
*∣
∣∣
∣.
39
0∣
*

Revised Version  Phys. Lett. B 708 -(2012-) 27-36
 DESY-11-204

ar
X

iv
:1

11
1.

39
01

v3
  [

he
p-

ex
] 

 4
 F

eb
 2

01
2 Searh for single-top prodution in epollisions at HERAZEUS CollaborationAbstratA searh for single-top prodution, ep ! etX, has been performed with the ZEUSdetetor at HERA using data orresponding to an integrated luminosity of 0:37 fb�1.No evidene for top prodution was found, onsistent with the expetation fromthe Standard Model. Limits were omputed for single-top prodution via �avourhanging neutral urrent transitions involving a neutral eletroweak vetor boson, or Z. The result was ombined with a previous ZEUS result yielding a total luminosityof 0:50 fb�1. A 95% redibility level upper limit of 0:13 pb was obtained for the rosssetion at the entre-of-mass energy of ps = 315GeV.
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1 IntrodutionThe dominant prodution proess of single top quarks in the Standard Model (SM) inep ollisions1 at HERA is the harged urrent (CC) reation ep ! �tX [1℄, whih hasa ross setion of less than 1 fb [2℄. Flavour hanging neutral urrent (FCNC) proessesould enhane single-top prodution, but they are strongly suppressed in the SM by theGIM mehanism [3℄. This mehanism forbids FCNCs at the tree level, allowing only forsmall ontributions at the one-loop level, exploiting the �avour mixing due to the CKMmatrix [4℄. Several extensions of the SM predit FCNC ontributions already at the treelevel [5℄. The searh for suh new interations involving the top quark (ut or t transitionsmediated by neutral vetor bosons,  or Z) opens an interesting window to look for e�etsbeyond the SM [6℄.The FCNC ouplings tuV and tV , with V = ; Z, have been investigated in pp ollisions atthe Tevatron, where searhes for the top-quark deays t! uV and t! V [7,8℄ were arriedout. The Tevatron experiments also onstrained the ouplings tug and tg [9℄ whih indueFCNC transitions mediated by the gluon. The ouplings tuV and tV were also investigatedin e+e� interations at LEP2 by searhing for single-top prodution through the reationse+e� ! tu (+::) and e+e� ! t (+::) [10, 11℄. No evidene for suh interations wasfound and limits were set on the branhing ratios Br(t! q) and Br(t! qZ), with q =u; .The same FCNC ouplings ould indue single-top prodution in ep ollisions, ep !etX [12℄, in whih the inoming lepton exhanges a  or Z with an up quark in theproton, yielding a top quark in the �nal state, see Fig. 1. Owing to the large Z mass, thisproess is more sensitive to a oupling of the type tq. Furthermore, large values of x, thefration of the proton momentum arried by the struk quark, are needed to produe a topquark. Sine the u-quark parton distribution funtion (PDF) of the proton is dominant atlarge x, the prodution of single top quark is most sensitive to the tu oupling.In the present study, the top signal was searhed for by looking for the deays t ! be�eand t ! b���. At HERA, suh event topologies with one lepton with high transversemomentum, pT , and large missing transverse momentum originate predominantly fromsingle-W prodution, whih has a ross setion of about 1 pb [13℄ and is the most importantbakground to any top signal. The present analysis extends the previously published ZEUSresults [14℄ whih used data from the HERA I running period2, orresponding to a totalintegrated luminosity of 0:13 fb�1. The integrated luminosity used in this analysis is aboutthree times larger. A ombination of the results from the two running periods (totalintegrated luminosity 0:50 fb�1) has been performed.1Here and in the following, e denotes both the eletron and the positron.2Data olleted between 1994 and 2000. 1



