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Abstract

A search for single top quark production is performeckirp collisions at HERA. The
search exploits data corresponding to an integrated Iwsitinof 118.3 pb'. A model for
the anomalous production of top quarks in a flavour changagral current process in-
volving atu~y coupling is investigated. Decays of top quarks intocuark and &/ boson
are considered in the leptonic and the hadronic decay cleaohtnell. Both a cut—based
analysis and a multivariate likelihood analysis are pented to discriminate anomalous
top quark production from Standard Model background preegsin the leptonic channel,
5 events are found while 1.3t 0.22 events are expected from the Standard Model back-
ground. In the hadronic channel, no excess above the exipectar Standard Model pro-
cesses is found. These observations lead to a cross se¢tipn- e tX) = 0.29 7013 pb
at/s = 319 GeV. Alternatively, assuming that the observed events arealaestatistical
fluctuation, upper limits of 0.55 pb on the anomalous top potidn cross section and of
0.27 on thetuy coupling s, are established at the 95% confidence level.
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1 Introduction

In ep collisions at the HERA collider, the production of singl@tguarks is kinematically pos-
sible due to the large centre—of-mass energy, which is well@the top production threshold.
In the Standard Model, the dominant process for single todymtion at HERA is the charged
current reactior™p — vtbX (e"p — vtbX). This process has a tiny cross section of less than
1 fb [11,[2] and thus Standard Model top production is neglegiblowever, in several extensions
of the Standard Model, the top quark is predicted to undem@filr changing neutral current
(FCNC) interactions, which could lead to a sizeable top potidn cross section. FCNC inter-
actions are present in models which contain an extendedstéigctor([B], Supersymmetriyi [4],
dynamical breaking of the electroweak symmeiiy [5] or antamtthl symmetry([6]. An obser-
vation of top quarks at HERA would thus be a clear indicatibphysics beyond the Standard
Model.

The H1 Collaboration has reported [/, 8] the observatiorvehes with energetic isolated
electrons and muons together with missing transverse mimein the positron—proton data
collected between 1994 and 2000. The dominant Standard IModece is the production of
realW bosons. However, some of these events have a hadronic fabgth large transverse
momentum, which is atypical d#" production. These outstanding events may indicate a pro-
duction mechanism involving processes beyond the Staridad#l. One such mechanism is
the production of top quarks which predominantly decay atoquark and d1 boson. The
lepton and the missing transverse momentum would then loeiagsd with a leptonic decay
of the W boson (V' — (v), while the observed higkr hadronic final state would be produced
by the fragmentation of thiequark.

In this paper we present a search for anomalous single t@uption using the H1 detector.
The analysis uses the data collected between 1994 and 20@3ponding to an integrated
luminosity of 118.3 pb~!. The search covers the leptonic decay chaniél-{ /v) and the
hadronic decay channeli{ — ¢¢’) of the W boson that emerges from the top quark decay.
Both a cut—based analysis and a multivariate likelihoodysisare performed to select top
guark candidates. Another search for single top produeti¢tERA was recently published by
the ZEUS Collaboratiori [9].

2 Phenomenology of FCNC Top Production

A FCNC vertex involving the direct coupling of the top quadka light quark ¢ or ¢) and a
gauge boson would lead to single top production, as illtestran figure[dl. The most general
effective Lagrangian, proposed [n[10], which describe8lEGop quark interactions involving
electroweak bosons is:

cey — v
ﬁff?NC = Z —— Ky to,, AU

2 cos th [%(UWZ — awz ") UZ" + ﬁﬁtUZU;wZ‘u Ul +hec, Q)
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whereo,, = (i/2) [v*,7"], Ow is the Weinberg angle, andg are the couplings to the gauge
groups withU(1) and SU(2) symmetries, respectively,; is the electric charge of up-type
quarks,A* and Z* are the fields of the photon and tlleboson and\ is the scale up to which
the effective theory is assumed to be valid. The tendéfYsandZ** are the field strength tensors
of the photon and’ boson fields. By conventiof is set equal to the top mass in the following.
Because gauge invariance is required, only magnetic agsrallow FCNC couplings of the top
quark to a photon and an up—type quérk= u, c, denoted by, while the non—vanishing
mass allows both the magnetic couplifig ; and the vector and axial vector couplings t& a
boson and an up-type quark, denoted)py, anda; .

In ep-collisions, due to the larg€ mass, the contribution of th& boson and the — Z
interference are highly suppressed. Single top produdsioinus dominated by the-channel
exchange of a photon. Therefofe-exchange is neglected in this analysis and onlythe
couplings are considered.

In the Standard Model FCNC processes can only arise via haker corrections and are
strongly suppressed. The possibility of anomalous singeproduction at HERA was first
investigated in[[6], where a model was built in whigh, o m?] and therefore only thécy
coupling was relevant. In order to cover a large range of ipessinderlying theories, the
model described by11) allows both couplings, andx.,, to be present and independent of
each other. The sensitivity of HERA is much larger to the ¢ogpr,,,, than tos,., since the
u—quark density in the proton is much larger than thquark density at the high Bjorken
values needed to produce top quarks. In the analysis pezsenthis paper only the coupling
Ky 10 theu—quark is considered.

Compared with the production of top quarks in-au fusion process, the corresponding
charge conjugate anti—top quark production in-a; fusion process involving sea quarks is
suppressed by a factor ef80. It is not considered in this analysis.

