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Abstract

A search for single-top production,ep → etX, has been made with the ZEUS detector at HERA using an integ
luminosity of 130.1 pb−1. Events from both the leptonic and hadronic decay channels of theW boson resulting from the
decay of the top quark were sought. For the leptonic mode, the search was made for events with isolated high-energ
and significant missing transverse momentum. For the hadronic decay mode, three-jet events in which two of the je
invariant mass consistent with that of theW were selected. No evidence for top production was found. The results are u
constrain single-top production via flavour-changing neutral current (FCNC) transitions. The ZEUS limit excludes a su
region in the FCNCtuγ coupling not ruled out by other experiments.
 2003 Published by Elsevier Science B.V. Open access under CC BY license.
rg,

and

.
the

Re-

NY,

Re-

tion,

n,

lth

Re-

nd

s-

arch

and
UB

ng
Sci-
sics.
rael

ics

and

rea

on

Re-
00-

ca-

sian
eral

nce

arch

Re-
00-

Re-
01-
1 Also affiliated with University College London.
2 On leave of absence at University of Erlangen–Nürnbe

Germany.
3 Retired.
4 Self-employed.
5 PPARC Advanced fellow.
6 Supported by the Portuguese Foundation for Science

Technology (FCT).
7 Now at Dongshin University, Naju, South Korea.
8 Now at Max-Planck-Institut für Physik, München, Germany
9 Partly supported by the Israel Science Foundation and

Israel Ministry of Science.
10 Supported by the Polish State Committee for Scientific

search, grant No. 2 P03B 09322.
11 Member of Department of Computer Science.
12 Now at Fermilab, Batavia, IL, USA.
13 Now at DESY group FEB.
14 On leave of absence at Columbia University, Nevis Labs.,

USA.
15 Now at CERN.
16 Now at INFN Perugia, Perugia, Italy.
17 Now at University of Oxford, Oxford, UK.
18 Also at University of Tokyo.
19 Partly supported by the Russian Foundation for Basic

search, grant 02-02-81023.
20 Now at National Research Council, Ottawa, Canada.
21 On leave of absence at The National Science Founda

Arlington, VA, USA.
22 Now at University of London, Queen Mary College, Londo

UK.
23 Present address: Tokyo Metropolitan University of Hea

Sciences, Tokyo 116-8551, Japan.
24 Also at Università del Piemonte Orientale, Novara, Italy.
25 Also at Łódź University, Poland.
26 Supported by the Polish State Committee for Scientific

search, grant No. 2 P03B 07222.
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1. Introduction

The Standard Model (SM) of the fundamen
interactions presently provides an accurate descrip
of the phenomena observed in both low- and hi
energy reactions of elementary particles. As pro
in search for physics beyond the SM, observab
sensitive to flavour-changing neutral current (FCN
interactions are particularly useful, since the SM ra
are very small due to the GIM mechanism [1]. T
FCNC interactions involving the top quark [2,3
which has a mass of the order of the electrow
energy scale, offer a potentially new view of phys
beyond the SM.

The FCNC-induced couplings of the typetuV or
tcV (with V = γ,Z0) have been explored inpp̄
collisions at the Tevatron by searching for the to
quark decayst → uV and t → cV [4]. The same
couplings involving the top quark were investigated
e+e− interactions at LEP2 by searching for single-t
production through the reactionse+e− → t ū (+c.c.)
ande+e− → t c̄ (+c.c.) [5,6]. No evidence for such
interactions was found at either accelerator and lim
were set on the branching ratiosB(t → qγ ) and
B(t → qZ).

In ep collisions at the HERA collider, top quark
can only be singly produced. In the SM, single-t
production proceeds through the charged current (
reactionep → νtb̄X [7]. Since the SM cross sectio
at HERA is less than 1 fb [8], any observed single-
event in the present data can be attributed to phy
beyond the SM. The FCNC couplings,tuV or tcV ,
would induce the neutral current (NC) reactionep →
etX [3,9], in which the incoming lepton exchanges
γ or Z with an up-type quark in the proton, yieldin
a top quark in the final state. Due to the largeZ mass,
this process is most sensitive to a coupling of the t
tqγ . Furthermore, large values ofx, the fraction of
the proton momentum carried by the struck quark,
needed to produce a top. Since theu-quark parton
distribution function (PDF) of the proton is domina
at largex, the production of single top quarks is mo
sensitive to a coupling of the typetuγ (see Fig. 1).

