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Abstract

A search for single-top productiorp — etX, has been made with the ZEUS detector at HERA using an integrated
luminosity of 1301 pb~L. Events from both the leptonic and hadronic decay channels ofitH®son resulting from the
decay of the top quark were sought. For the leptonic mode, the search was made for events with isolated high-energy leptons
and significant missing transverse momentum. For the hadronic decay mode, three-jet events in which two of the jets had an
invariant mass consistent with that of thewere selected. No evidence for top production was found. The results are used to
constrain single-top production via flavour-changing neutral current (FCNC) transitions. The ZEUS limit excludes a substantial

region in the FCNGuy coupling not ruled out by other experiments.
0 2003 Published by Elsevier Science B.V. Open access under CC BY license,
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1. Introduction

The Standard Model (SM) of the fundamental
interactions presently provides an accurate description
of the phenomena observed in both low- and high-
energy reactions of elementary particles. As probes
in search for physics beyond the SM, observables
sensitive to flavour-changing neutral current (FCNC)
interactions are particularly useful, since the SM rates
are very small due to the GIM mechanism [1]. The
FCNC interactions involving the top quark [2,3],
which has a mass of the order of the electroweak
energy scale, offer a potentially new view of physics
beyond the SM.

The FCNC-induced couplings of the typeV or
tcV (with V =y, Z% have been explored ipp
collisions at the Tevatron by searching for the top-
quark decays — uV andt — ¢V [4]. The same
couplings involving the top quark were investigated in

ete™ interactions at LEP2 by searching for single-top terised in terms of couplings of the typeV (with

production through the reactioage™ — tii (+cC.C.) V =y, % and described by an effective Lagrangian
andete™ — t¢ (4+c.c) [5,6]. No evidence for such of the form [10]

interactions was found at either accelerator and limits . )
were set on the branching ratid®(r — ¢y) and ALes = e, 214 Kpuy A
B(t = qZ). A

In ep collisions at the HERA collider, top quarks +
can only be singly produced. In the SM, single-top 2cody
production proceeds through the charged current (CC) wheree (e,) is the electron (top-quark) electric charge,
reactionep — vtbX [7]. Since the SM cross section g is the weak coupling constanfy is the weak
at HERA is less than 1 fb [8], any observed single-top mixing angle, o, = %(V“y” —y'y"), A is an
event in the present data can be attributed to physicseffective cutoff which, by convention, is set to the
beyond the SM. The FCNC couplings;V or rcV, mass of the top quarkiiop, taken as 175 Ge\4 is
would induce the neutral current (NC) reactign— the momentum of the gauge boson atitl(Z#) is the
etX [3,9], in which the incoming lepton exchanges a photon ) field. In the following, it was assumed that
y or Z with an up-type quark in the proton, yielding the magnetic coupling;,, and the vector coupling
a top quark in the final state. Due to the latgenass, v,z are real and positive. The valueswgf, andv;,z
this process is most sensitive to a coupling of the type in the SM are zero at tree level and extremely small at
tqy. Furthermore, large values af, the fraction of the one-loop level.
the proton momentum carried by the struck quark, are ~ The cross section for the procegs — et X was
needed to produce a top. Since thejuark parton calculated as a function of;,, including next-to-
distribution function (PDF) of the proton is dominant leading-order (NLO) QCD corrections in the eikonal
at largex, the production of single top quarks is most approximation [9]. The renormalisatiop ¢) and fac-
sensitive to a coupling of the typey (see Fig. 1). torisation (xr) scales were chosen to g = ur =

Miop. The strong coupling constad,, was calculated

at two loops WithA% =220 MeV, corresponding to
as(Mz) = 0.1175. The calculations were performed
Deviations from the SM predictions due to FCNC using the MRST99 [11] parameterisations of the pro-

transitions involving the top quark can be parame- ton PDFs. The uncertainty of the results due to terms

Fig. 1. Single-top production via flavour-changing neutral current
transitions at HERA.