The simulation of the anomalous single top signal reliesrorwent generator (ANOTOP),
which uses the leading order (LO) matrix elements of the detap+q — e+t — e+b+W —
e+b+ f+ f' process as obtained from the CompHEE [11] program. The BASEFSING [12]
package is used to perform the numerical integration of thplisludes and to generate events
according to the resulting differential cross section. paeton shower approach J13], which
relies on the leading logarithmic DGLAP_|14] evolution etjaas, is used to simulate QCD
corrections in the initial and final states. The MRST LO parttensities are used for the
proton [15]. The parton densities are evaluated at the togsreeale. The nominal top mass
is set to 175 GeV. A variation of the top mass % GeV (—5 GeV) induces a cross section
variation of —20% (+25%). The cross section calculation for anomalous single toplyction
has recently been improved by including next—to—leadimtpo(NLO) QCD corrections [16].
The uncertainty related to the choice of the renormaligsadiod factorisation scales is reduced
to about 5%. These NLO QCD corrections increase the cros®sdry aboutl7% and are
taken into account as an overall correction factor to the hlowation for the results derived in
this analysis.



3 Standard Model Background Processes

Signatures of single top production are searched for ingp®hic and hadronic decay channels
of the W boson that emerges from the top quark decay. The relevahtstai@ topology for
the leptonic channel is an isolated lepton with high trarszenomentum, at least one jet and
missing transverse momentum. For the hadronic channekigimature is three or more jets
with high transverse momenta. The Standard Model procéisaeproduce events with similar
topologies and thus constitute the background for the ptes®lysis are outlined below. Due
to its small cross section, Standard Model top productigmtonsidered in this analysis.

The Standard Model processes that produce background leptiimaic channel were inves-
tigated in detail in the context of the isolated electron angn analyses published by the H1
Collaboration in{[8] and are only briefly described here. Tieen contribution is the produc-
tion of W bosons with subsequent leptonic decay ofltieThe production of the electroweak
vector boson$?* is modelled using the EPVEC [17] generator. The NLO QCD atines
to W production [18] are taken into account by weighting the évexs a function of the ra-
pidity and transverse momentum of thé boson [[19]. Other processes can contribute to the
investigated final state through misidentification of pimst@r hadrons as leptons or through
fake missing transverse momentum due to measurement fiactsiaProcesses with a genuine
lepton but possible fake missing transverse momentum pterigair production and neutral
current (NC) deep inelastic scattering. The contributromflepton pair production, dominated
by two—photon processes where one of the two produced Igjdarot detected, is calculated
with the GRAPE [[20] generator. The background contribufimm NC deep inelastic scat-
tering is estimated using the RAPGAP [21] generator. Ingbdrcurrent (CC) deep inelastic
scattering, the missing transverse momentum is genuine, tedron or a photon from the final
state may be falsely identified as a lepton. This backgroonttibution is calculated using the
DJANGO [22] program.

For the hadronic channel the production of multi—jet evanghotoproduction and NC deep
inelastic scattering are the most important Standard Mbdekgrounds. The RAPGAIP_[21]
generator is used to model multi—jet production in NC deeaistic scattering for virtualities
of the exchanged photap? > 4 Ge\? . Multi—jet events with photon virtualitie@? < 4 GeV?
are generated with the PYTHIA Monte Carlo programl [23]. Bgémerators rely on first order
QCD matrix elements and use leading—log parton showersteng fagmentation[13]. Both
light and heavy quark flavours are generated. The GRV LO (&RMO) parton densitie$ [24]
in the proton (photon) are used. The productionfofbosons and their hadronic decay are
simulated using the EPVEC generator. This contributioredigible in the present analysis.

All generated events are passed through the full GEANT [2d simulation of the H1
apparatus and are reconstructed using the same programashiair the data.

4 Experimental Conditions

The analysis is based efip collisions recorded by the H1 experiment between 1994 a00.20
At HERA electrons or positrons with an energy of 27.6 GeV collide with protons at an
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energy of 920 GeV, giving a centre—of-mass energy of= 319 GeV. Up to 1997 the proton
energy was 820 GeV, giving's = 301 GeV. The data correspond to an integrated luminosity
of 37.0 pb'! in e*p scattering at/s = 301 GeV (L3, = 37.0 pb!), together with 13.6 pb!

in e~p scattering and 67.7 pb in eTp scattering at/s = 319 GeV (L319 = 81.3 pb?).

A detailed description of the H1 detector can be found_in [26hly those components
essential for this analysis are briefly described here. Tdtg handed Cartesian coordinate
system used in the following has its origin at the nominatnaniy ep interaction vertex. The
proton direction defines theaxis. The polar anglé, and transverse momenta;, are defined
with respect to this axis. The regigh < 90° is referred to as the “forward” region. The
pseudorapidity is defined as= —In(tan$).

The inner tracking system contains the cent?al (< ¢ < 155°) and forward {° < 0 <
25°) drift chambers. It is used to measure the trajectories afgdd particles and to determine
the position of the interaction vertex. Particle transgarsomenta are determined from the
curvature of the trajectories in a solenoidal magnetic féltl. 15 Tesla.

Hadronic final state particles as well as electrons and pisoéme absorbed in the highly
segmented liquid argon calorimeter [27F° (< 6 < 154°), which is 5 to 8 hadronic in-
teraction lengths deep depending on the polar angle. luded an electromagnetic section
which is 20 to 30 radiation lengths deep. Electromagnetioven energies are measured with
a precision ofo(E)/E = 12%/+/E/GeV & 1%, hadronic shower energies with E) /E =
50%/+/E/GeV & 2%, as determined in test beam measurements [28]. In the batkea
gion (153° < # < 178°), the liquid argon calorimeter was complemented by a lecidti$ator
backward electromagnetic calorimeter (BEMC) before 1998 lay a lead—scintillating fibre
spaghetti calorimeter (SPACAL) [29] since 1995.