2. Theoretical framework

Deviations from the SM predictions due to FCN
transitions involving the top quark can be param
Fig. 1. Single-top production via flavour-changing neutral curr
transitions at HERA.

terised in terms of couplings of the typetuV (with
V = γ,Z0) and described by an effective Lagrangi
of the form [10]

�Leff = eet t̄
iσµνq

ν

Λ
κtuγ uA

µ

(1)+ g

2 cosθW
t̄γµvtuZuZ

µ + h.c.,

wheree (et ) is the electron (top-quark) electric charg
g is the weak coupling constant,θW is the weak
mixing angle, σµν = 1

2(γ
µγ ν − γ νγ µ), Λ is an

effective cutoff which, by convention, is set to th
mass of the top quark,Mtop, taken as 175 GeV,q is
the momentum of the gauge boson andAµ (Zµ) is the
photon (Z) field. In the following, it was assumed th
the magnetic couplingκtuγ and the vector coupling
vtuZ are real and positive. The values ofκtuγ andvtuZ
in the SM are zero at tree level and extremely sma
the one-loop level.

The cross section for the processep → etX was
calculated as a function ofκtuγ including next-to-
leading-order (NLO) QCD corrections in the eikon
approximation [9]. The renormalisation (µR) and fac-
torisation (µF ) scales were chosen to beµR = µF =
Mtop. The strong coupling constant,αs , was calculated

at two loops withΛ(5)
MS

= 220 MeV, corresponding to
αs(MZ) = 0.1175. The calculations were perform
using the MRST99 [11] parameterisations of the p
ton PDFs. The uncertainty of the results due to te
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beyond NLO, estimated by varyingµR = µF between
Mtop/2 and 2Mtop, was+1.6

−3.8% (+1.3
−3.6%) at a centre-of-

mass energy of 318 (300) GeV. The uncertainties
the results due to that onαs(MZ) and on the proton
PDFs were±2% and±4%, respectively. The varia
tion of the cross section onMtop was approximately
±20% (±25%) for�Mtop = ±5 GeV at a centre-of
mass energy of 318 (300) GeV.

3. Experimental conditions

The data samples were collected with the ZE
detector at HERA and correspond to an integra
luminosity of 47.9 ± 0.9(65.5 ± 1.5) pb−1 for e+p
collisions taken during 1994–1997 (1999–2000) a
16.7 ± 0.3 pb−1 for e−p collisions taken during
1998–1999. During 1994–1997 (1998–2000), HE
operated with protons of energyEp = 820 GeV
(920 GeV) and positrons or electrons of energyEe =
27.5 GeV, yielding a centre-of-mass energy of

√
s =

300 GeV (318 GeV).
The ZEUS detector is described in detail el

where [12,13]. The main components used in
present analysis were the central tracking dete
(CTD) [14], positioned in a 1.43 T solenoidal ma
netic field, and the uranium-scintillator sampling ca
rimeter (CAL) [15].

Tracking information is provided by the CTD, i
which the momenta of tracks in the polar-angle47

region 15◦ < θ < 164◦ are reconstructed. The CT
consists of 72 cylindrical drift chamber layers, orga
ised in nine superlayers. The relative transverse
mentum,pT , resolution for full-length tracks can b
parameterised asσ(pT )/pT = 0.0058pT ⊕ 0.0065⊕
0.0014/pT , with pT in GeV.

The CAL covers 99.7% of the total solid angle. It is
divided into three parts with a corresponding divisi
in θ , as viewed from the nominal interaction poin
forward (FCAL, 2.6◦ < θ < 36.7◦), barrel (BCAL,
36.7◦ < θ < 129.1◦), and rear (RCAL, 129.1◦ < θ <

176.2◦). Each of the CAL parts is subdivided in

47 The ZEUS coordinate system is a right-handed Carte
system, with theZ-axis pointing in the proton beam directio
referred to as the “forward direction”, and theX-axis pointing left
towards the centre of HERA. The coordinate origin is at the nom
interaction point.
towers which in turn are segmented longitudina
into one electromagnetic (EMC) and one (RCAL)
two (FCAL, BCAL) hadronic (HAC) sections. Th
smallest subdivision of the CAL is called a cell. Und
test-beam conditions, the CAL single-particle ene
resolution isσ(E)/E = 18%/

√
E for electrons and

σ(E)/E = 35%/
√
E for hadrons, withE in GeV.