2 Theoretial frameworkThe e�ets of the FCNC transitions indued by ouplings of the type tuV are parameterisedusing the following e�etive Lagrangian [15℄:�Le� = e et ti���p�� � u A� + g2 os �W t� vZ uZ� + h:: (1)where � and vZ are two FCNC ouplings mediating ut transitions, e (et) is the eletron(top quark) eletri harge, g is the weak oupling onstant, �W is the weak mixing angle,��� = 12(�� � ��), � is an e�etive ut-o� parameter whih, by onvention, is set tothe mass of the t quark, Mt, p is the momentum of the gauge boson and A� (Z�) is thephoton (Z) �eld. In the following, it is assumed that the magneti oupling � and thevetor oupling vZ are real and positive.The ross setion for the proess ep! etX was evaluated at the leading order (LO) usingthe pakage CompHEP-4.5.1 [16℄ and was parameterised in terms of three parametersdesribing the e�ets of the two FCNC ouplings, A� and B�, and their interferene, C�:�ep!etX = A��2 +B�v2Z + C��vZ : (2)The deay widths of the top in the di�erent hannels were also evaluated using CompHEP-4.5.1: �t!u = A��2 ; �t!uZ = B�v2Z; �t!qW = C�; (3)where A� and B� are the partial width of the top orresponding to u and uZ unitaryFCNC ouplings, respetively, and C� is the SM top width.The above parameters, summarised in Table 1, were evaluated using the top mass Mt =172:0 � 1:6 GeV [17℄ and the PDF set CTEQ6L1 [18℄. The interferene parameter C�has only a small e�et, produing a ross setion variation of less than 0:5% in the wholerange of the ouplings onsidered in this analysis, and was therefore negleted. The QCDorretions to the LO ross-setion were evaluated at the approximate next-to-leadingorder (NLO) and next-to-next-to-leading order (NNLO) [12, 19℄ for magneti ouplingsboth at the  and Z verties. Sine we onsidered a di�erent oupling (vetor oupling)at the Z vertex, we used suh orretions only to evaluate the limits for the  exhange(see Set. 7.1). Suh orretions inrease the LO ross-setion by 15% and slightly reduesthe unertainties due to the QCD fatorisation-sale (see Set. 6). The limits involvingboth oupling (see Set. 7.2) were evaluated using the LO ross-setion.3 Experimental setupThe analysis is based on ep ollisions reorded with the ZEUS detetor during the HERA IIrunning period3, using an integrated luminosity of 0:37 fb�1, divided into two approximately3Data olleted between 2004 and 2007. 2



equal samples of e+p and e�p ollisions. The lepton beams were polarised, with roughlyequal luminosities for positive and negative polarisation, suh that the average polarisationwas negligible for this analysis.A detailed desription of the ZEUS detetor an be found elsewhere [20℄. A brief outlineof the omponents that are most relevant for this analysis is given below.Charged partiles were traked in the entral traking detetor (CTD) [21℄ whih operatedin a magneti �eld of 1:43T provided by a thin superonduting solenoid. The CTDonsisted of 72 ylindrial drift hamber layers, organised in nine superlayers overing thepolar-angle4 region 15Æ < � < 164Æ. The CTD was omplemented by a silion mirovertexdetetor (MVD) [22℄, onsisting of three ative layers in the barrel and four disks in theforward region. For CTD-MVD traks that pass through all nine CTD superlayers, themomentum resolution was �(pT )=pT = 0:0029pT � 0:0081� 0:0012=pT with pT in GeV.The high-resolution uranium�sintillator alorimeter (CAL) [23℄ onsisted of three parts:the forward (FCAL), the barrel (BCAL) and the rear (RCAL) alorimeters. Eah partwas subdivided transversely into towers and longitudinally into one eletromagneti se-tion (EMC) and either one (in RCAL) or two (in BCAL and FCAL) hadroni setions(HAC). The smallest subdivision of the alorimeter was alled a ell. The CAL energy res-olutions, as measured under test-beam onditions, were �(E)=E = 0:18=pE for eletronsand �(E)=E = 0:35=pE for hadrons, with E in GeV.The luminosity was measured using the Bethe-Heitler reation ep ! ep by a luminositydetetor whih onsisted of a lead�sintillator alorimeter [24℄ and an independent magnetispetrometer [25℄. The frational unertainty on the measured luminosity was 1:9%.4 Monte Carlo simulationSamples of events were generated using Monte Carlo (MC) simulations to determine theseletion e�ieny for single-top events produed through FCNC proesses and to estim-ate bakground rates from SM proesses. The generated events were passed through theGeant-3.21 [26℄ ZEUS detetor- and trigger-simulation programs [20℄. They were reon-struted and analysed by the same program hain as the data.Single-top samples were generated with Comphep 4.5.1, interfaed with Pythia 6.14 [27℄for parton showering, hadronisation and partile deay. The mass of the top quark inComphep was set to Mt = 175GeV. Di�erent sets were produed for the two di�erentprodution proesses (- and Z-mediated) and for the two deay modes (t ! bW andt! uZ).Alternative sets were also generated, only for the -mediated proess, with the Hexf gen-erator [28℄ assuming top-quark masses of 170 and 175 GeV. These sets were used to study4The ZEUS oordinate system is a right-handed Cartesian system, with the Z axis pointing in the protonbeam diretion, referred to as the �forward diretion�, and the X axis pointing towards the entre ofHERA. The oordinate origin is at the nominal interation point. The pseudorapidity is de�ned as� = � ln �tan �2�, where the polar angle, �, is measured with respet to the proton beam diretion.3