The calorimeter is contained within a superconducting @od an iron return yoke, instru-
mented with streamer tubes, which is used as a muon detewtarowers the rangé® < 6 <
171°. Tracks of penetrating particles, such as muons, are recoted from their hit pattern in
the streamer tubes and are detected with an efficiency oke@@¥. The instrumented iron also
serves as a backing calorimeter to measure the energiesl@fsathat are not fully absorbed
in the liquid argon calorimeter.

In the forward direction, muons are also detected in the &odwnuon system, a set of drift
chambers covering the range < 6 < 17°. This detector measures the muon track momenta
from their curvature in a magnetic field provided by a torbidan magnet.

The trigger conditions for interactions leading to highmaerse energy in the final state, as
expected for top quark production, are mainly based ondigugjon calorimeter signals. Events
in the leptonic channel are triggered by their calorimatnissing transverse momentum. The
trigger efficiency is 50% (85%) for events with a missing sxarse momentum above 12 GeV
(25 GeV). Events containing an electron with an energy otasti 10 GeV are triggered via
the energy deposition in the electromagnetic calorimeiér an efficiency larger than 95%.
Events with muons may also be triggered by a set of triggessedan signals consistent with a
minimum ionising particle in the muon system in coincidength tracks in the inner tracking
system. In the hadronic channel, the triggering of eventis three or more higl#; jets is based
on the scalar sum of the transverse energy deposited ingihie lrgon calorimeter. For events
containing three jets with transverse momenta above 25 B&&eV and 15 GeV respectively,
the trigger efficiency is close to 100%.



5 Search for Single Top Production in the Leptonic Channel

The decay cascade— bW — blv yields events with a lepton, missing momentum and a jet.
The search for top quarks starts with the selection of evammgaining a highPr lepton and
missing transverse momentum. In these events kinematosatiction of potential top quark
decays is performed yielding a preselected data samplehvgleives as the basis for the final
selection of top quark candidates. To discriminate singpeproduction from Standard Model
background processes, observables characteristic ofuaik glecays are used in a cut—based
top selection and later in a multivariate likelihood anays

5.1 Events with isolated leptons and missing transverse magntum

The search for top quark decays in the leptonic channel istcbas the selection of events with
high Pr leptons and missing transverse momentum described in [@ijth&r details on this
analysis can be found in |30, 131]. The selection yields a samijcandidates for leptonid’
boson decays. The following variables are used to charsettte events.

e P!: the transverse momentum of the lepton. Electron tranevamsmenta are calculated
using calorimetric information together with vertex infoaition from the trackers. Muon
transverse momenta are measured from the curvature of tingethtrack detected in the
central tracker or in the forward muon detector.

e 0': the polar angle of the lepton.

e Charge of the lepton: The charge is measured from the trasdceged with the lepton.
It is considered to be determined if the signed curvatureetrack is different from zero
with a measurement accuracy of better than two standarétitmvs. For less accurate
measurements the lepton charge is labelled as “undefined”.

e P7s5: the total missing transverse momentum reconstructed &babserved final state
particles.

e P2X: the transverse momentum of the hadronic final state. Theohaxfinal state, de-
noted byX, is reconstructed by combining energy deposits in the rakier and charged
tracks as described in]B32]. It does not include the energgsieed by any identified lep-
tons in the event.

The main selection criteria are the requirement that therarbelectron or muon with high
transverse momentui. > 10 GeV in the polar angle rangeé < #° < 140° and large missing
transverse momentui;s* > 12 GeV as a signature of the undetected neutrino fromithe
decay. The lepton is required to be isolated from neighingutiacks or jets. The distance
Dy, In pseudorapidity-azimuthyf¢) space of the closest track from the lepton is required
to be> 0.5 and that of the nearest jeb);.;, to be> 1.0. In the muon channel, an additional
cut on the transverse momentum of the hadronic final stgte;> 12 GeV, is applied. Further



selection criteria are applied to suppress processes Wdpoms are faked or missing transverse
momentum is induced by measurement fluctuations, as desdussletail in[8].

In the full e*p data sample]9 events[[8] are selected, compared with a Standard Model
prediction of14.5 + 2.0, where the latter is dominated BY production (0.7 £+ 1.8). One of
the 19 events was observed é1p collisions.

5.2 Kinematic reconstruction of the top quark decay

In order to calculate the kinematics of a top quark decayliahie reconstruction of both the
quark and the neutrino from tH& decay is necessary.

Reconstruction of theb quark

In most cases thiequark manifests itself as a single high jet in the detector. However, gluon
radiation from the quark can lead to final states with more than one jet. Thezdfab quark
momentum is reconstructed as the sum of the momenta of alffgahd in the event. Jets are
identified using an inclusivér algorithm [33] with a minimum jet transverse momentum of
4 GeV. The sum of all jets gives a better approximation toitlhegark momentum than the full
hadronic final staté, since it is less sensitive to particles originating frora ginoton remnant.