The luminosity was measured using the Beth
Heitler reactionep → eγp. The resulting small-angl
energetic photons were measured by the lumino
monitor [16], a lead-scintillator calorimeter placed
the HERA tunnel atZ = −107 m.

3.1. Trigger conditions

A three-level trigger was used to select eve
online [12,17]. At the first level, events were selec
using criteria based on either the transverse energ
missing transverse momentum measured in the C
Events were accepted with a low threshold on th
quantities when a coincidence with CTD tracks fro
the event vertex was required, while a higher thresh
was used for events with no CTD tracks.

At the second level, timing information from th
CAL was used to reject events inconsistent with
ep interaction. In addition, the topology of the CA
energy deposits was used to reject non-ep background
events. Cuts on the missing transverse momentum
6 GeV (9 GeV for events without CTD tracks)
on the total transverse energy of 8 GeV, exclud
the eight CAL towers immediately surrounding t
forward beampipe, were applied.

At the third level, track reconstruction and vert
finding were performed and used to reject events w
a vertex inconsistent with the distribution ofep in-
teractions. Events with missing transverse momen
in excess of 7 GeV or containing at least two j
with transverse energyEjet

T > 6 GeV and pseudora
pidity ηjet < 2.5 were accepted; the latter conditio
was based upon the application of a jet-finding co
algorithm with radiusR = 1 applied to the CAL cel
energies and positions.

4. Monte Carlo simulation

Samples of events were generated using Mo
Carlo (MC) simulations to determine the selecti
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efficiency for the signal of single-top productio
through FCNC processes and to estimate backgro
rates from SM processes. The generated events
passed through the GEANT 3.13-based [18] ZE
detector- and trigger-simulation programs [12]. Th
were reconstructed and analysed by the same prog
chain as the data.

Single-top production through FCNC processes
ep collisions was simulated using the HEXF gene
tor [19]. Samples of events were generated assum
top-quark masses of 170, 175 and 180 GeV. Init
state radiation from the lepton beam was included
ing the Weizsäcker–Williams approximation [20]. T
hadronic final state was simulated using the mat
element and parton-shower model of LEPTO [21]
the QCD cascade and the Lund string model [22
implemented in JETSET [23] for the hadronisatio
The MRSA [24] parameterisations of the proton PD
were used.

The most important background to the positro
decay channel of theW in the chaint → bW+ →
be+ν arose from NC deep inelastic scattering (DI
Two-photon processes provide a source of highpT
leptons that were a significant background to
muon-decay channel of theW in the chain t →
bW+ → bµ+ν. In addition, single-W production was
a significant source of background tot → bW+, in
both the positron- and muon-decay channels of theW .
The dominant source of background for the hadron
decay channel ofW in the chaint → bW+ → bqq̄ ′
was multi-jet production from QCD processes.

Several MC programs were used to simulate
different background processes. The NC DIS eve
were generated using the LEPTO 6.5 program [21]
terfaced to HERACLES 4.6.1 [25] via DJANGOH 1
[26]. The HERACLES program includes photon a
Z exchanges and first-order electroweak radiative
rections. The QCD cascade was modelled with
colour-dipole model [27] by using the ARIADNE 4.0
program [28] and including the boson–gluon-fus
process. As an alternative, samples of events were
erated using the model of LEPTO based on first-or
QCD matrix elements plus parton showers (MEP
In both cases, the hadronisation was performed u
the Lund string model. The CTEQ5D [29] par
meterisations for the proton PDFs were used. Tw
photon processes were simulated using the gene
GRAPE 1.1 [30], which includes dilepton productio
-

r

via γ γ , Zγ and ZZ processes and considers bo
elastic and inelastic production at the proton vert
Single-W production was simulated using the eve
generator EPVEC [31], which did not include ha
QCD radiation. Recent cross-section calculations
cluding higher-order QCD corrections [32] and u
ing the CTEQ4M [33] (ACFGP [34]) proton (photon
PDFs were used to reweight the EPVEC event s
ples. Multi-jet QCD production at lowQ2, whereQ2

is the virtuality of the exchanged photon, was sim
lated using PYTHIA 5.7 [35]. In this generator, th
partonic processes were simulated using leading-o
(LO) matrix elements, with the inclusion of initia
and final-state parton showers. Hadronisation was
formed using the Lund string model. The MRS
(GRV-HO [36]) parameterisations of the proton (ph
ton) PDFs were used.