1YuvzuZ* +h.c., (1)

2. Theoretical framework
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beyond NLO, estimated by varyings = ur between towers which in turn are segmented longitudinally

Miop/2 and Miop, was T55% (T33%) at a centre-of-  into one electromagnetic (EMC) and one (RCAL) or

mass energy of 318 (300) GeV. The uncertainties of two (FCAL, BCAL) hadronic (HAC) sections. The

the results due to that am;(Mz) and on the proton  smallest subdivision of the CAL is called a cell. Under

PDFs were+2% and+4%, respectively. The varia- test-beam conditions, the CAL single-particle energy

tion of the cross section oMo Was approximately  resolution iso (E)/E = 18%/+/E for electrons and

+20% (@25%) for AMyp = £5 GeV at a centre-of- o (E)/E = 35%/+/E for hadrons, withe in GeV.

mass energy of 318 (300) GeV. The luminosity was measured using the Bethe—
Heitler reactiorep — ey p. The resulting small-angle
energetic photons were measured by the luminosity

3. Experimental conditions monitor [16], a lead-scintillator calorimeter placed in
the HERA tunnel aZ = —107 m.

The data samples were collected with the ZEUS

detector at HERA and correspond to an integrated 3.1. Trigger conditions

luminosity of 479 + 0.9(65.5 + 1.5) pb~! for ¢t p

collisions taken during 1994-1997 (1999-2000) and A three-level trigger was used to select events

16.7 + 0.3 pb ! for e~ p collisions taken during online [12,17]. At the first level, events were selected

1998-1999. During 1994-1997 (1998—2000), HERA Using criteria based on either the transverse energy or
operated with protons of energf, = 820 GeV missing transverse momentum measured in the CAL.

(920 GeV) and positrons or electrons of enefyy= Events were accepted with a low threshold on these
275 GeV, yielding a centre-of-mass energy @ = quantities when a coincidence with CTD tracks from
300 GeV (318 GeV). the event vertex was required, while a higher threshold

The ZEUS detector is described in detail else- Was used for events with no CTD tracks.
where [12,13]. The main components used in the At the second level, timing information from the
present analysis were the central tracking detector CAL was used to reject events inconsistent with an
(CTD) [14], positioned in a 1.43 T solenoidal mag- P interaction. In addition, the topology of the CAL
netic field, and the uranium-scintillator sampling calo- €nergy deposits was used to reject rprbackground
rimeter (CAL) [15]. events. Cuts on the missing transverse momentum of

Tracking information is provided by the CTD, in 6 GeV (9 GeV for events without CTD tracks) or
which the momenta of tracks in the polar-arfgle ~ ©On the total transverse energy of 8 GeV, excluding
region 15 < 0 < 164° are reconstructed. The CTD the eight CAL towers immediately surrounding the
consists of 72 cylindrical drift chamber layers, organ- forward beampipe, were applied.
ised in nine superlayers. The relative transverse mo- At the third level, track reconstruction and vertex
mentum, pr, resolution for full-length tracks can be finding were performed and used to reject events with
parameterised as(pr)/pr = 0.0058»7 & 0.00650 a vertex inconsistent with the distribution ep in-
0.0014/ pr, with p7 in GeV. teractions. Events with missing transverse momentum

The CAL covers 99% of the total solid angle. Itis N excess of 7 GeV or containing at least two jets
divided into three parts with a corresponding division With transverse energ;tEJTet > 6 GeV and pseudora-
in 6, as viewed from the nominal interaction point: pidity 7'® < 2.5 were accepted; the latter condition
forward (FCAL, 26° < 6 < 36.7°), barrel (BCAL, was based upon the application of a jet-finding cone
36.7° < 6 < 1291°), and rear (RCAL, 129° <6 < algorithm with radiusk = 1 applied to the CAL cell
176.2°). Each of the CAL parts is subdivided into energies and positions.