Reconstruction of the neutrino

The transverse momentum vector of the neutrino correspionitie vector of the total missing
transverse momentuni?x = Prss. Concerning the longitudinal momentum of the neutrino,
two cases are treated separately.

e Tagged eventsthe scattered beam electron is detected in one of the catars This is
expected to be the case for 30% of single top events. In tieretechannel the scattered
beam electron is assumed to be the one with the lower trasesveomentum, which
according to the simulation is the correct choice in 95% pfdégents. From energy and
longitudinal momentum balance we obtain

(E— P.) =2E, — (E — P,)'""" _(E - P,)* . 2)

e Untagged events:the scattered beam electron is lost in the beam pipe andfahelies
longitudinal momentum is unknown. In this case a constrigiapplied on the invariant
mass of the lepton and the neutrino from fiedecay:

My, =[P} + P2+ 2P,P, ~ /2P, = My = 8042GeV 3,  (3)

where P, and P, denote the four—vectors of the lepton and the neutrino,ecsely.
The constraint on th&” mass generally yields two possible solutions far— P,)". If
two solutions for the neutrino kinematics exist, one soluttorresponds to a backward
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neutrino withd, < 6,,, wheref, is the neutrino polar angle, while the other solution cor-
responds to a forward neutrino wifhh > 6,,. The solution which is most likely according
to the model for anomalous top production is chosen. It iswbthat in top quark de-
cays where the charged lepton is observed at small polaesufigl< 18°) the backward
neutrino solution is favoured, while for large lepton padagles ¢, > 40°) the forward
neutrino solution is favoured |35]. In the intermediateioegof the polar angle neither
solution is favoured. Therefore, faR° < 0, < 40°, the solution is selected that yields
an invariant mas3d/,,, of the system consisting of the lepton, neutrino argandidate
closest to the nominal top massief = 175 GeV.

This neutrino reconstruction method is discussed in datdB5]. It has a reconstruction
efficiency of 99% (95%) for simulated top events in the el@ttfmuon) channel. The widths
from Gaussian fits of the top reconstructed maks, distributions obtained for simulated top
decays aré3 (18) GeV for the electron (muon) channel.

The kinematics of alll9 isolated lepton events allow the reconstruction of a neatsc-
cording to the above procedure. In figlite 2 the invariant ndgs of these events is plotted
against the lepton—neutrino transverse mass, defined as:

ML = \J(Ph+ PR)? — (Ph+ Py,

where P4 and P are the transverse momentum vectors of the lepton and thenerespec-
tively. For each event the measured lepton charge is alscaitedi. Several events are situated
at large masses/,,,, close to the top mass and have transverse maggesompatible with
there being & boson in the event.

5.3 Selection of top quark decays in the leptonic channel

Top preselection

In addition to the kinematic reconstruction of the top qudecay, the lepton charge is also
exploited. The decay chain— bW ' — bl v, produces only positively charged leptons. The
production of anti—top quarks, which would yield negatweharged leptons, is strongly sup-
pressed, as mentioned in secfidn 2. To reduce the contibfitm processes other than FCNC
top quark production, negatively charged leptons are thexeejected. The “top preselection”
thus consists of the following three steps:

¢ selection of isolated lepton events with missing transyetementum;
e neutrino reconstruction;
e rejection of leptons with negative charge.
The preselected top sample contairedectron events angimuon events compared with an
expectation from Standard Model processe8.of + 1.06 and1.88 4+ 0.32, respectively. For
10



negative lepton chargesevents are found whil@48+0.53 are expected from Standard Model
sources. The event yields, Standard Model predictions eledtson efficiencies after each step
of the top preselection are summarised in téble 1.

Candidates for single top event production are searchenh filve preselected top sample.
Both the cut—based top selection described below and thevamidte likelihood analysis de-
scribed in sectiofl 7 exploit kinematic observables thathezacteristic for top quark decays.

Observables for top quark decays in the leptonic channel

The following three observables are chosen to discrimisiatge top production from Standard
Model W production and other Standard Model processes.

1. Pb: the transverse momentum of theandidate.

2. M, the invariant mass of the system consisting of the lepteatrmo and candidate,
which corresponds to the top quark candidate mass.

3. 0,5, : thelV decay angle — defined as the angle between the charged leptoamtum in
the rest frame of th&’ boson and thé&l” direction in the rest frame of the top quark.

Distributions of the observableg? , M,,, andcos@,;, are shown in figur€l3 for the top
preselection. Also shown are the signal distributions wiudated top events with an arbitrary
normalisation. An excess of events at the highest valué¥ @ visible in both the electron and
the muon channels. The mas3ddg,, for some of the electron and muon events are compatible
with the top quark mass.

Cut—based top selection in the leptonic channel

Starting from the top preselected sample, the cuts that sed to select top candidates are
P% > 30 GeV andM,,;, > 140 GeV. In this cut-based selection, no restriction is impased
cos 0y, , since it does not yield an efficient separation of singleqoark from Standard Model
W production, while the contribution from other Standard Mbplrocesses is already reduced
to a negligible level by thé>%. and M, cuts.

In this cut—based analysi8,electron events an2l muon events are selected as top quark
candidates in the full*p data sample. Some properties of these events are presemadid2.
The background expectation from Standard Model proces$e&5i+ 0.10 events for the elec-
tron channel and.66 4= 0.12 for the muon channel, as summarised in téble 1. The efficifarcy
simulated top events &% (38%) for the electron (muon) channel, taking into account the to
decays where thB” boson decays vitl’ — 7 — e(u). Combining both channels, there &re
top quark candidates in the data for an expectation3if + 0.22 from background processes.

The systematic uncertainties on the Standard Model predithat are relevant for the lep-
tonic channel are described Id [8]. They are dominated bytioertainty ofl5% on the NLO
cross section calculation for Standard Modélproduction[[18].
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6 Search for Single Top Production in the Hadronic Channel

A search for single top production is also performed in the@rbiaic channel. The decay cas-
cadet — bW — bqq' yields events with at least three jets with high transversenenta. The
main Standard Model background is the QCD production of Hghets in photoproduction
and neutral current deep inelastic scattering. First, h bigtistics sample of multi—jet events
is compared with simulations of Standard Model multi—jeddarction to check that the back-
ground is well understood. The search for top quarks is tlegfopned in a multi—jet sample
restricted to large transverse momenta (“top preselegtidiurther details of the analysis can
be found in[[35].