5. Signatures of FCNC-induced single-top
production

Single-top production via the FCNC coupling
the tuγ vertex in ep collisions at HERA, ep →
etX, is predicted to proceed predominantly throu
the exchange of a quasi-real photon between
beam electron or positron and a valenceu quark
in the proton (see Fig. 1). According to the sign
MC simulation, the scattered electron or positr
escapes through the rear beampipe, outside the
acceptance, in 65% of the events.

In this analysis, the top-quark search was optimi
for the decayt → bW+. In the leptonic decay chann
of theW , the signal for such events is the prese
of an isolated high-energy lepton, significant miss
transverse momentum arising from the emitted n
trino and a jet stemming from theb-quark decay. In
the hadronic decay channel of theW , the signal is the
presence of three jets in the final state with the
jet invariant-mass distribution for the correct pair
jets peaking at the mass of theW boson,MW , and the
three-jet invariant-mass distribution peaking atMtop.

6. Leptonic channel

6.1. Data selection

Events with isolated high-energy leptons (e± or
µ±), significant missing transverse momentum an
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jet were selected. Similar previous analyses have b
done by the H1 [37] and ZEUS [38] Collaboration
Positron candidates were identified using an al
rithm that combined CAL and CTD information [39
Muons were identified by the coincidence of a tra
in the CTD with significant transverse momentum a
CAL energy deposits consistent with those expec
from a minimum ionizing particle. The charge info
mation on the candidates was not used and they
generically referred to as positrons and muons.
main selection criteria are:

• cuts on the CAL timing andZ coordinate (|Z|<
50 cm) of the event vertex and algorithms bas
on the pattern of tracks in the CTD were used
reject events not originating fromep collisions;

• the track associated with the positron or mu
candidate was required to haveptrack

T > 5 GeV.
To reduce the NC DIS background, the tra
was required to haveθ < 115◦. In addition, it
must have passed through at least three ra
superlayers of the CTD (corresponding toθ �
17◦) and be isolated. Two isolation variables we
defined for a given track using the separationR in
theη–φ plane, whereR = √

(�η)2 + (�ϕ)2. The
variableDjet was defined as the distance from t
nearest jet axis, whileDtrack was the distance from
the nearest neighbouring track in the event. Eve
containing tracks withDjet > 1 andDtrack> 0.5
were selected;

• pCAL
T > 20 GeV, wherepCAL

T is the missing trans
verse momentum as measured with the CA
It was reconstructed using the energy depos
in the CAL cells, after corrections for non-un
formity and dead material located in front of th
CAL [40]. Energy deposits originating from iden
tified muons were excluded from the measurem
of pCAL

T ;
• the presence of at least one jet with transve

energyE jet
T above 5 GeV and−1< ηjet < 2.5

was required. The longitudinally invariantkT
cluster algorithm [41] was used in the inclusi
mode [42] to reconstruct jets from the energy d
posits in the CAL cells. The jet search was p
formed in theη–φ plane of the laboratory frame
The axis of each jet was defined according to
Snowmass convention [43], whereηjet (ϕ jet) was
the transverse-energy-weighted mean pseud
pidity (azimuth) of all the cells belonging to th
jet. The jet transverse energy was reconstructe
the sum of the transverse energies of the cells
longing to the jet and was corrected for detec
effects such as energy losses in the inactive m
rial in front of the CAL [44]. In the leptonic chan
nel, only those jets for which the electromagne
energy fraction was below 0.9 andR90% � 0.1,
whereR90% is the radius of the cone in theη–φ
plane concentric to the jet axis that contains 9
of the jet energy, were considered;

• in events with an identified positron candida
the acoplanarity angle,ΦACOP, was defined as
the azimuthal separation of the outgoing posit
and the vector in the(X,Y )-plane that balance
the hadronic system. For well measured NC D
events, the acoplanarity angle is close to ze
while a largeΦACOP indicates large missing en
ergy, as expected from top-quark decays. To
duce the background from NC DIS process
the acoplanarity angle was required to be gre
than 8◦.