47 The ZEUS coordinate system is a right-handed Cartesian 4 \1onte Carlo simulation
system, with theZ-axis pointing in the proton beam direction,
referred to as the “forward direction”, and theaxis pointing left .
towards the centre of HERA. The coordinate origin is at the nominal Samples of events were generated using Monte
interaction point. Carlo (MC) simulations to determine the selection
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efficiency for the signal of single-top production via yy, Zy and ZZ processes and considers both
through FCNC processes and to estimate backgroundelastic and inelastic production at the proton vertex.
rates from SM processes. The generated events wereSingleW production was simulated using the event
passed through the GEANT 3.13-based [18] ZEUS generator EPVEC [31], which did not include hard

detector- and trigger-simulation programs [12]. They QCD radiation. Recent cross-section calculations in-
were reconstructed and analysed by the same prograncluding higher-order QCD corrections [32] and us-
chain as the data. ing the CTEQA4M [33] (ACFGP [34]) proton (photon)

Single-top production through FCNC processes in PDFs were used to reweight the EPVEC event sam-
ep collisions was simulated using the HEXF genera- ples. Multi-jet QCD production at lov@2, where Q2
tor [19]. Samples of events were generated assumingis the virtuality of the exchanged photon, was simu-
top-quark masses of 170, 175 and 180 GeV. Initial- lated using PYTHIA 5.7 [35]. In this generator, the
state radiation from the lepton beam was included us- partonic processes were simulated using leading-order
ing the Weizsécker—Williams approximation [20]. The (LO) matrix elements, with the inclusion of initial-
hadronic final state was simulated using the matrix- and final-state parton showers. Hadronisation was per-
element and parton-shower model of LEPTO [21] for formed using the Lund string model. The MRSA
the QCD cascade and the Lund string model [22] as (GRV-HO [36]) parameterisations of the proton (pho-
implemented in JETSET [23] for the hadronisation. ton) PDFs were used.

The MRSA [24] parameterisations of the proton PDFs
were used.

The most important background to the positron-
decay channel of th&V in the chaint — bW+ —
beTv arose from NC deep inelastic scattering (DIS). Single-top production via the FCNC coupling at
Two-photon processes provide a source of high-  the ruy vertex in ep collisions at HERA,ep —
leptons that were a significant background to the erX, is predicted to proceed predominantly through

5. Signaturesof FCNC-induced single-top
production

muon-decay channel of th& in the chainr — the exchange of a quasi-real photon between the
bW™ — buTv. In addition, singleW production was beam electron or positron and a valencequark
a significant source of background to— bW, in in the proton (see Fig. 1). According to the signal

both the positron- and muon-decay channels ofithe MC simulation, the scattered electron or positron

The dominant source of background for the hadronic- escapes through the rear beampipe, outside the CAL

decay channel o in the chaint — bW* — bqq’ acceptance, in 65% of the events.

was multi-jet production from QCD processes. In this analysis, the top-quark search was optimised
Several MC programs were used to simulate the for the decay — bW ™. In the leptonic decay channel

different background processes. The NC DIS events of the W, the signal for such events is the presence

were generated using the LEPTO 6.5 program [21] in- of an isolated high-energy lepton, significant missing

terfaced to HERACLES 4.6.1 [25] via DJANGOH 1.1 transverse momentum arising from the emitted neu-

[26]. The HERACLES program includes photon and trino and a jet stemming from thie-quark decay. In

Z exchanges and first-order electroweak radiative cor- the hadronic decay channel of thg, the signal is the

rections. The QCD cascade was modelled with the presence of three jets in the final state with the di-

colour-dipole model [27] by using the ARIADNE 4.08 jet invariant-mass distribution for the correct pair of

program [28] and including the boson—gluon-fusion jets peaking at the mass of tf#é boson,My, and the

process. As an alternative, samples of events were genthree-jet invariant-mass distribution peaking\ébp.