6.1 Multi-jet events

Since only LO Monte Carlo simulations with leading—log parshowers are used to model
QCD multi—jet production, these simulations may give onbpr@ximate descriptions of the
shape and normalisation of kinematic distributions. Tfoees as a first step, the agreement in
shape of the data and the simulations is studied using ratlévents. The LO background
simulations are normalized to the observed number of evertite data, to also account for the
higher order QCD effects.

Jets are reconstructed using the inclusiyealgorithm based on calorimetric energy de-
posits combined with well measured tracks. To ensure dbtelimeasurement, only jets in the
pseudorapidity range 0.5 < n’¢* < 2.5 and with transverse momenfé];et > 4 GeV are con-
sidered. In order to remove electrons which are misidedtédgjets, each jet is required to have
either an electromagnetic energy fraction of less than 90&qet size larger than 0.1, where the
jet size is defined to be the energy weighted average distarthe n—¢ plane of the particles
composing the jet from the jet axis.

Events with at least three jets with*"' > 25 GeV, P > 20 GeV andP)™" > 15 GeV
are used to study the agreement between the data and thasomsl The multi—jet data sample
contains 1472 events. In figuré 4, distributions of varioiekatic quantities are shown for
these events and compared with the Standard Model preasciiod a simulation of single top
production. The transverse momenta of the three highggets, the total hadronic transverse
energy E), the di—jet invariant mass closest to fiemass M;;’.e?mb) and the invariant mass
of all jets (A;..s) show good agreement with the Standard Model simulatiosbape.

The appropriate overall normalisation factors for the PYAldnd RAPGAP simulations
are determined using two complementary subsamples of theqatievents. One subsam-
ple contains events where no electron is identified (@Wwsample), where the prediction is
dominated by the PYTHIA simulation. The other subsampldgaos events with an identified
electron (highQ? sample), in which case the prediction is dominated by the ®AP simu-
lation. A normalisation factor of 1.29 is applied to the evgield predicted by PYTHIA for
Q? < 4 GeV? and a factor of 1.40 is applied to RAPGAP fof > 4 Ge\-.

12



6.2 Selection of top quark decays in the hadronic channel

Top preselection

The search for top quarks in the hadronic channel is perfdrimex sample which is further
restricted to the high transverse momentum region defind&/By > 40 GeV, P, > 30 GeV
andP%et?’ > 15 GeV. Since top quarks typically deposit a large amount afdvarse energy in
the detector, a cut on the total hadronic transverse enérg§fo> 110 GeV is also applied. In
addition, one of the jet pairings must yield an invariant stastweers5 GeV andd5 GeV, cor-
responding to a window around the nomimElmass with a width of twice the mass resolution
obtained for hadroni¢l decays. These selection criteria are referred to as theregelec-
tion in the following. In the dat82 events are selected. After application of the normalisatio
factors, the expectation for Standard Model processg.4s+ 16.6. The good agreement be-
tween the data and the prediction in the top preselectianates that the normalisation factors
obtained for the multi—jet sample are also valid at highsvanse momenta.

Observables for top quark decays in the hadronic channel

The observables used for the discrimination of the top s$ifyoen the QCD background are
chosen in analogy to the leptonic channel (sedfioh 5.3).j@emong the three higheB} jets
that is not used to form thB” mass is assigned to tlbequark (‘b candidate”). A study using
simulated top events shows that this hypothesis corredtiytifies theéh quark jet in 70% of the
events. The three characteristic observables used are:

1. Pb: the transverse momentum of theandidate;

2. M;.s: the mass of the top quark — reconstructed as the invariass wigall jets in the
event. The width of a Gaussian fit to the mass distributiomiolet] for simulated top
decays isl4 GeV,

3. QV?, : the W decay angle — defined as the angle in Wierest frame between the lower
Pr jet of the two jets associated to thé decay and thél” direction in the top quark rest
frame. The helicity structure of the decay implies that tivedr P jet corresponds to the
g from thel decay in most of the top events.

Distributions of these three observables are shown in figiufar the top preselection and are
compared with the Standard Model processes and with thdai@dutop signal. Good agree-
ment between the data and the Standard Model simulatiorersfer all three distributions.

No sign of an excess compatible with single top productionsible.

Cut—based top selection in the hadronic channel

In the hadronic channel harsher cuts need to be applied thae ieptonic channel to enhance
the top signal. To select top quark candidates followingtte preselection, the transverse
momentum of thé candidate has to fulfilP%. > 40 GeV and the invariant mass of all jets has
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to be reconstructed in a window around the top mass givetbby< M., < 210 GeV. In
addition,cos 6,], > —0.75 is required. For this selection the efficiency estimatedsimulated
top events i80%. The number of candidate events selectetBiscompared with20.2 + 3.6
events expected from Standard Model processes. In figure Betlonstructed mas¥,.;, of
the selected top quark candidates is shown. The observaddants can be accounted for by
Standard Model processes.