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

6.2. Comparison with Monte Carlo simulations

The properties of the selected events were s
ied in detail and compared with the MC predictio
of the SM. Fig. 2(a)–(c) show the acoplanarity, t
transverse momentum of the hadronic system,phad

T ,
and the transverse momentum of the positron ca
date as measured in the CAL,peT , for those events
with an identified positron candidate. Fig. 2(d)–
show the CAL transverse momentum corrected
the muon momentum measured by the CTD,ptot

T =√
(pCAL

X + p
µ
X)

2 + (pCAL
Y + p

µ
Y )

2, phad
T and the trans

verse momentum of the track associated with
muon candidate,pµT , for events with an identified
muon candidate. In each case, the distribution of d
events can be accounted for by the simulation of
processes. The SM expectation for the positron ch
nel is dominated by NC DIS and that for the mu
channel by two-photon processes.
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l selection
rtainties

l

Table 1
Number of events in data and Standard Model background for the leptonic channel for different samples after the preselection and fina
cuts. The percentage of single-W production included in the expectation is indicated in parentheses. The statistical and systematic unce
added in quadrature are also indicated

Leptonic channel Positron channel Muon channe
obs./expected (W ) obs./expected (W )

Preselection

e+p,
√
s = 300 GeV

(
L= 47.9 pb−1)

4/7.3+0.8
−2.1 0/4.2+0.4

−0.3

e−p,
√
s = 318 GeV

(
L= 16.7 pb−1)

7/3.2+0.6
−1.0 1/2.1+0.2

−0.2

e+p,
√
s = 318 GeV

(
L= 65.5 pb−1)

13/10.1+0.9
−1.9 11/5.6+0.4

−0.4

Total
(
L= 130.1 pb−1)

24/20.6+1.7
−4.6 (17%) 12/11.9+0.6

−0.7 (16%)

Final selection
(
phad
T

> 25 GeV
)

e+p,
√
s = 300 GeV

(
L= 47.9 pb−1)

0/0.72+0.27
−0.13 0/0.78+0.10

−0.10

e−p,
√
s = 318 GeV

(
L= 16.7 pb−1)

1/0.64+0.28
−0.20 1/0.45+0.07

−0.07

e+p,
√
s = 318 GeV

(
L= 65.5 pb−1)

1/1.54+0.33
−0.32 4/1.53+0.17

−0.16

Total
(
L= 130.1 pb−1)

2/2.90+0.59
−0.32 (45%) 5/2.75+0.21

−0.21 (50%)

Final selection
(
phad
T

> 40 GeV
)

e+p,
√
s = 300 GeV

(
L= 47.9 pb−1)

0/0.23+0.05
−0.05 0/0.26+0.04

−0.04

e−p,
√
s = 318 GeV

(
L= 16.7 pb−1)

0/0.16+0.06
−0.06 0/0.08+0.05

−0.01

e+p,
√
s = 318 GeV

(
L= 65.5 pb−1)

0/0.54+0.07
−0.07 0/0.61+0.10

−0.09

Total
(
L= 130.1 pb−1)

0/0.94+0.11
−0.10 (61%) 0/0.95+0.14

−0.10 (61%)
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6.3. Results of the search in the leptonic channel

The final event selection for theblν final state
required a high-pT jet and missing energy. The cu
were optimised using the simulations of both the S
background and the expected single-top signal.
cuts used were:

• phad
T > 40 GeV for both the positron and muo

decays;
• δ = ∑

i (Ei−Ei cosθi)= ∑
i (E−pZ)i < 47 GeV

for the positron decay, where the sum runs o
all CAL energy deposits with corrected energyEi
and polar angleθi [40]. For fully contained NC
DIS events,δ peaks at 55 GeV, i.e., twice th
lepton beam energy, which follows from energ
momentum conservation;

• ptot
T > 10 GeV for the muon decay.

After applying these requirements, no event remai
in the data sample. The efficiency for detecting sing
top production in the leptonic channel was 34%
the positron decay and 33% for the muon dec
These efficiencies do not include the branching
tio of the top-quark decay in the corresponding ch
nel.