erated using the model of LEPTO based on first-order

QCD matrix elements pIu_s pgrton showers (MEPS_). 6. Leptonic channel

In both cases, the hadronisation was performed using

the Lund string model. The CTEQS5D [29] para- g1 Data sdection

meterisations for the proton PDFs were used. Two-

photon processes were simulated using the generator Events with isolated high-energy leptons®(or

GRAPE 1.1 [30], which includes dilepton production %), significant missing transverse momentum and a
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jet were selected. Similar previous analyses have been

done by the H1 [37] and ZEUS [38] Collaborations.
Positron candidates were identified using an algo-
rithm that combined CAL and CTD information [39].
Muons were identified by the coincidence of a track
in the CTD with significant transverse momentum and
CAL energy deposits consistent with those expected
from a minimum ionizing particle. The charge infor-

mation on the candidates was not used and they are

generically referred to as positrons and muons. The
main selection criteria are:

e cuts on the CAL timing and& coordinate (Z| <

50 cm) of the event vertex and algorithms based
on the pattern of tracks in the CTD were used to
reject events not originating froep collisions;

the track associated with the positron or muon
candidate was required to hayd? > 5 GeV.

To reduce the NC DIS background, the track
was required to havé < 115°. In addition, it
must have passed through at least three radial
superlayers of the CTD (corresponding Ao
17°) and be isolated. Two isolation variables were
defined for a given track using the separatiim
then—¢ plane, whereR = /(An)2 + (Ag)2. The
variableDjet was defined as the distance from the
nearest jet axis, whil®yack was the distance from
the nearest neighbouring track in the event. Events
containing tracks withDjet > 1 and Dyack > 0.5
were selected;

pSAt > 20 GeV, wher$At is the missing trans-
verse momentum as measured with the CAL.
It was reconstructed using the energy deposited
in the CAL cells, after corrections for non-uni-
formity and dead material located in front of the
CAL [40]. Energy deposits originating from iden-

tified muons were excluded from the measurement

of pCAL;

the presence of at least one jet with transverse
energy Ei' above 5 GeV and-1< i€t <25
was required. The longitudinally invariarity
cluster algorithm [41] was used in the inclusive
mode [42] to reconstruct jets from the energy de-
posits in the CAL cells. The jet search was per-
formed in then—¢ plane of the laboratory frame.
The axis of each jet was defined according to the
Snowmass convention [43], when&! (/¢! was

the transverse-energy-weighted mean pseudora-
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pidity (azimuth) of all the cells belonging to that
jet. The jettransverse energy was reconstructed as
the sum of the transverse energies of the cells be-
longing to the jet and was corrected for detector
effects such as energy losses in the inactive mate-
rial in front of the CAL [44]. In the leptonic chan-
nel, only those jets for which the electromagnetic-
energy fraction was below 0.9 amkbge, > 0.1,
where Rgoy, is the radius of the cone in the¢
plane concentric to the jet axis that contains 90%
of the jet energy, were considered;

in events with an identified positron candidate,
the acoplanarity anglepacop, was defined as
the azimuthal separation of the outgoing positron
and the vector in th€X, Y)-plane that balances
the hadronic system. For well measured NC DIS
events, the acoplanarity angle is close to zero,
while a large®acop indicates large missing en-
ergy, as expected from top-quark decays. To re-
duce the background from NC DIS processes,
the acoplanarity angle was required to be greater
than 8.

The selected data sample contained 36 events, 24
of which had a positron candidate and 12 a muon
candidate (see Table 1).

