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Abstract

This thesis presents a search for events with isolated leptons and large missing trans-
verse momentum in e*p collisions at HERA, using an integrated luminosity of 130 pb !,
collected with the ZEUS detector. Some extensions of the Standard Model predict
quark-flavour changing neutral currents (FCNC), which could at HERA lead to the pro-
duction of single top quarks with subsequent leptonic decay of a W boson: ep — etX,
t - Wtb, Wt — etv, ptv, 77v. In the final selection of the electron- and muon
decay channels, no events were observed, while 1.89701% events were exptected from
Standard Model processes, mainly from the direct production of W bosons. The results
were combined with a search for single-top production in the hadronic decay channel
of the W boson to constrain single-top production through photon- or Z° exchange.
The upper limit obtained on the FCNC coupling constant of s, < 0.174 excludes a
substantial region, which has not been ruled out by other experiments. Tau leptons
were identified in their hadronic decay modes as collimated jets. Two events con-
taining isolated tau lepton candidates and large hadronic transverse momentum were
observed in the data, while only 0.20 + 0.05 were expected from Standard Model back-
ground processes. The sensitivity of the ZEUS experiment to signals from processes
beyond the Standard Model will increase in the future HERA II data taking by using
a recently installed silicon microstrip detector. A radiation monitoring and automatic
beam-dump system has been developed and successfully used in the ongoing HERA TI
commissioning phase to prevent the silicon detector and its readout electronics from
radiation damage.



Kurzfassung

In dieser Arbeit wird eine Suche nach Ereignissen mit isolierten Leptonen und groflem
fehlenden Transversalimpuls in e*p Kollisionsdaten bei HERA beschrieben. Es wur-
de eine mit dem ZEUS Detektor gesammelte integrierte Luminositit von 130 pb *
analysiert. Erweiterungen des Standard Modells sagen quark-flavour verdndernde neu-
trale Strome (FCNC) voraus. Diese kénnten bei HERA zur Produktion von einzelnen
top-Quarks mit folgendem leptonischen Zerfall eines W Bosons fiihren: ep — etX,
t — Wtb, Wt — etv, u"v, 77v. In der Endselektion des Elektron- und Myon-
Kanals wurden keine Ereignisse gefunden, bei 1.897)1% von Standard Modell Prozes-
sen erwarteten Ereignissen, hauptséichlich von direkter W Produktion. Die Ergebnisse
wurden mit einer Suche nach Produktion von einzelnen top-Quarks im hadronischen
W Zerfallskanal kombiniert, um Ausschlufigrenzen auf die Produktion von einzelnen
top-Quarks durch Photon- und Z°-Austausch zu setzen. Die resultierende Obergrenze
fiir die FCNC Kopplungskonstante von r, < 0.174 deckt einen wesentlichen Be-
reich ab, der von anderen Experimenten nicht ausgeschlossenen wurde. Tau Leptonen
wurden in ihren hadronischen Zerfallskanélen als kollimierte Jets identifiziert. Zwei
Ereignisse mit isolierten Tau-Lepton Kandidaten und hohem hadronischen Transversa-
limpuls wurden in den Daten gefunden, bei nur 0.20 + 0.05 erwarteten Untergrunder-
eignissen aus Standard Modell Prozessen. Durch die Verwendung eines kiirzlich im
ZEUS Experiment installierten Silizium Mikrostreifendetektors kann in der zukiinftigen
HERA 1II Datennahmeperiode mit erhéhter Sensitivitéit nach Signalen von Prozessen
jenseits des Standardmodells gesucht werden. Ein Strahlungsmonitor- und automati-
sches Strahlabschaltungs-System wurde entwickelt und in der andauernden HERA 11
Inbetriebnahme-Phase erfolgreich eingesetzt, um den Siliziumdetektor und seine Aus-
leseelektronik vor Strahlenschéden zu schiitzen.
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Chapter 1

Introduction

The Standard SU(3) @ SU(2) @ U(1) Model (SM) of particle physics describes the elec-
troweak and strong interactions between elementary particles in both the low- and the
high-energy regime to an amazing accuracy. It is, however, unsatisfactory in the sense
that many fundamental facts such as the quark-lepton symmetry and the structure
of the gauge groups remain unexplained. Furthermore, the inclusion of gravitation as
the fourth fundamental force in nature remains an open question. The experimental
observation of deviations from the SM would provide an important guidance to develop
theories providing a deeper understanding of the structure of matter. Rare SM pro-
cesses with clean experimental signatures are a particularly interesting place to search
for such deviations, with possibly spectacular results even for low event rates observed.

At HERA, isolated leptons in events with large missing transverse momentum in the
detector are a striking signature with a very low rate expected from SM processes.
An observed excess of such events would be a clear signal of new physics. Direct
production of single W bosons with subsequent leptonic decay is the only SM process
with a measurable cross section (about 1 pb), which leads to events at HERA with
an isolated lepton and missing transverse momentum in the final state. However,
certain extensions of the SM predict quark-flavour changing neutral currents (FCNC)
that could lead to the direct production of single top quarks, with subsequent leptonic
decay of a W boson: ep — etX, t — W'b , W* — etv, utv, 77v. Events from
the electron- and muon-decay channel of the W decay are characterized by an isolated
lepton of high energy, missing transverse momentum, and a large transverse momentum
for the hadronic system. The H1 collaboration has observed an accumulating excess of
such events over the HERA T data taking periods [1-5].

The analysis presented here covers all ZEUS HERA T data from the years 1994 to
2000, with an integrated luminosity of 130 pb™!, collected at centre-of-mass energies
of 300 GeV and 318 GeV. Starting from a generic search for events with isolated tracks
and large missing transverse momentum, the tracks were subsequently identified as
electrons, muons or tau leptons.

This thesis is organized as follows: Chapter two describes the HERA collider and the
ZEUS detector, which were used to perform the analysis presented. The third chapter



2 Introduction

gives an overview of the theoretical concepts relevant for the following analysis. The
SM and the processes considered for this search are described. Extensions of the SM
are discussed with emphasis on Supersymmetric Models and models predicting the
production of single-top quarks through FCNC at HERA that could lead to isolated
lepton events. Chapter four introduces the search strategy of the analysis and explains
how the single-top production signal process and various background processes can
contribute to the signature of interest. The Monte Carlo simulations of the signal and
background processes are explained in chapter five. They are key ingredients of this
search in an extreme region of the SM phase space, where also an accurate monitoring
of the quality of the detector simulation is essential. Chapter six defines the dataset and
the reconstructed variables. The search for isolated electrons and muons is presented
in chapter seven. This search is carried out via three stages. A control selection
was applied to compare kinematic variables for a larger event sample, followed by a
preselection of isolated electron and muon events, and a final selection of events with
large hadronic transverse momentum that was optimized to isolate events from single-
top quark production. Based on these results for the electron and muon channel,
exclusion limits on the single-top production process through FCNC were set, which
are discussed in chapter eight. Chapter nine describes the search for isolated leptons
in the tau channel, which has not been performed before at HERA. It starts from the
preselection of isolated tracks that were not identified as electrons or muons. The tau
leptons were identified in their hadronic decay modes as collimated jets, exploiting
jet shape observables to separate tau jets from quark- or gluon-induced jets. Due to
the lower efficiency in the tau channel, any observed excess of events above the SM
prediction is unlikely to proceed through the SM decay of a W boson, as it would be
accompanied by a much larger excess in the electron and muon channel. Chapter ten
compares the search results in all channels with those from similar searches performed
by the H1 collaboration. In addition, an outlook to the anticipated high-luminosity
HERA II data taking period is given. The search for isolated leptons at HERA II
will largely profit from the improved tracking capabilities of a new Silicon Microvertex
Detector (MVD) installed in the ZEUS detector. A background radiation monitoring
and automatic beam-dump system based on silicon PIN diodes and Radiation Field
Effect Transistors has been designed and built to protect the MVD from synchrotron
and particle radiation damage. Chapter eleven discusses the radiation background
at HERA and introduces the concept and the components of the radiation monitor.
Results from the ongoing HERA II commissiong phase are presented. Chapter twelve
summarises the results of this thesis.



Chapter 2

The ZEUS experiment at HERA

This chapter introduces the HERA electron-proton collider and the ZEUS detector.
The detector components relevant for the following analysis are explained in more
detail.

2.1 HERA

HERA (Hadron-Elektron-Ring-Anlage) is the name of the accelerator facilitity at the
Deutsche Elektronen-Synchrotron (DESY, see Fig. 2.1) in Hamburg, Germany. Built
between 1984 and 1990 in a tunnel 15 m - 25 m underground, it is the only collider
in the world, where two different types of particles - electrons/positrons and protons
- are accelerated, stored and brought to collision. The accelerator is 6.3 km long and
consists of four circular and four straight sections (Fig. 2.2). The ring tunnel has
a circular cross section with an inner diameter of 5.2 m. The leptons and protons
are stored in two seperate rings. The lepton beam is accelerated by super-conducting
cavities to compensate for the energy loss due to synchrotron radiation, whereas the
proton beam is accelerated by normal-conducting cavities. For the focussing magnets
the situation is reversed: the leptons are focussed using conventional magnets, whereas
for the protons super-conducting magnets are used. The two beams are brought into
collision at zero crossing angle in the north and south experimental areas, where the
collider experiments H1 and ZEUS are located. The HERMES experiment is situated
in the east hall. It uses only the lepton beam (which is longitudinally polarised in
that area) to study the spin structure of the nucleon with an internal polarised gas
target. The HERA-B experiment is located in the west hall. It has been designed to
measure CP-violation in the B°BC-system. The B-mesons are produced by collisions
of the proton beam halo with a wire target.

HERA can collide electrons' as well as positrons with protons. In the data taking
period from 1994-2000, which is considered in this thesis, the lepton beam energy

'In the following, unless stated explicitly otherwise, the term ’electron’ will denote generically both
the electron (e~) and the positron (et).
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Figure 2.1: View of DESY from an airplane approaching Hamburg airport from
the west. The HERA collider and the pre-accelerator PETRA, which encloses the
main DESY site, are marked with the dashed lines. The HERA south hall with
the ZEUS detector is situated off the DESY main ground, right beside the trotting
course.

was 27.5 GeV2. The proton beam energy was 820 GeV from 1994-1997 and 920 GeV
since 1998. The resulting centre of mass energy, /s, was 300 GeV from 1994-1997
and 318 GeV from 1998-2000. The beams in HERA consist of up to 210 bunches of
approximately 100 particles. The beam crossing rate is 10.4 MHz. During normal
operation, some bunches remain unfilled, resulting in unpaired bunches, which are
used for background studies. Figure 2.3a) shows the integrated delivered luminosity
of the HERA collider as a function of the operating time in the years from 1993-2000.
Figure 2.3b shows the amount of data recorded by the ZEUS detector that can be used
for analysis purposes. The ratio of useful to delivered luminosity is about 70%-80% for
the periods from 1994-2000, which were considered in this analysis.

2Natural units are used throughout this thesis (¢ = 1, A = 1). Hence energies and momenta are
given in GeV.
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Figure 2.2: Schematic view of the HERA accelerator.

2.2 ZEUS

The ZEUS? detector [7] is a general purpose detector designed to study various aspects
of lepton proton scattering. The detector has a large forward-backward asymmetry to
accomodate the boost of the center-of-mass in the proton beam direction with respect
to the lab-frame, which is caused by the large asymmetry in the energies of the lepton
and proton beams. The right-handed ZEUS coordinate system is aligned such that
its origin is at the nominal interaction point, with the x axis pointing towards the
center of the HERA ring, the y axis pointing upwards and the z axis pointing in the
direction of the outgoing proton beam, also referred to as the forward direction. The
polar angle # and the azimuth angle ¢ are measured relative to the z and x axes
respectively. The detector has been in operation since 1992, however, new detector
components have been added continuously. The main part of the ZEUS detector has

3The acronym ZEUS is derived from ancient greek: ZEYY: Z#Atnoiwc xa) Ebpethc “Tnoxeévne
Yuppetplac = Search to Elucidate Underlying Symmetry [6].
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Figure 2.3: Integrated luminosity delivered by HERA (left) and useful luminosity
for data analysis recorded with the ZEUS detector (right), for the data taking
periods from 1993-2000.

a size of 12 m x 10 m x 19 m and a weight of 3600 tons. An overview of the detector
is shown in a cross section along the beam direction in Fig. 2.4 and perpendicular to
it in Fig. 2.5.

In the following a short description of the main components of the detector is given.
A more detailed description of the components relevant for the analysis presented in
this thesis can be found in the next sections. The innermost part of the ZEUS detector
was a vertex detector (VXD), which was removed during the shutdown 1995/1996.
In 2001 a silicon micro vertex detector (MVD) was installed at the same place. The
central tracking detector (CTD), which is a cylindrical drift chamber, surrounds the
beam pipe in the region of the interaction vertex. It is enclosed by a super-conducting
magnet providing a field of 1.43 T for the determination of charge and momentum in
the tracking system. The CTD is supplemented in the forward direction with three sets
of planar drift chambers (FTD) with transition radiation detectors (TRD) inbetween
(labeled as FDET in Fig. 2.4) and in the rear direction with one planar drift chamber
consisting of three layers (RTD).

The tracking system is surrounded by a high-resolution uranium-scintillator calorimeter
(CAL), which is used as the main device for energy measurements. It is divided into
three parts: the barrel (BCAL), forward (FCAL) and rear calorimeter (RCAL). In
front of the calorimeter modules there are presampler detectors mounted. An iron
yoke encloses the CAL, providing a return path for the solenoid magnetic field flux.
It is instrumented with proportional chambers, which allow a measurement of the



2.2 ZEUS 7

Overview of the ZEUS Detector
( longitudinal cut )

BAC C
T = > @
M BN :0 5
T LA ¢4
] = § Z { -
CroaL D] o0 J[RoAl B S )|
,,,,, —_— EVX D= = — omp e Nt iy /D
T : ator s
i | )
| |BAC Iy
BCAL 2
| N
T - - -I
BT <o \ 2‘1‘
BAC ﬁ-
| | =i
FE eIl S [T | =

0} t t t I751 m t

Figure 2.4: Cross section of the ZEUS detector along the beam axis.

energy leakage of the CAL, and therefore called backing calorimeter (BAC). Muon
identification chambers are mounted inside and outside the BAC (FMUI, BMUI, RMUI
and FMUO, BMUO, RMUO). A detector composed of iron and scintillator, called
VETO wall, is located in the rear direction at z = —7.3 m. It is used to reject beam
related background.

Several additional components are installed close to the beamline, outside the main
detector, allowing a measurement of particles scattered at low polar angles. In the
forward direction at z = 5 m and z = 24 m, the lead-scintillator strip detectors forming
the proton-remnant tagger (PRT) are located, covering a pseudorapidity? range of
4.3 < n < 5.8. It is followed by the leading proton spectrometer (LPS), a set of silicon
strip detectors, mounted in six Roman pots from z = 24 m to z = 90 m. The LPS
allows the momentum of protons scattered with low transverse momentum (< 1 GeV)
to be measured. The forward neutron calorimeter (FNC), located at z = 105.6 m,
is used to detect neutrons produced at small forward angles. In the direction of the
outgoing beam electron, the beam pipe calorimeter (BPC) and beam pipe tracker
(BPT) were used to detect electrons scattered under very low polar angles. Additional
electromagnetic calorimeters (LUMIE and LUMIG) are placed at z = —34 m and
z = —107 m to measure bremsstrahlung events (ep — epy) for the determination of
the luminosity. They are also used for tagging photoproduction events in addition to
the taggers at z = —8 m and z = —44 m. In photoproduction events the scattered

*The pseudorapidity 7 is defined as 7 = —In(tan £).
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Overview of the ZEUS Detector
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Figure 2.5: Cross section of the ZEUS detector perpendicular to the beam axis.

electron escapes the electron beam through the beam pipe, driven by the magnetic
field of the beam magnets, due to its reduced energy.

2.2.1 The central tracking detector

The central tracking detector (CTD) [8] is a cylindrical gas-filled wire chamber. It
allows a measurement of the charge and transverse momentum of charged particles. In
addition particle information is provided through the measurement of the energy loss
dE/dz.

The length of the CTD is 205 cm, its outer and inner diameter is 159 cm and 36 cm
respectively. It covers the polar angle range between 11.3° < # < 168.2° and has a
complete azimuthal angular coverage. The 4608 signal wires are mounted in 72 radial
layers, which are organized in 9 superlayers (SL), each SL consisting of 8 wire layers
(see Fig. 2.6). SL 1,3,5,7,9 are parallel to the beam axis, whereas the remaining 4
SLs are inclined by about +5° to provide a determination of the z position of the hit.
This stereo technique yields a resolution of o, = 1.0 — 1.4 mm. In addition the layers
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Figure 2.6: Cross section view of a CTD octant. The wires are arranged in 9 superlayers.

1, 3 and 5 are equipped with a z-by-timing system, allowing a determination of the z
coordinate with a resolution of approximately 4 cm. The z-by-timing information is
mainly used for trigger purposes. The active volume of the CTD is filled with a mixture
of argon, CO, and ethane. Traversing charged particles ionize the gas molecules along
their trajectory (10-20 atoms per cm for minimal ionizing particles). The electrons
drift to the positive sense wires with a velocity of approximately 50 um/ns, whereas
positive ions are attracted by the negative field wires. Avalanche-like multiplication
occurs in the field of the sense wires with an amplification factor of approximately
10%. The relative transverse momentum resolution for full-length tracks, originating
from the nominal vertex position with transverse momentum pr > 150 MeV, can be
parametrised as

o(pr)/pr = 0.0058 pr & 0.0065 & 0.0014/pr, (2.1)

with pr in GeV. The first term gives the contribution from the position resolution of the
hits, whereas the other two terms are due to multiple scattering before and inside the
CTD, respectively. The typical primary vertex resolution is 4 mm in beam direction
and 1 mm in transverse direction. It is, however, possible to constrain the transverse
coordinates of the vertex by the beam profile, which has width of 330 um in z— and
of 90 um in y-direction.

2.2.2 Calorimeter

The ZEUS calorimeter (CAL) [9] is a compensating sampling calorimeter consisting
of alternating layers of absorbing and scintillating materials. The sampling layers
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are made of 3.3mm thick depleted uranium (98.1%U?3®, 1.7% Nb, 0.2% U?%*) plates
wrapped in stainless steal foils. They act as absorbers reducing the energy of travers-
ing particles resulting in a shower development. The energy is measured using the
scintillation from the interaction of of the shower particles with the active detector in
the scintillator layers, made of 2.6 mm thick plastic scintillator (SCSN38) plates. The
thickness of the layers was optimized to provide compensation, i.e. the detector re-
sponse is the same for both electrons and hadrons of the same energy (e/h=1.00£0.02).
The energy resolution of the CAL was determined in testbeam measurements for elec-
tromagnetic and hadronic showers as:

o. _ 18%

Ohadr 35%
and = ,
E E E VE

(2.2)

with £ in GeV.

The CAL consists geometrically of three different parts: The forward calorimeter
(FCAL), the barrel calorimeter (BCAL) and the rear calorimeter (RCAL), covering
altogether 99.8% of the forward and 99.5% of backward hemisphere. Each part is sub-
divided into single modules. Figure 2.7 shows an FCAL module. FCAL and RCAL
modules are rectangular, whereas the 32 BCAL modules, which surround the cylindri-
cal CTD, are wedge-shaped.

Each module consists of so called towers of 20 x 20 ¢m?, which are subdivided longitu-
dinally into one electromagnetic section (EMC) and two (only one for RCAL) hadronic
section (HAC1, HAC2). The EMC sections are further transversely subdivided into
four cells (only two in RCAL). The depth of the towers ensures that at least 90% of
the jets, with energies corresponding to the kinematically allowed maximum energy,
deposit at least 95% of their energy in the CAL. The detection efficiency under nor-
mal running conditions is even higher, since most jets are less energetic. The 5918
cells form the smallest readout unit in the CAL. Each cell is read out on two sides
via wavelength shifters by photomultiplier tubes (PMT). Whereas the sum of the sig-
nals of both photomultipliers are independent of the impact point of the particle, the
horizontal position can be determined by comparing the two signals. The excellent
time resolution of < 1 ns (for energy depositions larger than 4.5 GeV) is used to reject
non-ep background with characteristic timing patterns already on trigger level.

The CAL is calibrated on a daily basis using the stable signal from the natural radioac-
tivity of U238, Additional calibrations for both the PMTs and the readout electronics
are performed using laser, LED and test pulses.

2.2.3 Luminosity monitor

The time integrated luminosity Ly is defined as

Ny
Eint ==L OC’ (23)

Oproc
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Figure 2.7: View of an FCAL module.

where N is the number of produced events for a process with cross section oppoc.
The determination of the luminosity at HERA is based on the measurement of the
Bethe-Heitler QED Bremsstrahlung process [10]

ep — epry. (2.4)

This process has a large cross section (ogy > 20mb) and the differential cross section
as a function of the photon energy can be calculated to an accuracy of 0.5%. Thus a
precise measurement of the rate and energy of the Bremsstrahlung photons allows for
an accurate determination of the ep luminosity.
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Bremsstrahlung photons emitted at an angle 6, < 0.5 mrad with respect to the beam
axis that leave the beam pipe through a Cu-Be window at Z = —82 m can be detected
by a lead/scintillator sampling calorimeter (LUMIG) at Z = —106 m (Fig. 2.8). The
detector is shielded from synchrotron radiation by a carbon/lead filter. With this filter
an energy resolution of 23%/+vE (E measured in GeV) has been achieved in test-
beam measurements. The impact position of the photons can be reconstructed with
a resolution of 2 mm, making use of embedded layers of scintillator fingers. Electron
Bremsstrahlung on the residual gas leads to a large background with the same exper-
imental signature. This background can be subtracted statistically by measuring the
Bremsstrahlung rate of unpaired electron bunches together with a measurement of the
current in both paired and unpaired bunches.

The recorded Bethe-Heitler rates are sufficiently large, such that the statistical un-
certainties are negligible. The systematic uncertainty of the luminosity measurement
originates mainly from the background subtraction, pile-up effects and the energy cal-
ibration, linearity and acceptance of the photon calorimeter. The overall systematic
uncertainty for the 1994-2000 data taking periods is 1.93%.

2.2.4 Trigger and data acquisition

The HERA beam bunch structure leads to a beam crossing every 96 ns, corresponding
to a rate of potentially interesting events of 10.4 MHz. The rate of ep events ranges
from less than 0.1 Hz for NC DIS events with Q% > 100 GeV? (Q? being the negative
four-momentum transfer to the exchanged boson) to 250 Hz for soft photoproduction
(for an instantaneous luminosity of 2- 103 em™?s —1). The rate of background events,
on the other hand, exceeds the rate of physics events by several orders of magnitude:
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Figure 2.8: The ZEUS luminosity monitoring system with the photon detector
(LUMIG) at z = —106 m and the electron detector (LUMIE) at z = —35 m.
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interactions of electrons or protons with the residual gas nuclei or elements from the
beamline (beam gas events) occur typically at a rate of 10 kHz and cosmic muons
traverse the CTD at a rate of approximately 500 Hz. The total data size per event is
0.5 MB and the writing speed is limited to 0.5 MB/s. Hence a significant reduction of
the data rate and size is required.

A three level trigger system [7,11] with increasing complexity of the decision making
algorithm and decreasing throughput rate is used to select events online, as illustrated
in Fig. 2.9:

e First Level Trigger (FLT). Each detector component is equipped with its own
FLT, which is implemented in hard-wired single-component logic circuits. Each
FLT provides a fast trigger decision based on such properties as energy sums,
thresholds or timing information and passes it on to the global first level trigger
(GFLT) while the event data is stored in logical pipelines. By combining different
trigger slots a decision is made by the GFLT after ~ 4.4 us and the accepted
events are passed to the next trigger stage. The GFLT output rate has to be
below 1 kHz to avoid deadtimes.

e Second Level Trigger (SLT). The SLT is implemented in a transputer network.
The decision of the GFLT is analyzed further and the event quantities are re-
calculated to a higher degree of precision. Beam gas background is rejected on
the basis of CAL timing information, which is available at this stage. The de-
cisions of several branches of the SL'T are collected by the global second level
trigger (GSLT), which provides a decision after 7 ms, reducing the event rate to
50-100 Hz.

e Third level trigger (TLT). For accepted events the data of all components is
combined in a single record of ADAMO [12] database tables by the event builder
and passed on to the TLT. The TLT uses a computer farm for the analysis and
classification of each event. Based on physical quantities of the fully reconstructed
events, such as kinematical variables, output of the electron finding algorithms,
topologies of hadronic final states etc., a decision is made and the accepted events
are classified. Accepted events (with a size of approximately 100 kB) are written
to tape at a rate of 5-10 Hz and offline fully reconstructed by the ZEUS software.

During the offline reconstruction a pseudo fourth-level trigger is introduced by assigning
so called DST bits (data summary tapes) to the event according to physics quantities
such as missing transverse momentum or the existence of an NC DIS electron candidate.
The DST bits allow fast access to a given type of events in the offline data analysis.
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Chapter 3

Theoretical overview

In this chapter the theoretical concepts relevant for the following analysis are described.
The Standard Model is briefly introduced with emphasis on the remaining open ques-
tions, which motivate searches for phenomena beyond the Standard Model. Lepton
nucleon scattering at HERA is described, including all physics processes that were
considered in the following search for isolated leptons. Theories beyond the Standard
Model are introduced that could produce the signature of interest. Emphasis is given
to a generic model describing the production of single top quarks through quark-flavour
changing neutral currents, which is chosen as the signal process in the search for isolated
electrons and muons. For this model also cross-section and decay-width calculations
are presented.

3.1 The Standard Model

The Standard Model (SM) of particle physics describes the behaviour of the subatomic
world in the framework of renormalizable gauge theories. In the SM the forces between
the fundamental particles (fermions) are mediated by the exchange of (virtual) gauge
vector bosons, which are related to the gauge symmetries of the field theories. The
fundamental gauge bosons and forces described by the SM are listed in Tab. 3.1 and the
SM fermions in Tab. 3.2. For each particle there exists a corresponding anti-particle
with the same mass but oppositely signed quantum numbers. The gravitational force
is not incorporated in the SM.

The group structure of the SM is
SU@B)e x SU(2), x U(1)y, (3.1)

where U(n) denotes the group of all unitary n x n matrices and SU(n) is the group
of all unitary m X n matrices with determinant 1. The weak and electromagnetic
interaction (called electroweak interactions) are unified in the gauge group SU(2). X
U(1)y. Through a process called spontaneous symmetry breaking, the bosons of the

15
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Interaction boson Qevm  related group
electromagnetic 0% 0 SU@2),xUQ)y
A 0
weak { Wi 1 SU(2)L X U(l)y
strong 8gluonsg 0 SU(3)¢

Table 3.1: The fundamental interactions in the Standard Model. The value of the
electromagnetic charge, QrwM, is given in multiples of the elementary charge unit.

Interactions
Generations Qev el.magn. weak strong
u c t +2/3 yes yes yes
Quarks ( d ) ( s ) ( b ) -1/3 yes yes yes
Leptons Ve Vy v, 0 no yes no
P e 7 T —1 yes yes no

Table 3.2: The fundamental fermions in the Standard Model, ordered in three
generations. The value of the electromagnetic charge, (g, is given in multiples of
the elementary charge unit.

weak interactions (Z°, W¥) aquire masses (My = 80.41GeV, Mz = 91.187GeV),
whereas the photon remains massless.

Quantum chromodynamics (QCD) describes strong interactions as an exact SU(3)¢
gauge symmetry. The charge is called “colour”. The force carriers of the colour inter-
actions are the massless gluons, forming a colour octet. Three colours are assigned to
each quark, making it a fundamental triplet representation of SU(3)c. Gluons have not
been observed experimentally and quarks seem to be confined in colourless packages
of two (mesons) and three (baryons). Therefore any single quark or gluon in the final
state of an elementary reaction ends up in a jet of produced particles. Leptons do not
carry colour charge and are hence singlet representations of SU(3)¢. All quarks and
leptons are subject to the weak force. The electrically charged fermions participate in
the electromagnetic interactions, described by the theory of quantum electrodynamics

(QED).

The SM has been probed down to length scales of 107!® m. No deviations from the
predictions have been found so far. There are however many open questions and
problems, some of which are listed below:

e Higgs Boson. The massive scalar Higgs boson has been introduced in the SM
to explain the generation of particle masses. Gauge bosons and fermions are
assumed to obtain their masses through interaction with the Higgs field. So
far the Higgs boson has not been observed. The LEP II data collected by four
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experiments (Aleph, Delphi, L3 and Opal) excluded a SM Higgs up to Higgs
masses of My = 114 GeV.

o Fine-tuning problem. Radiative corrections to the Higgs boson masses have
quadratic divergences. At large scales, the corrections to the Higgs mass are
many orders of magnitude larger than the Higgs mass itself.

e Particle masses. The masses of quarks and leptons are among the 26 free param-
eters, which are not predicted by the SM and have to be determined experimen-
tally. In particular the wide spread in the masses of the leptons (from ~ 1072 eV
for the neutrinos up to 1.7 GeV for the tau lepton) and quarks (from few MeV
for the u-quark up to 175 GeV for the top quark) is puzzling.

e Generation problem. The existence of three families of quarks and leptons is not
explained by the SM.

e Gravity. The SM does not include the gravitational force and it is not understood
why the strength of gravity is 36 orders of magnitude weaker than that of the
electromagnetic force.

It is widely believed that the SM is only a low energy approximation of an overlying
more complete theory. Extensions to the SM have been proposed, such as Grand
Unified Theories (GUTSs), string theories or Supersymmetry (SUSY). Any search for
deviations from the SM is hence also a search for an indication of a more general theory.

3.2 Lepton-nucleon scattering at HERA

Scattering experiments have been a rich source of information for understanding the
structure of matter in the past decades. At the HERA electron-proton collider the
structure of the proton and the nature of the electroweak and strong force are probed
at small distances with higher precision than at any other experiment before, down to
lengthscales of 107'® m. The following sections introduce the kinematics of electron-
proton scattering at HERA and the processes that might contribute to the signature
of interest in the search for isolated lepton events performed in this analysis.

3.2.1 Kinematic variables

Figure 3.1 illustrates the interaction of an electron or positron with the proton. The
incoming lepton (e*) interacts with the proton (p) via the exchange of a virtual vector
boson in a charged current (CC) or neutral current (NC) process. The NC process is
mediated either by a virtual photon or a Z° boson. In the CC process the exchanged
boson is a virtual charged W-boson, which changes the flavour of the incoming lepton
to a neutrino.
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Figure 3.1: Diagram illustrating positron proton scattering. The four vectors of
the particles are given in parentheses.