In a recent study [45], the H1 Collaboration h
reported an excess of events forphad

T > 25 GeV.
The number of selected events in each channel
phad
T > 25 GeV for the present analysis is also list

in Table 1. These results are in agreement with
expectations from the SM.

7. Hadronic channel

The data used for this channel correspond t
slightly reduced luminosity of 127.2 pb−1.

7.1. Data selection

The expected signature for the hadronic-de
channel of single-top production through the FCN
tuγ coupling is three jets with largeE jet

T and no
significant missing transverse momentum. Since
expected that for the bulk of the events the scatte
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histogram
flow”,
ection 6.1.
Fig. 2. (a)ΦACOP, (b) phad
T

and (c)pe
T

for those events with an identified positron candidate. (d)ptot
T

, (e) phad
T

and (f)pµ
T

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
represents the signal withMtop = 175 GeV normalised to the limit presented in Section 9. The final bins in (d) and (f), marked “over
contain all events above the lower boundaries of these bins. The distributions are for the selected events according to the criteria of S
The Standard Model MC distributions have been normalised to the luminosity of the data.
DIS
a
ous
ic

d in

to
ble
of
not
positron escapes through the rear beam pipe, NC
events withQ2 � 1 GeV2 were rejected. The dat
selection used similar criteria as reported in a previ
publication [44]. Jets were found in the hadron
final state using the same algorithm as describe
Section 6.1. The main selection criteria are:
• cuts on theZ coordinate (−38< Z < 32 cm) of
the event vertex, the number of tracks pointing
the vertex and the number of tracks compati
with an interaction upstream in the direction
the proton beam were used to reject events
originating fromep collisions;
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• the presence of at least three jets within
pseudorapidity range−1 < ηjet < 2.5 was re-
quired. The three highest-E jet

T jets in the event, or

dered according to decreasingE jet
T , were further

required to satisfyE jet(1,2,3)
T > 40,25,14 GeV;

• CC DIS events were rejected by requiring t
missing transverse momentum to be small co
pared to the total transverse energy,Etot

T , i.e.,

pCAL
T /

√
Etot
T < 2

√
GeV;

• NC DIS events with an identified scattered-posi
candidate [46] in the CAL were removed from t
sample using the method described in an ea
publication [47];

• 8.8 < δ < 52.2 GeV. The upper cut remove
unidentified NC DIS events and the lower c
rejected proton beam–gas interactions.

The selected sample contained 348 events.
The invariant mass of jetsk and l was determined

using the corrected jet transverse energies, as
plained in Section 6.1, and jet angular variables
cording to the formula

M jj =
{
2E jet,k

T E
jet,l
T

[
cosh

(
ηjet,k − ηjet,l)

− cos
(
ϕ jet,k − ϕ jet,l)]}1/2

.

The three-jet invariant mass,M3j, was reconstructe
using the formula

M3j =
{∑
k<l

2E jet,k
T E

jet,l
T

[
cosh

(
ηjet,k − ηjet,l)

− cos
(
ϕ jet,k − ϕ jet,l)]}1/2

,

where the sum runs overk, l = 1,2,3. The average
resolution inM jj was 8% forM jj > 50 GeV and the
distribution ofM jj for all pairs of jets in a sample o
MC signal events is shown in Fig. 3(a). The avera
resolution inM3j was 4% forM3j > 80 GeV and the
M3j distribution in a sample of MC signal events
shown in Fig. 3(b). Cuts onM jj andM3j were used
to search for a signal of single-top production in t
hadronic channel.
7.2. Comparison with Monte Carlo simulations

The properties of the selected events were stu
in detail and were compared with the MC predictio
of the SM processes. The MC distributions we
normalised to the number of events in the data w
M3j < 159 GeV, i.e., outside the region where t
signal for single-top production is expected. T
resulting normalisation factor was 1.11± 0.08, which
can be attributed to higher-order QCD corrections
the jet cross sections. The simulations of SM proce
provide a reasonable description of theE jet

T andηjet

data distributions (not shown). The distribution ofM jj

for all pairs of jets in an event and that ofM3j are
presented in Fig. 3(a) and (b), respectively. TheM3j

distribution shows a steep fall-off fromM3j ∼ 130 to
240 GeV. The SM simulations describe the obser
M jj andM3j distributions reasonably well.

