always the ase. Therefore, de�nition (5) is used as more�onservative�. Same limit setting method has been used in the global analysis ofexisting data [2, 15℄.



630 A.F. �arneki
TABLEV

95%CLexlusio
nlimitsonthe
ontatinteratio
nmasssales��
and�+ (forneg
ativeandpositiv
eouplingsigns,
respetively)exp
etedfrom

themeasuremen
tofhigh-Q2 NC
DISross-setion
satTHERA,for
di�erentrunning
senarios,asind
iatedinthetab
le.Limitsfromt
heglobal

analysisofexisti
ngdata[1,15℄ar
einludedforo
mparison.

Current

Expeted95%C
Lexlusionlimit
s[TeV℄

Modellimits
THERA-250
THERA-500
THERA-800

[TeV℄e
� pe+ p
e� pe�
pe+ p
e� pe
� pe+ p
e� p

�� �+ �
� �+ �� �
+ �� �+
�� �+ ��
�+ �� �+
�� �+ ��
�+ �� �+

d LL23.3
8.45.64.7
5.04.26.3
5.57.36.
06.55.68
.17.18.8
7.47.86.8
9.88.7

d LR19.6
7.53.22.9
4.83.94.9
4.04.13.
76.05.06
.15.14.9
4.47.36.0
7.56.1

d RL7.42
0.42.73.3
3.94.83.9
4.93.54.
35.06.05
.06.24.2
5.16.07.4
6.07.5

d RR8.81
7.54.63.5
4.03.04.9
3.65.84.
55.23.86
.34.77.0
5.36.24.5
7.65.6

u LL14.71
1.37.98.3
5.65.98.5
8.89.810.
37.07.610
.510.912.2
12.78.79.2
13.013.5

u LR16.9
7.83.13.8
4.97.15.1
7.33.94.
96.08.76
.28.94.6
5.87.410.9
7.611.0

u RL7.11
8.33.23.4
4.76.24.9
6.34.04.
56.07.76
.27.84.7
5.37.39.4
7.49.6

u RR7.02
1.26.37.3
4.45.36.8
7.87.69.
15.66.88
.49.79.6
11.36.88.3
10.411.9

q LL26.11
0.94.27.2
3.54.84.3
7.35.38.
84.66.15
.59.06.4
10.95.47.4
6.611.2

q LR25.81
0.63.54.0
4.97.15.0
7.24.55.
26.38.76
.48.85.3
6.27.610.7
7.710.9

q RL10.22
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632 A.F. �arnekiCurrent limits from the global ontat interation analysis [15℄ 3 and fromthe global analysis of existing data in the large Extra Dimensions (ED)model [10℄ are inluded for omparison. For ontat interation modelsviolating parity (models with de�ned oupling hirality; Table V), urrentlimits from global analysis are already of the order of 10�20TeV. This ismainly due to very strong onstraints from the Atomi Parity Violation(APV) measurements in esium [16�18℄. THERA running with the nominaleletron beam energy of 250 GeV (THERA-250) will be only sensitive tomass sales from about 3 to 9TeV. With eletron beam energy inreasedto 500GeV (THERA-500), ontat interation mass sale limits improveon average by 20�30%. Another improvement by similar fator is observedwhen going from THERA-500 to THERA-800 option. Nevertheless, even forhigh eletron beam energies (THERA-500 and THERA-800) improvementof existing limits will only be possible for seleted models (mainly modelsoupling to the u quark only).For ontat interation models onserving parity (Table VI), urrent lim-its from global analysis are, on average, lower than for parity violating mod-els. At the same time THERA sensitivity inreases. Already at THERA-250mass sale limits an be improved for about half of the onsidered models,provided that both e�p and e+p data are olleted. With inreasing eletronbeam energy, most limits an be signi�antly improved. From ombined e�pand e+p data at THERA-800 limits on the ontat interation mass salesup to about 18TeV an be obtained.For the model of large extra dimensions, THERA will improve existinglimits in any on�guration. This is beause the graviton exhange ontribu-tion inreases with the inreasing enter-of-mass energy. THERA-800 willbe sensitive to the e�etive Plank sale MS up to about 2.8TeV.In the limit of heavy leptoquark masses (MLQ � ps) ontat interationmodel has been also used to set limits on the leptoquark mass to the ouplingratio MLQ=�LQ. Expeted 95% CL exlusion limits, for di�erent leptoquarkmodels and di�erent THERA running senarios are presented in Table VII.Current limits from the global analysis [2℄ are inluded for omparison. Inmost ases existing limits are already above THERA sensitivity, even in thehighest eletron energy option. Limits on MLQ=�LQ an be only improvedfor ~V0 and ~V1=2 models.3 Numerial limit values presented in this paper di�er slightly from limits presentedin [15℄. They have been realulated using data on eeqq interations only. Data fromneutrino sattering experiments and from harged urrent proesses, whih an beinluded in the analysis when assuming SU(2)L� U(1)Y symmetry of new intera-tions, were not used. This is beause some of the onsidered models violate SU(2)invariane.