the small e�et of Mt variation, in order to orret the seletion e�ieny, evaluated usingthe Comphep samples, for the di�erent Mt values used in the generation and in the ross-setion alulation (see Set. 2). Initial-state radiation from the lepton beam was inludedusing the Weizsäker-Williams approximation [29℄. The hadroni �nal state was simulatedusing the matrix-element and parton-shower model of Lepto [30℄ for the QCD asadeand the Lund string model [31℄ as implemented in Jetset [32℄ for the hadronisation. Theresults for Comphep and the alternative samples agree within unertainties.Standard Model single-W prodution is the most signi�ant bakground to top prodution.Another important bakground in the eletron-deay hannel of the W (t ! bW ! be�)arises from neutral urrent (NC) deep inelasti sattering (DIS). In addition, two-photonproesses provide a soure of high-pT leptons that are a signi�ant bakground in the muon-deay hannel of the W (t ! bW ! b��). The CC DIS is a minor soure of bakgroundfor both hannels.The following MC programs were used to simulate the di�erent bakground proesses.Single-W prodution was simulated using the event generator Epve [33℄ whih did notinlude hard QCD radiation. The ep ! eWX and ep ! �WX events from Epve weresaled by a fator dependent on the transverse momentum and rapidity of the W , suhthat the resulting ross setion orresponded to a alulation inluding QCD orretionsat next-to-leading order [34℄.Neutral urrent and CC DIS events were simulated using the Lepto 6.5 program [30℄,interfaed to Herales 4.6.1 [35℄ via Djangoh 1.1 [36℄. The Herales program in-ludes photon and Z exhanges and �rst-order eletroweak radiative orretions. TheQCD asade was modelled with the olour-dipole model [37℄ by using the Ariadne 4.08program [38℄.Two-photon proesses were simulated using the generator Grape 1.1 [39℄, whih inludesdilepton prodution via , Z and ZZ proesses and onsiders both elasti and inelastiprodution at the proton vertex.5 Event seletionThe event seletion was optimised for single-top prodution via photon exhange, lookingfor the dominant deay t! bW and subsequent W deay to e and � and their respetiveneutrinos. The seletion is based on requiring an isolated high-pT lepton and a large missingtransverse momentum.Cosmi bakground, relevant espeially for the muon hannel, was suppressed using timinguts based on alorimeter measurements and the trak impat parameter with respet tothe beam spot. Further osmi bakground overlapping with ep interations was rejetedby applying a ut E � pZ < 60GeV, E � pZ being the sum of the total and longitudinalenergy deposits of the ells in the alorimeter. For fully ontained events, E � pZ is twiethe eletron-beam energy and peaks at 55GeV.4