Given the four-vectors of the initial and final states, k = (E,, k), P = (E,, P) and
kK = (F', E’), P' = (Ex, ﬁ’), where E,, k and E,, P are the energy and momentum of
an incoming electron and proton, respectively, and E’, k' and Fx, P the energy and
momentum of an outgoing electron and proton, respectively, the event kinematics can
be described in terms of the following Lorentz invariant variables:

s = (k+P)? (3.2)
Q* = ¢=k—-K)? 0<Q@*<s (3.3)
Q2
= < zr< .
. P C=PS @4)
P
y = 5 0<y<l (3.5)

The variables are related by the equation

Q2

s .
ry

(3.6)

The centre-of-mass energy +/s is fixed at HERA to a value of 318 GeV (300 GeV for
1994-1997) by the beam energies of 27.5 GeV and 920 GeV (820 GeV from 1994-2000)
for leptons and protons respectively. Hence only two of the four variables are indepen-
dent. The negative square of the exchange boson mass, @2, denotes the virtuality of
the exchanged boson and determines the resolution of the interaction. Deep inelastic
scattering processes (DIS) are characterized by values of Q? much larger than 1 GeVZ,
Up to now HERA data cover a Q% region up to 40000 GeV?, corresponding to a resolv-
able distance scale of A & fic/ \/@ = 107! m, which is 1/1000 of the proton radius.
In the Quark Parton Model, DIS is described as the incoherent sum of elastic scat-
tering processes of the lepton off point like constituents (partons) in the proton. The
partons, which in this model do not interact with each other, are identified with the
quarks in the proton. The Bjorken scaling variable x denotes in this model the fraction
of the proton momentum carried by the massless parton interacting with the lepton.
The inelasticity parameter y can be interpreted as the fraction of the lepton energy



3.2 Lepton-nucleon scattering at HERA 19

transferred to the hadronic system in the rest frame of the proton. In this system
HERA collisions are equivalent to fixed target collisions with an incident lepton energy
of ~ 50 TeV.

3.2.2 The electron-proton cross section

The electron’s scattering off a proton via the exchange of a virtual gauge boson can
be described, at lowest order in QED, in terms of two structure functions, F(z,Q?)
and Fy(z,Q?), which describe the distribution of electric charge within the proton.
The double differential cross sections for the neutral- and charged-current DIS ep cross
sections with respect to z and Q? are determined by these structure functions as:

d?oyc(efp — eX dma?
NcédeQ ) = 20 [:vyZFl +(1- y)Fg} (3.7)
Pocc(etp — eX) G2, ( M2, )2 )
= ZE( W ) (2R 4 (1 — y) B, 3.8
dzdQ? 2 \ M2, + Q? (29" Py + (1 = y) )] (38)

where o and G'r denote the fine structure constant and the Fermi constant, respectively.
In the Quark Parton Model, F; and F; can be expressed as a sum of the quark- and
antiquark-densities in the proton and are related by the Callan-Gross relation [13]:

Taking QCD corrections into account, also the longitudinal structure function Fj, en-
ters.

At low Q? < M2, the ep cross section is dominated by photon exchange. The exchange
of Z and W bosons is suppressed by their large masses (Mz y+) and contributes only

for large values of Q?:

2

VA + 2

o2 W) _ @ . (3.10)
0-(7) Q + szw:l:

Figure 3.2 shows the differential NC and CC cross sections measured by the H1 and
ZEUS collaborations as a function of Q? for e~p and eTp scattering. The CC cross
section is suppressed with respect to the NC cross section until Q? reaches values close
to the vector boson masses (O(10* GeV?)). In this region, v — Z%interference becomes
important and leads to sizeable deviations from a pure QED prediction. The CC cross
section is larger for e~ p scattering than for e*p scattering, due to the larger u-quark
content of the proton, which is relevant for W~ exchange for e™p scattering, as opposed
to the smaller d-quark content, which is relevant for W+ exchange in e™p scattering.

3.2.3 QCD factorisation and extraction of the parton density

Hadron-hadron and lepton-hadron interactions are described in QCD calculations as
an incoherent sum of the interactions of the constituent partons (quarks and gluons)
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Figure 3.2: The differential NC and CC cross sections as function of @2, as ob-
tained by the H1 and ZEUS collaborations [14] for e p (left) and e™p (right) scat-
tering. The solid and dashed lines correspond to NC DIS and CC DIS predicitions
from the standard model, respectively.

from one hadron with those from the other hadron or with the lepton. At present
the distribution of partons in hadrons cannot be calculated from first principles within
perturbation theory. A separation of the short-range part (hard process) of a DIS
interaction from the long-range part (soft process) is introduced, called factorisation.
In this approach the proton structure function F, can be expressed as a convolution
of the perturbatively calculable hard scattering subprocess and the parton distribution

functions:
1

Fy(2,Q%) = [ do'f(2/, 126 (=, Q% i), (3.11)
T

x

where f(x', u%) is the probability to find a quark with momentum fraction z’ in the
proton and 6(%,@2, u2) is the cross section for that quark scattering elastically off
a photon with virtuality Q2. The quark can radiate a gluon before interacting, thus
lowering its effective momentum fraction of the total proton momentum from z’ to z.
The factorization scale ur defines the scale at which this gluon radiation is absorbed
into the parton density function f (PDF) rather than into the hard scattering cross
section. The structure function F, as a physical observable is independent of the
arbitrary choice of the factorisation scale .

It is possible to calculate the evolution of the PDFs as a function of ), using the
DGLAP evolution equations [15]. These equations use the measured values of the
PDFs at a given scale to predict their evolution to some new scale. The knowledge of
the evolution of the PDFs can be exploited to determine them experimentally. If the
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perturbative part is calculated and the cross section of a certain process is measured,
the PDF can be extracted from the data. The factorisation theorem of QCD states
that the PDF's are process independent. Once determined for a given process, they can
be used to make a prediction for another process.

Figure 3.3 shows as an example the PDFs extracted from a ZEUS next-to-leading
order QCD analysis of data on deep inelastic scattering [16]. As can be seen from the
figure, the u and d valence-quark densities dominate at large values of = 2 0.3, while
sea-quarks and gluons become important only at low values of .

ZEUS
0.8

=
(a Q°=10 GeVv?
0.7
—— ZEUSNLO QCD fit
a(M2)=0.118

Xu

0.6
[ tot.error

uncorr. error
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\ xg(x 0.05)
0.3

0.2

0.1

Figure 3.3: The gluon, sea, u and d valence distributions extracted from the ZEUS
NLO QCD fit at Q% = 10 GeV? (from [16]).

3.2.4 Photoproduction

Photoproduction (yp) is defined as the interaction of a (quasi-)real photon (Q? <
1 GeV?) with the proton. It is the dominant process at HERA with a total cross section
of approximately 150 ub. The majority of vp interactions are soft, i.e. the transverse
energy of the final state particles is small, and hence they are not observed in the main
detector. Hard p interactions, resulting in jets at high transverse momenta, allow for
perturbative QCD calculations to be made. The hard interactions can be subdivided
into two types:
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e Direct Process. In the direct process the photon couples as a point-like particle

to a parton from the proton. The two direct processes in leading order (LO) of
the strong coupling constant «g, which are dominant at HERA, are the QCD
Compton process (see Fig. 3.4 a) and boson-gluon-fusion (BGF) (see Fig. 3.4 b).

Resolved process. In this process the photon acts through vacuum fluctuation, as
a source of partons. One of these partons, carrying a fraction of the total photon
momentum, interacts strongly with a parton from the proton. Figure 3.4 c¢) shows
an example diagram for a resolved photon interaction. The resolved photon
structure can be subdivided in a part, which can be treated by perturbation
theory (anomalous resolved process) and a nonperturbative part, which is usually
modelled by the Vector Meson Dominance Model (VDM) and needs to be fixed
by data.

et et et et et

X p X p X

Figure 3.4: Leading order Feynman diagrams for direct and resolved hard pho-
toproduction processes: a) QCD Compton process (direct) b) boson-gluon-fusion
(direct) and c) resolved photon process.

3.2.5 Lepton pair production

Lepton pairs are produced at HERA mainly through the following two processes:

e Bethe-Heitler process. The dominant production mechanism for lepton pairs is

the Bethe-Heitler process ep — vy — I11~. A quasi-real photon emitted from the
electron interacts with a photon radiated from a quark inside the proton. The two
photons produce a lepton anti-lepton pair eTe™, u*u~ or 7777, as shown in Fig.
3.5 a). The total cross section for the photon-photon interactions is relatively
large, but falls off steeply with the transverse momenta of the produced leptons
(~ Pr, 7). The leptons are produced with opposite charge and have a back-to-back
topology. For an elastic reaction, with low momentum transfer on the proton side,
the proton stays intact in the scattering process. An additional hadronic jet from
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Figure 3.5: Feynman diagrams for the a) vy lepton-pair-production process and
b) an example for a QED compton process with a photon or Z° boson emitted from
the final state electron.

the scattered quark can be produced for large momentum transfers on the proton
side. In a quasi-elastic reaction the proton is transformed into an excited nucleon
state, which decays into a nucleon and mostly pions. In an inelastic reaction
with a large momentum transfer from the incoming proton to the hadronic final
state, the proton breaks off and many hadrons are produced. In case of high
momentum transfer on the electron side, the scattered electron can be observed
in the main detector.

o Internal photon conversion and Z° production. An example for the production
of an on- or off-shell boson with subsequent decay to a lepton pair is shown in
Fig. 3.5 b). The lepton pairs are produced with a back-to-back topology in such
reactions. The cross section peaks at low values of the invariant mass of the two
leptons and at the invariant mass of the Z° boson.

Requiring that at least one of the produced leptons is accepted by the main detector
and has a sizeable transverse momentum (pr > 5GeV), a total cross section for lepton
pair production of approximately 120 pb is expected at HERA energies.

3.2.6 Production of single W bosons

In the SM the direct production of single W bosons at HERA can occur via the
processes:
ep—eWX and ep— vIWX, (3.12)

where X denotes the hadronic final state [17]. The second process ep — vWX is
ignored in the following, since its cross section is only about 5% of the total cross
section. Seven diagrams contribute to the process ep — eW X at leading order, as
shown in Fig. 3.6 for the case of positron proton scattering and with subsequent
leptonic decay of the produced W bosons. Diagrams a) and b) correspond to the
radiation of a W boson from the incoming and scattered quark, respectively. The u-
channel exchange of a quasi-real photon and a massless quark in these diagrams has
the largest contribution to the W production cross section. Diagram c) contains the
WW triple-gauge-boson coupling. With a W cross-section measurement it is thus
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possible to probe possible anomalous WW+ couplings. Diagrams d) and e) contain
off-shell W bosons. Diagrams f) and g) represent the coupling of the W boson to the
scattered neutrino and the incoming positron, respectively.

Figure 3.6: Feynman diagrams for the lowest order single W boson production
processes in positron quark scattering at HERA, including the subsequent decay
W — .
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Examples of next-to-leading-order (NLO) real and virtual QCD corrections to the W
production process are shown in Fig. 3.7. The total calculated cross section for single
W-boson production at HERA, including NLO QCD corrections for the photoproduc-
tion regime, amounts to 0.96 pb (1.16 pb) for /s = 300 GeV (318 GeV) [18-21]. Taking
into account the NLO QCD corrections, the remaining theoretical uncertainty on the
W production cross section is approximately 15%.

Figure 3.7: Typical NLO diagrams contributing to the photoproduction of W
bosons: a) virtual correction and b) real correction to the direct mechanism, c)
virtual correction and d) real correction to the resolved mechanism.

The experimental signature for W production depends on the subsequent decay of the
W boson. For the leptonic decays W — ev,, uv, one expects an electron or a muon at
high transverse momentum and missing transverse momentum due to the undetected
neutrino. For the leptonic decay W — 7, the signature depends on the subsequent
tau decay mode. For the leptonic tau decays 7 — evev; and 7 — uv,v, the signature
is similar to the electron and muon decay channels of the W decay, except for the
larger expected missing transverse momentum from the additional neutrinos in the tau
decay. For the hadronic tau decay modes, one expects a narrow jet with low particle
multiplicity and also additional missing transverse momentum due to the additional
neutrino from the tau decay (see also chapter 9). Hadronic decays W — gqq' lead to
events with two jets. An additional jet can be expected for all decay modes of the W
boson in case of a sizable momentum transfer to the scattered quark. Since it originates
from a different vertex in the diagrams (Fig. 3.6), it is separated from the W decay
products in the detector. The cross section for single W boson production is dominated
by photoproduction, leading to a steeply falling transverse momentum spectrum of the
scattered quark.
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3.3 Supersymmetry

This section introduces the concept of Supersymmetry (SUSY), which is a candidate
theory to describe possible physics beyond the SM. The various SUSY models predict
a broad spectrum of new particles and interactions. In the following, emphasis is given
to the predicted experimental signatures at HERA that are relevant for the search
presented in this thesis.

3.3.1 The minimal supersymmetric model (MSSM)

SUSY is a global symmetry which establishes a relation between the bosons and the
fermions. Extending SUSY as local symmetry plays a key role in theories incorporating
gravity. SUSY would give rise to a supersymmetric partner (sparticle) for each SM
particle, which has the same quantum numbers, but differs by one half-unit of spin.
Particles and corresponding sparticles would have the same mass, if supersymmetry
were exact. Since no sparticles have been found so far, SUSY has to be broken, if
it exists. SUSY resolves the hierarchy (or naturalness) problem, i.e. it explains the
stability of the electroweak scale, O(10?) GeV, relative to GUT scale, O(10' GeV), in
the presence of quantum corrections.

The minimal supersymmetric model (MSSM) is a direct generalization of the SM, con-
taining the smallest number of new particles and new interaction compatible with the
SM. In the MSSM, electroweak symmetry breaking occurs via vacuum expectation val-
ues of two different Higgs superfields, denoted H' and H2. Baryon number and lepton
number are conserved separately, which is expressed in a new multiplicative quantum
number R-parity. It is defined for each particle as R, = (—1)38+5+25 with B, L and
S denoting baryon number, lepton number and spin of the particle, respectively. R, is
1 for particles and -1 for SUSY particles. In R-parity conserving models, sparticles are
created in pairs and the lightest supersymmetric particle (LSP) is stable and neutral.
In the MSSM it is thus expected that signatures with missing energy would arise, since
the LSP would escape undetected. The experimental reach at HERA for discovering
MSSM particles is however limited, due to the restriction to pair-production of SUSY
particles.

The spectrum of particles in the MSSM includes all SM particles and, in addition, scalar
squarks and leptons, spin-1/2 charginos, neutralinos, the gluino and five different Higgs
bosons. Charginos and neutralinos are the charged and neutral mass eigenstates of the
mixed supersymmetric partners of the W=, Z° and v (gauginos) and the two Higgs
doublets (higgsinos). Cosmological arguments suggest that the LSP is neutral and
it is therefore often assumed that the lightest neutralino, x9, is the LSP. Due to the
large number of possible couplings, the MSSM contains many new parameters, which
can only be reduced to a managable number if an assumption on the SUSY breaking
mechanism is made. Often supergravity models are used.

The dominant MSSM process expected at HERA is the production of a selectron and
a squark via neutralino exchange, ep — €¢GX, as shown in Fig. 3.8. The selectron



3.8  Supersymmetry 27

and squark are assumed to decay into the lightest neutralino plus SM particles. The
experimental signature is an isolated electron of the same charge as the beam lepton,
a jet and missing transverse momentum from the undetected neutralinos.

Typical experimental mass limits for supersymmetric particles are set from LEP at
~ 100 GeV, and, for squarks and gluinos, from Tevatron at a few hundred GeV. At
present, HERA is not competitive in this field.

Figure 3.8: Example Feynman diagram for selectron-squark production via neu-
tralino exchange and the subsequent decay into the lightest supersymmetric particle

x1-

3.3.2 R-parity violating SUSY

The general superpotential allows for Yukawa couplings between the SM fermions and
squarks or sleptons, which would violate R-parity conservation. The corresponding
terms in the superpotential would in some cases lead to proton decay, which has very
stringent experimental constraints. Therefore the R-parity violating couplings must be
small.

The R-parity violating superpotential terms, where an ep collider is most sensitive, are

of the form /\;jkLiLQ]LD’é. Here L, ; and Dy denote left-handed lepton and quark
doublets and the right-handed d-quark singlet chiral superfields respectively, and the
indices 7, j and k denote their respective generations. Expanded into four-component

Dirac notation, the corresponding terms of the Lagrangian are:

£ = Ny [Py + i, + ()00, = & i, — e, = (30wl + e
(3.13)

At HERA, where electrons or positrons are the only leptons in the initial state, 1 = 1
is relevant, and the last two terms will result in up and down-type squark production
in ep collisions. All possible right-handed down-type squarks and left-handed up-type
squarks can be produced in ep collisions. For both, production and decay via A jk» the
final state will be indistinguishable, event-by-event, from Standard Model NC and CC
events. However, the angular distribution of the final state lepton will be flat for the
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s-channel exchange of the scalar squark in its restframe, as opposed to the NC and CC
cross section with a strong angular dependence of the cross section (‘Cil—; ~ % for NC DIS,
which is the main background in searches for R-parity violating squark production at
HERA). For decay via Ay, or Az, the final state consists of an isolated muon or tau-
lepton, respectively, which will be found in a back-to-back configuration with a jet from
the decay of the final state quark. Figure 3.9 shows an example Feynman diagram for
the R-parity violating production and subsequent R-parity violating two-body decay
of the lightest stop quark, as it could occur at HERA, if R-parity violating couplings
at the decay vertex are considered that are different from the one at the production
vertex. The stop quark decays in this case to SM particles via ; — br. It was shown
that there exists a parameter region in which this tau-decay mode could be important,
which is not yet excluded by experiments [22]. It is of particular interest in the context
of the search for events with missing transverse momentum and isolated tau leptons (cf.
chapter 9), as it would introduce a process with enhanced tau production that does not
occur through W boson decays. Therefore it would allow for an excess of isolated tau
events, that is not accompanied by a much larger excess in the electron and muon decay
channel of the W boson, as it would be expected due to the lower detection efficiency
anticipated in the tau channel. For a subsequent hadronic tau decay, the signature of
such an event would be a narrow jet from the tau-decay, missing transverse momentum
from the tau neutrino pointing in the direction of the tau jet and a high-energy jet from
the decay of the b quark. The tau and the b jet would be expected in a back-to-back
configuration, thus making it difficult to separate such events from badly reconstructed
NC DIS events, where the electron is not clearly identified.
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Figure 3.9: Example Feynman diagram for R-parity violating resonant stop-quark
production at HERA with subsequent R-parity violating two-body decay to SM
particles.

In addition to the Yukawa couplings, there are also gauge couplings, allowing for a
squark decay via SM boson, neutralino or chargino radiation, with subsequent decay
of the SM boson, neutralino or chargino [23]. Figure 3.10 shows an example for R-
parity violating resonant ¢ production with subsequent gauge decay ¢ — bW ™. The
produced b-quark decays via YIS b — ved. For a leptonic decay of the W boson,
W+ — etv,, utv,, 77, the experimental signature would be an isolated lepton at
large transverse momentum, missing transverse momentum from the two neutrinos
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and a jet from the d-quark. This process could thus contribute as a W-decay signal to
the search for isolated leptons presented in this thesis.
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Figure 3.10: Example Feynam diagram for resonant stop-quark production at
HERA with subsequent bosonic decay.

An example for an R-parity violating SUSY process leading to a tau lepton, missing
transverse momentum and several jets in the final state is shown in Fig. 3.11. A stop
quark is resonantly produced through an R-parity violating A}, interaction, followed
by a gauge decay t — by ", where the b-quark results in a jet. In many SUSY scenarios
the electron- and muon-sneutrinos are heavier than the chargino, such that decays of
the chargino involving electrons or muons could be kinematically forbidden and only
the tau-decay channel remains. In this example a tau lepton is produced in the decay
x* — 71,. The neutralino subsequently decays to a tau neutrino and a ¥°. The x°
decays to 7, and 7, with subsequent R-parity violating decay of the #, via 7, — bd,
resulting in two colour-connected jets, which might be collinear and thus be visible
as only one jet in the detector. Missing transverse momentum would arise due to the
two neutrinos in the final state. Several SUSY couplings involved in the production
and decay chain described by this Feynman diagram would have to be large enough
to allow for a detectable rate of this process. It is however an interesting example of
a process, where tau leptons are produced together with additional missing transverse
momentum and where no W decay is involved in the production of the tau leptons.

The examples given above show that the large SUSY parameter space allows for various
processes, that could lead to events with missing transverse momentum and isolated
leptons. Most of these processes involve the decay of W bosons, thus leading to an
equal number of expected electrons, muons and tau leptons from such reactions. En-
hanced tau couplings are however possible in certain regions of the SUSY parameter
space, given the large number of parameters in SUSY models, which lead to various
signatures and kinematical properties. None of the SUSY processes mentioned above
was considered quantitatively as a possible signal process in the course of this analy-
sis. A more general effective theory beyond the SM was used instead, which will be
introduced in the following section.
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Figure 3.11: Example Feynman diagram for R-parity violating resonant squark
production at HERA with a subsequent decay chain leading to a tau lepton, missing
transverse momentum and several jets in the final state.

3.4 The signal process ep — et X

This section gives a short summary of the properties of the top quark and describes
possible production and decay mechanisms of single top quarks at HERA. Cross section
and decay-width calculations are presented for a hypothetical model beyond the SM,
which involves enhanced couplings of the top quark to ¢ or v quarks through flavour
changing neutral currents (FCNC). This model is considered as the signal process in
the following search for events with isolated electrons or muons, missing transverse
momentum and large hadronic transverse momentum.

3.4.1 The top quark

The top quark was discovered in 1995 in pp collisions at the Tevatron [24,25]. With
a mass of My, = 174.3 £ 5.1 GeV [26], measured from decays of pair produced top-
quarks, it is the heaviest elementary particle known to date. Since its mass is close
to the electroweak symmetry breaking (EWSB) scale, the properties of the top quark
could give insights into the nature of EWSB and into new physics possibly arising at
higher mass scales. The top quark decays rapidly (7 =~ 1072* sec) and almost exclusively
through the single mode ¢ — bW, before the formation of top flavoured meson states
can take place. Unlike for the lighter quarks with longer lifetime it is thus possible to
study properties of the top quark, such as spin correlations, without the difficulty that
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light quarks fragment before they can be detected. Possible deviations from the SM
could therefore be first observed in the top sector.

The centre-of-mass energy of \/s = 1.96 TeV at the Tevatron allows for the production
of tt pairs, while at HERA (1/s = 318 GeV) and LEP (/s < 209 GeV) only single-top
production is kinematically allowed.

3.4.2 Possible production of single top quarks at HERA

In the SM, transitions between quarks from different generations occur only via charged
currents and are suppressed by the small values of the off-diagonal elements in the
Cabibbo-Kobayashi-Maskawa matrix [27,28]. Figures 3.12 a) and b) show examples
of flavour changing charged current interactions leading to the production of single
top quarks, as they may occur at HERA. The SM cross section for single top-quark
production through charged currents at HERA is about 1 fb [29].
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Figure 3.12: Example diagrams for SM top-quark production at HERA: a)
charged current process involving a d- or s-quark from the proton, b) resolved pro-
cess with a b-quark and c) SM flavour changing neutral current process at one-loop
level.

Neutral current interactions in the SM preserve the quark flavours in leading order
perturbation theory. Quark flavour changing neutral current (FCNC) processes are
present only via higher order radiative corrections. Figure 3.12 ¢) shows an example
for a one-loop FCNC process, as it might occur at HERA. The suppression due to
the Glashow-Iliopoulos-Maiani (GIM) mechanism [30] leads to the disappearence of
such contributions in case of degenerate quark masses. Therefore a sizeable cross
section is expected only in cases where the top quark is involved in the loop. The
decay b — sv is an example for such a FCNC process. It was first observed by the
CLEO experiment [31,32]. FCNC decays connecting quarks with charge +2/3 are
strongly GIM suppressed due to the smaller masses of the charge —1/3 quarks, which
are involved in the loops. Thus no sizeable cross sections are predicted in the SM for
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FCNC processes between the top and the ¢ or u quark. The predicted SM branching
ratios for the flavour changing decays t — ¢y and ¢ — u~y are [33]:

BR(t —cy) = 46x10* (3.14)
BR(t —wy) = 3.7x107'°, (3.15)

These small branching fractions make an experimental observation of such processes
very difficult. An enhancement of the coupling of top quarks to ¢ or u quarks through
FCNC is however predicted by many extensions of the SM [34-38]. Therefore the
top-quark sector could be sensitive to physics beyond the SM with FCNC processes
being involved. The top quark couplings can not be directly probed in low energy
experiments. Hence the constraints from such experiments are less tight in this case,
compared to cases where lighter quarks are involved. Examples for theories predicting
enhanced FCNC top quark couplings are:

o Supersymmetry. Effective FCNC couplings could be produced by new couplings
of sparticles to SM particles. In the MSSM however, the enhancements of FCNC
couplings are expected to be small, not leading to a sizeable cross section for
single top production at HERA energies [37]. Larger FCNC contributions could
arise in R-parity violating supersymmetric models [39,40]. Figure 3.13 a) shows
an example for an R-parity violating quark-flavour changing process. The FCNC
process arises through the product of R-parity violating couplings X, x Als, of a
slepton from the ¢th generation to SM down-type quarks from the kth generation
and to a u and a t quark.

o Multi-Higgs-Doublet models. FCNC couplings can occur at tree level in models
with two or more Higgs doublets [41,42]. The diagram in Fig. 3.13 b) shows a
one-loop contribution to an effective FCNC process where a charged Higgs boson
couples to a d-quark, a u-quark and a t-quark.

e FErotic quarks. Exotic quark singlets appear in grand unified theories and in
models inspired by string theories [43]. Single top-quark production could be
enhanced by mixing with these singlet quarks.

The production of single top quarks through FCNC can be searched for in high-energy
ete™ and ep collisions. In pp collisions, rare decays of the top quark (¢ — ¢y and
t — qZ) can be used to probe anomalous FCNC couplings'.

The dominant production mechanism for single top quarks at the HERA ep collider is
expected to come from an anomalous magnetic coupling k4, at the t —u—y vertex (see
Fig. 3.14). The corresponding process with the Z° as exchange boson is suppressed due
to the large mass in the ¢-channel propagator. The majority of interactions at HERA
involve the exchange of a photon at low virtuality (low @?). The mixing with the Z°

!The sensitivity of rare decay experiments is restricted to those scenarios, where the involved
particles are lighter than the top quark.
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Figure 3.13: Example diagrams for processes leading to effective FCNC couplings
through a) exchange of a slepton and b) exchange of a charged Higgs boson.

boson becomes significant at large values of Q?, close to the square of the Z° mass.
The cross section falls with é, such that the sensitivity at high Q? is suppressed. An
anomalous coupling to the charm quark would not lead to a large cross section due to
the small charm-quark density at large values of x in the proton. With an incident
lepton energy of 27.5GeV, the struck quark must carry a minimum momentum of
278 GeV to produce a single top quark with a mass of 175 GeV. This corresponds to
x ~ 0.3. For x > 0.3 the parton density of u—valence-quarks is much higher than of
c—quarks, which appear only in the quark sea (see Fig. 3.3).

In the following, only k,, and the vector coupling vy, 7 at the t —u—Z2 0 vertex is taken
into account, the latter one contributing mainly in case of the possible anomalous decay
t — uZ. The possible anomalous top-quark decays ¢t — ¢y and ¢t — ¢Z (¢ = u,c) are
shown in Fig. 3.15.

et et

q/v

q/l

Htu'y YUtuz

q b

Figure 3.14: Single top-quark production via FCNC transitions at HERA and
subsequent SM decay ¢ — bW .

Possible anomalous couplings at the t —u — v and t — u — Z° vertex can be described
by an effective Lagrangian of the form [37]:

— 109" g

ALy =e et N fy U AF t Y, vz u Z* +h.c., (3.16)

2 cos Oy

where e (e;) denotes the electron (top-quark) electric charge, g is the weak coupling
constant, By is the weak mixing angle and o, = (7" —*y*) (with #,+" denoting
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Riuy Viuz

u,C u,C

Figure 3.15: Possible anomalous decay modes of the top quark through FCNC.

the Dirac y-matrices). A is the scale, up to which the effective theory is assumed to
hold, which by convention is set to the mass of the top quark, M., ¢ and u are the
interacting fermion fields of the top- and u-quark respectively, ¢ is the momentum of
the exchanged gauge boson and A* and Z* denote the fields of the photon and Z°
boson, respectively. The values of the coupling constants k,, and vy,z in the SM are
zero at tree level and extremely small at one loop. In the following it is assumed that
Kty and vy,z are real and positive.

3.4.3 Leading order cross-section and decay-width calculations

The program CompHEP [44] was used to perform leading order cross section and decay
width calculations for anomalous top-quark production and decay through FCNC. All
calculations were based on the Lagrangian from eq. (3.16). For the proton structure
function MRST [45,46] was used. Initial state radiation (ISR) of the beam electron
was taken into account using the Weizsdcker-Williams approximation [47]. The proton
structure function and the ISR were evaluated at the scale M, . The ISR was found to
decrease the cross section by approximately 10%. The cross section can be parametrised
as:

— 2 2
Usingle top — C’y ) Ktu'y + Cz Uz + C’yZ ) /{tu'y *Viuz- (317)

The values for the coefficients c,, ¢z and ¢z, obtained from CompHEP, are summarised
in Tab. 3.3 for the CMS energies and masses of the top quark that are considered in the
following. The cross section for photon exchange increases by approximately 40% for an
increase in the CMS energy from /s = 300 GeV to /s = 318 GeV. The corresponding
increase for the Z%exchange process is approximately 60%. For a variation of the top
mass by +5 GeV, the resulting change in the cross section is approximately F25%.