Contat Interations, Large Extra Dimensions and : : : 633TABLE VII95% CL exlusion limits on MLQ=�LQ (in the limit of heavy leptoquark massesMLQ � ps) expeted from the measurement of high-Q2 NC DIS ross-setions atTHERA, for di�erent running senarios, as indiated in the table.Current Expeted 95% CL exlusion limits on MLQ=�LQ [TeV℄Model limit THERA-250 THERA-500 THERA-800[TeV℄ e�p e+p e�p e�p e+p e�p e�p e+p e�pSL0 3.7 1.7 1.2 1.7 2.1 1.5 2.2 2.5 1.8 2.7SR0 3.9 1.5 1.1 1.5 1.8 1.4 1.9 2.2 1.6 2.4~S0 3.6 0.7 0.6 0.7 0.9 0.8 0.9 1.1 0.9 1.1SL1=2 3.5 0.6 1.0 1.0 0.8 1.2 1.2 0.9 1.5 1.5SR1=2 2.1 0.7 1.0 1.0 0.9 1.3 1.3 1.0 1.6 1.6~S1=2 3.8 0.6 1.0 1.0 0.8 1.2 1.2 1.0 1.5 1.5S1 2.4 1.4 1.0 1.4 1.7 1.2 1.7 2.1 1.5 2.1V L0 8.1 1.6 1.4 1.8 2.1 1.8 2.3 2.5 2.2 2.8V R0 2.3 1.3 1.1 1.4 1.7 1.4 1.8 2.0 1.7 2.1~V0 1.9 1.8 1.2 1.9 2.1 1.6 2.4 2.7 1.9 2.9V L1=2 2.1 0.8 1.1 1.1 1.0 1.4 1.4 1.2 1.7 1.7V R1=2 7.5 1.2 2.0 2.0 1.5 2.5 2.5 1.8 3.0 3.1~V1=2 2.1 1.1 2.0 2.1 1.4 2.5 2.5 1.6 3.1 3.1V1 7.3 2.6 1.5 2.8 3.1 1.9 3.3 3.9 2.3 4.2For leptoquark masses omparable with the available enter-of-mass en-ergy, ontat interation approah has to be modi�ed, as desribed inSe. 3.3. Limits on �LQ are alulated as a funtion of the leptoquarkmass MLQ from the two-dimensional probability funtion P(�LQ;MLQ).For leptoquark masses smaller than the available enter-of-mass energy(MLQ < ps), limits are also set from the measurement of the diret lepto-quark prodution. It turns out that both approahes give similar results [2℄.Measurement of the diret leptoquark prodution proess results in betterlimits for low leptoquark masses (MLQ �ps) and for leptoquark produtioninvolving valene quarks (prodution of F = 2 leptoquarks in e�p ollisionsor F = 0 leptoquarks in e+p ollisions). d�=dQ2 measurement an resultsin slightly better limits (than expeted from the diret prodution proess)
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