6.2. Comparison with Monte Carlo simulations

The properties of the selected events were stud-
ied in detail and compared with the MC predictions
of the SM. Fig. 2(a)—(c) show the acoplanarity, the
transverse momentum of the hadronic systeffd
and the transverse momentum of the positron candi-
date as measured in the CAby., for those events
with an identified positron candidate. Fig. 2(d)—(f)
show the CAL transverse momentum corrected for
the muon momentum measured by the CTAE! =

\/(pgA" + )2+ (pSA- + ph)2, phadand the trans-
verse momentum of the track associated with the
muon candidatep’;, for events with an identified
muon candidate. In each case, the distribution of data
events can be accounted for by the simulation of SM
processes. The SM expectation for the positron chan-
nel is dominated by NC DIS and that for the muon
channel by two-photon processes.
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Table 1

Number of events in data and Standard Model background for the leptonic channel for different samples after the preselection and final selection
cuts. The percentage of singlé-production included in the expectation is indicated in parentheses. The statistical and systematic uncertainties
added in quadrature are also indicated

Leptonic channel Positron channel Muon channel
obs/expected ¥) obs/expected ¥)
Preselection
et p, /s =300 GeV(L =47.9 pb~1) 4/7.39% 0/4.2705
¢ p, /5 =318 GeV(L = 167 pb-Y) 7/32798 1/21%53
¢t p, /5 =318 GeV(L = 655 pb- 1) 13/101%93 11/56107

Total (£ = 1301 pb~?)

24/206" %1 (17%

Final selection(p129> 25 Ge\)

12/119%3° (16%

¢ p, /5 =300 GeV(L = 47.9 pb- 1) 0/0.72-927 0/0.78"319
e~ p, /5 =318 GeV(L£ = 167 pbL) 1/0.6470:28 1/0.45%0:07
et p, /5 =318 GeV(L =655 pb1) /1541033 4/153"01¢

Total (£ = 1301 pb~?)

2/2.9070:33 (45%)

Final selection(p129> 40 GeV)

5/2.75"0:51 (50%)

et p, /5 =300 GeV(L =479 pb1)

0/0.23+0.05

0/0.26+0'04

( —0.05 —0.04
e p,/5=318GeV(L =167 pb 1) 0/0.16"058 0/0.08"5:3%
et p, /5=318 GeV(L =655 pb?) 0/0.547 57 0/0.617239
Total (£ = 1301 pb~?) 0/0.94751% (61% 0/0.95"0-1% (61%

6.3. Results of the search in the leptonic channel These efficiencies do not include the branching ra-
tio of the top-quark decay in the corresponding chan-
nel.

In a recent study [45], the H1 Collaboration has
reported an excess of events fphad > 25 GeV.
The number of selected events in each channel with
phad > 25 GeV for the present analysis is also listed

in Table 1. These results are in agreement with the

e p130 > 40 GeV for both the positron and muon EXPectations from the SM.
decays;
o 8= (Ei—Eicost)) =) ;(E—pz)i <47GeV _
for the positron decay, where the sum runs over /- Hadronicchannel
all CAL energy deposits with corrected energy
and polar angle; [40]. For fully contained NC The data used for this channel correspond to a
DIS events,5 peaks at 55 GeV, i.e., twice the Slightly reduced luminosity of 122 pb™.
lepton beam energy, which follows from energy—
momentum conservation;
e piP'> 10 GeV for the muon decay.

The final event selection for thélv final state
required a highpr jet and missing energy. The cuts
were optimised using the simulations of both the SM
background and the expected single-top signal. The
cuts used were:

7.1. Data selection

The expected signature for the hadronic-decay

After applying these requirements, no event remained channel of single-top production through the FCNC
in the data sample. The efficiency for detecting single- tuy coupling is three jets with Iargéf';st and no
top production in the leptonic channel was 34% for significant missing transverse momentum. Since it is

the positron decay and 33% for the muon decay. expected that for the bulk of the events the scattered
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and (c) p% for those events with an identified positron candidate.p(ﬁ), (e) prT1ad and (f) p’; for those events

with an identified muon candidate. The dots are the data, the solid histogram is the Standard Model MC simulation and the shaded histogram
represents the signal withliop = 175 GeV normalised to the limit presented in Section 9. The final bins in (d) and (f), marked “overflow”,
contain all events above the lower boundaries of these bins. The distributions are for the selected events according to the criteria of Section 6.1.
The Standard Model MC distributions have been normalised to the luminosity of the data.

