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Sear
h for �rst-generation leptoquarks atHERAZEUS Collaboration
Abstra
tA sear
h for �rst-generation leptoquarks was performed in ele
tron-proton andpositron-proton 
ollisions re
orded with the ZEUS dete
tor at HERA in 2003�2007 using an integrated luminosity of 366 pb−1. Final states with an ele
tron andjets or with missing transverse momentum and jets were analysed, sear
hing forresonan
es or other deviations from the Standard Model predi
tions. No eviden
efor any leptoquark signal was found. The data were 
ombined with data previouslytaken at HERA, resulting in a total integrated luminosity of 498 pb−1. Limits onthe Yukawa 
oupling, λ, of leptoquarks were set as a fun
tion of the leptoquarkmass for di�erent leptoquark types within the Bu
hmüller-Rü
kl-Wyler model.Leptoquarks with a 
oupling λ = 0.3 are ex
luded for masses up to 699GeV.
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1 Introdu
tionMany extensions of the Standard Model (SM) predi
t the existen
e of parti
les 
arryingboth baryon and lepton number, su
h as leptoquarks (LQs) [1℄. In ep 
ollisions atHERA, su
h states 
ould have been produ
ed dire
tly through ele
tron1-quark fusion(Fig. 1a) if their masses, MLQ, were lower than the HERA 
entre-of-mass energy, √s.The leptoquarks would have de
ayed into an ele
tron and quark or an ele
tron neutrinoand quark, yielding peaks in the spe
tra of the �nal-state lepton-jets2 invariant mass,
Mljs. Leptoquarks with MLQ >

√
s 
ould not have been produ
ed as resonan
es, butthey would still have 
aused deviations from the SM predi
tion in the observed Mljsspe
trum due to virtual LQ ex
hange (Fig. 1a and b). This paper presents an analysisof the Mljs spe
trum sear
hing for eviden
e for leptoquarks.The predi
tion for the Mljs spe
trum is given by SM neutral 
urrent (NC) and 
harged
urrent (CC) deep inelasti
 s
attering (DIS) (Fig. 1
). Any leptoquark signal would haveto be identi�ed as a deviation from this SM predi
tion. At high Mljs, the SM predi
tionfalls rapidly due to the dependen
e of the DIS 
ross se
tions on Q2, the virtuality ofthe ex
hanged boson, and to the sharply falling valen
e-quark density at large Bjorken

x. This makes the data espe
ially sensitive to virtual leptoquark ex
hange and LQ-DISinterferen
e.Leptoquarks have been sear
hed for previously in ep 
ollisions [2�5℄ and in e+e− [6, 7℄,
pp̄ [8, 9℄ and pp [10�12℄ 
ollisions. Using ep 
ollisions, the Yukawa 
oupling, λ, of pos-sible LQ states to ele
tron and ele
tron neutrino is probed. In pp̄ and pp 
ollisions,the LQ produ
tion pro
eeds via the strong intera
tion and is independent of λ. Thusthe experimental approa
hes are 
omplementary and ep 
ollisions provide a unique test-ing ground. For this paper, the predi
tions for LQ 
ross se
tions were determined inleading order (LO) using the CTEQ5D parton density fun
tions [13℄ (PDFs) using theBu
hmüller-Rü
kl-Wyler model [1℄. This model assumes that some of the leptoquarksare doublets or triplets with degenerate masses. This di�ers from the assumptions madefor produ
tion via the strong intera
tion where in general a singlet state is assumed.The LHC experiments so far provided only limits for s
alar LQs [10�12℄.In the analysis presented here, no eviden
e for any leptoquark signal was found. There-fore limits on λ were derived as a fun
tion of MLQ for the di�erent leptoquark statesdes
ribed by the Bu
hmüller-Rü
kl-Wyler model.The analysis is based on the data 
olle
ted by the ZEUS experiment in the period 2003�2007, 
orresponding to an integrated luminosity of 366 pb−1. During this period, HERAwas operated with a polarised lepton beam. The four data subsamples with di�erentpolarisation and lepton beam 
harge are summarised in Table 1. The experimental set-updes
ribed in Se
tion 2 is that 
orresponding to these subsamples. The �nal limits set also1Unless otherwise spe
i�ed, `ele
tron' refers to both positron and ele
tron and `neutrino' refers to bothneutrino and antineutrino.2There 
an be more than one jet in the �nal state due to QCD initial or �nal state radiation.1