Events from beam-gas interations were rejeted on the basis of the ratio of the number oftraks pointing to the vertex to the total number of traks in an event.5.1 Online seletionA three-level trigger system was used to selet events online [40℄. At the �rst level, oarsealorimeter and traking information were available. Events were seleted using riteriabased on either the transverse energy or missing transverse momentum measured in theCAL. Events were aepted with a low threshold on these quantities when a oinidenewith CTD traks from the event vertex was found, while a higher threshold was used forevents with no CTD traks.At the seond level, timing information from the CAL was used to rejet events inonsistentwith an ep interation. In addition, the topology of the CAL energy deposits was usedto rejet non-ep bakground events. In partiular, a tighter ut was made on missingtransverse momentum, sine the resolution in this variable was better at the seond thanat the �rst level.At the third level, trak reonstrution and vertex �nding were performed and used to rejetevents with a vertex inonsistent with ep interations. Cuts were applied to alorimeterquantities and reonstruted traks to further redue beam-gas ontamination.5.2 O�ine seletionJets, used in the seletion to de�ne lepton isolation, were reonstruted from CAL ellsusing the kT luster algorithm [41℄ in the longitudinally invariant inlusive mode [42℄ andwere orreted for energy loss due to the dead material in front of the CAL. The jets wererequired to have a transverse energy EjetT > 4:5GeV and pseudorapidity j�jetj < 2:5.Muon seletionMuons were reonstruted by mathing alorimeter ell-patterns ompatible with a minimum-ionising partile to CTD traks [43℄. Events were seleted as follows:� j Zvtx j< 30 m, Zvtx being the Z oordinate of the interation vertex, to restrit toa region ompatible with ep interations;� E � pZ > 10GeV. The E � pZ of the CAL deposit assoiated with the muon wasreplaed by that of the muon trak. This requirement rejeted photoprodutionevents, whih populate the low E � pZ region;� PmissT > 10GeV, PmissT being the missing transverse momentum measured by theCAL;� at least one muon andidate with the following harateristis:� a trak from the primary vertex mathed with a CTD trak with at least threehit superlayers and a transverse momentum, p�T , greater than 8GeV;5



� the distane, �R, of the muon andidate in the pseudorapidity-azimuth (�-�)plane with respet to any other trak and jet in the event satisfying �R =p(��)2 + (��)2 > 0:5.A total of 269 events were seleted, while 260�3 (stat.) were expeted from the SM, whihis dominated by the dimuon prodution from the  proess. The quoted unertainty isthe error on the expeted SM predition due to the MC statistis.Figure 2 shows the omparison between data and MC for the variables p�T , ��, aoplanarity(�aop), PmissT , transverse mass (MT ), hadroni transverse momentum (P hadT ). Here P hadT ,MT and �aop are de�ned as follows:- P hadT = p(Pi P iX)2 + (Pi P iY )2, where P iX and P iY are the X and Y omponents ofthe CAL energy deposits not assoiated with the lepton;- MT =p2plTp�T (1� os�l�), where plT is the lepton transverse momentum, p�T is themodulus of the missing PT vetor obtained from the CAL and orreted using trakinformation to aount for muons, �l� is the azimuthal separation between the leptonand the missing PT vetor;- �aop is the angle between the lepton and the vetor balaning the P hadT and is de�nedfor events with P hadT greater than 1GeV.Reasonable agreement is observed in all ases.Eletron seletionEletrons were reonstruted using an algorithm that ombined information from theluster of the energy deposits in the alorimeter with traks [44℄. Events were seletedas follows:� j Zvtx j< 30 m;� 5 < E � pZ < 50GeV, to rejet NC DIS and photoprodution bakground;� PmissT > 12GeV;� at least one eletron andidate with the following harateristis:- pelT > 10GeV;- 0:3 < �el < 2 rad;- isolated from other traks and jets in the event, �R > 0:5;- the extrapolation of the trak assoiated with the eletron into the CAL shouldhave a distane of losest approah to the CAL luster entre < 10 m and areonstruted momentum p > 5GeV;� MT > 10GeV, to rejet events with PmissT along the eletron diretion;� 0:1 < �aop < (� � 0:1) rad, to rejet badly reonstruted NC DIS events with PmissTin the diretion of the eletron or of the jet.6