Figure 3.16 shows the calculated cross section for single top-quark production ep — etX
via FCNC at the ¢ — u—boson vertex as a function of the coupling constants ry,, and
vz for \/s = 318 GeV and Mo, = 175GeV. The steeper rise with x4, as opposed
t0 Vg7 corresponds to the suppression of the Z° exchange for low values of Q2. The
interference between v and Z° exchange, parametrised with ¢,z, lowers the cross section
for single-top production. The effect, however, is small, as shown in Fig. 3.17, where the
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duction cross section according to equation (3.17), for different CMS energies and

masses of the top quark.
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Cross section for single top-quark production ep — etX via FCNC

Figure 3.16

at the ¢ —u—boson vertex as a function of the coupling constants s,y and v,z for

Vs

318 GeV and Mo, = 175 GeV.

relative contribution of the interference term is displayed as a function of the coupling

constants K, and v,z for /s

318 GeV and M., = 175GeV. The contribution is

always below 1% and will thus be neglected for the calculation of the exclusion limits

(cf. section 8).

The branching ratios BR(t — bW ™), BR(t — uv) and BR(t — uZ) depend as well on

the anomalous couplings ki, and v,z and were calculated from the decay widths in
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Figure 3.17: Relative contribution % of the interference term to the total cross
section for single top-quark production as a function of the coupling constants
and vy, z for /s = 318 GeV and My, = 175 GeV.

the corresponding channels as

r +
BR(t — bW*) = LooW
( ) Ft—)bW"‘ + Ft—)u'y + I_\t—>uZ
Ft—)u'y
BR(t — u = 3.18
( 7) Ftﬂl)W"‘ + Ft—)u'y + Ft—)uZ ( )
| P
BR(t — uZ) = 1oud

1—‘t—)bW"‘ + Ft—)u'y + I_\t—mZ

The decay widths can be parametrised as:

Lisow+ = wsm
_ 2
Disuy = Wy~ Kiy, (3.19)
2
1ﬂt—)uZ = Wz " Vyz,

where the coefficients wgys and w, were obtained from CompHEP and w; was obtained
from an analytical calculation [37] for different top masses as shown in Tab. 3.4.

3.4.4 Next-to-leading-order cross-section calculations

Next-to-leading-order (NLO) QCD calculations were available for single-top production
through photon exchange [48]. They were used to obtain the cross section for the
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Miop (GeV) | wsyr (MeV) | wy (MeV) | wy (MeV)
170 1404 293 1297
175 1554 302 1449
180 1713 310 1610

Table 3.4: Values of the top decay width coefficients in (3.19) for different masses
of the top quark. wgy and w, were obtained with CompHEP, while wz; was
calculated analytically [37].

process ep — etX as a function of ky,,, neglecting the contribution of the Z° exchange
process. The renormalisation (ug) and factorisation (up) scales were chosen to be
Hr = pr = Mip. The strong coupling constant, ag, was calculated at two loops

with A% = 220 MeV, corresponding to ag(Mz) = 0.1175. The calculations were

performed using the MRST99 parametrisation of the proton PDFs. The uncertainty
on the calculation due to terms beyond NLO, estimated by varying ug and pur between
M4, /2 and 2 - M,,,, was found to be T35% (T33%) at a centre-of-mass energy of 318
(300) GeV. The uncertainties on the calculation due to the uncertainty on ag(Myz)
and on the proton PDFs were +£2% and +4%, respectively. The variation of the cross
section on M., was approximately +25% (+20%) for AM,,, = £5GeV at a centre-
of-mass energy of 318 (300) GeV.

Figure 3.18 shows the effect of the NLO QCD corrections on the FCNC single-top-
production cross section for M., = 175GeV and the two different CMS energies at
HERA. The cross sections were obtained from a program [49], which is based on the
NLO calculations [48]. The Born level cross sections are in very good agreement with
the CompHEP results. For a coupling of ;,, = 0.2, the NLO corrections lead to an
increase in the calculated cross section by approximately 20%.

a) _ _ b) _ _
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Figure 3.18: Born level cross section and Born+one-loop cross section for FCNC
single-top production at HERA as function of the coupling &y, for a CMS energy
of a) 300 GeV and b) 318 GeV.
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Chapter 4

Search Strategy

4.1 Generic search for isolated leptons and missing
transverse momentum

In this analysis events with an isolated lepton, large missing transverse momentum and,
in a final selection, large transverse momentum of the reconstructed hadronic system
were searched for. The search was motivated by an accumulating excess of such events
over the HERA I data taking periods, observed by the H1 collaboration [1-5].

The analysis started with a generic search for events with isolated tracks and large miss-
ing transverse momentum in the calorimeter. The isolated tracks were then matched
with electrons, muons or tau leptons, that were found by the corresponding lepton
finders.

4.2 Single-top quark production

The production of single top quarks through FCNC with subsequent leptonic decay
of the produced W boson was considered as a prototype for a signal process beyond
the Standard Model, which could lead to such signatures. In the following the existing
constraints on single-top production and the experimental signature of this process at
HERA are reviewed.

4.2.1 Existing constraints on single-top production

The FCNC-induced couplings of the type tuV or tcV (with V = v, Z%) have been
explored in pp collisions at the Tevatron by searching for the top-quark decays ¢t —
uV and t — ¢V [50] (see Fig. 3.15). The same couplings involving the top quark
were investigated in e*e” interactions at LEP2 by searching for single-top production
through the reactions ete™ — @ (+c.c.) and ete™ — ¢ (+c.c.) [51-54] (see Fig.

39
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4.1). No evidence for such interactions was found at either accelerator and limits
were set on the branching ratios BR(b — ¢vy) and BR(t — ¢Z). Assuming that
no anomalous couplings to the charm quark exist, the LEP and Tevatron limits were
translated into limits on the anomalous coupling constants ky,, and vy,z, which appear
in the Lagrangian (3.16). The published results in the LEP analyses, which have
similar sensitivities to the tuy and tuZ couplings, are based on the assumption that
the couplings to the ¢ and u quark are of equal strength. A factor v/2 was therefore
applied to rescale their limits. This factor canceled with another factor 1/4/2, which
arises from the fact that the Lagrangian used in the LEP analyses differs from (3.16)
by a constant multiplicative factor, such that kLEF = \/2xZEUS and vEEP = \/20ZEVS.

tuy tuy
The cancellation of these two factors is purely incidental.
et t
/{tu'yavtuZ
7,2°
e u

Figure 4.1: Possible production of single-top quarks through FCNC at LEP.

The most stringent constraint on x,, was obtained by the CDF collaboration [50]. For
the anomalous decay t — ¢v it was found:

BR(t — qv) <3.2% at 95% C.L.

The coupling is constrained from this limit according to eq. (3.19) and for M., =

175 GeV to be:
Rtury < 0.41.

From this value and (3.17) the expected upper limit on the cross section for single-
top production at HERA was obtained to be approximately 0.8 pb (1.1 pb) at /s =
300 GeV (318 GeV), assuming vy, z = 0. For the complete HERA I dataset of 130 pb ™" it
is therefore not excluded that roughly 120 single-top events would have been produced,
which via the branching ratios of the W boson corresponds to 40 leptonic decays.

The most stringent limit on the vector coupling v,z was set by the L3 collaboration [54].
For Ky, = 0 and My, = 175 GeV it was found:

iz < 0.37.

4.2.2 Single-top production signatures at HERA

In the following it is assumed that the dominant production mechanism for single top
quarks at HERA would be due to the anomalous magnetic coupling k4, at the ¢ —u—+
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vertex, for which at HERA the highest sensitivity is expected. Taking into account
the existing constraints on the anomalous decay modes of the top quark, it is also
assumed that the subsequent decay would be dominated by the SM decay ¢t — bW
(see Fig. 3.14). The event selection was optimized for this scenario. However also the
other possible production and decay modes mentioned above were considered in the
derivation of the cross-section limits.

The experimental signature of the process ep — etX, t — Wb depends on the decay
channel of the W™ boson:

e Wt — efv,utv. For the electron and muon decays (BR = 10.7% per chan-
nel), which were searched for in this analysis, it consists of an isolated positively
charged lepton, missing transverse momentum and a hadronic system with large
transverse momentum, pi#d*. The main background for this process at HERA is

the production of real W bosons.

e W+ — 7tu. For the decay to a tau lepton (BR = 10.7%), the signature depends
on the subsequent tau decay:

— 7t = e'vv,, puty,p,. For the leptonic tau-decay modes (BR =~ 18% per
channel) the experimental signature is similar to the one for the direct decay
of the W boson to electron and muon.

— 77 — hadron(s) 7;. Due to the large top mass, the hadrons produced
from the subsequent tau decay would be expected at high momentum and
strongly boosted in the direction of the tau lepton. The tau lepton is colour
neutral, such that quark or gluon radiation is inhibited and the emerging
energy depositions in the CAL are thus expected to have a narrow, pencil-
like shape. This decay channel of the top quark is covered by the search for
isolated tau leptons (cf. section 9). The huge background from events with
quark or gluon induced jets however makes a stringent selection necessary
and leads to a very small expected efficiency. Therefore a significant excess
of tau events from W decay would have to be accompanied by a larger excess
in the electron and muon decay channel.

e WT — q¢’. The hadronic decay of the W boson (BR = 68.0%) leads to
events where one jet emerges from the b quark and two jets from the secondary
W decay, all of them at large transverse energies. The dijet invariant-mass
distribution for the correct pair of jets would peak at the mass of the W boson
and the three-jet invariant mass distribution would peak at the top mass. The
main background for this process at HERA is multi-jet QCD production at low
Q?. A search for single-top production in the hadronic decay channel, which was
performed by the ZEUS collaboration [55,56] is shortly reviewed in section 7.5.
The results from both the electron/muon and the hadronic decay channel were
combined, as described in section 8.
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4.3 Background processes

The main contribution from the SM to the signature of interest is expected to come
from single W boson production, while other SM sources might contribute through
mismeasurements, producing fake leptons and/or large apparent missing transverse
momentuin.

4.3.1 Standard Model e-p background

The contribution of Standard Model background processes to the expected number
of observed events is estimated by including different sets of simulated events in the
analysis chain. The following e-p related background processes were taken into account
for this analysis.

e Photoproduction processes (PhP)

In photoproduction processes the scattered electron carries only a small pr (sin  —
0) and is thus not detected within the main detector. Only a mismeasurement of

the hadronic final state can lead to a significant missing transverse momentum,

which in conjunction with a fake lepton might mimic a signal event.

e Neutral current deep inelastic scattering (NC DIS)

NC DIS events are characterized by large values of Q?, with the scattered electron
usually detected within the main detector. NC DIS events can lead to significant
missing transverse momentum in the detector, if one or more of the following
conditions apply:

— The hadronic system contains muons or neutrinos.
— The hadronic energy is mismeasured.

— The electron is mismeasured.

Due to the large cross section for the NC DIS process, it was one of the main
sources of background for electron-type events.

e Charged current deep inelastic scattering (CC DIS)

CC DIS events always contain a neutrino in the final state, leading to missing
transverse momentum. They can mimic a signal event in case of isolated fake
leptons.

e Lepton pair production

The Bethe-Heitler two-photon processes, where photons emitted from the beam
electron and the proton interact, lead to the production of a lepton pair, ee,
up, 7T in the final state. Muon pairs with only one of the muons detected are
characterized by missing transverse momentum in the CAL and thus contribute
as background for muon-type signal events.
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e Production of single W* bosons

The experimental signature of single W-boson production, followed by leptonic
W decay, is similar to the single top signal in the leptonic channel. The scattered
electron emerges at small angles with respect to the lepton beam direction and
is in most cases not found in the central detector. The observed event topology
consists of the hadronic final state X and the W boson decay products. The
value of the transverse momentum of the hadronic system, however, is expected
to be lower compared to the single top signal, where a b-quark at high transverse
momentum is produced in the decay of the heavy top quark.

4.3.2 Non ep background

The following sources of background, which are not related to the primary interaction
of electrons and protons, were taken into account for this analysis:

e Beam gas interactions

Beam gas reactions are caused by upstream interactions of electrons or protons
with the residual gas nuclei or elements from the beamline. The VETO wall
suppresses such events only for sufficiently high transverse momenta.

e Halo Muons

Muonic decays of particles produced in beam gas interactions (e.g. 7%, K*) cause
a background of muons, which are passing the ZEUS detector mainly parallel to
the beamline.

e Cosmics

High-energy muons from interactions of cosmic rays in the atmosphere are travers-
ing the CTD with a rate of about 500 Hz. Most of them pass on straight lines
from top to bottom. Shallow angle cosmics can also occur. The cosmic muons can
radiate photons or react inelastically (uN — vX) inside the detector, which leads
to large energy deposition and missing transverse momentum in the calorimeter.
Cosmic muons may also overlay events from electron-proton interactions.

e Sparks

“Sparks” are spontaneous high voltage discharges at the photomultipliers (PMT)
of the CAL. Sparks appear as CAL cells with high energy. They are identified by
a large imbalance between the two independent PMTs for a cell. Sparks in cells
with only one active PMT are suppressed by requiring a minimum energy in the
adjacent cells.
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Chapter 5

Monte Carlo Simulation

Monte Carlo (MC) generators are tools used to simulate complex high-energy physics
processes on the basis of statistical models. This chapter describes the simulation of all
physics processes, that were considered in this analysis, followed by a brief description
of the detector simulation.

For all considered processes three different sets of MC samples where used, correspond-
ing to the three different running periods:

e 1994-1997
Positrons (E.+ = 27.5 GeV) colliding on protons (E, = 820 GeV), /s = 300 GeV;

e 1998-1999
Electrons (E,- = 27.5 GeV) colliding on protons (E, = 920 GeV), /s = 318 GeV;

e 1999-2000
Positrons (E.+ = 27.5 GeV) colliding on protons (E, = 920 GeV), /s = 318 GeV.

The simulation of processes involving strongly interacting particles is usually divided
in two parts, one modelling the hard subprocess and parton showering, which can be
described perturbatively, and another one simulating the non-perturbative hadronisa-
tion phase. The output of the second part contains the four-momenta of the produced
particles, which are used as input for the following simulation of the detector response.

5.1 QCD radiation

Higher order QCD processes in photoproduction and DIS can lead to one or more ad-
ditional jets produced through radiation of additional hard gluons. Example diagrams
for 3-jet production through initial and final state gluon radiation are shown in Fig.
5.1.

45
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Figure 5.1: Example Feynman diagrams for 3-jet production through a) initial
state and b) final state gluon radiation.

Two- and three-jet production in DIS are known in next to leading order (NLO) of
QCD. Simulations however are available only in leading order (LO). Two different
approaches are commonly used to describe multi-jet production from QCD radiation:

e Colour Dipole Model (CDM). In the Colour Dipole Model QCD radiation is de-

scribed as parton showers evolving from independently radiating colour dipoles
[67]. The first dipole is spanned by the quark struck by the photon and the
remaining constituents of the proton (called proton remnant). The spatial ex-
tension of the proton remnant is taken into account as restriction of the phase
space for hard gluon radiation near the proton remnant.

Matriz Element and Parton Shower Model (MEPS). In this model higher orders
of perturbation theory are summed up to all orders using the DGLAP leading log
approximation (LLA). A planar parton shower is generated, in which the energy
fractions in each branching process are determined by the Altarelli-Parisi-splitting
functions [15] and angular-ordering is imposed for final radiation. Perturbation
theory is applicable down to parton energies of approximately 1 GeV.

5.2 Hadronisation models

For the simulation of the final part of the hadronisation two different approaches are
commonly used:

e Lund model. The Lund string fragmentation model [58] treats the colour field

between diverging ¢ pairs as a string of constant energy density of approximately
1 GeV /fm, thus taking into account the self-interactions of the gluons. The con-
stant energy density along the string leads to an increasing string energy with
increasing ¢q distance, until enough energy is reached to create a ¢g pair from the
vacuum. The string thus splits consecutively into smaller parts until the process
stops when the energy of the initial ¢¢ pair is exhausted.
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e Cluster hadronisation. A cluster hadronisation model [59] based on the idea of
preconfinement of colour is often used for the final part of the event simula-
tion. Gluons are nonperturbatively split into ¢q pairs. Neighbouring quarks and
antiquarks are then combined to low mass colour singlet clusters, which decay
isotropically into pairs of hadrons or turn into hadrons themselves by momentum
exchange with a neighbouring cluster to adjust the mass.

5.3 Simulation of the signal process

Single top production in ep collisions was simulated using a modified version of the
excited fermion generator HEXF [60]. HEXF is based on the phenomenological model
of Hagiwara et al. [61-63]. An excited u* quark with a mass of 175 GeV was produced
and forced to decay to bW. The efficiency for detecting the decay products in case of
anomalous top decay ¢t — uZ was estimated from a smaller sample of generated events,
in which the excited u* quark was forced to decay to uZ. HEXF includes initial-state
radiation from the beam electron using the Weizsicker-Williams approximation [47].
The matrix-element and parton-shower model of Lepto 6.1 [64] is implememented for
the simulation of the QCD cascade. The hadronisation and decay of unstable particles
is simulated using the Lund [58] string model as implemented in JETSET 7.4 [65]. The
parton density functions of the proton are evaluated from the MRS (A) parametrisation.

Additional samples of MC events were generated with CompHEP to confirm the results
obtained with HEXF and to estimate the efficiency for the production through an
anomalous vector coupling v,z at the t — u — Z° vertex. Here the parton density
function of the proton were evaluated from the MRST parametrisation [45,46]. Initial
state radiation was not included. CompHEP was interfaced to PYTHIA [66] for the
simulation of the QCD cascade and the hadronisation and decay of unstable particles.
The QCD radiation is simulated within PYTHIA using a combination of the matrix-
element and parton-shower approaches. For the fragmentation the Lund string model
of JETSET is used.

In all MC samples the @? scale for the structure functions of the proton was set to
Miop”.

Table 5.1 lists the different MC samples used for the simulation of the single-top pro-
duction processes.

Figures 5.2 to 5.4 show distributions of kinematic variables of the generated single top
events for the scattered electron, the top quark, the W boson and the b quark from the
top decay and for the lepton from leptonically decaying W bosons. All quantities are
displayed for the laboratory frame. The following samples are compared, all of them
generated at /s = 318 GeV and for M, = 175 GeV:

e the HEXF sample with top production through vy-exchange and decay ¢t — bW

e the CompHEP sample with top production through ~-exchange and decay t —
bW
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e the CompHEP sample with top production through Z%-exchange and decay ¢t —
bw.

In general, good agreement between the two samples with y-exchange at the production
vertex can be observed.

For single-top production through y-exchange, the massless propagator has a pole at
)? = 0. The simulation thus shows the characteristics of a photoproduction process:
the momentum transfer to the beam-lepton, as observed from its transverse momentum
after the scattering process, is small (Fig. 5.2a). The scattered electron escapes outside
the acceptance of the calorimeter (polar angle 6%, > 176°) in 65% of the events (Fig.
5.2b). For the production through the massive Z° boson, the propagator has no pole
at Q% = 0. The distribution of the transverse momentum of the beam lepton is shifted
towards larger values, corresponding to higher values of Q?. The scattered lepton is

thus observed inside the acceptance of the detector most of the time.

The HEXF events are generated for a fixed top-mass. Therefore the distribution of the
momentum of the top quark, pip, (Fig. 5.2c) shows a sharp cutoff at the kinematical
limit pyp, = 250 GeV, where the top quark is produced at rest in the CMS. For the
ComHEP samples, in which the mass of the top has a finite width, this cutoff becomes
smeared. Due to its large mass, the top quark is boosted in the proton direction, as
can be seen in Fig. 5.2d) from the distribution of the polar angle. The transverse
momentum of the top quark has to balance the one of the scattered electron. Thus the
polar angle distribution for the top quark becomes shifted towards larger values for the
case where a heavy gauge boson is involved in the production.

The transverse momentum of both the W boson and the b quark from the top decay,

W#::ﬁ" (Fig. 5.3a and c¢). For the

production through Z%-exchange, this peak is shifted towards larger values, reflecting
the difference in the kinematics of the parent particle.

which balance each other, show a Jacobian peak at

‘ data taking period ‘ generator ‘ production ‘ decay ‘ top mass ‘ # events ‘
Vs =300GeV; eTp | HEXF Ktury t— bW | Miop = 170 GeV 46361
HEXF Ktury Miop = 175 GeV 46581
HEXF Ktuy Miop = 180 GeV 46764
Vs =318GeV; e"p | HEXF Ktury t—= bW | My, = 170GeV 46074
HEXF Kty Miop = 175 GeV 46322
HEXF Ktury Miop = 180 GeV 46481
Vs =318GeV; eTp | HEXF Ktuy t— bW | Miop = 170 GeV 45146
HEXF Ktury Miop = 175 GeV 46309
HEXF Ktury Miop = 180 GeV 46294
Vs = 318GeV; etp | HEXF Ktuy t—uZ | Miyp = 175GeV 18567
Vs =318GeV; eTp | CompHEP Ktury t— bW | Mo, = 175 GeV 15074
Vs =318GeV; eTp | CompHEP | vy, t— bW | Myop =175 GeV 10000
V5 =318GeV; eTp | CompHEP | v,z t—=uZ | Myp = 175GeV 9995

Table 5.1: MC samples for the simulation of the single-top production processes.
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The polar-angle distribution of the W boson (Fig. 5.3b) is boosted in the proton di-
rection. For the HEXF samples the distribution is peaked at lower polar angles than
for the CompHEP events. This difference is caused by the different treatment of the
couplings in HEXF and CompHEP: the Hagiwara model, as implemented in HEXF,
includes couplings only between left-handed ordinary fermions and right-handed ex-
cited fermions. The produced top is thus always right-handed polarized, while for the
Lagrangian (3.16), which was implemented in CompHEP, both polarizations are pos-
sible. The polar-angle distribution of the W boson in the CMS is thus asymmetric for
the HEXF simulation, while it is uniformly distributed for CompHEP, leading to the
observed difference of the polar angle distribution in the laboratory frame.

Also the polar-angle distribution of the b quark (Fig. 5.3d) , which corresponds to
the direction of a detectable jet, shows the boost in the proton direction. The peak
of this distribution is observed at about # = 15° (# = 25° for the HEXF sample),
which corresponds to n = 2.0 (n = 1.5 for the HEXF sample). The jet from the b-
quark can therefore be expected inside the acceptance of the detector most of the time.
The observed difference between the HEXF samples and the events generated with
CompHEP for v exchange is caused by the different treatment of the polarization, as
already discussed for the polar-angle distribution of the W boson. In cases where the
W decays leptonically, also this lepton can be expected to have a sizeable transverse
momentum and to be pointing inside the angular acceptance of the detector most of
the time (Fig. 5.4a and b).

Despite the observed difference in the polar angle distribution of the W boson and
the b quark, the selection efficiency for the CompHEP and HEXF samples were found
to agree within 10%. The HEXF samples were used as the default signal MC in this
analysis for the ¢ — bW decay mode.

5.4 Photoproduction processes (PhP)

The generator HERWIG [67] was used in its version 5.9 to simulate both direct and re-
solved photoproduction. The proton structure function was CTEQ4D [68], the photon
structure function GRV-G LO [69]. Partonic processes are simulated using LO matrix
elements, including initial- and final-state parton showers. Fragmentation into hadrons
is performed using a cluster model [59]. The produced samples were restricted at gen-
erator level to exceed a threshold in the transverse energy of the produced hadronic
system, Ep, or in the individual transverse momentum of the produced hadrons p5.

Table 5.2 lists the PhP MC samples, that were used in this analysis.
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Figure 5.2: a) Momentum, p&_ ., and b) polar angle, 6 ., of the scattered beam
electron, ¢) Momentum, piop, and d) polar angle, ¢,p, of the top quark, for events
from the single-top signal MCs, in the laboratory frame. The dotted and dashed
lines show the signal MC for y-exchange at the production vertex and decay to bW,
generated with HEXF and with CompHEP, respectively. The solid line represents
the signal MC for Z%-exchange at the production vertex and decay to bW. All

histograms were normalised to one.
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Figure 5.3: a) Transverse momentum, pTW , and b) polar angle, Oy, of the W boson,
c) transverse momentum, p., and d) polar angle, 0, of the b quark for events from
the single-top signal MCs, in the laboratory frame. The dotted and dashed lines
show the signal MC for y-exchange at the production vertex and decay to bW,
generated with HEXF and with CompHEP, respectively. The solid line represents
the signal MC for Z%-exchange at the production vertex and decay to bW. All
histograms were normalised to one.
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Figure 5.4: a) Transverse momentum, p;. , and b) polar angle, ficps, of the lepton
from the W boson decay for events from the single-top signal MC, in the labora-
tory frame. The dotted and dashed lines show the signal MC for y-exchange at
the production vertex and decay to bW, generated with HEXF and with Com-
pHEP, respectively. The solid line represents the signal MC for Z%-exchange at the
production vertex and decay to bW/ . All histograms were normalised to one.

| period | PhP process | generator cuts | o (pb) | # events | Liy(pb™') |

Vs = 300GeV; | direct (a) 19910 2400k 120.5
etp resolved (a) 73760 3280k 44.5

dir.+res. (c) 1130 208k 184.0
/5 = 318 GeV; | direct (b) 2780 | 1200k 1317
e p resolved (b) 11900 3600k 302.5

dir.+res. (c) 1274 110k 86.2
/5 = 318 GeV; | direct (b) 2800 520k 185.7
etp resolved (b) 13100 630k 48.1

dir.+res. (c) 1263 417k 330.1

Table 5.2: MC samples for the simulation of Photoproduction processes. The
generator cuts applied were: (a) The transverse energy of the produced hadronic
system, Er, had to exceed 20 GeV or the individual transverse momentum of the
produced hadrons, p2¥4, had to exceed 6 GeV; (b) Er > 30 GeV or piard > 6 GeV;
(c) At least two jets with a transverse energy E'%?t > 15 GeV for each of the jets
and phard > 6 GeV.
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5.5 Neutral and charged current deep inelastic scat-
tering (NC and CC DIS)

NC DIS events were simulated for this analysis with the generator LEPTO 6.5 [64]
interfaced to HERACLES 4.6.1 [70] via DJANGOH 1.1 [71]. The CTEQ5D [72]
parametrisations of the proton PDFs were used. The simulation of the QCD cas-
cades with ARIADNE [73] was based on the colour dipole model (CDM). Hadronic
final states were generated with string fragmentation. The CDM model is known to
give the best description of most final state data [74,75]. To investigate the influence of
the QCD-radiation model on the background expectation, another set of NC DIS MC
events was generated using the Matrix Element and Parton Shower Model (MEPS), as
implemented in LEPTO MEPS.

The NC DIS MC samples used for this analysis are listed in Tab. 5.3

CC DIS events were simulated in the same framework as the NC DIS events, with
the CTEQA4D [68] parametrisations used for the proton PDFs. The corresponding MC
samples are listed in Tab. 5.4.

5.6 Lepton pair production

The lepton-pair-production processes were simulated with the generator GRAPE-Dilepton
[76].

The phase-space is divided in kinematic regions defined according to the square of the
four-momentum transfer at the proton vertex Qi and the square of the invariant mass
of the hadronic final state M? . :

Q5 = (Pejin — (Pe + p1+ + 11-))’

Mi%adr = ((pe,m + pp,in) — (pe + i+ + pl—))Q,

where p., and p, i, are the four-momenta of the incoming electron and proton, re-
spectively, and pe, p;+, p- are the four-momenta of the outgoing electron and leptons,
respectively. Three kinematic regions were considered:

e elastic: Mhadr = Mp
e quasi-elastic (I): @) < 1 GeV?, quasi-elastic (IT): M, + Myo < Myagr < 5 GeV

e DIS (I) to (IV): Q2 > 1GeV? and Mpaqar > 5GeV, with the subprocesses (I) to
(IV) corresponding to the generation of the initial state quark (u; #; d and s; d
and §).
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NC DIS ARIADNE CDM LEPTO MEPS

period | Q% > | o (pb) || # events | Lin(pb ') || # events | Line(pb )

300 GeV; | 100 GeVZ | 7585.5830 197506 26.0 - -

etp 400 GeV? 1097.0656 710607 649.4 599759 546.9

1250 GeV? 182.0800 121932 670.7 259678 1426.8

2500 GeV? 53.1201 41576 782.6 119975 2256.6

5000 GeV? 12.9242 19879 1530.7 119907 9284.3

10000 GeV? 2.2858 16971 7352.1 119943 52454.7

20000 GeV? 0.2244 16886 74389.9 119892 |  533469.8

30000 GeV? 0.0342 10995 | 318466.4 59971 | 1751540.5

40000 GeV? 0.0057 10916 | 1915087.8 59974 | 10629165.0

50000 GeV? 0.0008 7990 | 9987500.0 59969 | 71107240.0

318 GeV; | 100GeVZ | 8157.8999 || 374415 45.9 - -

e p 400 GeV? 1196.8341 259866 217.2 479757 401.0

1250 GeV? | 216.8898 58995 272.0 211475 973.6

2500 GeV? 71.7032 21995 306.6 119986 1671.8

5000 GeV? 21.6327 14490 669.3 119877 5531.7

10000 GeV? 5.3639 16955 3161.4 110519 20598.1

20000 GeV? 0.8470 16973 20034.3 108524 | 128136.6

30000 GeV? 0.1851 10995 59361.9 59990 | 324077.6

40000 GeV? 0.0427 10993 |  257615.3 59987 | 1406329.9

50000 GeV? 0.0092 11000 | 1196383.1 59964 | 6523640.5

318 GeV; | 100GeVZ | 8122.0000 || 939419 115.7 - -

etp 400 GeV? 1167.5764 || 849236 727.3 564328 483.3

1250 GeV? 197.4970 189696 960.4 239608 1212.0

2500 GeV? 58.9304 63952 1085.3 119931 2036.4

5000 GeV? 14.8413 33975 2288.7 119861 8093.8

10000 GeV? 2.7965 28921 10350.7 125670 45007.5

20000 GeV? 0.3098 28932 93341.9 119925 |  386530.7

30000 GeV? 0.0544 16990 | 312142.1 51779 |  950823.6

40000 GeV? 0.0109 17000 | 1562265.4 59934 | 5516752.5

50000 GeV? 0.0021 16985 | 8038236.5 59923 | 28241586.0

Table 5.3: MC samples for the simulation of NC DIS events.

‘ data taking period ‘ Model ‘ Q? >

| o (pb) | # events | Lin(pb™") |

/5 =2300GeV; efp [ CDM [100GeV? | 34.70 | 293406 8456.7
V5 =2318GeV; e p | CDM | 100GeV? | 71.51 99938 1397.5
Vs =318GeV; efp | CDM | 10GeV? | 45.20 24990 552.9
CDM | 100GeV? | 38.10 | 449674 11802.5
MEPS | 100GeV? | 38.10 | 449590 11800.3

Table 5.4: MC samples for the simulation of CC DIS events.
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At least one of the two leptons was required to be in the polar angle range 5° < 0 <
175° and at least one of the leptons was required to have a transverse momentum

PPt > 5GeV.
The proton structure function used was CTEQ5SL [72].
Table 5.5 lists the lepton-pair-production MC samples that were used in this analysis.