in
luded data 
olle
ted in 1994�2000, giving a total integrated luminosity of 498 pb−1.Thus all data from ZEUS were in
luded and the results presented here supersede thosepublished previously [2�4℄.2 Experimental set-upA detailed des
ription of the ZEUS dete
tor 
an be found elsewhere [14℄. A brief outlineof the 
omponents that are most relevant for this analysis is given below.In the kinemati
 range of the analysis, 
harged parti
les were tra
ked in the 
entraltra
king dete
tor (CTD) [15℄ and the mi
rovertex dete
tor (MVD) [16℄. These 
om-ponents operated in a magneti
 �eld of 1.43 T provided by a thin super
ondu
tingsolenoid. The CTD 
onsisted of 72 
ylindri
al drift-
hamber layers, organised in ninesuperlayers 
overing the polar-angle3 region 15◦ < θ < 164◦. The MVD sili
on tra
ker
onsisted of a barrel (BMVD) and a forward (FMVD) se
tion. The BMVD 
ontainedthree layers and provided polar-angle 
overage for tra
ks from 30◦ to 150◦. The four-layerFMVD extended the polar-angle 
overage in the forward region to 7◦. After alignment,the single-hit resolution of the MVD was 24 µm. The transverse distan
e of 
losestapproa
h (DCA) to the nominal vertex in X�Y was measured to have a resolution,averaged over the azimuthal angle, of (46 ⊕ 122/pT ) µm, with pT in GeV. For CTD-MVD tra
ks that pass through all nine CTD superlayers, the momentum resolution was
σ(pT )/pT = 0.0029pT ⊕ 0.0081 ⊕ 0.0012/pT , with pT in GeV.The high-resolution uranium�s
intillator 
alorimeter (CAL) [17℄ 
onsisted of three parts:the forward (FCAL), the barrel (BCAL) and the rear (RCAL) 
alorimeters. Ea
h partwas subdivided transversely into towers and longitudinally into one ele
tromagneti
 se
-tion (EMC) and either one (in RCAL) or two (in BCAL and FCAL) hadroni
 se
tions(HAC). The smallest subdivision of the 
alorimeter was 
alled a 
ell. The CAL en-ergy resolutions, as measured under test-beam 
onditions, were σ(E)/E = 0.18/

√
E forele
trons and σ(E)/E = 0.35/

√
E for hadrons, with E in GeV.The luminosity was measured using the Bethe-Heitler rea
tion ep → eγp by a luminositydete
tor whi
h 
onsisted of independent lead�s
intillator 
alorimeter [18℄ and magneti
spe
trometer [19℄ systems.The lepton beam in HERA be
ame naturally transversely polarised through the Sokolov-Ternov e�e
t [20, 21℄. The 
hara
teristi
 build-up time for the HERA a

elerator wasapproximately 40 minutes. Spin rotators on either side of the ZEUS dete
tor 
hangedthe transverse polarisation of the beam into longitudinal polarisation and ba
k again.The lepton beam polarisation was measured using two independent polarimeters, the3The ZEUS 
oordinate system is a right-handed Cartesian system, with the Z axis pointing in thenominal proton beam dire
tion, referred to as the �forward dire
tion�, and the X axis pointingtowards the 
entre of HERA. The 
oordinate origin is at the 
entre of the CTD. The pseudorapidityis de�ned as η = − ln

(

tan
θ
2

), where the polar angle, θ, is measured with respe
t to the Z axis.2



transverse polarimeter (TPOL) [22℄ and the longitudinal polarimeter (LPOL) [23℄. Bothdevi
es exploited the spin-dependent 
ross se
tion for Compton s
attering of 
ir
ularlypolarised photons o� ele
trons to measure the beam polarisation. The luminosity andpolarisation measurements were made over time intervals that were mu
h shorter thanthe polarisation build-up time. The polarisation values measured in di�erent data takingperiods are shown in Table 1. The fra
tional systemati
 un
ertainty on the measuredpolarisation was 4.2% for TPOL and 3.6% for LPOL.3 Monte Carlo simulationMonte Carlo te
hniques were used to determine the SM DIS ba
kground and the Mljsresolution of a possible signal.Standard Model NC and CC DIS events were simulated using the Hera
les 4.6.6 [24℄program with the Djangoh 1.6 [25℄ interfa
es to the hadronisation programs and us-ing CTEQ5D [13℄ PDFs. Radiative 
orre
tions for initial- and �nal-state ele
troweakradiation, vertex and propagator 
orre
tions, and two-boson ex
hange were in
luded.The 
olour-dipole model of Ariadne 4.12 [26℄ was used to simulate O(αS) plus leading-logarithmi
 
orre
tions to the result of the quark-parton model. Ariadne uses the Lundstring model of Jetset 7.4.1 [27℄ for the hadronisation.The produ
tion and de
ay of resonan
es were simulated using PYTHIA 6.1 [28℄, whi
htakes into a

ount the �nite width of the resonant state, but in
ludes only the s-
hanneldiagrams. It also takes into a

ount initial- and �nal-state QCD radiation from thequark and the e�e
t of LQ hadronisation before de
ay [29℄ as well as the initial-stateQED radiation from the ele
tron. Su
h simulated samples of LQ events were used tostudy the bias and the resolution for the re
onstru
ted LQ mass. The predi
tion fora LQ 
ontribution to the DIS samples was evaluated by reweighting the DIS samplesa

ording to the LQ produ
tion pro
esses (Se
tion 6).The ZEUS dete
tor response was simulated using a program based on Geant 3.21 [30℄.The generated events were passed through the dete
tor simulation, subje
ted to the sametrigger requirements as the data and pro
essed by the same re
onstru
tion programs.4 Leptoquark signal expe
tationThe Bu
hmüller-Rü
kl-Wyler (BRW) model [1℄ was used to 
al
ulate the 
ross se
tionsin LO using the CTEQ5D PDFs for the LQ states listed in Table 2. The next-to-leading-order (NLO) QCD 
orre
tions, the so-
alled K-fa
tors [31, 32℄, available for s
alar LQswere not 
onsidered, be
ause equivalent 
al
ulations are not available for ve
tor LQs.All limits presented in this paper are for LQ produ
tion in this model.3