The main experimental systematic uncertainties on theatgd@umber of events for the top
selection are due to the uncertainty in the absolute hacleyr@rgy calibration of the calorimeter
(£4%) and the measurement of the polar angles of the jef) (mrad), leading to a total
experimental uncertainty afl%. Systematic effects due to the uncertainty in the lumigosit
measurement and the trigger inefficiencies are negligiblee normalisation of the Standard
Model simulation is taken from the data and its uncertairfty @6 thus corresponds to the
statistical uncertainty on the observed number of datatevém additional uncertainty of 10%
accounts for differences between the shapes of the kinemligtributions in the data and the
simulations. All uncertainties presented above are addepiadrature. The total systematic
uncertainty on the expected number of events in the hadob@onel amounts to’8%.

7 Multivariate Likelihood Analysis

In addition to the cut—based top quark selections preseantsdctiond 513 and 8.2, a multi-
variate analysis is performed as an alternative approatttetsearch for single top production.
The observables used to discriminate the top signal fronsthedard Model background are
combined to form a single discriminator based on the reddikelihood approach as defined
in [36].

In this framework a set of observable$” = {V;} with the corresponding densitig§?"*
and p?**sround - calculated from Monte Carlo samples for the signal and tpamind respec-
tively, are used for each event to calculate a discriminator

signal
D(V) "

- ’Psignal + ’Pbackground’ Wherep - C(V) sz ’

HereC(V') denotes Gaussian correction factors used to correct foelations between the
variablesV; as explained in detail in [36]. The discriminatB(}’) is an approximation to the
likelihood that an event is part of the signal rather thant@ekground.

The variables used in this analysis &fe= { P%, My,;, cos 6y, } for the electron and muon
channels and’ = {P%, Mjets, cos 9;{}} for the hadronic channel. The distributions of the dis-
criminator variables for the signal and background proegs&cording to the simulations and
the distributions of the data events are shown in figlire 6Herelectron, muon and hadronic
channels. By definition, the top signal populates the reglose toD = 1, while the Standard
Model background populates the region closée= 0. In both the electron and the muon
channels, there are two populations in the data: one classesfts that are more Standard
Model-like and another class of events that are more top—Tlike five top candidates selected
in the cut-based analysis in sectionl 5.3 correspond to teetewith the highest likelihood
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D > 0.7. In the hadronic channel the distributions for the data ts/and for the QCD expecta-
tion are in good agreement. All candidates selected by thédased analysis in sectibnlb.2 are
situated aD > 0.35, but there is no evidence for any enhancement over the QCEKybamd

in this region. A comparison between the likelihood dise¢nator analysis and the results of the
cut-based analyses (sectignd 5.3[@nH 6.2) for each charprelsented in tablé 3 by applying a
cut on the discriminator which yields the same signal efficieas the cut—based selection.

The probabilities for the Standard Model to fluctuate todismator distributions at least as
unlikely as those observed in the data are evaluated usingeMoarlo experiments, following
the approach proposed in|37]. They are 0.3% for the combéhactron and muon channels,
40.1% for the hadronic channel and 2.6% for the combinati@il channels.

The discriminator distributions are used to quantify thegiole top signal contribution in
the data using a maximum-likelihood fit. A likelihood furasti. is introduced as the product of
Poisson probabilities of observimg data events in each binof the discriminator distribution:

Mbin ,LLZ’C
_ —pe Tk
L k]:[l el (4)

whereu, = By + S is the sum of the signal contributio$), and expected backgrourns,
in bin k. The total top signal normalisatioss, = ), S, is fitted as a free parameter, while
the normalisation of the background is fixed to the Standaodiél prediction. The value of
S which best matches the data can be obtained by maximisintk&i#gnood functionZ, or
correspondingly by minimising the negative log—likelilwofunction —2 InL. By using the
factor2, the log-likelihood function corresponds tg¢afunction in the Gaussian limit.

The log-likelihood functions after subtraction of the minim values are shown in figure 7
as functions of the single top cross section for the combetecdtron and muon channels, the
hadronic channel and the combination of all channels. Tingarsion of the fitted signal nor-
malisationS to a single top cross section gk = 319 GeV is done for each channel by folding
in the corresponding efficieney,,, the top and?” branching ratio produds;_.,y - By and
taking into account the integrated luminositi®g, andLs;:

S 1
7(Vs =319 GeV) €top * Biww - Bw sy 0.70 - L3g + Lsig ©)
Here, the factof.70 is the ratio of the cross sections@t = 301 GeV and319 GeV [1€]. The
branching ratio for — bIV is assumed to b8;_;;y = 100%, in accordance with [38]. The
combination of the different channels is performed by adgdire log-likelihood functions of
the single channels. In order to propagate the systematiertainties related to the measure-
ment through the signal fitting procedure, each observdfdetad by a systematic uncertainty
is smeared according to a Gaussian distribution with a wedtihesponding to the size of the
uncertainty. The full analysis is then repeated for a largeloer of values of each smeared
observable. The r.m.s of the resulting distribution of tshitf the fitted cross section is taken as
the corresponding systematic uncertainty. The uncersioin the cross sections are added in
quadrature for each error source. In order to include thaesertainties in the log—likelihood
function, the function is approximated by a half—parabelaach side of the minimum (Gaus-
sian approximation) and the width of the parabola is inadascording to the total systematic
uncertainty. As can be seen in figlife 7, the impact of the syatie uncertainties is most impor-
tant for the hadronic channel, while it is negligible comgzhwith the statistical uncertainties
in the leptonic channels.
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8 Cross Sections and Limits

The log-likelihood function for the combination of the @len and muon channels in figurke 7
yields a single top cross section®f 1029 pb at,/s = 319 GeV. This cross section is different
from zero by more than two standard deviations and refleetstervation of the five top quark
candidate events presented in sedfion 5. For the hadroaimehthe log—likelihood function in
figurelT yields a single top cross sectiorddf4 2% pb at,/s = 319 GeV. This cross section is
consistent with no top signal, in accordance with the resafithe cut—based analysis reported
in sectior 6.R. Taking into account the statistical andesysitic uncertainties, the results from
the hadronic channel and the combined electron and muomelsare compatible at tHel o
level. The combination of all three channels yields a singtecross section df.29") 1% pb at
Vs = 319 GeV. The addition of a contribution from anomalous single pooduction to the
Standard Model background provides a good descriptioneofitta. As discussed in sect[dn 2,
the cross section for anomalous top production at HERA isamately proportional to the
anomalous magnetic coupling squaret:p — e+t + X) « 7. The value obtained fot;,,
is0.207002.