5.7 Production of single W* bosons

Both direct and resolved W boson production were simulated using the event gener-
ator EPVEC [77], which is a leading order (LO) program and does not include QCD
radiation. The phase space is split into two regions:
Ucut

do

d|u|dIUI

o =o(|u|l > tew) +

where u = (p, — pw)? is the square of the four-momentum transfer from the incoming
quark to the final state W boson. The first term (DIS W boson production) is cal-
culated using helicity amplitudes for the process e*q — e*Wyq', W — [v. The cross
section for |u| < wuey (resolved photon W boson production) is calculated by folding
the cross section for g¢' — W — U with the parton densities in the proton and the
effective parton densities for the resolved photon emitted by the incoming lepton. The

sum of the DIS and resolved cross sections varies little with w.,;, chosen here to be
25 GeV?.

The hadronisation and decay of unstable particles is simulated using the LUND [58]
string model as implemented in JETSET 7.3 [65].

Next-to-leading-order (NLO) real and virtual QCD corrections for the photoproduction
regime were taken into account by reweighting the EPVEC MC samples to the cross
sections obtained from recent LO and NLO calculations [18-21]. In these calculations,
two phase space regions were distinguished: the deep inelastic (DIS) regime at large
values of @? and the photoproduction regime at small Q2. The QCD corrections were
calculated for the dominant direct photon mechanism at finite transverse momentum
of the W boson [20] and for the total cross section of the resolved part [18,19]. In
the NLO calculations CTEQ4M [68] and ACFGP [78] were chosen as parton density
distributions for the proton and the resolved photon, respectively. At LO CTEQ4L [68]
was used. The reweighting factors for scaling the EPVEC samples to the cross section
calculations from [20] were obtained as the ratio of the two cross sections in bins of the
transverse momentum of the produced W boson py¥:

(do/dp} )xLo
(dU / dqu )EPVEC

weight (p)y ) =



ee L4 T
period | process o (pb) | #ev. | Lin(pb™ ) || o (pb) | # ev. | Lis(pb™") [ o (pb) | # ev. | Lin(pb ')
Vs =300 GeV; elastic 12.6490 | 30000 2371.7 9.6538 | 29990 3106.6 || 5.9924 | 10000 1668.8
etp quasi-el. I 0.1945 | 3000 15423.9 0.1460 | 3000 20535.3 || 0.0908 | 5000 55059.3
quasi-el. 1I 5.5466 | 10000 1802.9 4.7605 | 9995 2099.6 || 3.4065 | 2995 879.2
DIS I 31.9600 | 40000 1251.6 || 12.1717 | 19990 1642.3 || 4.6780 | 9995 2136.6
DIS II 7.9148 | 12000 1516.1 2.3806 | 4995 2098.2 || 0.8563 | 3000 3503.4
DIS III 6.1853 | 10000 1616.7 2.1608 | 5000 2314.0 || 0.8185 | 3000 3665.3
DIS IV 3.5628 | 4990 1400.6 1.1227 | 2637 2348.9 || 0.4122 | 2995 7265.6
V5 = 318 GeV; | elaStic 13.3651 | 14000 1047.5 || 10.1979 | 10874 1066.3 || 6.3460 | 6500 1024.3
ep quasi-el. I 0.2195 | 2996 13652.3 0.1666 | 2996 17981.6 || 0.1046 | 3000 28686.2
quasi-el. 11 5.7675 | 5993 1039.1 4.9679 | 4989 1004.3 || 3.5612 | 4000 1123.2
DIS I 33.2958 | 33871 1017.3 || 13.0326 | 13893 1066.0 || 5.2411 | 5487 1046.9
DIS II 8.0249 | 8500 1059.2 2.6570 | 3000 1129.1 || 1.0414 | 2995 2876.0
DIS III 6.4299 | 6465 1005.5 2.3637 | 3000 1269.2 || 0.9497 | 2979 3136.8
DIS IV 3.7010 | 3972 1073.2 1.2187 | 2984 2448.6 || 0.4789 | 3000 6263.9
Vs =318 GeV; elastic 13.3651 | 27000 2020.2 || 10.1979 | 20982 2057.5 || 6.3460 | 12993 2047.4
etp quasi-el. 1 0.2195 | 2988 13615.8 0.1666 | 2979 17879.6 || 0.1046 | 2993 28619.3
quasi-el. II 5.7675 | 11988 2078.6 4.9679 | 9960 2004.9 || 3.5612 | 7500 2106.0
DISI 32.7419 | 66000 2015.8 || 12.9775 | 25988 2002.5 || 5.2280 | 10993 2102.7
DIS II 8.2690 | 16986 2054.2 2.6815 | 5491 2047.8 || 1.0462 | 2995 2862.7
DIS III 6.4757 | 13000 2007.5 2.3725 | 4993 2104.5 || 0.9514 | 2993 3146.0
DIS IV 3.6361 | 7488 2059.3 1.2127 | 2995 2469.7 || 0.4777 | 2985 6248.2

Table 5.5: MC sampleS for the simulation of lepton pair production.

9¢
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Figure 5.5 and 5.6 show the cross sections and correction factors for e*p configuration
at /s = 300 GeV and /s = 318 GeV, respectively. The error bars shown in the plots
were obtained from the statistical uncertainty on the number of generated EPVEC
events in the corresponding bin. The WW-production cross section falls steeply with plV’,
leading to large statistical fluctuations of the EPVEC cross section at high values of
p¥ . Therefore also the resulting correction factors show larger fluctuations for high
values of p’ .

No cross section calculations were available for the e™p, /s = 318 GeV configuration.
The corresponding EPVEC samples for this configuration were reweighted with the
factors obtained from the ep, /s = 318 GeV configuration, thus neglecting the influ-
ence of the different -Z/W interference for the e*p and the e p configuration on the
correction factors.

The single W production MC samples used for this analysis are listed in Tab. 5.6. The
cross section and luminosity numbers in the table refer to the EPVEC samples before
reweighting and thus do not inlcude the NLO contributions. The total cross section
for single W production, including the recent NLO and LO calculations, amounts to
0.96 pb (1.16) for /s = 300 GeV (/s = 318 GeV). These numbers are identical to the
total cross sections obtained from EPVEC, which is considered to be a coincidence:
the net effect of the reweighting for the different phase space regions and W charges
amounts to zero.

| data taking period | W prod. process | o (pb) | # events | Lin(pb™') |

Vs =300GeV; etp | W DIS 0.4023 49666 123452
W~ DIS 0.3305 49948 151126
W resolved 0.1262 9897 78423
W~ resolved 0.1000 9997 99970
/s =318GeV; e p | W DIS 0.4782 9932 20772
W~— DIS 0.4058 9995 24632
W resolved 0.1522 10000 65721
W~ resolved 0.1207 9995 82785
Vs =318GeV; etp | W+ DIS 0.4886 49978 102296
W— DIS 0.4015 49925 124335
W resolved 0.1522 9991 65662
W~ resolved 0.1207 9989 82735

Table 5.6: MC samples for the production of single W bosouns.

5.8 Detector simulation

To compare the MC simulation with the measured data, the generated MC events are
passed to a simulation of the ZEUS detector. The program MOZART simulates the
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Figure 5.5: Cross section for W (left) and W~ (right) production at /s =
300 GeV. The upper plots show the cross section in bins of the transverse momen-
tum of the W boson pi¥ for EPVEC and for recent calculations including NLO
contributions for the photoproduction part, as described in the text. The bot-
tom plots show the correction factors EPVEC/NLO. The correction factors for
75GeV < plV < 105GeV were obtained from the integral of the cross sections in
this pYW range.

response of the different detector components and the interaction with inactive mate-
rial. MOZART is based on the GEANT-3.13 package [79]. It was initially optimized
with testbeam data and is continuously being improved with performance studies of
the running ZEUS experiment. The ouput of MOZART is processed by the trigger sim-
ulation program ZGANA and, in case of a positive trigger decision, passed on to the
event reconstruction package ZEPHYR. ZEPHYR contains the reconstruction codes of
the different components and is used both for data and simulated MC events. It builds
physics objects like tracks from single hits and applies calibrations.
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Figure 5.6: Cross section for W (left) and W~ (right) production at /s =
318 GeV. The upper plots show the cross section in bins of the transverse momen-
tum of the W boson p¥¥ for EPVEC and for recent calculations including NLO
contributions for the photoproduction part, as described in the text. The bot-
tom plots show the correction factors EPVEC/NLO. The correction factors for
75 < p¥¥ < 105 were obtained from the integral of the cross sections in this p}V
range.
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Chapter 6

Dataset and event reconstruction

This chapter describes the HERA-I dataset from 1994-2000, which was exploited for
this analysis, and defines the event variables used in the following chapters.

6.1 Dataset

The analysed data consists of events from e*p and e~ p collisions at centre of mass en-
ergies of \/s = 300 GeV and /s = 318 GeV, taken in the years from 1994 to 2000. The
total integrated luminosity was Lin; = 130.13pb™" £ 1.93%. Table 6.1 summarises the
running conditions and integrated luminosities for the different periods. The quoted
systematic uncertainties for the combined data taking periods were obtained by av-
eraging the luminosity-weighted uncertainties for the single years, i.e. assuming un-
correlated uncertainties. The same values were obtained when assuming a maximal
correlation of the individual uncertainties.

6.2 Definition of the reconstructed variables

6.2.1 Calorimeter energy corrections

Isolated CAL cells with an energy below a noise threshold of 80 MeV for electromagnetic
cells and 140 MeV for hadronic cells were not taken into account for the reconstruction.
For the data from the 1994 running period, the thresholds were 100 MeV and 150 MeV
for electromagnetic and hadronic cells respectively. Cells with an energy F.o; > 1.0 GeV
were also excluded, if there was a large imbalance between the energy values Ejs; and

E.igny from their two independent photomultipliers: wm%gh—t' > (0.7. For the data

from the 1994 runnning period, the imbalance cut was wm%@ > (.8.

cell
The absolute energy scales of both the electromagnetic and hadronic parts of the three
CAL sections were calibrated by applying correction factors to the energy contents

61



62 Dataset and event reconstruction

Year collision type ‘ cms energy ‘ Lin; (pb71) ‘ Osyst ‘
1994 etp 300 GeV 2.99 pb~ 1 | 1.5%
1995 etp 300 GeV 6.32 pb™' | 1.1%
1996 etp 300 GeV 10.77 pb™' | 1.1%
1997 etp 300 GeV 27.85 pb™' | 1.8%
1994-1997 | etp 300 GeV 4793 pb ' | 1.5%
1998 e p 318 GeV 461 pb' | 1.8%
1999 e p 318 GeV 12.10 pb™' | 1.8%
1998-1999 | e p 318 GeV 16.71 pb ' | 1.8%
1999 etp 318 GeV 19.71 pb~' ] 2.25%
2000 etp 318 GeV 45.78 pb! | 2.25%
1999-2000 | etp 318 GeV 65.49 pb~' | 2.25%
| 1994-2000 | | | 130.13 pb~" | 1.93% |

Table 6.1: Running conditions and integrated luminosities for the different data
taking periods considered in this analysis. The systematic uncertainty on the inte-
grated luminosity is also shown.

of all CAL cells of the corresponding section and type. The values of the correction
factors are given in Tab. 6.2.

‘ CAL section ‘ cell type energy correction ‘
FCAL electromagnetic +4%
hadronic -5%
BCAL electromagnetic +4%
hadronic +8%
RCAL electromagnetic +2.5%
hadronic +2.5%

Table 6.2: Energy correction factors for the electromagnetic and hadronic parts
of the FCAL, BCAL and RCAL.

The remaining uncertainty in the CAL energy determination is 1% in the FCAL and
BCAL and +2% in the RCAL [80].

Further energy corrections, which are specific for the reconstructed event variables, are
described in the following sections.
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6.2.2 Global calorimeter variables

The total energy deposition in the CAL Ei, and its projections ps, py, p, along the
space coordinates are defined as:

EtOt - Z Ei’ (6.1)
i#u—cells

D = Z E; sin 6; cos ¢;, (6.2)

i£u—cells

py = Y Eisinf;sing; (6.3)

i£u—cells

P, = Z E; cosb;. (6.4)

i£u—cells

The summation index ¢ runs over all CAL cells that do not belong to identified muons.
E;, 0; and ¢; are the energy, polar and azimuthal angles of the i-th CAL cell, respec-
tively. The angles were calculated using the z position of the reconstructed event vertex
and the center of each cell. The calorimeter four-vector was corrected for energy loss in
inactive material between the interaction point and the CAL, for back-splash from the
CAL and for non-uniformity in the energy response of the CAL cells. The correction
took into account the difference in the CAL response between data and MC events.
The hadronic system and identified electrons were treated separately for this correc-
tion and added after the correction to form the total corrected CAL four-vector. The
correction for the hadronic system was based on clusters of CAL cells (cone islands),
for which a correction factor was applied depending on the energy and position of the
islands [81,82]. Only CAL cells that did not belong to identified muons or electrons
were taken into account for this procedure. The energy of identified electrons was
obtained and corrected for detector effects as described in section 6.2.4.

The variable
E—p.=FEo —p. = Y E(1-cost)) (6.5)

has characteristic distributions for different final states. From energy-momentum con-
servation it follows that for events, where only longitudinal momentum along the proton
direction is undetected, E — p, has a value of 55 GeV, which is twice the energy of the
incident e* beam.

“CAL CAL

The imbalance of the of the detected transverse momentum, pS$AL, its magnitude, p$AL,
and the azimuth angle, ¢car, are given as:

—Dz
i p
p = —-p, |, PP = /p2 +p;, ¢caL = arctan p—y (6.6)
O T

PSS is the imbalance of the detected transverse momentum, taking into account also
the momenta of all muons in the event, which are measured by the CTD (cf. section
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6.2.5):

p¥lss = -p,— Zz pg,i ’ pqrglss — \/(pw + Zpii)Q + (py + sz,i)Z, (6.7)
0 i '

where the summation index 7 runs over all identified muons in the event and pf;, p; ;

miss

are the z- and y- components of the muon momenta. ¢m;g is the azimuth angle of p7T

pHR is the imbalance of the detected transverse momentum in the CAL, not taking

into account the cells from the first inner ring of the FCAL. It is defined similar to

CAL.
pr

pHR = J( Z E;sin 6; cos ¢;)? + ( Z E;sin 6, sin ¢;)2. (6.8)

i#1IR i#1IR
The summation index 7 runs over all CAL cells except for the cells from the first
inner ring of the FCAL. p&'™ was not corrected for inactive material, backsplash and
non-uniformity.

The four-vector of the hadronic system is defined in the same way as the total CAL
four-vector, except that also cells, which belong to identified electrons, are excluded
from the energy summation:

Bhwr = Y, B (6.9)

i£u+el.—cells

Pajhadr = Y E;sind;cos ¢, (6.10)
i1#u+el.—cells

Pyhadr = Z Ez sin 91 sin (ﬁi, (611)
1#u+el.—cells

Dzjhadr = Z E; cos 6;. (6.12)
i#£u+el.—cells

E7 is the total transverse energy, calculated as the scalar sum of the transverse energies
of the individual cells:

The summation index 7 runs over all CAL cells. Er was not corrected for inactive
material, backsplash and non-uniformity.

h h . . .
paadr and phadr are the transverse vector of the hadronic system and its magnitude,

respectively:

—

Pz had

p}%adr _ < z,ha r) ’ p%adr — \/p?c,hadr +p§,hadr' (6.14)
Py hadr

. . —)
Pradr is the azimuth angle of phadr.



6.2 Definition of the reconstructed variables 65

6.2.3 Track and vertex finding

Tracks were reconstructed from hits in the CTD [83,84]. The event vertex was re-
constructed from the tracks in the CTD. Only tracks that were originating from the
primary event vertex and that had a transverse momentum pi% > 100 MeV were con-
sidered for this analysis. The charges of the tracks were determined from the sign of
the curvature of the tracks. The track-charge determination is reliable only for well
reconstructed tracks which have passed a sufficiently large number of CTD superlayers.

For this analysis no selection on the track charge was made.

6.2.4 Electron identification

The identification of electrons was based on the electron finder EM [85,86]. It uses both
CAL and tracking information. EM calculates the likelihood for different variables to
be originating from an electron, based on a sample of electrons, which were selected by
other algorithms. For candidate electrons in this analysis, the product of the likelihoods
was required to exceed a value of 1073, The energy of the electrons was calculated from
their energy depositions in the CAL and corrected for energy loss in inactive material
according to test-beam measurements. The direction of the electrons was calculated
from the CTD track pointing into the direction of the electron candidate. The minimum
CAL energy for electrons was 4.0 GeV. Only isolated electrons were taken into account:
the energy not belonging to the electron candidate within a cone radius of 0.8 in the
n-¢ plane around the electron candidate was required not to exceed 20% of the energy
belonging to the electron candidate.

6.2.5 Muon identification

The identification of muons was based on an algorithm, which matches vertex-fitted
tracks in the CTD (pif* > 2GeV) with energy depositions in the CAL. The pattern
of the energy deposition along the track is required to be compatible with the energy
deposition of a minimum ionizing particle (MIP). Tracks that have a distance of closest
approach (DCA) to the MIP of less than 30 cm are classified as muons, if there is no
other track with a DCA to the muon of less than 100 cm. The momentum and direction
of the muon candidates were obtained from the corresponding CTD track.

6.2.6 Tau identification

The tau finder used in this analysis was based on the hadronic tau decay modes into
collimated jets. It is explained in detail in section 9.1.
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6.2.7 Jet finding

The energy depositions in the CAL were combined to jets with a cell-based inclusive
k. algorithm [87,88]. The general noise threshold for CAL cells (see section 6.2.1) was
tightened for the jet finding: electromagnetic and hadronic CAL cells were excluded,
if their energy was below 100 MeV for electromagnetic and 150 MeV for hadronic cells.

The jet transverse energy, Er, and the position variables 7, and ¢je; are defined as:

Ef' = Y Er;=)Y Ejsinf, (6.15)

Z'ETﬂh'
of = = 6.16
Niet ZiET,i, ( )
Pjet = i Bradi (6.17)

Zi ET,'i ’

where the sum runs over all cells associated to the jet. E;, Er,i, 0;, n; and ¢; are the
energy, transverse energy, polar angle, pseudorapidity and azimuthal angle of cell 7,
respectively.

The following steps are performed by the k£, algorithm during the jet finding:

1. The algorithm starts with a list of CAL cells (called “particles”) and an empty
list of jets.

2. For each particle 7 as well as for each pair of particles (4, j) distances d; and d;;
are calculated, where

d; = B} ;R and di; = min(E},;, E7. ), with R, = An, 4+ Ady,. (6.18)
The free parameter Ry is set to Ry = 1.0.
3. The smallest value of d; and d;; for all 7 and j is labelled dyp.

4. If dyi, belongs to the set of d;;, the particles 7 and j are merged into a new
particle using the recombination prescription in Eq. (6.17) and removed from
the list of particles.

5. If dnin belongs to the set of d;, the particle 7 is removed from the list of particles
and added to the list of jets.

6. When no particles are left (i.e. all particles are included in jets) the procedure is
finished.

Jets taken into account in this analysis were restricted to the pseudorapidity range
—1 < mjet < 2.5 and were required to have a transverse energy E¥t > 5GeV.



6.2 Definition of the reconstructed variables 67

6.2.8 Jet-energy correction

The jet energies were corrected for detector effects, based on a sample of generated
charged current DIS MC events. For this sample the jet finding was performed both
on the reconstructed CAL cells and on the hadronic final state as obtained from the
MC. A correction factor was obtained for each jet of this test sample from the dif-
ference between the resulting jet transverse energy from the MC and the matching
reconstructed jet. A parametrisation of these correction factors as a function of the
pseudorapidity 7 and transverse energy E%?t of the jet was used to correct the jet
energies for all data and MC samples. The remaining deviation of the reconstructed
jet energies from the MC jet energies was below 2% [89,90]. The effect of the jet-energy
correction can be seen in Fig. 6.1, where the jet-energy resolution, (E, — Eje;)/Ey, is
shown for the single-top signal MC before and after the jet-energy correction. FEj is
the true energy of the b-quark from the top decay, as obtained from the MC, and FEj
is the energy of the reconstructed jet, that points into the direction of the b-quark.
Before applying the jet-energy correction, a systematic shift of the reconstructed jet-
energies is observed, corresponding to an underestimation of the b-quark energy by
10% on average due to the energy loss in inactive material. After the correction, the
mean value of the reconstructed jet energy matches with the generated b-quark energy
within 2%. The tails on the left hand side of the distributions are caused by final-state
gluon radiation, leading to additional energy in the jet, that is not included in the
true b-quark energy. The tails on the right hand side of the distributions are caused
by leptonic b-decays, where the neutrino and/or muon leads to missing energy in the
reconstructed jet.

6.2.9 Jet estimators

Additional jet-estimators were calculated, in order to distinguish quark- or gluon-
induced jets from electrons that are misidentified as jets or from hadronically decaying
tau leptons:

o Jet radius. Rggy, is the radius of the (n, ¢)-cone centered around the jet axis, that
contains 90% of the jet energy (R = v/An? + A¢?). The jet radius is used to
distinguish hadronic showers, which usually have a broad energy distribution in
the CAL, from lepton-induced fake jets with a narrow energy cluster produced
from an electromagnetic shower. For this analysis, jets were required to have
Rgo% > 0.1.

e Electromagnetic fraction. emfrac = E}S?Mc / E¥® is the fraction of energy in the
jet, which is contained in EMC cells. Electrons usually loose most of their energy
in EMC cells. For this analysis, jets were required to have em frac < 0.90.

e Leading track fraction. ltf = E—z is the leading track fraction, i.e. the energy of

E
the most energetic track belonéing to the jet divided by the jet energy. Tracks

within a cone around the jet axis of radius one in the 7-¢ plane are considered.
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Figure 6.1: Jet-energy resolution for events from the signal MC, a) before and b)
after applying the jet-energy correction described in the text. The distribution of
the quantity (Ey — Eje;)/Ejp is shown, where Ej, and FEje; are the true b-quark energy
and the reconstructed jet energy, respectively. A match between the direction of
the reconstructed jet and the true b-quark direction from the MC was required.
A gaussian fit in a small range around the maximum of the distributions and the
corresponding fit parameters are also shown.

For fake jets from electrons with well reconstructed tracks, (tf is expected to be
close to one. For jets originating from hadronic tau lepton decays on the other
hand, a significant fraction of the jet energy can be due to neutral particles and
therefore the expected value of It f is smaller than one. A cut on the sum of [t f
and em frac was used to reject those electrons from the preselection of isolated
tau leptons, that were not recognized by the electron finder.

o Tau finding observables. In the search for isolated tau leptons a tau finder was
used that is based on further jet-shape observables, which are introduced in
section 9.1.3.

6.2.10 Additional event variables

e Acoplanarity. The event acoplanarity was defined as the azimuthal separation
of the electron with the highest value of the transverse momentum from the
hadronic system (see Fig. 6.2):

event

acopl — ™= ‘qﬁelma.x - ¢hadr‘a (619)

where @emax 1S the azimuth of the electron with the highest value of the transverse
momentum and ¢@naqr is the azimuth of the hadronic momentum. For electrons
without associated CTD track, the azimuthal angle was obtained from the energy
depositions in the cluster of CAL cells belonging to the electron. The acoplanarity
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in NC DIS events is usually small, i.e. electron and hadronic system are back-to-
back in the azimuthal plane. For electron-type events, the acoplanarity between
the isolated electron and the hadronic system is defined accordingly:

Zlcopl =T — |¢el - ¢hadr|a (620)

event
acopl and

where ¢ is the azimuth of the isolated electron. For most events ¢

glmpl are identical. For events with more than one electron hovvever,qﬁglcopl can be
different from ¢gion, as it was observed for events from the signal MC in some
cases where the scattered electron was detected in addition to the electron from

the W decay.

For muon-type events, the acoplanarity between the isolated muon and the
hadronic system is defined accordingly:

Zcopl =T = |¢mu - ¢hadr|a (621)

where ¢, is the azimuth of the isolated muon. The acoplanarity for isolated
tracks that are neither identified as electron nor muon, is defined in an analogous
way:

heopl = T — |Ptrk — Bhaas |, (6.22)

where ¢, is the azimuth angle of the isolated track.

hadr.system

event
acopl’®

angular separation in the z-y plane between the electron and the vector balancing
the hadronic system.

Figure 6.2: Illustration of the event acoplanarity, which is obtained as the

e Track-track and track-jet distance. The distance of a track from other tracks
in the detector was evaluated with the relativistic invariant track variable Diy,
which is defined as:

Dtrk = \/(Antrk)2 + (A¢trk)2: (623)

where Ang and Agy are the distance to the closest remaining track in the event.
Only tracks, which were fitted to the primary vertex and had pif* > 100 MeV,
were taken into account. Events can have only one well-reconstructed track. In
such cases the track isolation was guaranteed by setting Dy, to 5.0.
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The distance of a track from the closest jet in the detector was defined similarly
as:

Dy = /(Ana)? + (A2, (6.24)

where Anse, and Agje, are the distance to the closest jet in the event. Single
charged hadrons might induce a jet, as is the case for hadronic tau lepton decays.
Isolated tracks from such hadrons were included in the search: a jet consisting of
not more than one track was not taken into account for the calculation of Dje,
if its distance in the n-¢ plane to the track was below 0.1.

Transverse mass. The transverse mass was defined as

MY = /20 ps(1 — cos(Sp)), (6.25)

where ph. is the transverse momentum of the lepton and 6@ is the opening
angle in the azimuthal plane between the missing momentum and the lepton.
For events from leptonic W decays, where the missing transverse momentum is
caused by the neutrino, the distribution of the transverse mass is expected to
peak at the mass of the W boson.

Reconstructed mass of the lepton-neutrino-b-quark system. For signal events from
a top-quark decay it is expected that the invariant mass reconstructed from the
decay products, M;_,_pqar, has a value close to the top mass. In the following it is
assumed that the top quark was produced without sizeable transverse momentum
and that the missing transverse momentum originates from a single neutrino. For
the lepton and b-quark four vector, the 4-vector of the candidate lepton and of
the hadronic system were used, respectively. Two further constraints can be
exploited to obtain the complete 4-vector of the neutrino:

— E —p, constraint. In events, where the scattered beam electron is detected,
one can obtain the energy and the longitudinal momentum of the neutrino
from the kinematical constraint that the total value of E — p, corresponds
to two times the electron beam energy:

(B —pz)y = 55GeV — (E — p;)visible- (6.26)

— W —mass constraint. In events, where the scattered electron is not reliably
detected, one can obtain the lepton-neutrino-b-quark mass from the addi-
tional constraint, that the invariant mass of the lepton-neutrino-system, my,,
corresponds to the mass of the W boson, My :

My, = /(E.+ E,)? — (b + pv)? = M. (6.27)

This equation yields two possible solution for (E — p,), and thus also for
M, haar- All solutions that did not meet all of the following conditions
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were rejected for this analysis as unphysical:

Mi_ynagr < Vs, (6.28)

0<(E-p.)y < 55GeV, (6.29)

(B =p2)v + (B = p2)visile < 75GeV, (6.30)
E,+ Bpaar + E;, < 1000 GeV, (6.31)

where F,, Ey.q and E; correspond to the energy of the reconstructed neu-
trino, the hadronic system and the lepton candidate, respectively.

In this analysis only the W —mass constraint method was used.
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Chapter 7

Search for isolated electrons and
muons

This chapter describes the search for events with isolated leptons and large missing
transverse momentum in the electron and muon channel and the following selection of
single-top production candidate events.

The event selection was split into three stages. Electron and muon candidate events
were treated separately at each of the three selection stages.

e Control selection. Events with large missing transverse momentum and isolated
electrons or muons were selected in order to compare data and SM background
expectation for a larger event sample.

e Preselection. In the preselection the cut on the missing transverse momentum was
tightened and an additional cut on the event topology was applied to further reject
badly reconstructed NC DIS events. Also at this stage kinematical distributions
of the selected data events were compared to the expectations from SM processes.

e Final top selection. A final selection for top quark decay candidates was applied,
which required large hadronic activity in the CAL.

The selection cuts described in the following sections were appplied to both data and
simulated Monte Carlo events, unless otherwise noted.

7.1 Control selection

o DST bit selection
Only those events entered the analysis, which had the charged current trigger bit
DST B34 set. DST B34 selects events with large missing transverse momentum,
as measured in the CAL cells that are not part of the first inner ring of the FCAL:

pEHIR S 7GeV.
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The efficiency of this trigger bit for the electron and muon decay channels as
measured for the signal MC was 98.5%. The preselection of data events from
the 1994 running period required in addition the trigger bit DST B10. DST B10
selects events with a reconstructed vertex. The exact definition of the trigger bits
B10 and B45 is given in appendix A.2.

o Fuyent vertex
In order to reduce background from non-ep interactions, the event vertex along
the beam direction was required to be close to the nominal interaction vertex:

|tha:| < 50 cm.

e (Calorimeter timing

The timing information from the CAL was used to reject events from proton-
beam-gas interactions, which take place upstream the detector. ty, #y, t,, tu, t4
denote the averaged time in ns for CAL cells in the FCAL, BCAL, RCAL, upper
CAL half, lower CAL half, respectively. All cells are calibrated such that the
timing for relativistic particles originating from the nominal interaction point is
close to Ons. Table 7.1 gives the cut values for the timing, together with the
minimum energy requirements in the different parts of the CAL. For energies
below the threshold, the corresponding timing cuts were not applied. The timing
cuts were applied only to data events.

Timing Cut | Minimal energy
|tf| < 5ns Ercar, > 4GeV
|tb‘ < b5ns EBCAL > 4 GeV
|t7«‘ < 5ns Ercar, > 4GeV

ity —t,] <6ns | Ei > 5GeV
|ty — tq] < 6ns | Ey > 5GeV

Table 7.1: Timing cuts and minimal energy requirements for the different parts
of the CAL.

e Missing transverse momentum
Signal events would contain at least one neutrino in the final state, leading to a
significant missing transverse momentum in the detector. Therefore a cut on the
detected missing transverse momentum in the CAL was applied:

pSAL > 15GeV.

o Jets
Signal events would contain at least one high-energy jet from the b-quark decay.
Events are therefore required to contain at least one well-reconstructed jet:

_]_ < njet < 2-5.