As the �nal states for LQ produ
tion are identi
al to states produ
ed in DIS, the DISMonte Carlo samples were reweighted a

ordingly to produ
e predi
tions for the respe
-tive Mljs spe
tra. The BRW model predi
ts a dependen
e of the 
ross se
tions on thebeam polarisation. Therefore predi
tions were 
omputed taking into a

ount the averagepolarisation of the respe
tive data samples.The BRW model in
ludes both u and s 
hannel and interferen
es with DIS. For MLQ >√
s, the full LQ 
ross se
tions were used. For the virtual ex
hange, the 
ross se
tion hasa λ4 dependen
e. The interferen
e terms provide a 
ontribution with a λ2 dependen
e.For MLQ <

√
s, some simpli�
ations were introdu
ed. While the interferen
e termswere 
al
ulated as for large MLQ, the u-
hannel 
ontribution, expe
ted to be small,was negle
ted and the narrow-width approximation (NWA) was used for the resonant

s-
hannel LQ produ
tion.The Born-level 
ross se
tion for the resonant (s-
hannel) LQ produ
tion in the NWAis:
σNWA = (J + 1)

π

4s
λ2 q(x0, M

2
LQ)(1 ± Pe),where q(x0, M

2
LQ) is the initial-state quark (or antiquark) parton-density fun
tion inthe proton for x0 = M2

LQ/s, J is the spin of the LQ and the term 1 ± Pe a

ountsfor the dependen
e on the beam polarisation. In e−p (e+p) s
attering, the polarisationdependen
e is given by 1 + Pe (1 − Pe) for LQs 
oupling to right-handed fermions and
1 − Pe (1 + Pe) for LQs 
oupling to left-handed fermions.The expe
ted width of a LQ state with a mass between 100 and 300GeV and a Yukawa
oupling λ = 0.1 ranges from 0.01 to 0.2GeV. This justi�es the use of the NWA for the s-
hannel 
ontribution. To simulate a LQ signal in the MC, the s-
hannel term was addedto the interferen
e terms and the DIS MC events were reweighted. To redu
e statisti
al�u
tuations, the predi
tion from the NWA was smeared with a Gaussian narrower thanthe experimental resolution before adding the interferen
e terms.The e�e
t of QED initial-state radiation, whi
h de
reases the produ
tion 
ross se
tion,was taken into a

ount for both resonant and non-resonant LQ produ
tion. The e�e
tis larger for resonant LQ produ
tion and ranges up to 25% for MLQ 
lose to √

s.The polarisation dependen
e is expe
ted to be di�erent for LQ produ
tion and DIS. Theseparation of the data a

ording to polarisation therefore provides a handle to identifya possible LQ signal.Another possibility to isolate a leptoquark signal is the angular dependen
e of the pro-
ess. The variable θ∗, the lepton s
attering angle in the lepton-jets 
entre-of-mass frame,
an be used to improve the signal-to-ba
kground ratio, espe
ially for resonan
e produ
-tion. The de
ay of a s
alar resonan
e, for example, will result in a �at distribution in
cos θ∗, while NC DIS events show approximately a 1/(1 − cos θ∗)2 distribution.4



5 Signal sear
hEvents from a hypotheti
al resonan
e de
aying into eq (νq) have a topology identi
alto DIS NC (CC) events. Hen
e the �nal state from a high-mass resonan
e is expe
tedto have at least one jet and either an identi�ed �nal-state ele
tron or large missingtransverse momentum. The lepton-jet invariant mass was 
al
ulated as
Mljs =

√

E2
ljs − ~p 2

ljs, (1)where Eljs is the sum of the energies of the outgoing lepton and the sele
ted jets and
~pljs is the ve
tor sum of the lepton and jets momenta. The modulus of the transversemomentum, pT , and the net transverse energy, ET , are de�ned as

p2
T = p2

X + p2
Y =

(

∑

i

Ei sin θi cos φi

)2

+

(

∑

i

Ei sin θi sin φi

)2

, (2)
ET =

∑

i

Ei sin θi,where the sum runs over all 
alorimeter energy deposits, Ei. The polar and azimuthalangles, θi and φi, of the 
alorimeter energy deposits were measured relative to the re
on-stru
ted event vertex. The quantity E − pZ , also used in the event sele
tion, is de�nedas
E − pZ ≡

∑

i

(E − pZ)i =
∑

i

(Ei − Ei cos θi). (3)The hadroni
 polar angle was 
al
ulated as [33℄
cos γh =

P 2
T,had − (E − PZ)had

P 2
T,had + (E − PZ)had

, (4)where P 2
T,had and (E − PZ)had are 
al
ulated as in Equations (2) and (3), but with thesum running only over the 
alorimeter energy deposits belonging to the hadroni
 �nalstate. In 
ase of the CC topology, P 2

T,had and (E−PZ)had are equivalent to p2
T and E−pZfrom Equations (2) and (3), respe
tively.5.1 Neutral 
urrent, ep → eX, topologyEvent sele
tionThe double-angle (DA) method [34℄ was used to re
onstru
t the kinemati
 variables.In this method, the polar angle of the s
attered ele
tron and the hadroni
 polar angle5