A total of 245 events were seleted, while 253�6 (stat.) were expeted from the SM, whihis dominated by the NC DIS proess. The quoted unertainty is the error on the expetedSM predition due to the MC statistis.Figure 3 shows the omparison between data and MC for the variables pelT , �el, �aop, PmissT ,MT , P hadT . Reasonable agreement is observed in all ases.5.3 Seletion of single-top andidatesSine no exess of events above the SM expetation was observed, a further seletion wasmade to maximise the sensitivity to a possible FCNC single top signal. A ut on P hadT of40GeV was applied to both deay hannels while the uts on �aop and PmissT were optimisedseparately for the two hannels:� P hadT > 40GeV for both hannels;muon hannel:� �aop > 0:05 rad;� events with more than one isolated muon were rejeted;eletron hannel:� �aop > 0:15 rad;� PmissT > 15GeV.One event survived the seletion uts in the eletron hannel while three events were foundin the muon hannel. Table 2 summarises the results of the �nal seletion. In order toompare the MC to data, the P hadT ut was relaxed to 25GeV. Figures 4 (a) and (b) showthe P hadT behaviour for data and SM expetations for the muon and eletron hannels,respetively. Good agreement between data and preditions is observed for both hannels.Also shown are the expetations for top prodution through FCNC, normalised to the limiton the signal ross setion obtained in Set. 7.1. The data do not support a signi�antontribution from this proess.6 Systemati unertaintiesThe following systemati unertainties were taken into aount:� the theoretial unertainty on the W bakground normalisation was assumed to be�15% [34℄;� the statistial unertainty on the total SM predition after the �nal seletion was�13% and �9% for the e- and �-hannel, respetively;7



� the unertainty on the NC DIS bakground, partiularly relevant for the e-hannel,was evaluated using a sample of events enrihed in NC DIS by replaing the E � pZand aoplanarity uts by E�pZ > 40GeV and �aop < 0:3. A systemati unertaintyof �15% on this soure was determined by the level of agreement between data andMC for suh a seletion. The e�et of this unertainty on the �nal seletion SMpredition was �6% for the e-hannel and negligible for the �-hannel;� the unertainty on the eletromagneti and the hadroni CAL energy sale was as-sumed to be �1% and �2%, respetively. The two sale unertainties, summed inquadrature, produed a variation of �6% and of �5% on the �nal SM preditionsfor the e- and the �-hannel, respetively, while the e�et on the signal seletione�ienies was below 2% and was therefore negleted;� the unertainty on the top mass, 172:0 � 1:6GeV [17℄, produed a variation on theparameters of the signal ross setion and deay widths as reported in Table 1 and avariation of �2% on the signal seletion e�ienies;� the unertainties on the signal e�ieny due to the statistis of the MC samples arereported in Table 3 for the di�erent hannels and deay proesses;� the unertainties on the PDFs gave a variation on the parameters of the signal rosssetion as reported in Table 1. Suh unertainties were evaluated as suggested by theCTEQ group [18℄;� the unertainty due to the QCD fatorisation-sale a�eted the signal ross setion by�9% for the LO alulation and by +8%�7% inluding the approximated NLO and NNLOQCD orretions (see Set. 2). This e�et was evaluated by varying the entral value,set to Mt, between Mt=2 and 2Mt;� the unertainty on the luminosity determination was �1:9%.The unertainties due to the W normalisation, CAL energy sale, top mass, PDFs andluminosity were assumed to be orrelated for the di�erent hannels and datasets. All theabove unertainties were inluded in the limit alulation as explained in Set. 7.1.
7 Limits on FCNCSine no exess over the SM predition was observed, limits on FCNC ouplings of thetype tuV were evaluated using the results of Table 2. As a �rst step, limits were evaluatedon the signal ross setion and on the � oupling assuming vZ = 0. In a seond step, thee�et of a non-zero vZ oupling was aounted for. Limits on the anomalous top branhingratios, Br(t! u) (Bru) and Br(t! uZ) (BruZ), were evaluated.8