7.1 Control selection 75

e Beam gas rejection
Background from proton-beam-gas interactions is reduced with the following cuts:

— p&R > 9 GeV

Proton-beam-gas interactions typically lead to a significant energy deposi-
tion only in the inner rings of the FCAL.

— Track quality
Events are required to have
nE%Y > 0.2 - nyy — 20,
where ngy is the total number of tracks and nfy 4 is the number of good
tracks, i.e. tracks which are fitted to the primary vertex and have pitk >
200 MeV. This cut reduces background events from proton-beam-gas inter-

actions, since they typically have a large number of low-energy tracks, not
originating from a single vertex inside the detector [91].

o (Cosmic rejection
High-energy muons from interactions of cosmic rays in the atmosphere usually
traverse the detector on a straight line. Events were therefore discarded, if they
had only two tracks fitted to the primary interaction vertex with pi* > 200 MeV,
and if those tracks had a 3-dimensional opening angle of more than 178°. There
were three remaining cosmic muon events, that survived also all of the following
selection cuts. They were removed from the data sample by a visual scan.

e CAL holes rejection

CAL cells are read out via two independent photomultipliers. The energy de-
posited in a CAL cell can only be measured, if at least one of the photomultipliers
is read out. Otherwise the cell is considered a "dead” cell. Energy deposition
in such a cell leads to apparent missing transverse momentum, also in case of
events, which are balanced in the transverse plane. Events were discarded, in
which a track with pr > 3 GeV pointed into a dead CAL cell (§grkcen < 0.1rad,
where gk cen is the 3-dimensional opening angle between the track and the cell
vector of any dead cell). This cut was applied to data events only. The mean
number of dead cells per run varied over the data taking periods (Fig. 7.1). The
number of dead cells never exceeded 20 cells and was 1.8 on average. Figure 7.2
shows the distribution of dead cells in both the z-y plane and the z-r plane. The
effect of this cut on the data selection efficiency was neglected.

e Track isolation
Signal events contain electrons or muons which have a large transverse momen-
tum and are isolated in the detector. In order to select such events, a search
for isolated tracks was performed. The tracks were required to have a transverse
momentum of p¥* > 5 GeV, to traverse at least 3 radial superlayers of the CTD
(corresponding to 6y 2> 17° in the forward direction) and to have 6 < 115°.

The latter requirement reduces background from NC DIS events with the scat-
tered electron pointing in the backward direction.
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Figure 7.1: Number of CAL cells, for which the readout was not functioning.
Events that had high-energy tracks pointing into such cells were rejected.
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Figure 7.2: a) Position of the CAL cells in the z-y-plane and b) in the z-r-plane,
for which the readout was not functioning. The size of the boxes is proportional to
the number of such cells, integrated over the data taking periods from 1994-2000.
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The isolation of the high-py track with respect to other tracks and jets in the
event was evaluated with the relativistic invariant isolation variables D;; and
Djet:

Dtrk > 0.5 and Djet > 1.0.

e Lepton Identification
The isolated high-pr track was finally required to be identified as either electron
or muon by the corresponding lepton finder.

7.1.1 Electron candidates (control selection)

Figures 7.3 and 7.4 show the distributions of kinematic variables for the control selec-
tion of electron events. The background estimation consists of the simulated events
described in section 4.3.1. For the background from NC DIS events, the two different
QCD-radiation models CDM and MEPS were used and compared side by side in the
figures. At this stage of the selection, the background expectation is dominated by
badly reconstructed NC DIS events. 155 events were observed in the data from 1994-
2000 and 173+3.9 events are expected from SM processes, including the NC DIS events
from ARTADNE CDM. 132+2.9 events are expected from SM processes, including the
NC DIS events from LEPTO MEPS. The expectation from single W-boson production
is 4.1£0.05 events. Good agreement between data and SM background can be observed
in the figures. For both, data and MC simulation, the distribution of the reconstructed
z-position of the event vertex (Fig. 7.3a) is peaked at the nominal interaction point
(z = 0) and shows a similar exponential fall towards the outside of the interaction
region. Also the distribution of the transverse momentum of the electron, as measured
in the CAL, is well reproduced by the MC simulations (Fig. 7.3b). The distribution of
E —pz (Fig. 7.3¢) shows a peak at around 55 GeV, as expected for NC DIS events. The
data events at very large values of £ — pz > 60 GeV are characterized by fluctuations
towards large values of the energy measurement in the BCAL or RCAL, leading to
unphysical values of £ — pz. These fluctuations are not well reproduced by the MC
simulation of the detector. The distribution of the missing transverse momentum in
the CAL, pSAL, falls off steeply, starting from the cut value at 15 GeV, as expected for
NC DIS events, where the apparent missing transverse momentum is caused mainly
by mismeasurements (Fig. 7.3d). The MC simulation reproduces well the shape of the
data distribution in this extreme region of the phase space. The acoplanarity (Fig.
7.4a) is peaked at low values, which is expected for NC DIS events, where the electron
and the hadronic system are observed in a back-to-back topology. Good agreement in
the shape of both data and MC distribution can be observed. For the transverse mass,
MY as reconstructed from the electron and the missing transverse momentum (Fig.
7.4b), a peak around the W mass is expected for the production of single W bosons
(hatched histogram) and for the signal from single-top production (dashed line). For
the data and the simulation of all SM processes, on the other hand, a peak at lower
values is observed. The data events at very low transverse mass correspond to NC
DIS events where a fluctuation in the energy measurement of either the electron or
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the hadronic system leads to missing transverse momentum pointing in the direction
of the electron candidate, such that the reconstructed transverse mass becomes small.
The rate for such mismeasurements is not well reproduced by the detector simulation,
as can be observed from the underestimation of the corresponding range in the his-
togram. The transverse momentum of the hadronic system, ph29*, is shown in Fig.7.4c).
For the signal from single-top production the distribution is peaked at large values, as
expected from the decay of the heavy top quark, while for the background from NC
DIS events low hadronic transverse momentum is expected most of the time, as also
observed in the data. The slight excess of data events at large values of p2dr > 40 GeV
is caused again by fluctuations of the CAL energy measurement, which are not entirely

reproduced by the MC simulation.

Table 7.2 summarises the event yields, background expectation and signal efficiencies
for the control selection of electron events. Here and in the following, the quoted
efficiencies for the single-top signal include the branching ratio of the W boson to the
corresponding channel (BR(W — ev) = BR(W — pv) = BR(W — 1v) = 10.7%).
The signal efficiency, €, is defined in the canonical way as:

number of events after selection cuts

(7.1)

™
Il

total number of events

All quoted efficiencies include the branching ratio of the top decay in the corresponding
channel. The SM expectation includes simulated events from all background sources
discussed in 4.3.1. The quoted uncertainties for the background estimation and the sig-
nal efficiency include only the statistical uncertainties. A discussion of the statistical
and systematic uncertainties is given in section 7.4. The event yields and the back-
ground expectations for the individual sources of simulated SM background processes
are shown in Fig. 7.5a) for the control selection of electron events.

Control selection electron candidates

coll. NG Lint Obs. | Exp. (CDM) | Exp. (MEPS) | W only | sig. efl. (%)

etp | 300GeV | 47.9pb ! 41 60.2 + 2.45 48.6 + 2.09 1.3 £0.02 | 6.74 + 0.12

e"p | 318GeV | 16.7pb~! 36 25.2 + 1.35 179 £ 054 | 0.6 £ 0.02 | 6.85 + 0.12

etp | 318GeV | 65.5pb ! | 73 | 874+ 274 | 65.2+1.92 |22+ 0.04 | 6.76 + 0.12
Total 130.1pb " | 155 | 172.8 £3.92 | 131.7 £ 2.89 | 4.1 + 0.05 | 6.76 &+ 0.12

Table 7.2: Number of observed events and expectation from SM background for

the control selection of electron candidate events in different data taking periods.
The SM expectation is given including MC simulations for NC DIS both with CDM
and MEPS. The expectation only from single W production and the efficiency for

the single top signal MC is also shown. The quoted uncertainties are the statisticial
uncertainties due to the limited number of generated MC events.
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Figure 7.3: a) z-position of the event vertex, zyi;, b) F —p,, c¢) transverse momen-
tum of the electron as measured in the CAL, peTl, d) missing transverse momentum
in the CAL, p%AL, for events with isolated electrons or positrons, after the control
selection cuts described in the text. The data points are compared to the expecta-
tion from simulated SM processes (solid histograms: all SM processes, simulation
of NC DIS with ARIADNE CDM; dotted lines: all SM processes, simulation of NC
DIS with LEPTO MEPS; hatched histograms: expectation from single W-boson
production) and to a hypothetical single top signal (dashed lines). The single top
signal was normalised to an integral of one event.
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Figure 7.4: a) acoplanarity angle, ¢§.1c0pl’ b) hadronic transverse momentum, p72°",

c) transverse mass of the lepton-neutrino system M for events with isolated elec-

trons or positrons, after the control selection cuts described in the text. The data

points are compared to the expectation from simulated SM processes (solid his-
tograms: all SM processes, simulation of NC DIS with ARTADNE CDM; dotted
lines: all SM processes, simulation of NC DIS with LEPTO MEPS; hatched his-
tograms: expectation from single W-boson production) and to a hypothetical single

top signal (dashed lines). The single top signal was normalised to an integral of

one event.
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Figure 7.5: Event yields for the control selection of a) electron candidate events
and b) muon candidate events in the data from 1994-2000 and for the different
sources of simulated SM background. Only ARTADNE CDM is shown for NC DIS.
The event yields for the SM background are scaled to the data luminosity. The error
bars indicate the statistical uncertainties on the SM background expectations.

7.1.2 Muon candidates (control selection)

Figures 7.6 and 7.7 show the distributions of kinematic variables for the control selec-
tion of muon events. Also here good agreement between data and SM background is
observed in most cases. The background estimation consists of the simulated events
described in section 4.3.1. The background contribution from NC DIS events is very
small and is shown in the plots for ARIADNE CDM. At this stage of the selection, the
background expectation is dominated by Bethe-Heitler di-muon production. 37 events
were observed in the data and 30.0 = 1.9 events are expected from SM processes. The
expectation from single W-boson production is 2.4 4+ 0.04 events.

The distribution of the reconstructed z-position of the event vertex (Fig. 7.6a) is in
reasonable agreement with the expectation, taking into account the small number of
observed and expected events in the muon channel already at this selection stage. Also
the distribution of the transverse momentum of the muon candidate, p%., as measured
in the CTD (Fig. 7.6b), is reasonably well reproduced by the MC simulations. Most
of the data and of the simulated di-muon events are found at low values, whereas
the distributions for muons from single W production and from single-top decays are
shifted towards larger values. The overflow bin contains a muon at very high measured
transverse momentum, p% > 700 GeV, which was traversing five radial superlayers of
the CTD. The error on the transverse momentum measurement for such tracks is above
100%. Also the MC simulation contains events with tracks at very large measured
transverse momentum. The distribution of E — p; (Fig. 7.6¢) peaks at low values for
both, data and SM MC simulation. This is expected for di-muon events, where the
muons release only a small fraction of their energy in the CAL. For the signal MC
on the other hand, the ' — p; distribution contains more events at larger values, as
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expected from the decay products of the b-quark. A visual scan of the data events at
low values of E — pz revealed a contamination of beam-gas overlay events, which were
not included in the MC simulation and thus are responsible for the observed excess
both in the total rate and at low E — py. Figure 7.6d) shows the missing transverse
momentum, as obtained from the sum of the CAL transverse momentum and the
transverse momentum of all identified muons in each event. As expected for di-muon
events, the missing transverse momentum is small, while for single W production and
the single-top signal real missing transverse momentum is produced by the neutrino
in the final state. The distribution of the acoplanarity (Fig. 7.7a) is peaked at low
values for both, data and SM background expectation. For the signal MC the b-quark
and the decay products of the W boson are expected back-to-back in the transverse
plane. Due to the low mass of the W-boson as opposed to the top-quark, the neutrino
and the lepton from the W decay are expected to be collimated. Hence a low value
of the acoplanarity is observed also for the signal MC in most of the generated events.
Figure 7.7b) shows the distribution of the transverse mass, M% of the lepton-neutrino
system, as obtained from the muon track and the missing transverse momentum in
the CAL. As opposed to the corresponding distribution in the electron channel (Fig.
7.4b), the distribution for the single W-production MC and the single-top signal MC
show no sharp peak at the W mass anymore. This is caused by the additional missing
transverse momentum in the CAL caused by the muon track, which adds to the missing
momentum of the neutrino. For the data and the di-muon MC, the apparent missing
transverse momentum in the CAL is mostly caused by the detected muon und hence
the reconstructed transverse mass is small most of the time. For muon-candidates

the hadronic transverse momentum, pidr (Fig. 7.7c) is identical to the transverse
momentum in the CAL, p$Al, except for events with additional identified electrons,

which were subtracted from ph2d'. The distribution of ph?9™ thus shows a lower cutoff

at the cut value of p$A¥ > 15GeV. As expected for di-muon events, where the missing
transverse momentum in the CAL is caused by mismeasurements, most of the data

and SM MC events are found at low values of pi*¥. For the signal from single-top
production on the other hand, pha¥ is produced by the b-decay, which follows the

decay of the heavy top quark, leading to large values for piadr on average.

Table 7.3 summarises the event yields, background expectation and signal efficiencies
for the control selection of muon events. The corresponding event yields and back-
ground expectations for the individual sources of simulated SM background processes
are shown in Fig. 7.5Db).
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Figure 7.6: a) z-position of the event vertex, zyi, b) E—p,, c) transverse momen-
tum of the muon as measured in the CTD, p4., d) missing transverse momentum,
p:’ﬁliss, for events with muons, after the control selection cuts described in the text.
The data points are compared to the expectation from simulated SM processes
(solid histograms) and to a hypothetical single top signal (dashed lines). The sin-

gle top signal was normalised to an integral of one event.
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Figure 7.7: a) acoplanarity angle, ¢™" . b) hadronic transverse momentum,

acopl?
p}:;adr, c) transverse mass of the lepton-nerl)ltrino system M:l,i’ for events with iso-
lated muons, after the control selection cuts described in the text. The data points
are compared to the expectation from simulated SM processes (solid histograms)
and to a hypothetical single top signal (dashed lines). The single top signal was

normalised to an integral of one event.
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Control selection muon candidates

coll. Vs Lint Obs. | SM exp. W only | signal eff. (%)

etp | 300GeV | 47.9pb ! 11 9.6 £ 0.50 | 0.8 +£ 0.02 4.54 + 0.10

e"p | 318GeV | 16.7pb ! 5 4.0 £ 0.26 | 0.3 £ 0.02 4.66 £ 0.10

etp | 318GeV | 65.5pb~ ! | 21 | 165+ 1.77 | 1.3+ 0.03 | 4.51 +0.10
Total 130.1 pb_1 37 30.0 £ 1.86 | 24 + 0.04 4.54 £ 0.10

Table 7.3: Number of observed events and expectation from SM background for
the control selection of muon candidate events in different data taking periods. The
expectation only from single W production and the efficiency for the single top
signal MC is also shown. The quoted uncertainties are the statisticial uncertainties
due to the limited number of generated MC events.

7.2 Preselection of isolated lepton events

In addition to the control selection cuts described above, the following restrictions were
applied:

° p%AL > 20 GeV

In order to further reduce background from badly reconstructed NC DIS events
in the electron channel and from Bethe-Heitler di-muon events, the cut on p$Ar
was tightened from 15 GeV in the control selection to 20 GeV in the preselection

of isolated lepton events.

o gevent > ().14rad

acopl

NC DIS events can have significant missing momentum in cases, where the
hadronic system is not well measured. Most of these events still have an NC
DIS topology, i.e. the hadronic system and the electron are back to back in the
azimuthal plane. Therefore a cut is applied on the acoplanarity between the
electron with the largest transverse momentum in the event and the hadronic
system. This cut was also applied for muon-type events, in case of an additional
electron in the event.

7.2.1 Track selection

Figure 7.8 shows the distribution of the selected events in the Djc-Dyy plane, with all
cuts from the control- and preselection applied, except for the track-isolation and the
lepton identification. 53 of those events passed also the isolation cut on D;y > 0.5
and Dje > 1.0. 17 of the isolated tracks were not identified as electron/positron or
muon. Instead they were considered as candidates for isolated tau leptons, decaying
hadronically with one charged particle associated (cf. chapter 9). The distribution
of events expected from all SM processes (Fig. 7.8b) is in good agreement with the
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distribution observed in the data, while for events from single W-boson production
only (Fig. 7.8¢c) and from single-top production (Fig. 7.8d), more of the tracks are
expected at larger values of Dy and Dijes.
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Figure 7.8: Distribution of the selected events in Dy and Djet, after applying the
preselection cuts described in the text except for the isolation cut on Dy > 0.5

and Dje; > 1.0. For each event the track with the largest value of ,/Dfrk + Dfet

is shown. In a) the data is shown, where the crosses represent tracks, that were
not identified as electrons or muons. The triangles and circles represent electron
and muon tracks, respectively. Further plots show: b) the total SM background
expectation, c¢) the expectation from only single W-boson production and d) the
expectation from the arbitrarily normalized signal MC, respectively, for all tracks.
The size of the boxes is proportional to the logarithm of the number of expected
events.
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7.2.2 Electron candidates (preselection)

Figures 7.9 and 7.10 show the distributions of selected event variables for the prese-
lection of isolated electron events. For the background from NC DIS events, the two
different QCD-radiation models CDM and MEPS were used and compared side by side
in the figures. The agreement between data and SM expectation is still good for this
very restrictive event selection. The distributions are similar to the ones from the con-
trol selection discussed above. The background expectation is still dominated by badly
reconstructed NC DIS events. 24 events were observed in the data from 1994-2000 and
20.6 £ 1.1 events are expected from SM processes, including the NC DIS events from
ARIADNE CDM. 16.2 4+ 0.9 events are expected from SM processes, including the NC
DIS events from LEPTO MEPS. The ARIADNE CDM MC samples show a better
agreement with the data for this selection and were therefore chosen as the nominal
MC samples in the following. The change in the background expectation by including
the MEPS NC DIS samples was treated as a systematic effect (see section 7.4). The
expectation from single W-boson production is 3.43 + 0.04 events.

Figure 7.11 shows the distribution of electron events from the preselection in the M-
p22dr plane. Also in this two-dimensional representation no obvious deviation from
the SM prediction was observed at this stage of the event selection. Both data events
(Fig. 7.11a) and total SM prediction (Fig. 7.11b) are observed at low values of the
transverse mass, M}, and of the transverse momentum of the hadronic system, phadr.
The expectation from single W production alone (7.11c) however is shifted towards
higher values of M ~ My, and the expectation from the single-top signal (7.11d),
is shifted towards higher values of pr as expected from the top decay. Figure 7.12
shows the events in the ps-pS-plane. Both data (Fig. 7.12a) and total SM expectation
(Fig. 7.12b) are clustered at low values of the missing transverse momentum, p*, and
at low transverse momentum of the electron candidate, pS. The distribution for single
W-boson production on the other hand (Fig. 7.12c) shows a wider spread in pT** and
the expectation from the single-top signal MC (Fig. 7.12d) extends even further to

very large values of p* and of p¢.

Table 7.4 summarises the event yields, background expectation and signal efficiencies
for the preselection of electron events. The SM expectation includes simulated events
from all background sources discussed in section 4.3.1. The quoted uncertainties for
the background estimation and the signal efficiency include only the statistical uncer-
tainties. A discussion of the statistical and systematic uncertainties is given in section
7.4. The event yields and the background expectations for the individual sources of
simulated SM background processes are shown in Fig. 7.13a) for the preselection of
electron events.
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Figure 7.9: a) z-position of the event vertex, z,;, b) E —p,, c) transverse momen-
tum of the electron as measured in the CAL, peTl, d) missing transverse momentum
in the CAL, pgAL, for events with isolated electrons or positrons, after the preselec-
tion cuts described in the text. The data points are compared to the expectation
from simulated SM processes (solid histograms: all SM processes, simulation of
NC DIS with ARTADNE CDM; dotted lines: all SM processes, simulation of NC
DIS with LEPTO MEPS; hatched histograms: expectation from single W-boson
production) and to a hypothetical single top signal (dashed lines). The single top
signal was normalised to an integral of one event.
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Figure 7.10: a) acoplanarity angle, ¢, b) hadronic transverse momentum,
pg@dr, c) transverse mass of the lepton-neutrino system, Mqll’ , d) reconstructed mass

of the lepton-neutrino-hadron system, M;_,_y.q, for events with isolated electrons

or positrons, after the preselection cuts described in the text.

The data points

are compared to the expectation from simulated SM processes (solid histograms:
all SM processes, simulation of NC DIS with ARIADNE CDM; dotted lines: all
SM processes, simulation of NC DIS with LEPTO MEPS; hatched histograms:
expectation from single W-boson production) and to a hypothetical single top signal

(dashed lines). The single top signal was normalised to an integral of one event. In

d) up to two mass solutions per event might appear.
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Figure 7.11: Distribution of the selected electron candidate events in the hadronic
transverse momentum, pk‘}?dr, and the transverse mass of the lepton-neutrino system,
MY after applying the preselection cuts described in the text. The plots a), b), c)
and d) show the data, the total SM background expectation, the expectation from
only single W-boson production and the expectation from the arbitrarily normalized
signal MC, respectively. The size of the boxes is proportional to the logarithm of

the number of expected events.
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Figure 7.12: Distribution of the selected electron candidate events in the trans-
verse momentum of the electron, p§1, and the missing transverse momentum, pqnliss,
after applying the preselection cuts described in the text. The plots a), b), ¢) and
d) show the data, the total SM background expectation, the expectation from only
single W-boson production and the expectation from the arbitrarily normalized
signal MC, respectively. The size of the boxes is proportional to the logarithm of

the number of expected events.
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Preselection electron candidates

coll. NG Lint Obs. | Exp. (CDM) | Exp. (MEPS) | Wonly | sig. eff. (%)

etp | 300GeV | 47.9pb ! 4 7.3 +0.73 5.4 + 0.57 1.1 £0.02 | 5.73 + 0.11

e~p | 318GeV | 16.7pb ! 7 3.2 £ 0.40 244020 |0540.02]| 579+ 0.11

etp | 318GeV | 65.5pb~! 13 10.1 £ 0.75 8.4 £+ 0.66 1.9 +£0.03 | 5.77 £ 0.11
Total 130.1 pb_1 24 20.6 £ 1.12 16.2 £ 0.893 | 3.4 £0.04 | 5.76 £ 0.11

Table 7.4: Number of observed events and expectation from SM background for
the preselection of electron candidate events in different data taking periods. The
SM expectation is given including MC simulations for NC DIS both with CDM and
MEPS. The expectation only from single W production and the efficiency for the
single top signal MC is also shown. The quoted uncertainties are the statisticial
uncertainties due to the limited number of generated MC events.

b)

Preselection of isolated electron events Preselection of isolated muon events

events
events
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Figure 7.13: Event yields for the preselection of a) isolated electrons and b)
isolated muons in the data from 1994-2000 and for the different sources of simulated
SM background. Only ARTADNE CDM is shown for NC DIS. The event yields for
the SM background are scaled to the data luminosity. The error bars indicate the
statistical uncertainties on the SM background expectations.

7.2.3 Muon candidates (preselection)

Figures 7.14 and 7.15 show the distributions of kinematic variables for the preselection
of isolated muon events. The background estimation consists of the simulated events
described in section 4.3.1. Only ARIADNE CDM was used for the simulation of NC
DIS events. The background expectation is still dominated by Bethe-Heitler di-muon
production. 12 events are observed in the data and 11.9 4+ 0.5 events are expected from
SM processes. The expectation from single W-boson production is 1.87 £ 0.03 events.
The agreement between data and SM expectation is still good also for the muon pres-
election and the distributions are similar to the ones from the muon control selection
discussed above. Table 7.5 summarises the event yields, background expectation and
signal efficiencies for the preselection of muon events. The corresponding event yields
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and background expectations for the individual sources of simulated SM background
processes are shown in Fig. 7.13b).

Preselection muon candidates

coll. s Lint Obs. | SM exp. W only | signal eff. (%)

etp | 300GeV | 47.9pb ' | 0 | 42+032 | 0.6 £0.02 | 4.41 + 0.10

e"p | 318GeV | 16.7pb~! 1 | 214+0.18 | 0.3+£0.01 | 453 +0.10

etp | 318GeV | 65.5pb ! 11 5.6 £0.38 | 1.0 + 0.02 4.38 + 0.10
Total 130.1 pb_1 12 11.9 £ 0.53 | 1.9 £ 0.03 4.41 + 0.10

Table 7.5: Number of observed events and expectation from SM background for
the preselection of muon candidate events in different data taking periods. The
expectation only from single W production and the efficiency for the single top
signal MC is also shown. The quoted uncertainties are the statisticial uncertainties
due to the limited number of generated MC events.

Figure 7.16 shows the distribution of muon events from the preselection in the M%¥-
piadtplane. Figure 7.17 shows the events in the pM-pMi_plane. One data events
sticks out in the distributions, which is found at very large values of M¥ = 91 GeV,
phadr = 39.6 GeV and p=ss = 62 GeV. It is shown in Fig. B.6. The hadronic transverse
momentum of this event, pt?¥* = 39.6 GeV, is very close to the final selection cut for
single-top candidates of 40 GeV, which will be described in the next section. Apart
from this event, no obvious deviation from the SM prediction was observed at this
stage of the event selection in these two-dimensional distributions for muon candidate

events.

Table 7.6 shows selected kinematic variables of all data events from the preselection.
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Figure 7.14: a) z-position of the event vertex, zy, b) E — p,, c) transverse
momentum of the muon as measured in the CTD, pf., d) missing transverse mo-
mentum, pr}liss, for events with isolated muons, after the preselection cuts described
in the text. The data points are compared to the expectation from simulated SM
processes (solid histograms) and to a hypothetical single top signal (dashed lines).
The single top signal was normalised to an integral of one event. In d) up to two
mass solutions per event might appear.
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b) hadronic transverse momentum,

of the lepton-neutrino-hadron system, M;_, 1.4, for events with isolated muons,

after the preselection cuts described in the text. The data points are compared to

the expectation from simulated SM processes (solid histograms) and to a hypothet-

ical single top signal (dashed lines). The single top signal was normalised to an

integral of one event.
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Figure 7.16: Distribution of the selected muon candidate events in the hadronic
transverse momentum, pk‘}?dr, and the transverse mass of the lepton-neutrino system,
MY after applying the preselection cuts described in the text. The plots a), b), c)
and d) show the data, the total SM background expectation, the expectation from
only single W-boson production and the expectation from the arbitrarily normalized
signal MC, respectively. The size of the boxes is proportional to the logarithm of

the number of expected events.
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Figure 7.17: Distribution of the selected muon candidate events in the transverse
momentum of the muon, p7*, and the missing transverse momentum, p?iss, after
applying the preselection cuts described in the text. The plots a), b), ¢) and d)
show the data, the total SM background expectation, the expectation from only
single W-boson production and the expectation from the arbitrarily normalized
signal MC, respectively. The size of the boxes is proportional to the logarithm of
the number of expected events.
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# | e/u| run| event | pGAL [ pgilR [ pmiss [ phade [ g_p, | glbt [ piP® | Dy | Dier | mly
(GeV) | (GeV) | (GeV) | (GeV) (GeV) (rad) | (GeV) (GeV)

1994-1997, eTp collisions, /s = 300 GeV, Lin; = 47.9pb~ !
1] ef | 25282 | 27728 348 342 348 19.5 489 | 0.66 483 [ 1.96 | 2.00 80.7
2 | et | 25394 | 20609 21.8 20.6 21.8 20.6 39.1 | 1.43 1.1 | 054 | 1.46 25.8
3| e | 26461 3641 26.1 16.7 22.9 2.8 33.6 | 0.26 28.8 | 1.39 | 3.05 51.4
4| et | 26560 | 138996 24.1 22.8 24.1 24.7 40.0 | 0.45 43.9 | 221 | 2.78 63.3

1998-1999, e~ p collisions, v/s = 318 GeV, Lip; = 16.7pb~ !
5] e | 31062 | 6398 21.6 12.0 20.2 18.8 151 ] 1.3l 16.7 | 1.78 | 2.16 32.3
6 | u= | 31224 | 19966 27.4 23.5 32.1 27.4 437 | 2.33 6.4 | 068 | 1.10 27.0
7| e~ | 31924 | 37714 24.0 28.0 24.0 32.9 558 | 0.32 52.9 | 2.19 | 3.64 69.5
8 | e | 31997 | 11353 21.9 19.4 21.9 11.0 37.1 | 0.60 30.2 | 1.02 | 1.42 51.0
9 | e | 32402 | 47518 23.0 23.8 23.0 7.1 46.6 | 0.20 30.0 | 1.23 | 3.8 52.5
10 | e | 32410 1937 22.3 23.4 22.3 10.1 456 | 0.29 31.8 | 1.70 | 3.29 53.2
11| et | 32859 | 53874 22.4 21.4 22.4 33.1 411 | 075 25.5 | 1.04 | 1.97 34.8
12 | et | 32868 | 15723 31.0 31.2 31.0 19.4 36.5 | 0.68 432 | 2.00 | 3.26 715

1999-2000, e¥p collisions, v/s = 318 GeV, Lin; = 65.5pb |
13 | e | 33368 | 9275 205 18.0 205 5.2 6.7 | 0.15 35.3 | 1.81 | 3.06 53.6
14 | p— | 33399 | 11391 22.8 19.4 14 23.5 453 | 0.06 21.5 | 2.87 | 3.32 0.7
15 | et | 33468 | 36077 21.1 22.9 21.1 14.7 492 | 0.32 345 | 2.62 | 3.20 53.5
16 | et | 33483 | 15510 20.1 19.0 20.1 18.4 455 | 0.57 33.4 | 0.79 | 1.87 50.4
17 | w= | 33719 | 5856 30.2 26.3 751 30.2 9.0 | 007 | 7806 | 2.33 | 2.94 | 1531
18 | et | 34015 | 14817 20.4 19.4 20.4 13.0 53.0 | 0.82 27.1 | 1.88 | 2.36 45.7
19 | wt | 34266 | 35962 33.0 24.3 1.4 33.0 3.5 | 0.02 31.8 | 1.66 | 3.39 3.0
20 | pt | 34348 | 9897 27.8 17.2 15.0 27.8 3.0 | 0.01 12.8 | 1.82 | 3.15 0.2
21 | et | 34460 | 38098 32.2 25.6 32.2 13.4 35.6 | 2.34 21.7 | 0.65 | 1.17 52.2
22 | pt | 35081 | 34896 39.6 34.3 61.9 39.6 3.6 | 1.86 37.7 | 1.76 | 2.32 91.3
23 | ut | 35092 | 49609 28.8 23.6 29.5 28.8 44 | 152 8.1 | 053 | 1.88 24.2
24 | et | 35194 | 22193 27.8 16.7 18.6 3.0 334 | 1.98 26.4 | 2.13 | 3.02 44.3
25 | et | 35365 777 21.1 21.4 21.1 8.6 46.2 | 0.17 29.7 | 2.03 | 3.05 50.0
2 | pu~ | 35668 | 4016 23.3 14.2 12.4 23.3 71| 0.09 11.0 | 1.33 | 2.03 2.1
27 | p— | 35699 | 21924 23.9 17.9 1.4 22.8 52.9 | 0.10 18.0 | 0.60 | 3.26 7.8
28 | pu~ | 35854 | 98486 23.7 17.4 11.0 23.7 3.7 | 046 18.1 | 2.02 | 3.11 16.7
29 | et | 35899 | 24168 23.1 24.0 23.1 41.3 54.1 | 043 53.5 | 1.94 | 2.38 64.6
30 | p~ | 35906 | 112642 23.5 19.2 6.1 23.5 3.8 | 0.01 29.6 | 1.75 | 3.26 26.8
31 | ut | 36305 | 29954 37.3 29.2 5.1 37.3 45 | o0.01 322 | 3.21 | 3.65 0.5
32 | et | 36544 | 24240 20.2 23.9 20.2 29.9 440 | 041 43.7 | 3.08 | 3.23 56.5
33 | et | 36688 | 87264 20.9 15.9 5.7 9.9 20.1 | 226 13.2 | 257 | 255 17.3
34 | et | 36826 | 112565 20.1 14.5 16.2 11.0 327 | 0.46 29.2 | 2.42 | 2.90 432
35 | et | 36956 | 83996 32.1 20.7 7.9 5.7 352 | 0.21 37.6 | 2.50 | 3.09 34.5
36 | et | 37511 9392 32.7 32.5 32.7 21.8 424 | 197 174 | 213 | 215 45.1

Table 7.6: Selected kinematic variables of candidate data events for the preselec-
tion of isolated electrons and muons.
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7.3 Final selection of top decay candidates

A final set of cuts was applied to select candidate events for the signal process. The
main goal of this selection was to reduce the NC DIS background in the electron channel
and the di-muon background in the muon channel. On the other hand the cuts had to
be chosen such that a high efficiency for single-top production remained.