(see Eq. (4)) were used to re
onstru
t the kinemati
 variables xDA, yDA, and Q2
DA. Theinelasti
ity y was also re
onstru
ted as ye, using the ele
tron method [34℄.Events with the topology ep → eX, where X denotes one or more jets, were sele
tedusing the following 
riteria:

• the Z 
oordinate of the re
onstru
ted event vertex was required to be in the range
|Z| < 30 
m, 
onsistent with an ep 
ollision;

• an ele
tron identi�ed in the CAL [35℄ was required. If the ele
tron was found withinthe a

eptan
e of the tra
king dete
tors, a tra
k mat
hed to the energy depositin the 
alorimeter was required with the distan
e of 
losest approa
h between thetra
k extrapolated to the 
alorimeter surfa
e and the energy 
luster position to beless than 10 
m and the ele
tron tra
k momentum, ptrk
e , to be larger than 3GeV. Amat
hed tra
k was not required if the ele
tron emerged at a polar angle outside thea

eptan
e of the tra
king dete
tor. Instead the ele
tron was required to have atransverse momentum greater than 30GeV. An isolation requirement was imposedsu
h that the energy not asso
iated with the ele
tron in an η − φ 
one of radius0.8 
entred on the ele
tron was less than 5GeV;

• a �du
ial-volume 
ut was applied to the ele
tron to guarantee that the experimentala

eptan
e was well understood. It ex
luded the transition regions between theFCAL and the BCAL. It also ex
luded the regions within 1.5 
m of the modulegaps in the BCAL;
• at least one hadroni
 jet with transverse momentum pj

T > 15GeV and |η| < 3,obtained using the kT 
luster algorithm [36℄ in its longitudinally invariant in
lusivemode [37℄, was required. The 
entroid of any jet at the FCAL fa
e was requiredto be outside a box of 40 × 40 
m2 
entred on the proton beam [38℄, in order toensure good energy 
ontainment and to redu
e the systemati
 un
ertainties dueto the proton remnant. Additional jets were required to have pj
T > 10GeV and

|η| < 3;
• to restri
t the phase spa
e to the region most relevant to the LQ sear
h, 
uts on

Q2
DA > 2500GeV2 and xDA > 0.1 were applied. Higher values of x and Q2 
orre-spond to higher LQ masses, where the signal-to-ba
kground ratio for leptoquarkevents is higher;

• to avoid phase-spa
e regions in whi
h the DIS MC generator was not valid, thequantity yDA(1 − xDA)2 was required to be larger than 0.004;
• to remove ba
kground from photoprodu
tion events and beam-gas events overlaidon NC events, the requirements 38 < E − pZ < 65GeV and ye < 0.95 wereimposed. To remove 
osmi
-ray events and beam-related ba
kground events, thequantity pT /

√
ET was required to be less than 4

√GeV and the quantity pT /ETwas required to be less than 0.7. Elasti
 QED Compton events were reje
ted by
onsidering the balan
e between the photon and the ele
tron [39℄.6



The mass shifts and resolutions for resonant lepton-quark states were 
al
ulated fromthe LQ MC. The mass resolution, determined from a Gaussian �t to the peak of there
onstru
ted mass spe
trum, fell from 5% to 3% as the resonant mass in
reased from 150to 290GeV. Any mass shift was within 0.5% for LQ masses between 150 and 290GeV.Sear
h resultsAfter the above sele
tion, 9 369 events were found in the data from 2003�2007, 
om-pared to 9 465 ± 494 expe
ted from the NC MC and the evaluation of its systemati
un
ertainties (see below). The measured distributions of the Mejs spe
tra for e−p (e+p)data with a left-handed and a right-handed lepton beam are shown in Figs. 2 and 3(Figs. 4 and 5), respe
tively. A 
ut on cos θ∗ < 0.4, introdu
ed to suppress further theSM ba
kground [2, 3℄, was also applied. The upper parts of the plots show the spe
trawith and without the cos θ∗ 
ut, while the lower parts show the ratio of the observedspe
trum to SM expe
tations with no 
ut applied on cos θ∗. Good agreement is seenbetween the data and the SM NC predi
tion. Figures 6 and 7 show the e−p data for theleft-handed ele
tron beam together with the predi
tions for a SL
0 LQ state with a massof 210GeV and a 
oupling λ of 0.3 as well as a mass of 400GeV and a 
oupling λ of 1without and with a cos θ∗ 
ut, respe
tively.Systemati
 un
ertaintiesThe un
ertainty on the expe
ted number of events from SM NC DIS pro
esses wasinvestigated. Relevant were [33℄:

• the un
ertainty on the 
alorimeter energy s
ale, 1% for ele
trons and 2% forhadrons. This led to an un
ertainty of 1% (6%) in the NC expe
tation for
Mejs=150 (220)GeV;

• the un
ertainty on the parton densities as estimated by Botje [40℄, whi
h gave anun
ertainty of 3% (5%) in the NC expe
tation for Mejs=150 (220)GeV;
• the un
ertainty on the luminosity determination of 1.8% for ele
tron and 2.2% forpositron beams4, whi
h is dire
tly re�e
ted in the result.The overall systemati
 un
ertainties on the ba
kground expe
tations were obtained byadding all relevant 
ontributions in quadrature. They are shown as hat
hed bands inFigs. 2, 3, 4 and 5. For a given mass, the systemati
 un
ertainty for the LQ signal isassumed to be the same as for the SM ba
kground.4For a fra
tion of the positron data, the un
ertainty was 3.5%, while for most of the positron data theun
ertainty was 1.8%. This lead to a total un
ertainty of 2.2%.7