In view of the small number of top candidates an upper limitlmnsingle top production
cross section is calculated. It can be directly obtainethftbe log—likelihood functions pre-
sented in figur€l7. A one—sided exclusion limit at the 95% clanfte level corresponds to an
increase of 2.69 units ir2AInL. The resulting upper bound on the single top cross section at
Vs = 319 GeV for the combination of all analysed channels is

o(ep — e+ 1+ X, /5 =319 GeV) < 0.55 pb (95% CL).

The bound on the top cross section is translated into an uppiron the anomalousu-y
coupling of:
|Ktuny| < 0.27 (95% CL).

The limits obtained separately for the combined electrahmanon channels and for the hadronic
channel only are given in tablé 4. As a cross check, othesstal methods have also been
used to derive the exclusion limits, for example a Bayes@r@ach with a flat prior [34] or
likelihood—based approachés[37] 39]. The results arestens within15%.

The present limit ons,,, is consistent with the result obtained by the ZEUS collabora
tion [9] in the framework of the NLO QCD calculation ]16] fonamalous single top produc-
tion: |k, < 0.17 (95% CL). The limits on the top quark anomalous couplingsioigd by
the HERA experiments can be compared with the limits obthinem the search for single
top production at LEP_[40] and from the analysis of radiatme decays by the CDF collab-
oration [38]. Figurd B represents the current status of tmstraints onx;,, andv,,z. The
limit on the anomalous coupling,,, obtained in the present analysis significantly improves
the CDF and LEP upper bounds if the vector couplipng is not too large. The error band on
the H1 limit represents the uncertainty induced by a vamatf the nominal top quark mass
of m; = 175GeV by +5 GeV in the analysis. Other theoretical errors are neglecibe H1
results on single top production are not in contradictiotiwthe limits set by other experiments.
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9 Summary

A search for single top production is performed using thedample collected by the H1
experiment between 1994 and 2000, corresponding to a totahbsity of 118.3 pb!. This
search is motivated by the previous observation of eventtagtng an isolated lepton, miss-
ing transverse momentum and large hadronic transverse ntamea topology typical of the
semileptonic decay of the top quark.

In a cut—based analysisevents are selected as top quark candidate decays in toailept
channel. The prediction for Standard Model processds3is + 0.22 events. The analysis
of multi—jet production at highPr, corresponding to a search for single top production in the
hadronic channel, shows good agreement with the expectitioStandard Model processes
within the uncertainties.

In order to extract the top quark production cross sectiomuéivariate likelihood anal-
ysis is performed in addition to the cut—based analyses. tdeignal contribution in each
channel is determined in a maximum-likelihood fit to the litkeod discriminator distribu-
tions. The results from the hadronic channel do not rule aihgle top interpretation of the
candidates observed in the electron and muon channels h&aombination of the electron,
muon and hadronic channels a cross section for single taguption ofe = 0.297)13 pb at
/s = 319 GeV is obtained. This result is not in contradiction with itisnobtained by other
experiments. The addition of a contribution from a modelmdraalous single top production
yields a better description of the data than is obtained thighStandard Model alone.

Assuming that the small number of top candidates are thét iefsal statistical fluctuation,
exclusion limits for the single top cross sectionrok 0.55 pb at,/s = 319 GeV and for the
anomalousguy coupling of |x,,,| < 0.27 are also derived at the 95 % confidence level. The
HERA bounds extend into a region of parameter space so facavared by experiments at
LEP and the TeVatron.
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_ Electron Channel Data| Standard Mode| W only | Top efficiency
'g Isolated Lepton 4275 | 11 1153 +1.49 | 8.17+1.35 47%
Qﬁ v reconstruction 11 11.06 £1.43 | 7.93 +£1.31 46%
% [cuton lepton charge | 9 8.40+£1.06 |5.72+0.095 45%
Top cut—based selection 3 0.65 £ 0.10 0.57 £0.10 36%

_ Muon Channel Data| Standard Mode| W only | Top efficiency
% Isolated Lepton 7 | 8 296 £0.50 |2.54+£0.49 46%
Q% v reconstruction 8 2.70 + 0.46 2.38 +0.46 44%
% |cuton lepton charge | 6 1.88+0.32 | 1.67+0.32 43%
Top cut-based selection 2 0.66 4+ 0.12 0.59 +0.12 38%

Table 1: Observed and predicted numbers of events for tlee tteps in the top preselection
and for the cut—based top selection in the leptonic chanfie¢ “W only” column gives the
prediction from Standard Modél” production alone. The numbers are presented for the full
e*p data sample corresponding to an integrated luminosity ®f3 pb—.
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Run Event Leptor) Charge | P2 M MY
type My, -constraint solutior

(GeV) (GeV) (GeV)
248207 32134 ¢ |+(150) | 43 155%7 6312
252020 30485 ¢ +(400) | 47 16878 5172
268338 70014 e +(5.10) | 48 16075 8813
186729 702 po | +(@00)| 72 17619, 43153
266336 4126 u | +(260) | 55 1721, 6913

Table 2: Kinematics and lepton charges of the five top quankiciates in the leptonic channel.
In one event (Run 252020 Event 30485) the scattered elestdmtected and the “tagged” mass
solution can be obtained for the top quark m#ss';; GeV. The mass of the lepton-neutrino
system of this event is measured tolg, = 79712 GeV.