7.3.1 Optimisation of the final selection cuts

The following variables were considered for the final selection:

e p$AL. The missing transverse momentum in the CAL was used already for the
preselection (p$*Y > 20GeV). This cut was considered for the final selection

again, since the p$Al distribution falls steeply for the background events.

e pladr Signal events are characterized by a jet with large transverse momentum

from the hadronisation of the b quark. None of the considered background pro-
cesses has a similar signature.

e FE —p, for electron-type events. The F — p, distribution for NC DIS events peaks
at two times the electron beam energy. For signal events, on the other hand, the
corresponding distribution is shifted towards lower values, due to the undetected
neutrino in the final state.

e P for muon-type events. Bethe-Heitler di-muon events can have large missing
momentum in the CAL, but usually have small missing momentum, when taking
into account also the momenta of muons, as measured by the CTD. The missing
momentum in signal events is mainly caused by the momentum of the undetected
neutrino and therefore p° is expected to be large.

e Number of muons for muon-type events. Most signal events are characterized
by one muon in the final state, while in the Bethe-Heitler process two muons
are produced. There can be additional muons from the decay of the b-quark
for signal events. Only in 2% of the signal events after the selection of isolated
muons there are two muons detected. On the other hand, also in two thirds of
the Bethe-Heitler di-muon events, after the isolated muon selection, only one of
the two Bethe-Heitler muons is detected.

The final values for these variables were chosen using only MC events to optimise the
background suppression and signal efficiency at the same time. The method, which was
chosen for this, optimises the expected Baysean upper limit on the signal in the presence
of background. Assuming that all observed events, Ny, originate from background,
Nops is expected to follow a Poisson distribution P (N, 1), where ny, is the expected
number of background events. For a single given value for N, the 95% confidence
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level (C.L.) upper limit on the signal Noso(Nobs, Nog) can be obtained by solving the
following equation numerically:

_Nb —N95¢y Nobs (Nbg+N95%)n
€ 9 : Zn:o n!

0.95=1— =
—Ny Nobs Nbg
€ g ZTL:O n!

Assuming that all possible values for Ny,¢ are a priori equally probable, the expected
upper limit value, < Ng59 > is given by the sum

(e 9]

< Nosg, (Nog) >= Z P(Nobs, Nig) Noszs (Nobs; Nog)-

Nobs=0

For the expectation value of the 95% C.L. upper limit on the cross section for signal
production < o959, > it follows:
< Noso (Npg) >
6‘Cint ’
where € is the selection efficiency for the signal and L, is the integrated luminosity.

The choice of the selection cuts affects both < Ngso(Nbg) > and €. An optimised set
of cuts is obtained by minimizing < g5 >.

< 0959 >=

The optimisation is performed by varying each of the final selection cuts within a grid
of 10 values, while keeping all other cuts at the optimised values. For each combination
of cut values, the efficiency for the signal MC and the number of observed background
events is evaluated and < o959 > is calculated!. Electron and muon channel were
treated separately. The distribution of < o959, > for the selected set of variables
is shown in Fig. 7.18 for the electron channel and in Fig. 7.19 for the muon channel.
These distributions were used as a guideline for chosing the final values of the single top
selection cuts. For p$A no significant dependence of the expected upper limit on the
final cut value was observed within the statistical uncertainty of the MC expectation
(Fig. 7.18a) and 7.19a). Also a rejection of events with more than one muon candidate
has no significant impact on the expected upper limit (Fig. 7.19d). A significant
dependence of the expected upper limit on the value of the final selection cut was
observed for E — p, (electron channel, Fig. 7.18b), p=5 (muon channel (Fig. 7.19c¢)
and pt9* (both channels, Fig. 7.18b) and 7.19b). The following cut values were chosen
for the final selection of single-top candidate events:

o piadr > 40 GeV for the electron and muon channel.
e F —p, <47GeV for the electron channel.

e P55 > 10 GeV for the muon channel.

To ensure a disjunctive selection, events were accepted as electron candidates only if
they were not at the same time passing all cuts of the final muon selection.

!For this optimisation, only the signal sample for the run period 1999-2000 (1/s = 318 GeV, e*tp)
was used and scaled to the total data luminosity of 130 pb™*.
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Figure 7.18: Expected 95% C.L. upper limit on the cross section for single top-
quark production, obtained from electron and positron candidate events, as a func-
tion of the final selection cut on a) the missing transverse momentum in the CAL,
p%AL, b) the transverse momentum of the hadronic system, pl%adr, c) E—pz. While
the corresponding selection cut was varied, the values of all other cuts were fixed
to the optimised final values described in the text. The error bars indicate the
statistical uncertainties on the MC simulation.



102 Search for isolated electrons and muons

a) b)
cut optimization (muon candidates) cut optimization (muon candidates)

~—~ 115 T T T T T T T T T T T T T T T o) 115 T 1 17 T T T T T 17T L LI L T
Qo r T o) r b
£ L ] £ L ]
A + g A + B
s 1.1F . § 110 .
o F : o F 1
4 L ] \4 L { ]
1.05F . 1.05F I 1
1 : i [ [
0.95} . 0.95F l[ % % [ J[ .
0.9F ] 0.9F | 1
0.85} . 0.85F .

08 16 18 20 22 24 0.8 25 30 35 40 45 50

pt (Gev) P (Gev)

c) d)
cut optimization (muon candidates) cut optimization (muon candidates)
~— 1.15 T T L L L L LI o) 1,15 T T T T T T T T T T T T T T T
Qo r 1 Qo r T
R L ] = L ]
A - B A - q
g 1.1f ] g 1.1 §
S ] o T :
\ L ] v L ]
1.051 ] 1.05¢ .
1f } Pt 1f :
0.95 % [ i . 0.95F l l l I .
0.9F . 0.9F lf J J J J .
0.85F . 0.85} .
0'80 5 10 15 20 25 0.8 2 4 6 8 10
pT"* (GeV) max. no. of muons

Figure 7.19: Expected 95% C.L. upper limit on the cross section for single top
quark production, obtained from muon candidate events, as a function of the final
selection cut on a) the missing transverse momentum in the CAL, p%AL, b) the

transverse momentum of the hadronic system, p%adr, c) the missing transverse mo-

mentum, p?iss, d) the maximal number of allowed muon candidates in the event.
While the corresponding selection cut was varied, the values of all other selection
cuts were fixed to the optimised final values described in the text. The error bars

indicate the statistical uncertainties on the MC simulation.
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7.3.2 Results of the final single-top selection

After the final single top selection cuts, no event remained in the data, while 0.94 +
0.10 electron events and 0.95 + 0.10 muon events are expected from SM processes.
The expectation from single W-boson production is 0.57 &= 0.02 electron events and
0.59 + 0.02 muon events. The selection efficiency for the single top signal MC was
3.569% =+ 0.088 in the electron channel and 3.450% =+ 0.086 in the muon channel.

Figure 7.20 shows the event yields of final electron and muon candidates for the data
from 1994 to 2000 and for the simulated SM background processes. For comparison
with earlier results, also the numbers for a lower value of the cut on the hadronic
transverse momentum (ph?dr > 25GeV) is given. Table 7.7 summarises the event
yields, background expectation and signal efficiencies for the final selection of electron
and muon candidate events. Event displays of the two electron candidates and five
muon candidates, which were selected with the reduced cut on the hadronic transverse

momentum of ph?d" > 25 GeV, are shown in appendix B.

Final selection electron candidates (p2*dr > 25 GeV)
coll. Vs Lint Obs. SM exp. W only signal eff. (%)
eTp | 300GeV | 47.9pb T | 0 | 0.72 + 0.127 | 0.40 £ 0.012 | 4.31 + 0.096
e p | 318GeV | 16.7 pb71 1 0.64 £ 0.148 | 0.17 &+ 0.011 | 4.39 £ 0.097
etp | 318GeV | 65.5pb~! 1 1.54 £ 0.194 | 0.73 £ 0.021 | 4.48 + 0.098
Total 130.1pb 1 2 2.90 £ 0.275 | 1.30 + 0.026 | 4.402 £ 0.097
Final selection muon candidates (p3d* > 25 GeV)
eTp | 300GeV | 47.9pb ~ | 0 ] 0.78 £ 0.097 | 0.44 + 0.012 | 4.12 + 0.094
e p | 318GeV | 16.7pb~* 1 0.45 £ 0.075 | 0.19 &+ 0.012 | 4.27 £ 0.096
etp | 318GeV | 65.5 pb_1 4 1.53 £ 0.149 | 0.73 £ 0.021 | 4.11 + 0.094
Total 130.1pb ! 5 2.75 £ 0.192 | 1.37 £ 0.027 | 4.14 + 0.094
Final selection electron candidates (p229r > 40 GeV)
eTp | 300GeV | 47.9pb L | 0 | 023 + 0.050 | 0.16 + 0.008 | 3.47 + 0.086
e"p | 318GeV | 16.7pb~! 0 0.16 £+ 0.056 | 0.08 &+ 0.007 | 3.48 + 0.087
etp | 318GeV | 65.5pb ! 0 0.54 + 0.069 | 0.33 + 0.014 | 3.67 £ 0.089
Total 130.1pb " 0 0.94 £ 0.102 | 0.57 £ 0.017 | 3.57 £ 0.088
Final selection muon candidates (p3*d* > 40 GeV)
etp [ 300GeV | 47.9pb T | 0 | 0.26 + 0.044 | 0.18 + 0.008 | 3.43 =+ 0.086
e p | 318GeV | 16.7pb~! 0 0.08 £ 0.008 | 0.08 £ 0.008 | 3.55 £ 0.088
etp | 318GeV | 65.5pb~! 0 0.61 + 0.089 | 0.32 £ 0.013 | 3.44 £ 0.086
Total 130.1pb ' 0 0.95 + 0.099 | 0.59 + 0.017 | 3.45 £ 0.086
Table 7.7: Number of observed events and expectation from SM background for
the final selection of electron and muon candidate events at large values of phadr

in different data taking periods. The values are given for both, a cut at pl%adr >

25 GeV and for the final selection of single-top candidates at pi9r > 40 GeV. The
expectation only from single W production and the efficiency for the single top
signal MC is also shown. The quoted uncertainties are the statisticial uncertainties
due to the limited number of generated MC events.
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Figure 7.20: Event yields for the final selection of single-top candidate events:
a) electron candidates and b) muon candidates with p22d* > 25GeV, c) electron
candidates and d) muon candidates with ph24* > 40GeV. The event yields are
shown for the data from 1994-2000 and for the different sources of simulated SM
background. The event yields for the SM background are scaled to the data lumi-
nosity. The error bars indicate the statistical uncertainties on the SM background
expectations.

7.3.3 Cross efficiencies

In some cases for the signal MC, the events selected in the electron or muon channel of
the analysis were not originating from the corresponding channel of the W boson decay,
as it was obtained from the MC generator information. These “cross efficiencies” for
the different decay channels of the W boson in the signal MC are given in Tab. 7.8 for
the final selection of electron and muon candidate events.

Events from muonic W decays entered the electron channel in cases were the muon
was not detected as isolated muon and instead the scattered electron was observed as
isolated electron in the detector.

Events from the decay W+ — 77 v, can lead to an isolated electron or muon in the de-
tector in cases were the 7+ decays leptonically (BR(7" — e*v ;) = BR(tT — ptv,0;)
18%). Also tau leptons that decay hadronically with one charged particle (BR(7" —
h*w, > 0 neutrals) = 50%) can be misidentified as isolated electrons (see chapter 9).

Events from the hadronic decay chain ¢ — W*h, W — hadr. with three jets in the
final state contribute with approximately 1% to the electron channel. Such events had
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the scattered electron detected as isolated lepton and the missing transverse momentum
was caused by a muon inside one of the QCD jets (e.g. from B® — D*tpu v,).

The cross efficiencies did not affect the sensitivity of the search, since events were only
accepted as electron candidates, if they were not selected as muon candidate events at
the same time.

| Candidate type | WT s efve [ WT = py, [ WT = 77w, | W — hadr. |
electron 70% 8% 21% 1%
muon 0% 86% 14% 0%

Table 7.8: Cross efficiencies from different decay channels of the W boson for final
electron and muon candidate events from the single-top signal MC.

7.3.4 Single-top efficiencies

The sensitivity for the single-top signal process with different production- and decay-
modes for the top quark was studied with dedicated MC samples for these processes.

Table 7.9 compares the efficiencies in the final selection (pdr > 40 GeV) for all con-

sidered combinations of production- and decay-modes. All samples were produced for
e’ p scattering, /s = 318 GeV and M,,, = 175 GeV. The final selection efficiency for
the signal MC with anomalous decay ¢t — uZ was 1.22% =+ 0.08 in the electron channel
and 1.80% =+ 0.10 in the muon channel. The leptonic decay channels of the Z boson,
Z — 11~ have a branching ratio of only 3.4% per channel. Thus in most of the selected
electron-candidate events in this sample the scattered beam electron was detected as
an isolated lepton. Most of the muon events were from muonic b-decays. For single
top production through Z° exchange, two MC samples with anomalous vector coupling
Uz at the t — u — Z° vertex and different decay modes were considered. For the SM
decay t — bW, the efficiency in the electron channel was 8.53% =+ 0.29% and in the
muon channel 3.06% +0.18%. For the sample with anomalous vector coupling vy, also
at the decay vertex (t — uZ), the efficiency in the electron channel was 8.92% =+ 0.30%
and in the muon channel 2.02% 4 0.14%. The higher efficiency in the electron channel
for single-top production through Z° exchange is due to the fact that in many events
the beam positron is scattered under larger angles and thus can be detected as an
isolated lepton. In the muon channel however the efficiency is smaller than for the
nominal sample with production through v exchange and SM decay of the top quark,
for which the event selection was optimised.
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Production ‘ decay

‘ eff. el. channel ‘ eff. muon channel ‘

Ktuy t— bW 3.67 £0.09 3.44 £0.09
Kty t—>uZ 1.22% + 0.08 1.80% %+ 0.10
VtuZ t— bW | 8.53% £ 0.29% 3.06% + 0.18%
VinZ t—uZ | 8.92% £+ 0.30% 2.02% + 0.14%

Table 7.9: Comparison of the single-top efficiencies in the final top selection
(ph2dr > 40 GeV) for various combinations of production- and decay-modes of the
single-top quark. All MC samples were produced for e™ p-scattering, /s = 318 GeV
and My, = 175 GeV.

7.4 Statistical and systematic uncertainties

The statistical uncertainties, og,;, were obtained by adding the individual uncertainties
for the different MC samples in quadrature:

E 2
_ j : Ni dataUMC
Ustat - MC sel NZ b

MC,tot

(7.2)

where 7 runs over all MC samples of the corresponding data taking period, N&C,wt,
Niicsa and o3¢ are the total number of events, the number of selected events and the
cross section of the corresponding MC sample, respectively, and Lqa;, is the integrated
luminosity of the corresponding data taking period. For the overall statistical uncer-
tainty on the background expectation, the data taking from 1994 to 2000 was treated
as one data set. The overall statistical uncertainty of the signal efficiency, 0., was
obtained as the average of the efficiency in the individual data taking periods, weighted

by the corresponding luminosities:
eff ,.94—97

eff __ £94—97Ustat
Ogtat —

eff,98—99

s eff ,99—-00
+ Lo8—0905ta

+ Lo99_000sta (7.3)

£94700

The statistical uncertainty for the combination of electron and muon channel was
obtained by adding the corresponding statistical uncertainties for electron and muon
channel in quadrature.

Systematic uncertainties for background expectations and signal efficiencies result in a
change of the number of expected background and signal events. Positive and negative
systematic uncertainties a;;st and oy for background expectation and signal efficiency
were taken into account:

ACd:a.1;a.o'1\/[(j i+ 7
Zz N2 (NMC sel NMC,sel)
0_+ _ MC,tot (7 4)
syst Z [,dataaMc ]\[Z ’
g NMC tot MC,sel
ACd:a.1;a.o'1\/[(j i—
Zz N7 (NMC,sel - NMC,sel)
o= — MC,tot ' (7 5)
syst Z [—data”qiv[c Ni ’
i N? MC,sel

MC,tot



7.4 Statistical and systematic uncertainties 107

where i runs over all background (signal) MC samples of the corresponding data taking

period and Nﬂé_s)el are the number of selected MC events for a positive (negative) effect

of the corresponding systematic variation (Nﬂé_s)el > (<) Niic sel)-

The total positive (negative) systematic uncertainties for each data taking period were
obtained by adding all positive (negative) systematic uncertainties for the correspond-
ing data taking period in quadrature. In cases where the systematic variation of a
parameter around the nominal value lead to a change in only one direction, the max-
imum of the two numbers was taken as the systematic uncertainty for that direction.
The uncertainty in the other direction was in these cases set to zero. For the overall
positive and negative systematical uncertainty on the background expectation, the data
taking from 1994 to 2000 was treated as one data taking period. The positive (neg-
ative) systematic uncertainties for the signal efficiency for the combined period from
1994-2000 were obtained by averaging the positive (negative) systematic uncertainties
for the individual periods, weighted by the data luminosity in the corresponding period:

eff-+(—),94-97 eff+(—),98—99 eff-+(—),99-00
eff () _ L01-970syst + L98-9905yst + L99-0005yst (7.6)
st ‘694—00

The total positive (negative) uncertainty in each case was obtained as the quadratic
sum of the statistical uncertainty and all positive (negative) systematic uncertainties.
The systematic uncertainties for the combination of electron and muon channels were
obtained in the same way as described for the individual channels, but after adding
the number of expected background events and the efficiencies from electron and muon
channel.

The following systematic effects were taken into account:

o CAL scale

The uncertainty in the absolute energy scale of the CAL was assumed to be £1%
for FCAL and BCAL and £2% for RCAL. For the systematic effect on the single-
top signal MC efficiency, the energy of each CAL cell in the MC data was varied
by +1% and £2% for the corresponding CAL section. For the systematic effect
on the background MC expectation, the values of all CAL energy dependent
selection cuts were varied by +1%, thus neglecting partly the influence of the
CAL scale on the electron, muon and jet finding efficiency.

e (QCD-radiation model for NC DIS background
The use of LEPTO MEPS instead of ARIADNE CDM for the simulation of the
NC DIS background was treated as a systematic uncertainty for the background
expectation.

e Parton density function
In order to evaluate the effect of the chosen PDF on the signal selection effi-
ciency, the signal MC events, which were created with the MRS (A) PDF, were
reweighted to the PDF, which was obtained from a recent ZEUS NLO QCD
analysis of DIS data [92].
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e Mass of the top quark
The nominal value of 175 GeV for the top mass was varied by 5 GeV in the signal
MC. The resulting change in the signal efficiency was the dominating systematic
uncertainty. This effect was taken into account by calculating the exclusion limit
on single top-quark production for all three masses, 170 GeV, 175 GeV, 180 GeV.

Table 7.10 and 7.11 present the statistical and systematic uncertainties for the pre-
selection and for the final selection of single top-quark candidates, respectively. A
summary of the observed and expected event yields in the search for isolated electron
and muon events is shown in Tab. 7.12, where the indicated uncertainties include the
statistical uncertainties as well as the CAL scale uncertainty and the uncertainty due
to the hadronisation model for the NC DIS background.

Preselection of isolated leptons

Electron Muon El.+Mu.
effect 94-97 | 98-99 [ 99-00 | 94-00 94-97 | 98-99 | 99-00 [ 94-00 94-00
stat.err. BG +10.0% | £12.5% | £7.5% | £5.5% || £7.7% | £8.6% | £6.7% | £4.5% 13.8%
stat.err. sig. +1.9% | +1.9% | £1.9% | £1.9% || +2.2% | +2.2% | +2.2% | +2.2% +1.5%
CAL-scale + BG +4.8% | +13.9% | +4.1% | +5.9% +3.4% | +1.6% | +2.5% | +2.7% +4.7%
CAL-scale + sig +0.4% | 4+0.3% | +0.6% | +0.5% || +0.1% | +0.0% | +0.0% | +0.0% +0.3%
CAL-scale - BG —1.8% | —4.7% | —4.9% | —38% || —1.1% | —7.3% | —3.6% | —3.4% —3.6%
CAL-scale - sig —0.5% | —0.6% | —0.5% | —0.5% || +0.1% | —0.1% | +0.0% | +0.0% —0.1%
MEPS BG —27% —2T% | —16% | —22% || —1.4% | +0.9% | £0.0% | —0.3% || —13.8%
Miop = 170 GeV sig. || —2.7% | —45% | —0.4% | —1.8% || —5.0% | —5.2% | —1.4% | —3.3% —2.4%
Miop = 180 GeV sig. || —0.9% | —0.7% | +2.1% | +0.6% || —0.3% | —3.4% | —0.8% | —0.9% £0.0%
tot. syst. BG + +4.8% | +13.9% | +41% | +5.9% || +34% | +1.6% | +25% | +2.7% +4.7%
tot. syst. BG - —27% —27% | —-17% | —22% || —1.8% | —7.4% | —3.6% | —3.4% | —14.3%

Table 7.10: Statistical and systematic uncertainties for the preselection of isolated
electron and muon events.

Final selection of single-top candidates (p2** > 40 GeV)

Electron Muon El.+Mu.
effect 94-97 | 9899 [ 99-00 | 94-00 94-97 | 98-99 | 99-00 [ 94-00 94-00
stat.err. BG *21% | +34% | +13% | £11% || £19% | +9.3% | +£13.2% | £10.1% +7.4%
stat.err. sig. +25% | £2.5% | +2.4% | £2.5% || £2.5% | +£2.5% | +2.5% | +2.5% +1.75%
CAL-scale + BG +0.8% | +3.0% | +3.1% | +25% || +2.8% | +60% | +5.3% | +92% 16.0%
CAL-scale + sig —0.5% | —0.9% | —0.5% | —0.6% || +0.6% | +1.4% | +0.2% | +0.5% —0.1%
CAL-scale - BG —44% | —3.0% | —4.4% | —42% || —1.6% | £0.0% | —-1.7% | —1.6% —2.8%
CAL-scale - sig +1.1% | +0.5% | +0.7% | +0.8% || —1.7% | —0.9% | —0.7% | —1.1% —0.1%
MEPS BG —1.2% | —10.2% | +0.9% | —1.5% || +0.0% | £0.0% | +0.0% | =+0.0% —0.7%
PDF sig. +0.5% | +0.9% | +0.5% | +0.6% || +1.0% | +1.1% | +1.0% | +1.0% 10.8%
Miop = 170 GeV sig. || —3.5% | —4.4% | —6.4% | —5.1% || —81% | —10.0% | —41% | —6.4% —6.8%
Miop = 180 GeV sig. || +4.1% | +7.0% | +3.9% | +4.4% || +4.7% | +0.8% | +1.9% | +2.7% +3.6%
tot. syst. BG + +4.8% | +13.9% | +41% | +5.9% || +34% | +1.6% | +2.5% | +2.7% +4.7%
tot. syst. BG + +0.8% | +3.0% | +3.1% | +2.5% || +2.8% | +60% | +5.3% | +9.2% +6.0%
tot. syst. BG - —4.6% | —10.7% | —4.5% | —4.4% || —1.6% | £0.0% | —-1.7% | —1.6% —2.9%

Table 7.11: Statistical and systematic uncertainties for the final selection of single-
top candidates.
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Positron Muon
Leptonic channel channel channel
obs./expected (W) | obs./expected (W)
| Preselection |
etp, /s =300 GeV (L =47.9pb ') 4 /73758 0/42%703
e p, /s =318 GeV (L =16.Tpb™ ") 7/ 3.2708 1/21702
eTp, /s =318 GeV (L = 65.5pb ") 13 /10.1799 11 /5.6702
| Total (£ =130.1pb ) 124 /206757 (17%) [ 12 / 11.970% (16%) |
| Final selection (pid > 25 GeV) |
etp, /5 =300 GeV (L =47.9pb ) 0/0.7275% 0/0.787010
e p,\/s=318GeV (L=16.Tpb ") 1/0.6470% 1/0.4570907
etp, /s =318 GeV (L =65.5pb™ ") 1/1.5470% 4 /1.53751%
| Total (£ =130.1pb ') | 2 /290703 (45%) | 5 / 2.752031 (50%) |
| Final selection (pi*d > 40 GeV) |
etp, /5 =300 GeV (L =47.9pb ") 0/0.2373% 0/0.26700¢
e p, /5 =318 GeV (L =16.Tpb ") 0/0.1670% 0/ 0.0870%
etp, /s =318 GeV (L =65.5pb ") 0/0.547507 0/ 0.6170L0
| Total (£ =130.1pb ') | 0/0.94701 (61%) | 0/ 0.9530:15 (61%) |

Table 7.12: Number of observed and expected events for different selection stages
in the search for isolated electron and muon events. The percentage of single W
production included in the expectation is indicated in parentheses. The statistical
and systematic uncertainties added in quadrature are also indicated.

7.5 Search for single-top production in the hadronic
channel

The ZEUS collaboration has also performed a search for single top-quark production
through FCNC tusy coupling in the hadronic-decay channel of the W boson [55,56]. The
expected signature in this channel consists of three jets with large transverse energy
and no significant missing transverse momentum. The event selection required three
jets with B > 40 GeV, EX > 25GeV and EX* > 14GeV. The photoproduction
background was reduced by requiring one of the 2-jet masses and the 3-jet mass to be
compatible with the W boson mass and the top mass, respectively. The number of
observed events was found to be in agreement with SM expectations. The efficiency
for detecting FCNC induced single-top quarks from hadronic decays of the W boson
was 24%.
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Chapter 8

Exclusion limits on single-top
production

No events compatible with single top-quark production were found, both in the leptonic
and hadronic channels of the W decay. Therefore exclusion limits on the values of the
effective coupling constants r,, and vy, for the anomalous FCNC interactions were
set, which are presented in this chapter.

8.1 Limit setting procedure

The effective Lagrangian (3.16) describes the possible production and decay of single
top quarks through anomalous couplings of strength x4, and v, at the t —u —~ and
the t — u — Z° vertex, respectively. The values of Kty and vy, determine both, the
production cross section and decay width of the single top quark. They were treated as
free parameters and limits were set in the ,,-v;,z-plane. A two dimensional likelihood,
L, was defined in this plane as

(Nsig (Kturys Viuz) + N ) Vv - e~ (Noig(ktuy,vtuz)+Nsnm)

L(Nobs"ftu’yavtuZ) = Nb T , (81)
obs-

where L is the probability to observe N, events, when Ng,, events are expected from
SM background and Ny, events are expected from single top-quark production for a
given pair of ky, and vyz. The production cross section, ogingie top (Ktuy, Vinz), Was
determined for each pair of k;,, and v,z from eq. 3.17, neglecting the very small
interference term c,z. The number of expected signal events, N, depends on:

e the production cross sections for v and Z° exchange:
Osingle top,y — OUsingle top(’{tuw 0),
Osingle top,Z — Osingle top (0: UtuZ);

e the decay branching ratios BR(t — bW) and BR(t — uZ);
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e the selection efficiencies for the considered production and decay channels €, yw,
€ZpW, Eyuz and €Zuz;

e the integrated luminosity Lin.

Nsig is thus given as:
Nsig = (Osingle top,y - (BR(t = bW) - ey + BR(t = uZ) - €y42) (8.2)
+(0single top,Z * (BR(t — bW) c€zpw Tt BR(t — UZ) . Gz,uz))) « Lint.
The efficiencies €, yi, €z pw, €44z and €z, were obtained from the corresponding MC
samples. Four partial likelihoods L; were defined, based on the analysis in the leptonic
and hadronic channels for the two independent data taking periods at /s = 300 GeV

and /s = 318GeV. The total likelihood was obtained by multiplying the partial
likelihoods.