5.2 Charged 
urrent, ep → νX, topologyEvent sele
tionThe events with the topology ep → νX, where X denotes one or more jets, are 
lassi�eda

ording to γ0, the hadroni
 polar angle (see Eq. (4)) assuming a nominal vertex positionof Z = 0. Events for whi
h the hadroni
 system is not 
ontained in the CTD a

eptan
e(γ0 ≤ 0.4 rad) are 
alled low-γ0 events. The hadroni
 systems of high-γ0 events with
γ0 > 0.4 rad are inside the CTD a

eptan
e, so that 
uts based on tra
king information
an be applied. The kinemati
 variables were re
onstru
ted using the Ja
quet-Blondelmethod [41℄.The events were sele
ted using the following 
riteria:

• the Z 
oordinate of the re
onstru
ted event vertex was required to be in the range
|Z| < 30 
m, 
onsistent with an ep 
ollision;

• to restri
t the phase spa
e to the region most relevant to the LQ sear
h, a 
ut on
Q2

JB > 700GeV2 was applied. Sin
e the resolution on Q2
JB was poor at high y, a
ut on yJB < 0.9 was added;

• a missing transverse momentum pT > 22GeV was required and, to suppress beam-gas events, the missing transverse momentum ex
luding the 
alorimeter 
ells ad-ja
ent to the forward beam hole was required to ex
eed 20GeV. Compared tothe ZEUS CC DIS analyses [42�44℄, these 
uts are more stringent be
ause CCevents with low pT lead to low invariant masses of the LQs and are therefore notof interest in this analysis;
• in the high-γ0 region, 
uts based on the number and quality of tra
ks were applied.Tra
ks with a transverse momentum above 0.2GeV were sele
ted. They wererequired to start from the MVD or the innermost superlayer of the CTD, and hadto rea
h at least the third superlayer of the CTD. If in addition they pointed tothe primary vertex, they were 
onsidered as "good tra
ks". At least one goodtra
k was required in the event and the ratio of the total number of tra
ks to thenumber of good tra
ks had to ful�ll the requirement Ntrk−20

Ngtrk
< 4, where Ntrk is thetotal number of tra
ks and Ngtrk is the number of good tra
ks. This 
ut removedbeam-gas events whi
h are 
hara
terised by a high number of poor-quality tra
ks;

• at least one hadroni
 jet with transverse momentum pj
T > 10GeV and |η| < 3,obtained using the kT 
luster algorithm [36℄ in its longitudinally invariant in
lusivemode [37℄, was required. The 
entroids of all jets at the FCAL fa
e were requiredto be outside a box of 40 × 40 
m2 
entred on the proton beam [38℄, in order toensure good energy 
ontainment and to redu
e the systemati
 un
ertainties due tothe proton remnant. 8



• to reje
t photoprodu
tion and di-lepton ba
kground, for events with pT < 30GeVa dedi
ated 
ut based on the energy distribution in the dete
tor relative to thetotal transverse momentum was used. The transverse momentum sum for the
alorimeter 
ells with a positive 
ontribution to the total transverse momentum(parallel 
omponent VP ) and the 
orresponding sum for 
ells giving a negative
ontribution to the total transverse momentum (antiparallel 
omponent VAP ) hadto satisfy the 
ondition VAP/VP < 0.35 [44℄. This requirement demanded an az-imuthally 
ollimated energy �ow. In addition, for events with at least one goodtra
k, the azimuthal-angle di�eren
e, ∆φ, between the missing transverse momen-tum measured by the tra
ks5 and that measured by the 
alorimeter was requiredto be less than 45◦ for events with pT < 30GeV and less than 60◦ otherwise. This
ut reje
ts events 
aused by 
osmi
 rays or muons in the beam halo as well asbeam-gas events;
• NC events were removed by dis
arding events 
ontaining ele
tron 
andidates withan energy greater than 4GeV [43℄;
• requirements on energy fra
tions in the 
alorimeter 
ells plus muon-�nding algo-rithms based on tra
king, 
alorimeter and muon-
hamber information were used toreje
t events 
aused by 
osmi
 rays or muons in the beam halo. Furthermore, thedeposition times of the energy 
lusters in the 
alorimeter were 
he
ked to be 
onsis-tent with the bun
h-
rossing time to reje
t events due to intera
tions between thebeams and residual gas in the beam pipe or upstream a

elerator 
omponents. Inaddition, topologi
al 
uts on the transverse and longitudinal shower shape were im-posed to reje
t beam-halo muon events that produ
ed a shower inside the FCAL.Cuts on the 
alorimeter 
ell with the highest transverse energy were applied toreje
t sparks faking a CC event [33℄.The neutrino energy and angle were 
al
ulated by assuming that missing pT and missing