7.1 Limits on the ross setion and �The limit on the anomalous top-prodution ross setion was evaluated using a Bayesianapproah and assuming a onstant prior in the ross setion, �:f(�jdata) = Qi P (Nobsi j�)f0(�)R10 Qi P (Nobsi j�)f0(�)d� ; (4)P (Nobsi j�) = �Nobsii e��iNobsi ! ; (5)�i = N sigi +Nbgi ;N sigi = �Li�i;where f(�jdata) is the posterior probability density funtion (p.d.f.) of the signal rosssetion, f0(�) its prior, i runs over the di�erent hannels and datasets, Nobsi is the numberof events surviving the event seletion, N sigi and Nbgi are the number of signal events andthe expeted SM bakground, Li is the integrated luminosity and �i the signal e�ieny in-luding branhing ratio for eah deay hannel (see the �rst row in Table 3). The branhingratio of the top to u was taken into aount in the limits evaluation, the seletion e�-ieny for suh hannel is expeted to be low and was therefore set to zero. The systematiunertainties were treated as nuisane parameters (NPs) and inluded in the limit alula-tion, integrating out their dependene (marginalisation) assuming Gaussian priors5. Themarginalisation over the NPs and the extration of the posterior p.d.f. was performed usingthe pakage Bayesian Analysis Toolkit [45℄, whih arries out multidimensional integrationusing the Markov Chain Monte Carlo tehnique.The 95% Credibility Level (C.L.) limit on the ross setion was evaluated by integratingthe posterior p.d.f. �95Z0 f(�jdata)d� = 0:95; (6)and found to be � < 0:24 pb (95% C:L:) at ps = 318GeV: (7)The limit on the ross setion was onverted into a limit on the oupling �, assuming avanishing vZ oupling and using the A� parameter desribed in Set. 2 taking into aountthe approximated NLO and NNLO QCD orretions (see Set. 2):� < 0:17 (95% C:L:): (8)The limit is similar to that obtained by ZEUS from HERA I data [46℄ with an integratedluminosity of 0:13 fb�1. In the HERA I data, no events were found in either the eletron5In ase of unphysial values, the Gaussian priors were trunated.9



or muon hannel and also the hadroni W -deay hannel was exploited.The present result was ombined with the HERA I limit for a total integrated luminosityof 0:50 fb�1, using the same Bayesian approah as desribed above and assuming full or-relation for the systemati unertainties due to the W normalisation, CAL energy sale,top mass and PDFs.The ombined ross-setion and � limits are:� < 0:13 pb (95% C:L:) at ps = 315GeV; (9)� < 0:12 (95% C:L:): (10)The ombined ross-setion limit orresponds to a entre-of-mass energy of 315GeV sinepart of the HERA I data was olleted at ps = 300GeV.7.2 Limits on the top anomalous branhing ratiosFollowing the Bayesian approah desribed above, a two-dimensional posterior p.d.f.,f(Bru;BruZjdata); (11)was evaluated ombining the HERA I and HERA II datasets. Suh a p.d.f. was built usingthe parameters desribed in Set. 2 (no higher-order QCD orretions were applied in thisase) to express the FCNC ross-setion in terms of the anomalous top branhing ratios.The signal e�ienies for the di�erent prodution hannels (- or Z-mediated) and deaymodes (bW or uZ) were taken into aount (see Table 3). The seletion e�ieny of thee-hannel is larger for the Z-mediated proess than the -mediated proess, sine in thisase the �nal-state eletron is sattered at a larger angle and is more often visible in thedetetor.The deay hannel t! u was not simulated sine the branhing ratio is very low for therange of ouplings under onsideration. In addition, the seletion e�ieny is expeted tobe low for suh events and was therefore set to zero.The 95% C:L: boundary in the (Bru;BruZ) plane was evaluated as the set of pointsf(Bru;BruZ jdata) = �0;where �0 was hosen suh thatZ Z f(Bru ;BruZ jdata)>�0dBrudBruZ f(Bru ;BruZ jdata) = 0:95: (12)Figure 5 shows the ZEUS boundary in the (Bru;BruZ) plane ompared to limits fromH1 [47℄ and from experiments at other olliders: ALEPH [10℄ at LEP (other LEP exper-iments [11℄ have similar results), CDF [7℄ and D0 [8℄ at Tevatron. The e+e� and hadronolliders, ontrary to HERA, have similar sensitivity to u- and -quark; their limits arehene on both deays t! qV with q = u; . The limits set by the ZEUS experiment in theregion where BruZ is less than 4% are the best to date.10