A two dimensional probability density in the kyu,-vi,z plane was obtained using a
Bayesian approach to invert the likelihood and assuming a uniform a priori probability
in Ky and vy, z:

Hz’ Lz (Nobs |K'tu'ya UtuZ)

Hi Li (Nobs ‘ /ﬁtu’y: UtuZ)d/ﬁtu’ydvtuZ

p(/{;tu'y; UtuZ|Nobs) = foo o9) (83)

"‘/tu*\/:O Utz =0

The 95% C.L. limit in the Ky,,-vy, 7 plane was defined as the set of points p(Kiuy, Viuz|Nobs) =
po, for which the following relation holds:

/ P(Ktuy, Vtuz | Nobs ) dktuy Utz = 0.95. (8.4)

p(Kztu'y YVtuZ |Nobs) >po

For v,z = 0 and Ky, = 0, one dimensional probability distributions can be defined
accordingly. In this case one can start from a uniform a priori probability in the cross
section o. The resulting cross section limits can then be transformed into the corre-
sponding limits on the coupling constants, ., and vy,z. For this case one dimensional
probability distributions are defined as:

Hi Li(Nops|o, kg (o))

P(0, Viuz = 0| Nobs) ™ 1L L (Nows|o)do” (8.5)
ZLz Nobs 0, Vtuz\O
p(o, kg = 0|Nops) = lf_foio IEL Li(|Nobs|0)(-d)(3
The 95% C.L. limit on the cross section are defined as the values 0237 and o,™ , for
which the following relations hold:
Riay
/ P(0, vz = 0| Nops)do = 0.95. (8.6)
a=0

lim
YtuZ

/ p(o-’ /{tu'y = O|Nobs)d0- == 095.

o=0

g.



8.2 Ezclusion limits in the Ky -vyz plane 113
8.2 Exclusion limits in the x;,,-v,z plane

Equation (8.4) was used to constrain the values of the coupling constants ky,, and
Uz Since the dominant theoretical uncertainty was the uncertainty on My, the
calculation was performed for three different values of M., = 170, 175 and 180 GeV.
Table 8.1 summarises the parameters, which enter in the calculation of the exclusion
limit. The resulting limit curves are shown in Fig. 8.1 for the leptonic channels and
for the combination of both, the leptonic and the hadronic channels. The exclusion
limits obtained from the CDF [50] and L3 [54] analyses are also shown in the figure,
assuming no anomalous coupling of the top quark to ¢ quarks. Therefore the published
L3 limits on the coupling constants were rescaled by a factor of v/2 for the figure (see
section 4.2.1). For the ZEUS measurement the sensitivity for the coupling £, is much
higher than for the vector coupling vy, due to the suppression of the Z° exchange at
the production vertex and due to the reduced efficiency in the hadronic channel for all
cases where v,z is involved in the production or decay of the top quark. The ZEUS
results excludes a substantial region in k,, not constrained by previous experiments.

8.3 One-dimensional exclusion limits

Exclusion limits on ki, for vy,z = 0 and on v,z for Ky, = 0 were obtained from Fig.
8.1 as the intersection of the exclusion line with the x;,, and v,z axis, respectively.
The resulting values can be tranformed into cross section limits using equation (3.17)
for a given CMS energy. The one dimensional integrations according to (8.6) (assuming
a uniform a priori probability in the cross section) lead to slightly different values of
the exclusion limits. The obtained values for the combination of the leptonic and the
hadronic channels are compared in Tab. 8.2. The values from the different calculation
approaches agree within 10%.

In the leptonic channels of the ZEUS analysis the background expectation is smaller
than in the hadronic channel. On the other hand the efficiency for the single-top
signal is also smaller than in the hadronic channel. The resulting sensitivity for sy,
is therefore similar in both channels: for M., = 175 GeV, assuming a uniform a priori
probability in the cross section, the exclusion limit from the leptonic channels alone
is Ky < 0.247. The corresponding value from the analysis in the hadronic channel is
Kuy < 0.268.

8.4 Exclusion limits based on NLO calculations

For v,z = 0, the NLO QCD calculations from section 3.4.4 for single-top production
through photon exchange were used to obtain a more precise value for the limit on xy,,
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Parameter

| /5 (GeV) || Myop = 170GeV | Myop, = 175GeV | Myop = 180 GeV |

Model parameters

Cy 300 5.451 4.300 3.370
318 7.520 6.076 4.886
cz 300 0.1808 0.1433 0.1123
318 0.2861 0.2340 0.1899
Ty ow+ - 1404 MeV 1554 MeV 1713 MeV
Tty - 293MeV - k7, | 302MeV -k, | 310MeV - k7,
Tisuz - 1297 MeV - v2,, | 1449MeV -v2 , | 1610MeV -v? ,
Parameters for the leptonic channels
€, bW 300 6.49 6.90 7.20
318 6.69 7.09 7.31
€Z6W 300 11.07
318 11.51
€y uZ 300,318 3.03
€Zuz 300 10.25
318 10.63
Nobs 300 0
318 0
Nsm 300 0.49
318 1.40
luminosity (pb~1) 300 47.9
318 82.2
Parameters for the hadronic channel
€ bW 300 11.3 16.6 14.0
318 12.5 16.5 16.5
€Z.bW 300,318 0
€y,uZ 300 11.3 16.6 14.0
318 12.5 16.5 16.5
€Zuz 300,318 0
Nobs 300 2 5 3
318 6 9 8
Ngm 300 1.4 3.3 1.0
318 10.6 14.3 11.3
luminosity (pb~1) 300 45.0
318 82.2

Table 8.1: Values of the parameters, which enter the calculation of the exclu-
sion limit for single-top quark production. ¢, and cz refer to the cross section

parametrisation Ogingle top = Cy - mfm +cz - vfu 7 + €7 - Ktuy - Vtuz, obtained in
LO with the MRST PDF and including ISR according to the Weizsacker-Williams
approximation (see section 3.4.3). In cases, where the efficiency was only evalu-
ated for /s = 318 GeV, the corresponding value was used also for /s = 300 GeV
(indicated as ”300,318”).
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Exclusion limits based on NLO calculations
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Figure 8.1: 95% C.L. limit in the y,-vy,z-plane for single top-quark production
a) for the leptonic decay channels and b) for the combination of the leptonic and
the hadronic decay channels of the W boson. The arrows indicate the excluded
region. The exclusion limits from the CDF and L3 analyses are also shown in b),
assuming no anomalous coupling of the top quark to the c-quark.
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im im im im
| Miop [ method [| s | o, || vy [ oy

170 GeV | 2-dim 0.179 | 0.241 || 0.915 | 0.240
1-dim 0.174 | 0.228 || 0.923 | 0.244
175 GeV | 2-dim 0.198 | 0.238 || 1.017 | 0.242
1-dim 0.192 | 0.224 || 1.021 | 0.244
180 GeV | 2-dim 0.245 | 0.293 || 1.102 | 0.231
1-dim 0.232 | 0.264 || 1.143 | 0.248

Table 8.2: 95% C.L. exclusion limits on the coupling constants, s, and v, 7, and
on the cross sections, 021’27 and a},itrfz, calculated at 4/s = 318 GeV, for different top
masses, M;qp, and for the different calculation methods described in the text. The
values were obtained from the combination of the analyses in both the leptonic and

the hadronic decay channels of the W boson.

from the 1-dimensional cross-section limits:

Miop = 170GeV : Ky (NLO) < 0.158 at 95% C.L. (8.7)
My =175GeV : Ky (NLO) < 0.174 at 95% C.L. .
Miop =180GeV : Ky (NLO) < 0.210 at 95% C.L.. (8.9)

The exclusion limits obtained from LO and NLO calculations agree within 10%. The
obtained exclusion limit of ky,, < 0.174 for M., = 175 GeV improves the result from
CDF by more than a factor of two.



Chapter 9

Search for isolated tau leptons

This chapter describes the search for isolated tau leptons in events with missing trans-
verse momentum, following the search for isolated electron and muon events described
in the previous chapters. A tau-identification method based on observables describing
the internal jet structure was used to discriminate between hadronic tau decays and
quark- and gluon-induced jets. A more restrictive selection was applied to isolate tau
leptons produced together with a hadronic final state with high transverse momentum,
as expected from the decay of a heavy particle.

9.1 Tau identification

The search for tau leptons was based on the hadronic decays with one charged particle
detected in the CTD. The narrow, “pencil-like”, shape and the low charged-particle
multiplicity of the tau jets were used to distinguish them from quark- and gluon-induced
jets [93].

9.1.1 Properties of the tau lepton

The tau lepton is the heaviest lepton known to date (M, = 1776.997052 MeV [26]).
Unlike the electron and muon, which have a rest mass lower than the pion mass, it can
decay into hadrons. The mean lifetime of 7 = (290.6 +1.1) - 10~ sec [26] corresponds
to a decay length of ¢ = 87 um. The main decay modes of the tau lepton are given
in Tab. 9.1. The total decay branching ratio to electrons or muons is about 35%. In
almost all other cases (= 65%) it decays into one (1-prong), three (3-prong) or five
(5-prong) charged hadrons (7% or K*), a tau neutrino (,) and zero or more neutral
hadrons (7% or K9).

The search for isolated tau leptons that is described in the following sections started
from a sample of isolated tracks. The main contribution to the signal is thus expected to
come from the 1-prong hadronic decay modes of the tau lepton. The mean decay length
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Decay mode BR

T = e, 17.8%
T o PO 17.4%
7~ —  h7 v, > 0 neutrals 49.5%
T~ — 2 h” hTvy, > 0 neutrals 15.2%
7~ — 3 h™ 2 hTy, > 0 neutrals 0.1%

Table 9.1: The main decay modes of the tau lepton and the corresponding branch-
ing ratios, BR. h* and neutrals denote charged and neutral hadrons, respectively.
The decay modes for the 71 lepton can be written in an analogous way and the
branching ratios agree within the given precision.

of 87 um would lead to a secondary vertex, which in principle can be used to identify
tau decays. The resolution necessary for this was however beyond the capability of the
ZEUS tracking system that was installed in the considered data taking periods!.

The hadronic decay products of the tau lepton can be detected as jets in the CAL. For
tau leptons produced at high momentum, the decay particles are strongly boosted in
the direction of the tau lepton. The tau lepton is colour neutral, such that quark and
gluon radiation is inhibited and the emerging energy depositions in the CAL are thus
expected to have a narrow, pencil-like shape. Quark- and gluon-induced jets, on the
other hand, are expected to be less collimated, since they can radiate gluons in the
fragmentation phase. In addition, for such jets the colour connection to the rest of the
final state enhances the spread of particles emerging from the hadronisation.

Figure 9.1a) shows an example of the response of the ZEUS detector to a QCD-jet
originating from a simulated photoproduction process. Many tracks are pointing to a
large cluster of energy depostions in the CAL. In Fig. 9.1b) the corresponding picture
of a jet originating from a simulated W — 7v, event with 1-prong hadronic decay of
the tau lepton is shown. It is characterized by a narrow cluster of energy depositions
with one associated track.

9.1.2 Inclusive CC DIS control selection

An independent control analysis was performed to setup the tau identification. MC
events from single W production, where the W decays to a tau lepton and a neutrino
(W — 71v,) and the tau lepton subsequently decays into hadrons, were used as signal.
The background simulation was based on an inclusive selection of CC DIS events. An
inclusive CC DIS data sample was used to monitor the quality of the simulation. The
selection was based on the e p data taking period from 1999 to 2000 with an integrated
luminosity of Ly = 65.5pb *. The selection required mainly large missing transverse
momentum [96]. The online selection and the non-ep background rejection cuts were

!The recently installed and commissioned Silicon Micro Vertex Detector (MVD) is capable of
measuring impact parameters of O(100 um) [94,95]. If the designed precision of the MVD will be
reached, the identification via a displaced impact parameter might become in reach.
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b)

Figure 9.1: Response of the ZEUS tracking system and calorimeter to a) a QCD-
jet from a photoproduction process and b) a jet from a W — 7, decay with
subsequent 1-prong hadronic decay of the tau lepton.

very similar to the ones used in the search for isolated leptons. The following list briefly
describes the selection requirements that were applied to ensure a clean sample of CC
DIS events. Only those cuts that were not also used in the search for isolated leptons
are explained in more detail.

o DST bit selection. The charged current trigger bit DST B34 was required, select-
ing events selects events with p&™ > 7GeV.

e Non-ep rejection.

— CAL timing veto (for data only)

— |2ptz| < 50cm

nE0 > 0.2 - nyy — 20

Two-tracks cosmics rejection (3d-opening angle < 178°)

— The energy deposition in the hadronic part of the BCAL and RCAL was
required not to exceed a fraction of 90% of the total energy deposition in
the corresponding CAL section, if the total energy deposition exceeded a

threshold of 5 GeV.

— Rejection of cosmic muon events after visual scan.

e Large missing transverse momentum:

— Transverse momentum in the CAL%: p$AL > 20 GeV.

2The transverse momentum used in this CC DIS control selection was not corrected for detector
effects.
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— Transverse momentum outside the first inner ring of the FCAL: p&® >
9GeV

e NC DIS and photoproduction rejection. Events from NC DIS and photoproduc-
tion interactions were vetoed based on their characteristic event topology and on
CAL energy-momentum-relations.

Sopl > 0.2

aco

— pt/EgA > 0.5

- E—pZ<4OGeV

e Jet selection and electron rejection. Only well reconstructed jets inside the CTD
acceptance were considered. Remaining electrons were rejected based on the
fraction of electromagnetic energy in the jet and the fraction of the jet energy
carried by the most energetic track inside the jet. Only those events were accepted
that contained at least one jet fulfilling all of the following requirements:

— B > 5GeV

— 15° < B < 164°
—ltf>0

—ltf +emfrac<1.6

— 0.05 < emfrac < 0.95

— For the signal MC sample (W — 7v;) it was additionally required that the
reconstructed jet pointed within a radius of one in the n — ¢ plane into the
direction of a hadronically decaying tau lepton, as obtained from the MC
generator. This cut ensured a well defined signal sample that was used for
the optimization of the tau finding technique.

Figure 9.2 shows control plots of global event variables for the inclusive CC DIS selec-
tion. The data are compared to the expectation from the simulation of CC DIS events
and to the W — 7, signal. Good agreement between data and CC DIS simulation
can be observed for p$ALl, E — py, p§AY/ESAL and z,4,. The signal falls far below the
data for this inclusive CC DIS selection. 871 events were observed in the data, while
858 +£2.18 events were expected from the simulation of CC DIS events. The expected
number of events from the signal process was 1.14 4 0.0083 events.

9.1.3 Jet shape observables

Previous analyses at HERA showed that the internal jet structure is generally well
described by MC simulations [97,98]. For this analysis six observables were selected to
distinguish tau jets from quark- and gluon-induced jets:
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Figure 9.2: Global event variables for an inclusive selection of CC DIS events:
a) Missing transverse momentum in the CAL, pgAL, b) E — pz, c) the ratio of
missing transverse momentum to the total transverse energy, p$"/E$AL and d)
the z-position of the event vertex, zyix. Shown are the data (dots), a simulation of
CC DIS events (shaded histograms) and the simulation of the single W-production
signal W — v7, where the 7 decays hadronically (hatched histograms).
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e the first moment of the radial extension of the jet energy deposition

rmean = (R) = z:iiE.R,

where the sum runs over the calorimeter cells associated to the jet, F; is the
energy of the cell ¢ and R; is defined as R; = /A¢? + An?, where A¢; (An;) is
the difference between the azimuthal angle (pseudorapidity) of the calorimeter
cell 7 and the jet axis;

e the second moment of the radial extension of the energy deposition

N \/z,-Ez-«R)—RZ-)Z,
Zi Ei ’

e the first moment of the projection of the energy depositions on the jet axis

L, .
lmean = (L) = %’ EZ~’ with L; = E; - cos 6

where L; is the projection of the energy of the cell 7 on the jet axis and 6‘;“ is the
angle between the direction of the cell + and the jet axis;

e the second moment of the projection of the energy depositions on the jet axis

Irms = \/z:Z Ei((L) — cos ngt)Q.
> Ei ’

e the number of subjets, subj, with a gy, of 5+ 107*.
The subjet multiplicity identifies the number of localised energy depositions
within a jet that can be resolved using a resolution-criterion y.,;. The num-
ber of subjets was found by applying the same algorithm as was initially used to
find jets. An exact definition can be found elsewhere [98-100];

e the invariant mass, my’,

ity = \/(Z_ B (3w~ (L m) — (o

with pf, = E;sin6;cos ¢, pl, = E;sinb;sin;, p, = E;cosb;. 6; and ¢; are the
polar and azimuthal angle of cell i, respectively.

of the jet calculated from the associated cells

Figure 9.3 compares the inclusive CC DIS event sample to the MC simulation in each
of the six observables. A logarithmic presentation was chosen for rmean, rrms, Imean
and Irms to ensure a uniform and narrow distribution in the corresponding observable
space and to avoid steeply rising or falling edges. For each event only the jet with
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the largest value of the discriminant, D, as defined in the next section, enters the
plot. The agreement between data and MC simulation is good. For each of the six
observables a separation between the signal and the CC DIS selection can be seen. The
expected signal however is very small and therefore a a multi-variate discrimination
technique was used to fully exploit the information contained in the observables and
their correlations.

9.1.4 Tau discriminant

To optimize the separation of the signal from the background, the six observables were
combined in a discriminant, D, given for any point in the phase space

Z = (—log(rmean), —log(rrms), —log(1 —Ilmean), —log(lrms), subj, mje)

as:

D(Z) = pSig(f)

Psig(L) + pog ()’

where pg, and ppg are the density functions of the signal and the background events,
respectively. The signal and background densities, sampled using MC simulations, were
calculated for any point in the phase space using a method to estimate probability
densities, which is based on range searching (PDE-RS) [101,102]. Figure 9.4 illustrates
the calculation of D for an arbitary 2-dimensional jet-observable space® (z,y). The
observable space is filled with a large number of jets from the MC generated signal and
background samples. The value of D for any given jet with observable values (z;,y;)
is calculated as the number of signal jets divided by the total number of jets in a small
box around (z;,y;). As can be seen from this example, it is important to ensure a
dense population of the observable space with both, signal and background jets, and
to adjust the box size such that for any jet to be classified there are enough signal and
background events in the box. The logarithmic representation for rmean, rrms, Imean
and Irms minimizes those regions in the phase space, which are sparsely populated with
signal or background jets. The minimum number of signal plus background jets in a
box around the phase space point to be classified was set to 15. The values chosen for
the edge length of the classification box were:

Observable edge length
-log(rmean) 0.4
-log(rrms) 0.4
-log(1-lmean) 0.4
-log(Irms) 0.4
subj 1

Miet 1.0 GeV

3The discriminant method can be used with any set of discriminating variables and is not restricted
to jets. In this analysis however only jet-shape observables were considered for the discriminant.
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Figure 9.3: Observables characterising the internal jet structure for an inclu-
sive selection of CC DIS events (see text for definitions). Shown are the data

(dots), a simulation of CC DIS events (shaded histograms) and the simulation of

the single W-production signal W — v, where the 7 decays hadronically (hatched

histograms).
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A binary tree structure was used to store the information on the 6 jet-shape observables
for the signal and background MC samples. The number of signal- and background-jets
in the vicinity of a a given point in the 6-dimensional phase space were evaluated with
an algorithm based on range searching, as explained in detail in [102].

10

Figure 9.4: Example for the calculation of the discriminant D in an arbitrary
2-dimensional jet-observable space (z,y). The circles represent the simulated jets
from the background sample, while the filled triangles represent the jets from the
signal sample. The filled diamond represents the jet (z;,y;) to be classified. The
disriminant D for this jet is given as the number of signal jets divided by the total
number of jets inside the a box centered around (z;,y;) with edge length I, and [,.

Figure 9.5 shows the distribution of D for the MC-generated signal and background
events and for the inclusive CC DIS data selection. The data is well described by the
MC simulation for this inclusive selection. However, an excess of data events at large
values of the discriminant can be observed already at this stage. The tau signal is
clearly separated from the CC DIS background. The fraction of events, that passed
all selection cuts, but could not be classified, was 0.7% for the CC DIS MC and 0.3%
for the signal MC. Events were not classified, if the minimum number of 15 jets in the
box around the corresponding phase space point was not reached.

The quality of the classification is characterized by the efficiency of the signal selection,
€sig, the rejection of the background, R, and the signal-to-background ratio (separation
power), S, which are defined for a given cut on the discriminant, Dy, as follows:

€sig — Nsig,selected/Nsig,totala (91)
R = Nbg,total /Nbg,selected >
S = VvV R . esig .
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Figure 9.5: Distribution of the tau discriminant, D, for an inclusive selection
of CC DIS data events, a simulation of CC DIS events and the simulation of the
single W-production signal W — v7, where the 7 decays hadronically. In each event
only the jet with the highest value of the discriminant enters. The histograms are
normalized a) to the total number of events N and b) to the data luminosity. In
b) the —log;,(1 — D) distribution is displayed to show the region in which the tau
lepton signal is expected more clearly.
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Nsig total and Npg tota1 are the total number of signal and background events, respectively.
Nsig selected aNd Npg selected are the number of signal and background events with a value
of D > Dy, respectively. Figure 9.6a) shows the values of €5, and S as a function of
the cut value on the discriminant D, for the CC DIS control selection. An optimal
separation between signal and background is observed for a cut at approximately D >
0.95. For D > 0.95, a signal efficiency €5, = 31 & 0.2%, a background rejection
R = 179 £+ 6 and a separation power S = 4.1 + 0.1 were obtained. The quoted
uncertainties are the statistical uncertainties due to the limited number of generated
MC events. Figure 9.6b) shows the values of €5, and S for the CC DIS control selection
with the additional requirement that exactly one track had to be associated to the jet
inside a radius of one in the n — ¢ plane. This additional requirement is relevant for
the following search for one-prong hadronic tau decays. Also in this case an optimal
separation between signal and background is observed for D > 0.95. The resulting
signal efficiency was €5, = 22 + 0.2%, the background rejection R = 637 4= 41 and the
separation S = 5.5+ 0.2.
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Figure 9.6: Signal Efficiency, €, and separation, S, as a function of the cut value
on the tau discriminant, D.,;, for the CC DIS control selection described in the
text. The statistical uncertainty due to the limited number of generated MC events
is shown for S. The vertical line indicates the cut value D > 0.95, which was used
in this analysis. In a) there is no restriction on the number of tracks inside the jet,
while in b) only jets with one track associated to the jet contribute.

Electrons can have a similar signatur in the detector as jets from hadronic 1-prong tau
decays. The electron track is matched with a narrow cluster of energy depositions in
the CAL. As opposed to tau-jets, the energy deposition is expected to be almost fully
contained in the electromagnetic part of the CAL. Due to the absence of neutral decay
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products, the transverse momentum of the electron track matches with the transverse
momentum calculated from the energy deposition in the CAL. The tau discrimination
method was optimized for separating tau-jets from quark- and gluon-induced jets. In
addition, an efficient electron rejection has to be applied to avoid misidentification of
electron-induced jets as tau jets. The efficiency of the electron rejection for electrons
from NC DIS events was determined by studying a selection of NC DIS data events
and samples of simulated NC DIS events. The following cuts were applied to reject the
electron induced fake jets in this sample:

o ¢ | >0.2

acop

o ltf >0
o ltf +emfrac < 1.6

e 0.05 < emfrac < 0.95

An upper limit on the fraction of electrons, that passed these rejection cuts, of 3 x
1075 was found. The same selection was used for an additional evaluation of the
misidentification probability of QCD jets as tau jets. The rejection of one-track QCD
jets from the NC DIS sample was found to be R > 500, in agreement with the results
from the CC DIS selection. No significant dependence of the rejection on the transverse
energy of the jets was found [103].

9.2 Preselection of tau candidate events

The sample of isolated tracks in events with missing transverse momentum, where the
track was not identified as electron or muon (cf. section 7.2.1), was the starting point
in the search for isolated tau leptons. After the electron and muon identification, 17
unidentified tracks remained in the data, while 10.3 +2.33 events where expected from
all SM sources (0.80 & 0.02 from single W production). The SM expectation consists
mainly of badly reconstructed NC DIS events and of 2-jet CC DIS events. A visual
scan of the 17 data events revealed that most of them have an event topology that
is consistent with an NC DIS event, in which a high-energy scattered electron was
not identified by the electron finder and the apparent missing transverse momentum
was produced by a mismeasurement of the energy due to loss in dead material. Such
events are not expected to be well reproduced by the detector simulation and therefore
a reasonable agreement between the observed number of events and the expectation
from simulated SM sources can be concluded for this small sample of isolated tracks
remaining after the identification of electron and muon candidates. Figure 9.7a) shows
the distribution of the acoplanarity angle, f;ggpl, for all unidentified isolated tracks.
Most of the data events are observed at low values of the acoplanarity. The fraction of
electromagnetic energy in the jet, em frac, and the sum of the electromagnetic fraction
and the leading track fraction, em frac+Itf, are shown in Fig. 9.7b) and c) for the jets
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associated to the isolated tracks. Remaining electron-induced fake jets are expected to
have a large electromagnetic fraction and large leading track fraction. Another source
of background are QCD jets from CC DIS events with a second jet from final state
radiation. For such events the second jet is expected to be close to the main jet. Figure
9.7d) shows the distribution of the distance to the closest remaining jet in the event,
Dje, for all unidentified tracks with associated jets. A cluster of simulated background
events at low values of Dje, just above the isolation requirement for isolated tracks of
Djer > 1.0 can be observed. The rate and kinematics of 2-jet events from CC DIS final
state radiation, which are located at the very tail of the corresponding distributions,
are challenging for the MC simulation and not expected to be precisely in agreement
with the observation in the data.

The following selection cuts were designed to isolate candidate events for 1-prong
hadronic tau decays by further reducing the background from badly reconstructed
NC DIS events and from CC DIS events.

o Track-jet-match. Only those isolated tracks were considered for the following tau
identification that were matched with a jet in the CAL (Dje, < 0.1). The hadronic
transverse momentum, pi9* was recalculated after subtracting the momentum

of this jet from the hadronic system.

e NC DIS rejection. The background from NC DIS events, where the scattered
electron was not found by the electron finder, was reduced by applying the acopla-
narity cut from the electron channel also to the unidentified isolated tracks:

brk > 0.14 rad.

acop

e Rejection of not identified electrons. Electrons, that were not identified by the
electron finder, were rejected by the following requirements, which were based
on an optimization performed for the CC DIS control selection from section
9.1.2 [93]:

emfrac < 0.95

ltf + emfrac < 1.6.

e CC DIS rejection. CC DIS events with an additional jet from final state radiation
were rejected by a tighter cut on the distance of the isolated track to the closest

remaining jet in the event:
Djet > 1.8.

Seven events remained after these additional cuts, while 2.18 + 0.18 are expected from
SM background (0.39 £ 0.015 from single W production). The distribution of the tau
discriminant D is shown in Fig. 9.8 for this stage of the event selection. Three of the
data events have a tau discriminant D > 0.95, and are therefore likely to come from
tau decay. Pictures of the three tau candidate events from the ZEUS event display are
shown in appendix C. Some selected event variables for the three tau candidate events
are given in Tab. 9.2. The total expected SM background is 0.40 £+ 0.096 (0.1740.010
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c) sum of electromagnetic fraction and leading track fraction, emfrac+ ltf, and

d) distance to the closest jet, Dje, for all isolated tracks and their associated jets
that remained unidentified after the electron and muon identification. The data

(points) are compared to the SM expectations (shaded histograms). The hatched

histograms represent the contribution from single W boson production in the SM.

The dotted lines represent the contribution from CC DIS. The dashed lines repre-

sent the distribution of the single-top MC, including all decay channels of the W

boson, normalized to an integral of one event.
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| | Tau 1 Tau 2 Tau 3 |
Centre of mass energy, /s 318 GeV 318 GeV 318 GeV
Collision type e p etp etp
Run no., event no. 31173,6970 | 33358,19167 | 34169,5711
Transverse momentum in the CAL, p$AL || 39 GeV 37 GeV 39 GeV
Hadronic transverse momentum, ph"‘dr 9 GeV 48 GeV 38 GeV
Transv. momentum of the tau jet, p] 45 GeV 21 GeV 41 GeV
Transv. momentum of the tau track, p¥~ || 18 GeV 9 GeV 27 GeV
Charge of the tau track, ¢ -1 -1 +1
Azimuth angle of the tau track, ¢ 9° 256° 205°
Acoplanarity of the tau track, ¢ | 40° 45° 55°
Transverse mass, Mr 83 GeV 32 GeV 70 GeV
Reconstr. lept.-neutrino-hadr mass, 101 GeV; 181 GeV 126 GeV
Ml*ll*ha.d 130 GeV
Discriminant, D 0.956 0.994 0.977

Table 9.2: Kinematic variables for the tau-candidate events with D > 0.95. For
the reconstructed lepton-neutrino-hadrons mass, M; ,_p.q4, all physical solutions
are given (cf. section 6.2.10).

from single W production). Figure 9.9a) shows the distribution of the transverse
momentum of the hadronic system, pi2r after applying the cut at D > 0.95. The
value of pd* was obtained by subtracting the four-momentum of the tau-candidate
from p$AL. The transverse momentum of the tau-track and of the tau-jet are shown
in Fig. 9.9b) and Fig. 9.9c), respectively. Figure 9.9d) shows the distribution of
the transverse mass, My, as obtained from the tau-jet and the missing transverse
momentum:

MT — \/ 2 pl’l’lISS

where d¢{* is the angular difference in the azimuthal plane between the tau jet and

the direction of the missing transverse momentum.