E − PZ were 
arried away by a single neutrino and used to 
al
ulate the invariant massof the ν-jets system, Mνjs, a

ording to Eq. (1).The shift and resolution of the invariant mass were studied by using the LQ MC eventsand �tting the mass peak with a Gaussian fun
tion. The resulting mass shift was within0.5% for LQ masses between 150 and 290GeV, with the resolution varying from 8% to6%, respe
tively.Sear
h resultsAfter the above sele
tion, 8 990 events were found in the data from 2003�2007, 
omparedto 9 068 ± 501 expe
ted from the CC MC and the evaluation of its systemati
 un
ertain-ties (see below). The measured distributions of the Mνjs spe
tra for the left-handed andright-handed e−p (e+p) data are shown in Figs. 8 and 9 (Figs. 10 and 11). The upper5The missing transverse momentum measured by the tra
ks is 
al
ulated using all the good tra
ks.9



parts of the plots show the spe
tra with and without the 
ut cos θ∗ < 0.4, while the lowerparts show the ratio of the observed spe
trum to SM expe
tations with no 
ut appliedon cos θ∗. Good agreement is seen between the data and the SM CC predi
tion.Systemati
 un
ertaintiesThe un
ertainty on the predi
ted ba
kground from SM CC DIS pro
esses was inves-tigated. The un
ertainties found to be relevant [33℄ are similar to those des
ribed inSe
tion 5.1 for the ep → eX 
ase and arise from:
• the un
ertainy on the hadroni
 energy s
ale of 2%, whi
h led to an un
ertainty of3% (10%) in the CC expe
tation for Mνjs=150 (220)GeV;
• the un
ertainty on the parton densities as estimated by Botje [40℄, giving 3% (4%)and 7% (9%) un
ertainties on the 
ross se
tion for e−p and e+p, respe
tively, for

Mνjs=150 (220)GeV. The 
orrelations between e−p and e+p as well as NC andCC 
ross se
tion un
ertainties were taken into a

ount;
• the un
ertainty on the luminosity determination of 1.8% for ele
tron and 2.2% forpositron beams, whi
h is dire
tly re�e
ted in the result;
• the un
ertainty on the measured polarisation of 4.2%. To be 
onservative, theTPOL un
ertainty, whi
h is larger than the LPOL un
ertainty, was used. Thisled to an un
ertainty on the SM 
ross se
tion of 0.9% (2.4%) for left-handed e−p(e+p) data and 1.8% (1.0%) for right-handed e−p (e+p) data, respe
tively.The overall systemati
 un
ertainties on the ba
kground expe
tations were obtained byadding all relevant 
ontributions in quadrature. They are shown as hat
hed bands inFigs. 8, 9, 10 and 11. For a given mass, the systemati
 un
ertainty for the LQ signal isassumed to be the same as for the SM ba
kground.6 Limits on leptoquarksThe expe
tation from a potential LQ signal was obtained by reweighting the DIS MCa

ording to the 
ross se
tions predi
ted in the BRW model (see Se
tion 4). Ea
h MCevent is reweighted with the following weighting fa
tor, WF:

WF(x, y; Pe; MLQ, λ) =

d2σSM+LQ

dxdy
(x, y; Pe; MLQ, λ)

d2σSM

dxdy
(x, y; Pe)

,where x and y are the true kinemati
 variables of the MC simulation, and Pe is theaverage polarisation of the data sample given in Table 1. The e�e
t of QED initial-stateradiation was taken into a

ount. 10



The limits were 
al
ulated in
luding the results of the sear
h presented here and thedata re
orded with the ZEUS dete
tor in the years 1994�2000 [4℄. They were set using abinned likelihood te
hnique in the (Mljs, cos θ∗) plane. The region 150 < Mljs < 320GeVwas used. The data were binned separately for ea
h of the data sets listed in Table 1,thereby taking into a

ount di�erent beam 
harges and polarisation. For leptoquarkstates with νq de
ays, both the eq → eX and the eq → νX samples were used, whilefor leptoquark states de
aying only to eq, only the eq → eX samples were used.The upper limit on the 
oupling strength, λlimit, as a fun
tion of MLQ, was obtained bysolving
λ2
limit
∫

0

dλ2L(MLQ, λ) = 0.95

∞
∫

0

dλ2L(MLQ, λ), (5)where L is the produ
t of the Poisson probabilities of the observed number of events inbin i, Ni, with the expe
tation, µi, 
onvoluted with Gaussian distributions for the mainsystemati
 un
ertainties, yielding a modi�ed expe
tation µ′
i:

L =

∞
∫

−∞

∏

j

dδj
1√
2π

e(−δ2
j /2)
∏

i

e(−µ′

i)
µ′

i
Ni

Ni!
.The index j denotes the sour
e of a systemati
 un
ertainty and δj 
orresponds to thevariation of the jth systemati
 parameter in units of the nominal values quoted in Se
tions5.1 and 5.2. The index i runs over the bins in Mljs-cos θ∗ and the relevant data sets.The modi�ed expe
tation was 
al
ulated as