7.3. Results of the search in the hadronic channel

The MC simulations of the signal and SM proces
were used to find optimal windows inM jj andM3j for
the observation of a signal relative to the backgrou
The resulting windows were 65.2<M jj < 90.8 GeV
and 159<M3j < 188 GeV.

The M jj closest toMW is denoted byM jj
W . The

distribution ofM jj
W is shown in Fig. 3(c); 261 even

in the data satisfied the condition 65.2 < M
jj
W <

90.8 GeV. TheM3j distribution after this cut is show
in Fig. 3(d). The simulation of SM processes rep
duces the distributions well. After the requireme
159<M3j < 188 GeV, 14 events remained. The d
tributions ofM jj

W andM3j in the data after this cu
are shown in Fig. 3(e) and (f), respectively, and
well reproduced by the simulation of SM process
After these cuts, the efficiency for detecting sing
top production in the hadronic channel was 24%. T
efficiency does not include the branching ratio of
top-quark decay in the hadronic channel. The obse
M3j distribution shows no significant excess atMtop.

8. Systematic uncertainties

The most important sources of systematic unc
tainty were:
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e

Fig. 3. (a)M jj (for all pairs of jets), (b)M3j and (c)M jj
W

distributions for the sample of events selected in the hadronic channel; (d)M3j

distribution for those events with 65.2 < M
jj
W
< 90.8 GeV; (e)M jj

W
distribution for those events with 159< M3j < 188 GeV; (f)M3j

distribution for those events with 65.2< M
jj
W < 90.8 GeV. The dashed lines in (c) and (e) represent the cut at 65.2 < M

jj
W < 90.8 GeV.

The distributions are for three-jet events withEjet1
T

> 40,Ejet2
T

> 25, Ejet3
T

> 14 GeV and−1< ηjet < 2.5. Other details are given in th
caption to Fig. 2.
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• leptonic channel
− the uncertainty of±1% on the absolute energ
scale of the CAL gave changes of+6.7

−1.6% in the
background and negligible changes in the sign
efficiency estimations;
− the use of the LEPTO-MEPS model instead
ARIADNE to estimate the NC DIS backgroun
gave a change of−0.8% in the background
estimation;
− the MC statistical uncertainty on the S
background estimation was±7.5%;

• hadronic channel
− the uncertainty of±1% on the absolute energ
scale of the jets [44] gave changes of+10.4

−1.7 % 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, togethe
efficiency times branching ratio of the signal and luminosity for each sample. The last four rows show the limits on the single-top pr
cross section via flavour-changing neutral current transitions and on theκtuγ coupling assumingMtop = 175 GeV

Leptonic channel Hadronic channel√
s = 300 GeV 318 GeV 300 GeV 318 Ge

Nobs 0 0 5 9

NSM 0.49+0.07
−0.07 1.40+0.17

−0.13 3.3+1.3
−0.4 14.3+1.2

−1.1
ε · Br (%) 6.9 7.1 16.6 16.5
Luminosity

(
pb−1)

47.9 82.2 45.0 82.2
σlim ×B(t →Wb) (pb) 0.906 0.514 0.998 0.426
κtuγ (per channel) 0.223 0.241
σlim (pb) (all channels) 0.225 at

√
s = 318 GeV

κtuγ (all channels) 0.174
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the background and+3.9
−4.9% in the signal-efficiency

estimations;
− the MC normalisation uncertainty on the S
background estimation was±7.4%.

All these uncertainties in the number of expec
background events were added in quadrature and
shown in Tables 1 and 2. The experimental uncert
ties were smaller than the theoretical uncertainties a
therefore, were not considered in the derivation of
limits for single-top production.

9. Limit on the FCNC couplings

As no event was selected in the leptonic chan
and no excess over the SM prediction was obser
in the hadronic channel (see Table 2), limits we
set on FCNC couplings of the typetqV . The contri-
bution of the charm quark, which has only a sm
density in the proton at highx, was ignored by set
ting κtcγ = vtcZ = 0. Only the anomalous coupling
involving au quark,κtuγ andvtuZ , were considered.