positron escapes through the rear beam pipe, NC DIS

events withQ? > 1 Ge\? were rejected. The data

selection used similar criteria as reported in a previous

publication [44]. Jets were found in the hadronic

final state using the same algorithm as described in
Section 6.1. The main selection criteria are:

e cuts on theZ coordinate {38 < Z < 32 cm) of
the event vertex, the number of tracks pointing to
the vertex and the number of tracks compatible
with an interaction upstream in the direction of
the proton beam were used to reject events not
originating fromep collisions;
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e the presence of at least three jets within the 7.2. Comparison with Monte Carlo simulations
pseudorapidity range-1 < net < 2.5 was re-
quired. The three highesEI-Tetjets in the event, or- The properties of the selected events were studied
dered according to decreasitity", were further ir} d(re]taiISaMnd were compa_lfsd VK;IIQ t2§ Mt(): predictions
. L iet(1.2.3 : of the processes. The istributions were
required to Sat'SnyJT ( ) > 40,25,14 Ge\./’ normalised to the number of events in the data with
¢ CQ DIS events were rejected by requiring the M3 < 159 GeV, i.e., outside the region where the
missing transverse momentum to be small com-

d o the total t Q@lﬁt : signal for single-top production is expected. The
pared 1o the fotal transverse ener o 18 resulting normalisation factor was1il + 0.08, which

PCT:AL/\/ETTOt <2JGeV,; can be attributed to higher-order QCD corrections to

e NC DIS events with an identified scattered-positron the jet cross sections. The simulations of SM processes
candidate [46] in the CAL were removed from the provide a reasonable description of th £ and nlet
sample using the method described in an earlier data distributions (not shown). The distributioniaf
publication [47]; for all pairs of jets in an event and that 813 are

e 88 < § <522 GeV. The upper cut removed presented in Fig. 3(a) and (b), respectively. T8
unidentified NC DIS events and the lower cut distribution shows a steep fall-off from3 ~ 130 to
rejected proton beam—gas interactions. 240 GeV. The SM simulations describe the observed

M and M3 distributions reasonably well.
The selected sample contained 348 events.

The invariant mass of jets and/ was determined 7.3, Results of the search in the hadronic channel
using the corrected jet transverse energies, as ex-

plained in Section 6.1, and jet angular variables ac-  The MC simulations of the signal and SM processes

cording to the formula were used to find optimal windows i1l and 3 for
the observation of a signal relative to the background.
M — { 21K It [cosh(pieth — piett) The resulting windows were 65< M) < 90.8 GeV
and 159< M3 < 188 GeV.

— cos(gletk _wietl)]}l/z. The M closest toMy is denoted byMy,. The
distribution ofMﬁV is shown in Fig. 3(c); 261 events

o - - - e i
The three-jet invariant mas#/3, was reconstructed N the data satisfied the condition .@5< My, <
using the formula 90.8 GeV. TheMm 3 distribution after this cut is shown