µ′
i = µi

∏

j

(1 + σij)
δj ,where σij gives the fra
tional variation of µi under the nominal shift in the jth systemati
parameter. This ansatz of µ′

i redu
es to a linear dependen
e of µ′
i on ea
h δj when δj issmall, while avoiding the possibility of µ′

i be
oming negative whi
h would arise if µ′
i wasde�ned as a linear fun
tion of the δj .The 
oupling limits for the 14 BRW LQs listed in Table 2 were 
al
ulated for massesup to 1TeV. For large LQ masses, i.e. MLQ ≫ √

s, their ex
hange 
an be des
ribed asa 
onta
t intera
tion with an e�e
tive 
oupling proportional to λ2/M2
LQ. Table 3 showsthe limits on λ for all BRW LQs at MLQ = 1TeV.Figures 12�15 show the 
oupling limits on the s
alar and ve
tor LQs with F = 0 and

F = 2, respe
tively, where F = 3B + L is the fermion number of the LQ and B and
L are the baryon and lepton numbers, respe
tively. The limits range from 0.004�0.017for MLQ = 150GeV, and from 0.43�3.24 for MLQ = 1TeV. The lowest masses for whi
hLQs with λ = 0.1 and with λ = 0.3 are not ex
luded are summarised in Table 4. Theyrange from 274 to 300GeV for λ = 0.1 and from 290 to 699GeV for λ = 0.3.11



The limit on the LQ state S̃L
1/2 (SL

0 ) 
an be interpreted as a limit on λ
√

β for an up-typesquark ũL (a down-type squark d̃R) in supersymmetri
 models with R-parity viola-tion [45℄, where λ is the 
oupling of ũL to eq (d̃R to eq and νq) and β is the bran
hingfra
tion of the squarks to lepton (e or ν) and quark6.Figure 16 (17) shows the limits on the SL
1/2 (SL

1 ) LQ 
ompared to the limits from AT-LAS [10℄, H1 [5℄ L3 [6℄ and OPAL [7℄. The L3 and OPAL limits were evaluated up to500GeV. Limits using pp or pp̄ 
ollisions are obtained from leptoquark pair produ
-tion, whi
h is independent of λ. Therefore it is not obvious whether the limits shouldbe 
ompared dire
tly. The ATLAS ex
lusion range given in Fig. 17 also depends onthe assumption that the bran
hing ratio of the LQ state to ele
tron and quark is one.Limits using e+e− 
ollisions are obtained from a sear
h for indire
t e�e
ts in the pro
ess
e+e− → qq̄. In general, the limits from this analysis are signi�
antly better than theLEP limits for MLQ <

√
s, and 
omparable for MLQ >

√
s. The limits obtained byZEUS are similar to those obtained by H1.7 Con
lusionsData re
orded by the ZEUS experiment at HERA were used to sear
h for the presen
eof �rst-generation s
alar and ve
tor leptoquarks. The data samples in
lude 185 pb−1 of

e−p and 181 pb−1 of e+p 
ollisions with polarised ele
trons and positrons. No resonan
esor other deviations from the Standard Model were found. The in
lusion of data withunpolarised beams yields a total set of data 
orresponding to 498 pb−1, whi
h was used toset upper limits on the Yukawa 
oupling λ for the 14 Bu
hmüller-Rü
kl-Wyler leptoquarkstates as a fun
tion of the leptoquark mass. Assuming λ = 0.3, the mass limits rangefrom 290 to 699GeV.

6The bran
hing fra
tions of the squarks to eq and νq are assumed to be βeq = β, βνq = 0 for ũL, and
βeq = 0.5 β, βνq = 0.5 β for d̃R. 12
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period lepton luminosity (pb−1) 〈Pe〉
√

s (GeV)04�06 e− 106 �0.27 31804�06 e− 79 0.30 31803�04 1706�07 e+ 60 �0.37 31803�04 2106�07 e+ 83 0.32 31894�97 e+ 49 0 30098�99 e− 17 0 31899�00 e+ 66 0 318Table 1: Details, in
luding longitudinal polarisation, Pe, of the di�erent data samplesused.
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LQ spe
ies 
harge produ
tion de
ay bran
hing ratio 
ouplingF=0
SL

1/2 5/3 e+
RuR e+u 1 λL

SR
1/2 5/3 e+

LuL e+u 1 λR2/3 e+
LdL e+d 1 −λR

S̃L
1/2 -2/3 e+

RdR e+d 1 λL

V L
0 2/3 e+

RdL e+d 1/2 λL

ν̄eu 1/2 λL

V R
0 2/3 e+

LdR e+d 1 λR

Ṽ R
0 5/3 e+

LuR e+u 1 λR

V L
1 5/3 e+

RuL e+u 1 √
2λL2/3 e+

RdL e+d 1/2 −λL

ν̄eu 1/2 λLF=2
SL

0 �1/3 e−LuL e−u 1/2 λL

νed 1/2 −λL

SR
0 �1/3 e−RuR e−u 1 λR

S̃R
0 �4/3 e−RdR e−d 1 λR

SL
1 �1/3 e−LuL e−u 1/2 −λL

νed 1/2 −λL�4/3 e−LdL e−d 1 −
√

2λL

V L
1/2 �4/3 e−LdR e−d 1 λL

V R
1/2 �4/3 e−RdL e−d 1 λR�1/3 e−RuL e−u 1 λR

Ṽ L
1/2 �1/3 e−LuR e−u 1 λLTable 2: Leptoquark spe
ies for fermion number F = 0 and F = 2 as de�ned in theBu
hmüller-Rü
kl-Wyler model [1℄ and the 
orresponding 
ouplings. Those LQs that
ouple only to neutrinos and quarks and therefore 
ould not be produ
ed at HERA arenot listed. The LQ spe
ies are 
lassi�ed a

ording to their spin (S for s
alar and V forve
tor), their 
hirality (L or R) and their weak isospin (0, 1/2, 1). The leptoquarks S̃and Ṽ di�er by two units of hyper
harge from S and V , respe
tively. In addition, theele
tri
 
harge of the leptoquarks, the produ
tion 
hannel, as well as their allowed de
ay
hannels assuming lepton-�avour 
onservation are displayed. The nomen
lature followsthe Aa
hen 
onvention [46℄. 18