At HERA, most of the sensitivity to FCNC-induce
couplings involving the top quark comes from t
processep → etX in which aγ is exchanged sinc
the largeZ mass suppresses the contribution due
Z exchange. In a first step, limits onκtuγ were,
therefore, derived assumingvtuZ = 0 and using NLO
QCD calculations of the cross section for the proc
ep → etX (see Section 2). The results obtained fro
each channel and centre-of-mass energy together
those from the combined analysis presented below
summarised in Table 2. Limits from a combination
channels were obtained by using a method descr
in a previous publication [48]. In the derivation
the limits, the decrease in the branching ratioB(t →
Wb) in the presence of FCNC decays was tak
into account. In comparison to the dependence of
result on the assumed value ofMtop, the effects of all
other uncertainties are very small. Therefore, lim
were evaluated forMtop = 170, 175 and 180 GeV
neglecting the other uncertainties.

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

κtuγ < 0.174 at 95% C.L.,

was derived assumingMtop = 175 GeV. The limit was
κtuγ < 0.158 (0.210) for Mtop = 170(180) GeV. The
above coupling limit corresponds to a limit on t
cross section for single-top production of

σ
(
ep→ etX,

√
s = 318 GeV

)
< 0.225 pb at 95% C.L.

In a second step, the effects of a non-zerovtuZ
coupling were taken into account. The derivation
the exclusion region in theκtuγ –vtuZ plane was made
using LO calculations for the processep → etX ob-
tained with the program CompHEP [49], since NL
corrections to the contribution fromZ exchange are
not available. Limits in theκtuγ–vtuZ plane were de
rived by using a two-dimensional probability dens
evaluated assuming a Bayesian prior probability d
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Fig. 4. Exclusion regions at 95% C.L. in theκtuγ –vtuZ plane
for three values ofMtop (170, 175 and 180 GeV) assum
ing κtcγ = vtcZ = 0. The CDF and L3 exclusion limits fo
Mtop = 175 GeV are also shown.

tribution flat inκtuγ andvtuZ :

ρ(κtuγ , vtuZ|D)

=
∏
i Li(N

i
obs|κtuγ , vtuZ)∫ ∞

0 dκtuγ
∫ ∞

0 dvtuZ
∏
i Li(N

i
obs|κtuγ , vtuZ)

,

whereρ(κtuγ , vtuZ|D) is the probability density fo
the FCNC couplings given the set of observed d
D andLi(Ni

obs|κtuγ , vtuZ) are the partial likelihoods
for each channel and centre-of-mass energy ev
ated as the Poissonian probabilities to observeNi

obs
events given the expectations of the SM backgro
processes and the signals for single-top product
The 95% C.L. limit was found as the set of poin
ρ(κtuγ , vtuZ|D)= ρ0 such that∫ ∫

ρ(κtuγ ,vtuZ |D)>ρ0

dκtuγ dvtuZ ρ(κtuγ , vtuZ|D)
= 0.95.

Fig. 4 shows the exclusion region on theκtuγ –
vtuZ plane obtained from this search, together w
those from CDF [4,50] and L3 [6], which is the mo
stringent limit from LEP2 [5]. It should also be note
that the Lagrangian used in the LEP analyses
6,50] differs from that in Eq. (1) by a consta
multiplicative factor such thatκLEP
tqγ = √

2κZEUS
tqγ and

vLEP
tqZ = √

2vZEUS
tqZ . In Fig. 4, the limits from CDF

and L3 are plotted using the Lagrangian conven
of Eq. (1). The measurements at the Tevatron
LEP have similar sensitivities to thetuV and tcV
couplings, and their limits were obtained with t
assumptionsκtuγ = κtcZ andvtuγ = vtcZ . In Fig. 4,
the published CDF and L3 limits are rescaled by

√
2

for the purposes of comparison to the present res
onκtuγ andvtuZ which are obtained assumingκtcγ =
vtcZ = 0. The limit-setting procedure was repea
assumingMtop = 170 and 180 GeV; the resultin
exclusion regions are also shown in Fig. 4.

10. Summary

Single-top production via flavour-changing ne
tral current transitions has been searched for w
the ZEUS detector at HERA in positron–proton a
electron–proton collisions at centre-of-mass ener
of 300 and 318 GeV using an integrated luminos
of 130.1 pb−1. No deviation from the Standard Mod
prediction was found. The results were used to c
strain single-top productionep → etX via the FCNC
process. An upper limit on the FCNC couplingκtuγ of
0.174 at 95% C.L. was obtained. This limit exclude
substantial region inκtuγ not constrained by previou
experiments.
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