in Fig. 3(d). The simulation of SM processes repro-
_ . duces the distributions well. After the requirement
M= {ZZE’T‘Et'kE'TeU[cosh(njeLk _ nietl) 159< M3 < 188 GeV, 14 events remained. The dis-
k<l tributions ofM'vJV and M3 in the data after this cut
12 are shown in Fig. 3(e) ar_ud (f),.respectively, and are
_ COS(nget’k _ (pjet,l)] 7 vAvftiII reproduced by the §|r_nulat|0n of SM processes.
er these cuts, the efficiency for detecting single-
top production in the hadronic channel was 24%. This
where the sum runs ovér,/ = 1,2, 3. The average  efficiency does not include the branching ratio of the
resolution inMJ was 8% forMi > 50 GeV and the top-quark decay in the hadronic channel. The observed
distribution of M1 for all pairs of jets in a sample of M3 distribution shows no significant excessiiyp.
MC signal events is shown in Fig. 3(a). The average
resolution inM3 was 4% forM3 > 80 GeV and the
M3 distribution in a sample of MC signal events is 8. Systematic uncertainties
shown in Fig. 3(b). Cuts ot and M3 were used
to search for a signal of single-top production in the The most important sources of systematic uncer-
hadronic channel. tainty were:
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Fig. 3. (a)MJ'j (for all pairs of jets), (b)M3i and (c) M’JV distributions for the sample of events selected in the hadronic channeM:{jd)
distribution for those events with 65< M'dv < 90.8 GeV; (e) M'dv distribution for those events with 159 M3l < 188 GeV; 0] M3
distribution for those events with 65< MJ‘JV < 90.8 GeV. The dashed lines in (c) and (e) represent the cut .atswj‘%, < 90.8 GeV.

The distributions are for three-jet events wiﬂ-#etl > 40, E'-Tet2 > 25, E'-Tet3 > 14 GeV and-1 < niet < 2.5. Other details are given in the
caption to Fig. 2.

e leptonic channel gave a change 0f0.8% in the background
— the uncertainty of=1% on the absolute energy estimation;
scale of the CAL gave changes éfjg% in the — the MC statistical uncertainty on the SM
background and negligible changes in the signal- background estimation was7.5%;
efficiency estimations; e hadronic channel
— the use of the LEPTO-MEPS model instead of — the uncertainty of-1% on the absolute energy

ARIADNE to estimate the NC DIS background scale of the jets [44] gave changes™df%*% in
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Table 2

Number of events in data and Standard Model background for the leptonic and hadronic channels for different samples, together with the
efficiency times branching ratio of the signal and luminosity for each sample. The last four rows show the limits on the single-top production

cross section via flavour-changing neutral current transitions and an,gheoupling assumingfiop = 175 GeV

Leptonic channel Hadronic channel
V5= 300 GeV 318 GeV 300 GeV 318 GeV

Nobs 0 0 5 9

+0.07 +0.17 +1.3 +1.2
Nsm 0490007 1405013 33204 143777
€ - Br (%) 6.9 7.1 16.6 16.5
Luminosity (pb™1) 47.9 82.2 45.0 82.2
Glim X B(t — Wb) (pb) 0.906 0.514 0.998 0.426
kruy (per channel) 0.223 0.241
olim (pb) (all channels) 0.225 afs = 318 GeV
kruy (all channels) 0.174

the background anﬁijg% in the signal-efficiency  those from the combined analysis presented below are

estimations; summarised in Table 2. Limits from a combination of
— the MC normalisation uncertainty on the SM channels were obtained by using a method described
background estimation was7.4%. in a previous publication [48]. In the derivation of

the limits, the decrease in the branching raiio —

All these uncertainties in the number of expected Wb) in the presence of FCNC decays was taken
background events were added in quadrature and areinto account. In comparison to the dependence of the
shown in Tables 1 and 2. The experimental uncertain- result on the assumed value M, the effects of all
ties were smaller than the theoretical uncertainties and, other uncertainties are very small. Therefore, limits
therefore, were not considered in the derivation of the were evaluated foMop = 170, 175 and 180 GeV,
limits for single-top production. neglecting the other uncertainties.