LQ type (F=0) V L
0 V R

0 Ṽ R
0 V L

1 SL
1/2 SR

1/2 S̃L
1/2

λlimit 0.87 1.91 0.76 0.43 1.00 2.29 1.91LQ type (F=2) SL
0 SR

0 S̃R
0 SL

1 V L
1/2 V R

1/2 Ṽ L
1/2

λlimit 1.15 1.48 3.24 0.60 1.95 0.95 0.76Table 3: Upper limit on the Yukawa 
oupling, λlimit as de�ned in Eq. (5), for the 14BRW LQs at MLQ = 1TeV .

LQ type (F=0) V L
0 V R

0 Ṽ R
0 V L

1 SL
1/2 SR

1/2 S̃L
1/2

MLQ(GeV) (λlimit = 0.1) 276 275 295 300 295 294 274
MLQ(GeV) (λlimit = 0.3) 325 292 376 699 345 300 292LQ type (F=2) SL

0 SR
0 S̃R

0 SL
1 V L

1/2 V R
1/2 Ṽ L

1/2

MLQ(GeV) (λlimit = 0.1) 295 292 274 298 278 293 293
MLQ(GeV) (λlimit = 0.3) 332 304 290 506 292 303 376Table 4: Lower limit for the masses of the 14 BRW LQs for λlimit=0.1 and λlimit=0.3as dedu
ed from Eq. (5).

19



q

e±

q

LQ

P

LQ

P

γ, Z,W

q q

P

e±

q

e±
q

e±, νe

e±, νe

e±, νe

(b)(a)

(c)Figure 1: Diagrams for (a) s-
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) SM deep inelasti
 s
attering via photon, Z0 and W ex
hange.
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Figure 2: Comparison of the left-handed e−p sample (dots) and the NC SM expe
tation(solid histogram) for the re
onstru
ted invariant mass, Mejs, in the e−p → e−X topology.The data (open squares) and the SM expe
tation (dashed histogram) for cos θ∗ <0.4 arealso shown. The shaded area shows the overall un
ertainty of the SM MC expe
tation.The lower part of the plot shows the ratio between the data and the SM expe
tationwithout the cos θ∗ 
ut.
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Figure 3: Comparison of the right-handed e−p sample (dots) and the NC SM expe
tation(solid histogram) for the re
onstru
ted invariant mass, Mejs, in the e−p → e−X topology.Other details as in the 
aption to Fig. 2.
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ted invariant mass, Mejs, in the e+p → e+X topology.Other details as in the 
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Figure 8: Comparison of the left-handed e−p sample (dots) and the CC SM expe
tation(solid histogram) for the re
onstru
ted invariant mass, Mνjs, in the e−p → νX topology.The data (open squares) and the SM expe
tation (dashed histogram) for cos θ∗ <0.4 arealso shown. The shaded area shows the overall un
ertainty of the SM MC expe
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Figure 9: Comparison of the right-handed e−p sample (dots) and the CC SM expe
tation(solid histogram) for the re
onstru
ted invariant mass, Mνjs, in the e−p → νX topology.Other details as in the 
aption to Fig. 8.
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Figure 10: Comparison of the left-handed e+p sample (dots) and the CC SM expe
tation(solid histogram) for the re
onstru
ted invariant mass, Mνjs, in the e+p → ν̄X topology.Other details as in the 
aption to Fig. 8.
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Figure 11: Comparison of the right-handed e+p sample (dots) and the CC SM expe
-tation (solid histogram) for the re
onstru
ted invariant mass, Mνjs, in the e+p → ν̄Xtopology. Other details as in the 
aption to Fig. 8.
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Figure 12: Coupling limits, λlimit, as a fun
tion of LQ mass for s
alar F=0 BRW LQs.The areas above the 
urves are ex
luded a

ording to Eq. (5).
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Figure 13: Coupling limits, λlimit, as a fun
tion of LQ mass for ve
tor F=0 BRW LQs.The areas above the 
urves are ex
luded a

ording to Eq. (5).
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Figure 14: Coupling limits, λlimit, as a fun
tion of LQ mass for s
alar F=2 BRW LQs.The areas above the 
urves are ex
luded a

ording to Eq. (5).
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Figure 15: Coupling limits, λlimit, as a fun
tion of LQ mass for ve
tor F=2 BRW LQs.The areas above the 
urves are ex
luded a

ording to Eq. (5).
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Figure 16: Coupling limits as a fun
tion of LQ mass for the SL
1/2 LQ from ATLAS,L3, H1 and ZEUS.
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Figure 17: Coupling limits as a fun
tion of LQ mass for the SL
1 LQ from ATLAS,OPAL, H1 and ZEUS.
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