8 ConlusionsA searh for possible deviations from the Standard Model preditions due to �avour-hanging neutral urrent top prodution in events with high-pT leptons and high missingtransverse momentum was performed using an integrated luminosity of 0:37 fb�1, olletedby the ZEUS detetor in 2004�2007. Sine no signi�ant deviation from the expetationwas observed, the results were used to put limits on the anomalous prodution of singletop quarks at HERA.A 95% redibility-level upper limit on the ross setion of � < 0:24 pb at a entre-of-mass energy of 318GeV was obtained. The limit was ombined with a previous ZEUSresult, obtained using HERA I data, for a total integrated luminosity of 0:50 fb�1, givinga ombined 95% redibility-level upper limit of � < 0:13 pb at ps = 315GeV. Thislimit, assuming a vanishing oupling of the top quark to the Z boson, vZ , orrespondsto a onstraint on the oupling of the top to the , � , of � < 0:12. Constraints onthe anomalous top branhing ratios t ! u and t ! uZ were also evaluated assuming anon-zero vZ . For low values of vZ, resulting in branhing ratios of t! uZ of less than 4%,this paper provides the urrent best limits.AknowledgementsWe appreiate the ontributions to the onstrution and maintenane of the ZEUS detetorof many people who are not listed as authors. The HERA mahine group and the DESYomputing sta� are espeially aknowledged for their suess in providing exellent oper-ation of the ollider and the data-analysis environment. We thank the DESY diretoratefor their strong support and enouragement.
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parameter value Mt syst. PDF syst.A� 7:71 pb �7% �4%B� 0:296 pb �7% �6%C� �0:016 pb � �A� 0:299GeV �1% �B� 1:36GeV �4% �C� 1:48GeV �3% �Table 1: Parameters used to evaluate single-top prodution ross setions and deaywidths for the di�erent hannels. The systemati e�ets due to the unertainties on thetop mass and the parton distribution funtions are also reported.Nobs Npred W [%℄eletron hannel e+p 0 1.7�0.4 53 � 11muon hannel e+p 1 1.5�0.2 64 � 9eletron hannel e�p 1 1.9�0.4 51 � 11muon hannel e�p 2 1.5�0.3 63 � 9eletron hannel ep 1 3.6�0.6 52 � 9muon hannel ep 3 3.0�0.4 64 � 7Table 2: Number of events passing the �nal seletion uts, Nobs, ompared to the SMpredition, Npred. The last olumn shows the W ontribution as a perentage of the totalSM expetation. The unertainties have been obtained by adding systemati and statistialontributions in quadrature.oupling deay e�hannel ��hannel� ��=� � ��=�� t! bW 0:029 �0:04 0:029 �0:04� t! uZ 0:0080 �0:08 0:011 �0:07vZ t! bW 0:048 �0:04 0:024 �0:06vZ t! uZ 0:066 �0:03 0:012 �0:07Table 3: Summary of seletion e�ienies on signal samples for di�erent prodution oup-lings and deay modes. The relative errors are due to the statistis of the MC samples.
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Figure 1: Anomalous single-top prodution via �avour hanging neutral urrent trans-itions at HERA with subsequent deays t! bW+ and W+ ! �e(��)e+(�+).
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Figure 2: Comparison between data and SM expetations for several variables in the muonhannel: p�T , ��, �aop, PmissT , MT , P hadT . The ontribution of single-W prodution is alsoshown as the dark-shaded region. Any histogram over�ows are inluded in the last bin.
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Figure 4: Comparison between data and MC expetations for the P hadT distribution ap-plying the �nal seletion with a relaxed P hadT ut at 25GeV for (a) the muon and (b) theeletron hannel. The dots are the data, the solid histogram is the SM predition inludingthe W ontribution, the dotted histogram the W ontribution alone and the dashed histo-gram the single-top distribution normalized to the limit on the signal ross setion of 0:24 pb(see Set. 7.1). The �nal seletion ut, P hadT > 40GeV , is indiated.19
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