By combining the results from both the leptonic
and hadronic channels, an upper limit of

9. Limit on the FCNC couplings
Ky < 0.174 at 95% A,

As no event was selected in the leptonic channel was derived assuminfiop = 175 GeV. The limit was
and no excess over the SM prediction was observed «;,, < 0.158(0.210) for Miop = 170(180) GeV. The
in the hadronic channel (see Table 2), limits were above coupling limit corresponds to a limit on the
set on FCNC couplings of the type V. The contri- cross section for single-top production of
bution of the charm quark, which has only a small
density in the proton at high, was ignored by set- o (ep — etX, /s =318 Ge
_ting Kicy = Urez = 0. Only the anomalous c_ouplings <0.225pb at 95% Q.
involving au quark,;,, andvs,z, were considered.

At HERA, most of the sensitivity to FCNC-induced In a second step, the effects of a non-zefg,
couplings involving the top quark comes from the coupling were taken into account. The derivation of
processep — etX in which ay is exchanged since  the exclusion region in the;,,—v;,z plane was made
the largeZ mass suppresses the contribution due to using LO calculations for the procegs — et X ob-

Z exchange. In a first step, limits ok, were, tained with the program CompHEP [49], since NLO
therefore, derived assuming,z = 0 and using NLO corrections to the contribution frord exchange are
QCD calculations of the cross section for the process not available. Limits in the;,,—v:,z plane were de-
ep — et X (see Section 2). The results obtained from rived by using a two-dimensional probability density
each channel and centre-of-mass energy together withevaluated assuming a Bayesian prior probability dis-
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Fig. 4. Exclusion regions at 95% C.L. in the,,—v;,z plane
for three values ofMip (170, 175 and 180 GeV) assum-
ing ktcy = vez = 0. The CDF and L3 exclusion limits for
Miop =175 GeV are also shown.

tribution flat in«;,, andv,z:

p(Ktu)n Vruz| D)
_ 1_[,' Li(NébS|Ktuy’ Vtuz)
fooo thuy fooo dviuz Hi Li(Ncl,bS|Ktuy, Viuz) ,

where p(«:uy, viuz| D) is the probability density for
the FCNC couplings given the set of observed data
D and L; (Ngpdkruy, viuz) are the partial likelihoods

for each channel and centre-of-mass energy evalu-

ated as the Poissonian probabilities to obsewWg.
events given the expectations of the SM background
processes and the signals for single-top production.
The 95% C.L. limit was found as the set of points
p(Ktuy» viuz| D) = po such that

// dxtuy dviuz p (Ktuy, Viuz| D)
p(Kruy»Utule)>p0

=0.95

Fig. 4 shows the exclusion region on thg,,—
vuz plane obtained from this search, together with
those from CDF [4,50] and L3 [6], which is the most
stringent limit from LEP2 [5]. It should also be noted
that the Lagrangian used in the LEP analyses [5,
6,50] differs from that in Eq. (1) by a constant
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multiplicative factor such that/FF = +/2«/EYS and
LEP _

vy = ~2ufEPS In Fig. 4, the limits from CDF
and L3 are plotted using the Lagrangian convention
of Eq. (1). The measurements at the Tevatron and
LEP have similar sensitivities to the:V and ¢tcV
couplings, and their limits were obtained with the
assumptions,, = kicz and vy, = vz In Fig. 4,

the published CDF and L3 limits are rescaled#g

for the purposes of comparison to the present results
oNn k¢, anduy,z which are obtained assumirg., =

vez = 0. The limit-setting procedure was repeated
assumingMiop = 170 and 180 GeV; the resulting
exclusion regions are also shown in Fig. 4.

10. Summary

Single-top production via flavour-changing neu-
tral current transitions has been searched for with
the ZEUS detector at HERA in positron—proton and
electron—proton collisions at centre-of-mass energies
of 300 and 318 GeV using an integrated luminosity
of 130.1 pb~1. No deviation from the Standard Model
prediction was found. The results were used to con-
strain single-top productiogp — er X via the FCNC
process. An upper limit on the FCNC coupling, of
0.174 at 95% C.L. was obtained. This limit excludes a
substantial region ir;,, not constrained by previous
experiments.
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