Cut-based analysis D > D,.in D,.in. | Efficiency
Data SM Data SM
Electron Channel 3 | 0.654+0.10 | 3 |0.67£0.13 | 0.72 36%
Muon Channel 2 1066+0.12 | 2 |0.624+0.12 | 0.40 38%
Hadronic Channe|] 18 | 20.2+3.6 | 20 | 17.5+3.2 | 0.58 30%

Table 3: Observed and predicted numbers of events in théaskd top selection, compared
with the selection using the single cut on the likelihoodtdiminator © > D,,;,) which yields
the same efficiency for the top signal. The numbers are pregdor the fulle*p data sample

corresponding to an integrated luminosityldB.3 pb!.

Table 4: Exclusion limits at the 95% confidence level for timgke top cross—section gts =

o |’<5tuv|

Electron+Muon Channel < 0.90 pb | < 0.35
Hadronic Channel | < 0.48pb| < 0.25
All Channels < 0.55pb| <0.27

319 GeV and for the anomalous~y coupling.
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Figure 1: Anomalous single top production via a flavour cliaggeutral current interaction at
HERA, with subsequent decays— bW andW+ — f .
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Figure 2: The invariant mas&/,,, plotted against the lepton-neutrino transverse nidgs
for the isolated electron (a) and muon (b) events after therim® reconstruction. The data
events (points) are compared with simulated top eventsyoextivia FCNC interactions (small
points, arbitrary normalisation) and events from Standdodiel 1/ production (open circles)
corresponding to 50 times the integrated luminosity of theadFor each data event the lepton
charge is indicated, if it is determined with a measuremectigcy of better than two standard
deviations.
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Figure 3: Distributions of the observablé¥, M,,, andcosé; for the top preselection in

the electron channel (left) and the muon channel (right).edoh figure the arrows indicate
the measured values for the data events: 9 events in theaglettannel and 6 events in the
muon channel. The solid histogram corresponds to the ttaaldard Model expectation. The
hatched histogram represents the contribution from Stanidadel W production. The dashed
histogram shows the distribution for simulated top evernth @an arbitrary normalisation.

23



HADRONIC CHANNEL - MULTI-JET EVENTS
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Figure 4: Distributions of the multi-jet events with"' > 25 GeV, P} > 20 GeV and
P%et?’ > 15 GeV. The jet transverse momenta are shown for the three stighgets, as well
as the total hadronic transverse energ¥’, the invariant di—jet mass closest to tHé mass,
Myysemt, and the invariant mass of all jetd/;.,. The data (symbols) are compared with the
Standard Model simulations (histograms) after applicatibthe normalisation factors of 1.29
(1.40) for PYTHIA (RAPGAP). The expectation from Standarddw! processes is dominated
by low Q? multi—jet production. The DIS contribution f@p> > 4 GeV? is shown as a hatched
histogram. The error band represents a systematic unugriafi 18% on the total Standard
Model prediction. The expected shape of the top signal igvalas the dashed histogram with

an arbitrary normalisation. ”



HADRONIC CHANNEL - TOP PRESELECTION
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Figure 5: Distributions of the observablB§, cos QV?, and M, for the top preselection in the
hadronic channel. The data (symbols) are compared withtdred&rd Model simulations (his-
tograms) after application of the normalisation factord @ (1.40) for PYTHIA (RAPGAP).
The expectation from Standard Model processes is domittémiv ?> multi—jet production.
The DIS contribution forp? > 4 GeV? is shown as a hatched histogram. The error band repre-
sents the systematic uncertaintyl@®o on the total Standard Model prediction. The expected
shape of the top signal is shown as the dashed histogram wilnbétrary normalisation. The
M; e distribution is also shown after the full cut-based topctéda (lower right).
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Figure 6: Distributions of the discriminat@? for the data candidates (symbols) and the Stan-
dard Model expectation (histograms) for the top preselacin the electron, the muon and
the hadronic channels. The solid histogram representstirel&d Model background. The
dashed histogram shows the distribution for simulated t@mes with an arbitrary normalisa-
tion. For the hadronic channel, the top signal is also showmalised according to the cross
section derived in the combined electron and muon chanhatsl{ed histogram) and added to
the Standard Model histogram.
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Figure 7: The zero—suppressed log-likelihood functi@l\In L as functions of the single top
cross section a{/s = 319 GeV for the combined electron and muon channels, the hadroni
channel and the combination of all channels. For the latier,one—sided (upper) exclusion
limit at the 95% confidence level on the single top cross sadt marked by the dashed—dotted
line.
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Figure 8: Exclusion limits at the 95% confidence level on themaaloug ¢~y magnetic coupling
k- and the vector coupling,,, obtained at the TeVatron (CDF experiment/[38]), LEP (L3
experiment is shown, which currently gives the best limitlef LEP experiments [40]) and
HERA (H1 and ZEUS experiments). The anomalous couplingsdaarm quark are neglected
Kiey = Utz = 0. The error band on the H1 limit shows the uncertainty on thepbog .,
induced by a variation of the nominal top quark masstiyGeV.
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