— cos(dgmiss)),

Jet

9.3 Selection of events with large hadronic trans-
verse momentum

A large value of the hadronic transverse momentum, p24* would be naturally obtained

in a heavy particle decay in addition to the observed tau-candidate. An example of a
heavy particle is a top quark produced in a flavour changing neutral current interaction.
For such a signal a large value of p" is expected. As seen in Fig. 9.9a), the SM
background expectation is very low for large values of piadr. The ptd* distribution of
the signal from the top decay on the other hand peaks at a value of approximately
60 GeV. As in the electron and muon channel, a final selection of events at large values
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Figure 9.8: Distribution of the tau discriminant, D, for the tau preselection before
applying the cut D > 0.95. The data (points) are compared to the SM expectations
(shaded histogram). The hatched histograms represent the contribution from W
boson production in the SM. The dashed lines represent the distribution of the
single-top MC, including all decay channels of the W boson, normalized to an
integral of one event. In a) the discriminant D is shown in a linear scale, while for
b) the —log;,(1 — D) distribution was chosen to show the region in which the tau
lepton signal is expected more clearly. The last bin in b) contains also all events
with a discriminant value above the upper edge of the bin.
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Figure 9.9: a) Hadronic transverse momentum, p}%adr, b) transverse momentum of

the tau-track, p%‘fk, c) transverse momentum of the tau-jet, piﬁt and d) transverse

mass of the jet and the missing transverse momentum, M, for the tau preselection
after applying the cut D > 0.95. The data (points) are compared to the SM expec-
tations (shaded histograms). The hatched histograms represent the contribution
from single W boson production in the SM. The dotted lines represent the contri-
bution from CC DIS. The dashed lines represent the distribution of the single-top
MC, including all decay channels of the W boson, normalized to an integral of one
event.
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| Selection stage | Obs. | SMexp. | W only [s.-top eff. (%) |
Unidentified tracks 17 10.3£2.33 | 0.80+£0.02 | 1.76 £ 0.06
Tracks with associated jet 14 8.4+2.31 | 0.674+0.02 | 1.23 + 0.05
ol > 0.14 11 | 6.9 £1.86 | 0.74+0.02 | 1.55 & 0.06
Dy > 1.8, emfrac < 0.95, 7 2.240.18 | 0.39+0.02 | 0.68 + 0.04
emfrac+Itf < 1.6
Discriminant D > 0.95 3 0.40+0.10 | 0.17£0.01 | 0.27 4+ 0.02
phadr > 925 GeV (final selection) || 2 0.204+0.03 | 0.104+0.01 | 0.27 + 0.02
phadr > 40 GeV 1 0.0740.01 | 0.0540.01 | 0.25 + 0.02

Table 9.3: Event yields for the data from 1994-2000, corresponding background
expectations and efficiencies for the single-top MC at different selection stages in
the search for isolated tau leptons.

of phadr was performed. To design the final cut for events with high phadr

MC was used as a template.

, the single-top

Following the analysis in the electron and muon channels, a final cut on the hadronic
transverse momentum, phad was applied to select events in a phase-space region where
events involving decay products of a heavy particle would be expected and where the
SM background is negligible. The very low number of expected background events
in the final sample of tau candidates did not allow for a meaningful optimization of
the final cut on pd* in the same way as it was performed in the electron and muon
channels. In the tau channel only the SM expectation from single W production is
obtained with a sufficient number of events to be compared with the expectation from
signal production as function of a final cut value on pidr (Fig. 9.9a) ). A final cut
value of piadr > 25 GeV gives a good separation between the single-top signal and the
expected number of events from single W boson production. For the final selection
two events remained in the data, while 0.20 £ 0.03 events are expected from the SM,
mainly from the production of single W* bosons (0.0966 + 0.0072) and CC DIS. With
a higher cut at piad > 40 GeV, one event remains in the data, while 0.07 4+ 0.01
events are expected from the SM (0.050 £ 0.0051 from single W production). Table
9.3 summarises the event yields in the search for isolated tau leptons at all stages
of the event selection. A comparison of the observed event yields with the expected
number of events from the different SM background sources is shown in Fig. 9.10 for
several stages of the event selection. Various background sources contribute for the
early stages of the event selection, while for the final selection stages only CC DIS and

W production lead to a sizeable contribution.
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Figure 9.10: Event yields at different selection stages in the search for isolated
tau leptons. Shown are the number of events in the data from 1994-2000 and the
expected number of events for the different sources of simulated SM background.
Only ARIADNE CDM is shown for NC DIS. The event yields for the SM back-
ground are scaled to the data luminosity. The error bars indicate the statistical
uncertainties on the SM background expectation.
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9.4 Systematic uncertainties

The errors quoted in the previous sections include only the statistical uncertainties due
to the limited number of generated MC events. For an estimation of the systematic
uncertainties, the following effects were taken into account:

e Calorimeter energy scale. An uncertainty of 1% on the absolute energy scale
of both the electromagnetic and the hadronic part of the FCAL and BCAL,
which are the relevant CAL sections for this analysis, was assumed [80]. The
effect of this uncertainty on the SM background expectation was estimated by
varying all CAL energy related selection cuts by +1%. The resulting change in
the background expectation was up to approximately +4%;

e Simulation of the QCD cascade. As in the electron and muon channel, the back-
ground from NC DIS and CC DIS events is expected to depend on the simulation
model for the QCD cascade. Previous studies of NC DIS and CC DIS selections
showed that the colour dipole model implemented in ARIADNE in general gives
a better description of the final state [74,75]. It was thus chosen as the default for
the simulation of NC DIS and CC DIS events. The dependence of the expected
number of events on the choice of the simulation model was estimated by repeat-
ing the analysis using LEPTO-MEPS instead of ARIADNE to estimate both the
NC DIS and CC DIS background. In the preselection of tau candidate events, a
change of —20% in the total background estimation was observed. For the final
selection at large values of pt?¥* however, the limited number of remaining MC
events did not allow for a reliable estimation of the change in the expected num-
ber of background events. The systematic uncertainty due to the simulation of
the QCD cascade for the final selection stages was therefore estimated by scaling
the —20% change in the expectation for the preselection with the corresponding
contribution from NC DIS and CC DIS events;

o Track selection. A variation of the track-quality requirements and the angular
range of the track selection resulted in changes of up to +15% in the background
estimation. Two variations were performed independently: a) the sample of
tracks was restricted to those tracks with transverse momentum above 200 MeV
(nominal value: 100 MeV) and b) the tracks considered as isolated tracks had to
pass at least 5 radial superlayers of the CTD, corresponding to a restriction of
the polar angle range to § 2 25° (nominal value: 3 radial superlayers, 6 2 17°);

e W cross section. The uncertainty for the cross section of single W-boson produc-
tion was estimated to be £15% [18-21], resulting in changes of up to £8% in the
total background expectation.

e Tau discriminant method. Both, the CC DIS control analysis from section 9.1.2
and the tau search analysis were repeated with modified sets of jet-shape observ-
ables for the tau-discriminant and different parameters for the box-sizes. The
results were found to be stable. Hence no systematic uncertainty was assigned
to the tau discriminant method.
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Table 9.4 shows the resulting systematic uncertainties in percent of the total back-
ground estimation for the preselection of tau candidates (before the cut on D > 0.95)
and for the final selection of tau candidates at large values of piad*. The statistical
uncertainties and the resulting total uncertainties are also shown.

| Systematic effect |

tau preselection | pP¥r > 25 GeV |

CAL scale £1% +3.5% +4%
MEPS instead of CDM —20% —12%
Track selection +15% +15%
W cross section +3% +8%
Total systematic uncertainty % 0%
Total statistical uncertainty +8% +15%
| Total systematic + statistical uncert. || 7% | 5%

Table 9.4: Systematic and statistical uncertainties in percent of the total number
of expected background events for the preselection of tau candidates (before the cut
on D > 0.95) and for the final selection of events at large values of p}%adr. The total
uncertainties were obtained as the quadratic sum of the corresponding individual
uncertainties.

9.5 Results

Table 9.5 gives the result for the final selection in the tau channel and compares it to
the results of the search in the electron and muon channel, where agreement with the
SM prediction was observed. For the electron and muon channels the final cut value
for ph?dr was set to 40 GeV. The quoted errors on the background estimation include
the statistical uncertainties as well as the systematic uncertainties discussed in section
9.4. The Poisson probability to observe two or more events, when 0.20709° events are
expected, is 1.8%. The uncertainty on the SM prediction was taken into account for
calculating the Poisson probability. For the cut at pi*¥* > 40 GeV, the corresponding

poisson probability to observe one event, when 0.07 £0.02 are expected, is 6.7%.

A detailed discussion of the results in all channels and a comparison to the correspond-
ing results obtained by the H1 collaboration can be found in chapter 10.
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ZEUS Electron Muon Tau
1994-2000 e*p obs./exp. (W) obs./exp. (W) obs./exp. (W)
£ =130.1pb™"

PRAET 525 GeV

2 /2.90 539 (45%)

5/ 2.75 T921 (50%)

2 /0.20 7502 (49%)

PRI S 40 GeV

0/0.94 7015 (61%)

0 /0.95 7015 (61%)

1/0.07 700 (71%)

Table 9.5: Summary of the results of searches for events with isolated leptons,

missing transverse momentum and large p7

hadr

The number of observed events

is compared to the SM prediction. The W component is given in parentheses in
percent. The statistical and systematic uncertainties added in quadrature are also

indicated.




Chapter 10

Comparison to other searches for
isolated lepton events at HERA

The results of the search for isolated electron and muon events, as presented in this
thesis, were confirmed by an independent second analysis performed by another group
inside the ZEUS collaboration and were published in [55,56]. A further consistency
check was performed by adapting the event selection of this analysis to earlier pre-
liminary results, which were obtained by another group inside the ZEUS collaboration
and were presented at the EPS 2001 conference [104]. The result of this comparison
showed good agreement between the independent analyses. A detailed description of
the comparison can be found in appendix D.

Preliminary results of the search for isolated tau leptons were also confirmed by an
independent second analysis and were published in [105].

This chapter compares the obtained results with searches for isolated electron and
muon events and for single-top quark production, which were performed by the H1
collaboration!. The different analyses are compared in view of possible signal processes
beyond the SM. An outlook is given to the future HERA II data taking period.

10.1 Results from the H1 collaboration

The H1 collaboration had first reported on the observation of an isolated muon event
at large hadronic transverse momentum in a data sample of 4pb™" in 1994 [106]. An
accumulating excess of both muon and electron events at large hadronic transverse
momenta has been observed over the following years [1-5]. While the present ZEUS
analysis is based on an inclusive selection of isolated track events, the event selection
in the recent H1 analysis was based on the search for events from single W-boson

L Up to now the results for isolated lepton searches published by the H1 collaboration do not include
the tau channel.

139



140 Comparison to other searches for isolated lepton events at HERA

production? [5]. Preliminary H1 results are available for a subsequent final selection of
single top-quark candidate events [4].

10.1.1 Search for isolated electrons and muons in events with
missing pr

The main selection criteria for the H1 analysis are compared to the corresponding
ZEUS selection of isolated electrons and muons in Tab. 10.1. The main differences
are the lower cut on p$*r and the larger polar-angle acceptance for the H1 analysis.
Additional cuts on the ratio of the anti-parallel to parallel components of the measured
calorimetric transverse momentum, with respect to the direction of the calorimetric
transverse momentum, on E — pz and on the electron kinematics were applied in the
H1 analysis, which are not reported in the table. Those additional cuts reduced the
background mainly from NC DIS events and thus compensated for the lower cut on

pSAL. Table 10.2 summarises the event yields from the H1 search for isolated leptons

Variable Hi1 ZEUS
Electron | Muon Electron | Muon

Brept 59 < Brept < 140° 179 < Gept, < 115°
PPt > 10GeV > 5GeV
pSAL > 12GeV > 20 GeV
Diey > 1.0 > 1.0
Dy > 0.5 for 6, > 45° > 0.5 > 0.5
¢acopl > 20° > 10° > 8¢ ‘ -

Table 10.1: Comparison of the main selection requirements for H1 and ZEUS in
the electron and muon channels.

with missing transverse momentum in e*p scattering and the comparison with the
signal from SM W and Z production [5]. After all selection requirements, but without
a cut on the hadronic transverse momentum, p23, 10 electron candidate events were
observed, while 7.2+ 1.2 events were expected from the signal of W- and Z-production
and 2.68 + 0.49 events were expected from background sources. In the muon channel
8 events were observed in the data, while 2.23 + 0.43 events were expected from signal
processes and 0.33 4- 0.08 from background sources. At ph2d" < 25 GeV the agreement
between the observed events and the SM expectation is good, while for larger values
of phadr an excess of data events above the signal and background expectation was
observed. 10 lepton events were observed at pi#dr > 25 GeV, while 2.9 4 0.5 events
were expected from all SM sources. For pid™ > 40 GeV, six lepton events were seen,
where 1.08 +0.22 events were expected from all SM sources. The probability for the SM

expectation to fluctuate to the observed number of events or more is 10% for the full

2 Also single Z-boson production (ep — eZ(— vi7)X) was considered as a signal process in the
H1 analysis. The contribution from this process was found to be less than 3%. In the present ZEUS
analysis the Z contribution to the SM background expectation is neglected.
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pa2dr range, 0.15% for pi2dr > 25 GeV and 0.12% for piadr > 40 GeV. The uncertainties
on the SM predictions were taken into account in calculating these probabilities. The
quoted Poisson probabilities correspond approximately to a 3o deviation from the SM
expectation.

For the e~ p data sample, which is not included in the table, one electron and no muon
events were observed in the data, while 1.69 + 0.22 electron events and 0.37 + 0.06
muon events were expected from all SM processes.

To facilitate comparison between the two experiments, H1 has repeated a preliminary
version of the analysis with the additional requirement that the polar angle of the
isolated lepton was restricted to the ZEUS angular range [107]. All events for phadr >
25 GeV from the nominal analysis were also found with the restricted angular range.
The Standard Model expectation was reduced by 20 — 25%.

etp data, Electrons Muons

104.7pb~! obs. | SM exp. | SM signal || obs. | SM exp. | SM signal
piadr < 12 GeV 5 [6.40+0.79 | 4.45+0.70 || - - -
12GeV < phad' < 25GeV || 1 [ 1.96+£0.27 | 1.45+024 || 2 | 1.11£0.19 | 0.94 £+ 0.18
25GeV < phd™ < 40GeV || 1 [095+0.14 [ 0.82+0.13 || 3 [0.89+0.14 | 0.77 +£0.14
paadr > 40 GeV 3 [0544+0.11[045+0111] 3 |0.55+0.12 | 0.51 +0.12

Table 10.2: Observed and predicted event rates for electron and muon candidates
in the H1 analysis of all e*p data (from [5]).

10.1.2 Search for single-top production in the leptonic channel

A more restrictive selection was applied to the sample of isolated lepton events, in
order to isolate events from single top-quark production. The following description
of this search corresponds to preliminary results, which were presented at the EPS
conference in 2002 [4]. The pr of the highest-pr jet had to exceed 25GeV (35 GeV
for a polar angle 6 < 35°), thus assuring a large hadronic activity, as expected from
the subsequent decay of the b-quark from the top decay. The corresponding cut in
the ZEUS analysis required the hadronic transverse momentum to exceed 40 GeV. A
positive lepton charge, as expected from the top decay t — W*b — [T X, was required.
To reduce the contribution from processes with off-shell W bosons, the transverse
mass, My, had to exceed 10 GeV. No restriction on the lepton charge and on the
transverse mass was made in the ZEUS final top-quark selection. The ZEUS final
selection additionally required £ — pz not to exceed 47 GeV in the electron channel,
while the corresponding cut £ — p; < 50 GeV was already applied to the preselection
of isolated electron events in case of the H1 analysis. For the whole HERA 1 dataset
of 115.2pb™", 3 electron and 2 muon events were found by H1 after these additional
cuts, while 1.8 events were expected from SM background. The efficiency for detecting
events from the signal MC (e x BR) was 3.97% in the electron channel and 4.76% in the
muon channel. The Poisson probability to observe 5 or more events, when 1.8 events
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Figure 10.1: Distributions of the reconstructed invariant mass of the lepton-
neutrino-hadron system for the H1 top candidates in the electron channel
(upper plot) and in the muon channel (lower plot), compared to expectations
from SM W boson production and a hypothetical single top-quark production
signal, normalized to one event (from [4]).

are expected, is 2.6%. The observed excess is hence less significant than the one in the
model independent search reported in the previous section.

Assigning the missing transverse momentum to a hypothetical neutrino and assuming
the lepton-neutrino-system to originate from a W boson decay, the lepton-neutrino-
hadron invariant mass M, x of the H1 candidates was computed. The neutrino kine-
matics were obtained either from constraining the invariant mass of the lepton and
neutrino to the W mass or from the energy-momentum-balance, if the scattered lepton
was observed in the calorimeter. Two mass solutions were obtained for each event.
For three of the candidate events only one solution is compatible with the kinematic
constraints, while for the other two candidates both solutions are acceptable. The
reconstructed mass is compatible with that of the top quark for most of the events, as
shown in Fig. 10.1.
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10.1.3 Search for single-top production in the hadronic chan-
nel

The H1 collaboration has also performed a search for single top-quark production in
the hadronic decay channel of the W boson and presented the preliminary results at
the EPS 2002 conference [4]. The event selection required three jets with transverse
energies E2*" > 40 GeV, EI” > 25GeV and EX® > 20GeV. The photoproduction
background was reduced by requiring one of the 2-jet masses and the 3-jet mass to
be compatible with the W boson mass and the top mass, respectively. The number
of observed events in the hadronic channel was found to be in agreement with SM
expectations, as in the corresponding ZEUS analysis. The sensitivity of the searches in
the hadronic channel is however lower than for the leptonic channel, due to the larger
expected background.

10.1.4 Exclusion limits on single-top production

The H1 results from the leptonic and the hadronic channels were, as in the ZEUS
analysis, used to obtain an upper bound on the single top cross section, which is:

o(ep — etX, /s =318 GeV) < 0.43pb at 95% C.L..

The corresponding upper limit on the anomalous t — v — 7 coupling, assuming all other
anomalous FCNC couplings to be zero and BR(t — bW) = 100%, was:

Rtuy < 0.22.

The exclusion limits are less stringent than the corresponding ZEUS limits of o(ep —
etX, /s = 318 GeV) < 0.225 pb and £y, < 0.174, due to the excess observed by H1 in
the leptonic channel.

The H1 limit contains both statistical and systematic uncertainties folded in channel-
by-channel. In the present ZEUS analysis the uncertainty on the top mass was found to
be the dominating one. The limit calculation was performed for three different values
of the top mass, neglecting other sources of uncertainty.

The 95% C.L. upper limit on the single top-quark production cross section from the
hadronic channel of the H1 analysis corresponds to an upper limit of 5.4 events from
single top quark decays in the electron and muon channels of the e*p dataset [4].
Therefore the interpretation of the five observed lepton events as anomalous top-quark
production is not ruled out by the H1 analysis in the hadronic channel.

The ZEUS upper bound on the single-top cross section would correspond to a max-
imum of 2.0 observed top events in the leptonic channel of the H1 analysis. The
observed number of 5 events in the H1 analysis is compatible with originating from
the expectation value of 1.8 background events plus an additional signal of 2.0 events.
The interpretation of the observed excess in the H1 leptonic analysis as anomalous top-
quark production is therefore also not ruled out by the result of the ZEUS analysis.



144 Comparison to other searches for isolated lepton events at HERA

10.2 Processes beyond the Standard Model

In the following the observed event yields in the H1 and ZEUS analyses are compared
to the expectation from hypothetical signal processes beyond the SM. The discussion
allows an evaluation of the respective significance of the deviations in the channels
presented. In section 10.2.1 a general model assuming anomalous production of W
bosons is considered as a possible source of high-pr lepton events. Single top-quark
production is chosen as a more specific model in section 10.2.2. Section 10.2.3 considers
the anomalous production of tau leptons as a source for the excess in both the H1
electron/muon analysis and the ZEUS tau analysis.

10.2.1 Anomalous W production

Anomalous production of W bosons in a theory beyond the SM was considered as an
explanation of the observed excess of electron and muon events at large pt2d® in the
model independent search for isolated lepton events performed by the H1 collaboration
[5]. In the following the expected event yields from such a signal process are compared
to the observations in the H1 electron and muon channel for phadr > 40 GeV (6 events),
in the ZEUS electron and muon channel for p34* > 40 GeV (0 events) and in the ZEUS
tau channel for p229* > 25 GeV (2 events). It was assumed that the signal process would
lead to the production of a W boson with a cross section ow gsm and subsequent SM
decay of the W boson. For this scenario the efficiency in the ZEUS tau channel is

approximately 11 times lower than in both the ZEUS and H1 electron/muon channel.

The negative log-likelihood function F' for the combination of ¢ independent channels
is defined as:

Flowpsm) = — > In Py(Niy, Nisg + N (0w ssu)), (10.1)
where P;(Ni, Nje + Niyp(ow,ssum)) is the Poisson probability for the observed num-

ber of events N/, in channel i, if Nj, background events and N7, (ow,ssm) signal
events from a hypothetical signal process with cross section owpsu are expected?.
The detection effeciency for the hypothetical W signal in the different channels was
estimated from the corresponding efficiencies for SM single W-boson production. The
uncertainties on the SM background expectations were taken into account in obtaining
the Poisson probabilities.

Figure 10.2 a) shows F'(ow gsm) for various combinations of the different channels. The
minima of the F'(ow gsm) curves, Fiyin(Omin), correspond to the cross section with the
highest probability for the observed event yields in the corresponding combination of
channels. The values of ow psm, for which F(ow ssm) has increased by 0.5 units above

3The considered full HERA I data sets contain data taking periods at CMS energies of both 300 GeV
and 318 GeV. Hence the value of ow Bsm corresponds to the luminosity weighted average of a value
at /s = 300 GeV and one at /s = 318 GeV.
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Fin, define the 1o confidence interval for o, [108], which is quoted as the uncertainty
on the value of on, in the following.

For the ZEUS electron and muon channel analysis, where no events were observed,
the most probable scenario corresponds to the SM background expectation, without
additional contribution from a signal process: oZr"S~ /™ — 095 b}, The most prob-
able value of the anomalous W production cross section for the Hl1 measurement,
where an excess of events above the SM prediction was observed, was obtained as

Hiel/mn _ 6 3+36 5h. An even higher signal would be compatible with the ZEUS
observation in the tau channel, where an excess above a very small background expec-
tation was observed: gZUSTta — 92 1*21Tph The 1o error on this estimated value
is larger than in the analyses in the electron and muon channels, due to the smaller
efficiency in the tau channel. The values of o, for the considered combinations of
channels lie in between the corresponding values for the individual channels. For the

combination of all H1 and ZEUS channels, a value of o2} = 2.8%1¥pb was obtained.

min

The compatibility of the considered combinations of measurements was estimated from
a Monte Carlo experiment. Event numbers were randomly generated for the individual
channels, following a Poisson distribution with the corresponding value of Njo+N¢,_ (o)

exp
used as expectation value. A Monte Carlo event for a given combination of n channels
consists of a set of event numbers (Ny, .., N,). For each of the Monte Carlo generated

events the value of F' is obtained in analogy to eq. 10.1 as a measure of the probability
for this event to occur. A probability P,,s characterizing the actual observation in
the corresponding channels was then defined as the fraction of generated Monte Carlo
events with F' > F;,. A small value of Py, corresponds to the conclusion that the
actual observation has a low probability to occur when simulating the experiment with
the given assumptions on the expected number of events. Table 10.3 shows the values
for omin, Pobs(Omin) and Pyps(o = 0) for the individual channels and all possible com-
binations. Ppyps(0min) corresponds to the probability assuming the most probable cross
section for the considered combination, while P,s(c = 0) corresponds to the prob-
ability assuming no signal. All combinations, that include the ZEUS electron/muon
channel results have a low value of Pypg(0min) of the order of 1%, while the combination
of the ZEUS tau channel and the H1 electron/muon channel analysis has a large value
of Pops(0min) = 30%. This indicates that the observed excess in both the H1 elec-
tron/muon and the ZEUS tau analysis are compatible within 1o, given the assumption
of an anomalous W production signal, while the ZEUS electron/muon analysis is in
contradiction to this assumption. The value of P,ps(0 = 0), which gives the probabil-
ity for the observation assuming no signal, is large only for the ZEUS electron/muon
analysis, where no excess was observed. For the H1 analysis alone a value of 0.12%
was obtained, corresponding approximately to a 3o significance. For the combination
of all H1 and ZEUS measurements a very small probability of approximately 1074,
corresponding to a 3.70 significance, was obtained. This probability, though small, is
not small enough to claim the observation of a deviation from the SM.
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‘ Anomalous W production ‘

| channel | Omin | Pobs(0min) | Pobs(c =0) |
ZEUS electron/muon 0705 pb 28% 28%
H1 electron/muon 6.375% pb 100% 0.13%
ZEUS tau 22.1723Ipb | 100% 1.8%
ZEUS electron/muon A ZEUS tau 0755 pb 1.1% 1.1%
ZEUS electron/muon A H1 electron/muon 2.111%pb 1.2% 0.12%
ZEUS tau A H1 electron/muon 7.7 pb 30% 0.005%
ZEUS el./muon A H1 el./muon A ZEUS tau | 2.871%pb 0.43% 0.011%

Table 10.3: Most probable cross-section values omin of a hypothetical W produc-
tion signal for all possible combinations of the H1 and ZEUS analysis results in the
different channels. The values of Pyps(0min) and Pyps(o = 0), as explained in the
text, are also given for each of the combinations.

10.2.2 Single-top production

Following the discussion in the previous section, a more specific model assumption on
the anomalous W production process was made by comparing the obtained event yields
with the prediction from anomalous single top-quark production with a cross section
Osing.top- HeIe Osing.top COITesponds to the luminosity weighted average of a value at
Vs = 300 GeV and one at /s = 318 GeV. In case of the H1 analysis, the preliminary
results for the single-top production search were considered [4] to obtain the observed
numbers of events, background expectation values and signal efficiencies for single-top
producion. The considered observed event numbers and background expectations for
the ZEUS channels were identical to the ones from the previous section, while for the
signal efficiency the values for single-top production were used. For this scenario the
efficiency in the ZEUS tau channel is approximately 24 times lower than in the ZEUS
electron/muon channel and 30 times lower than in the H1 electron/muon channel.
Figure 10.2 b) shows the value of the negative log-likelihood function F'(osing.top) aS
function of a hypothetical single-top-production cross section Ogingtop- Also here the
uncertainties on the SM background expectations were taken into account when cal-
culating the Poisson probabilities. The values of oyin, Pobs(0min) and Pops(o = 0) for
the individual channels and all considered combinations are given in Tab. 10.4. As ex-
pected from the very low efficiency for single-top quark production, the most probable
single-top production cross section reaches a large value of o, = 4.8757 pb for the
ZEUS tau channel. In this scenario, as can be seen from the values of Pyps(0min), the
combination of ZEUS electron/muon and ZEUS tau and the combination of all channels
have a small probability, while the combination of ZEUS and H1 electron/muon and
the combination of H1 electron/muon and ZEUS tau are compatible (Pops(0min) = 6%
in both cases). The increased compatibility for the combinations, where the H1 elec-
tron/muon analysis is involved, corresponds to the fact that the observed excess in this
dedicated top search analysis is less significant than the excess in the generic search
for isolated electrons and muons, on which the results from the previous section were
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based. The values of the probabilities for the no-signal hypothesis, P,s(c = 0), are
for the ZEUS analyses identical to the ones from the W hypothesis, where the same
background expectations were used. For H1 the no-signal hypothesis gets a higher
probability in the dedicated single-top search, where the excess is smaller and the ex-
pected SM background is larger than in the generic search for isolated electrons and
muons. Hence the combinations of the channels, where the H1 electron/muon analysis
is involved, have also a larger probability Pyps(0 = 0) for the single-top hypothesis.

‘ Anomalous single-top production ‘

| channel | Omin | Pobs(0min) | Pobs(c =0) |
ZEUS electron/muon 0 00 pb 28% 28%
H1 electron/muon 0.3370:35pb | 100% 4.3%
ZEUS tau 48157 pb 100% 1.8%
ZEUS electron/muon A ZEUS tau 0507 pb 1.1% 1.1%
ZEUS electron/muon A H1 electron/muon | 0.0773-37 pb 6.3% 3.8%
ZEUS tau A H1 electron/muon 0.43%93, pb 6.4% 0.24%
ZEUS el./muon A H1 el./muon A ZEUS tau | 0.127015pb |  0.77% 0.29%

Table 10.4: Most probable cross-section values omin of a hypothetical single-top
production signal for all possible combinations of the H1 and ZEUS analysis results
in the different channels. The values of Pyps(0min) and Pyps(o = 0), as explained
in the text, are also given for each of the combinations.

10.2.3 Anomalous tau production

Anomalous direct production of tau leptons in a process beyond the SM, as considered
in section 3.3.2, could be the cause of both the two tau events observed in the ZEUS
search and the excess of electron and muon events at large values of pf2d" in the H1
isolated lepton analysis. In this scenario the tau leptons do not originate from W
decays and hence the expected signal in the electron/muon channel consists only of the
electron/muon decay channel of the tau lepton, with a total branching ratio of 35%. In
the following it is assumed that the decay products of the anomalously produced tau
leptons are detected with the same efficiency as in the corresponding SM W -production
channels. It follows that the expected number of events in the electron/muon channel
of both the H1 and ZEUS electron/muon analysis is approximately the same as the
one in the ZEUS tau channel.

Figure 10.2 c) shows the value of the negative log-likelihood function F(ogingtop) as
function of the hypothetical tau-production cross section o, gsm. The values of omin,
Pobs(0min) and Pops(o = 0) for the individual channels and all considered combinations
are given in Tab. 10.5. The most probable cross-section value for the combination of
all channels of oy, = 1.219%2 corresponds to 2 expected signal events in the ZEUS

tau channel as well as in the H1 and ZEUS electron/muon channels. Compared to the
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anomalous W production scenario and the single-top production scenario, the compat-
ibility of the ZEUS tau channel with the H1 electron/muon channel is increased, due
to the fact that all channels have a similar efficiency in this scenario. The probabilities
for the no-signal hypothesis, Pyps(0 = 0), are identical to the ones in the anomalous
W production scenario, since the same background expectations were assumed. The
probability for the combination of all observations, Pyps(0min) = 3.0%, is higher in this
scenario than for the previously discussed assumptions.

‘ Anomalous tau production ‘

‘ channel ‘ Omin ‘ Pobs(Omin) ‘ Pys(o0 =0) ‘
ZEUS electron/muon 0052 pb 28% 28%
H1 electron/muon 3.8722pb 100% 0.13%
ZEUS tau 1.2%52pb 100% 1.8%
ZEUS electron/muon A ZEUS tau 0.5705% pb 7.6% 1.1%
ZEUS electron/muon A H1 electron/muon | 1.27022 pb 1.3% 0.12%
ZEUS tau A H1 electron/muon 2.2 42 pb 42% 0.005%
ZEUS el./muon A H1 el./muon A ZEUS tau | 1.2702pb | 3.0% 0.011%

Table 10.5: Most probable cross-section values o, of a hypothetical anomalous
tau-production signal for all possible combinations of the H1 and ZEUS analysis
results in the different channels. The values of Pyps(omin) and Pys(o = 0), as
explained in the text, are also given for each of the combinations.

10.3 H1 and ZEUS isolated lepton events in the
future

In this section it is investigated how the future HERA II data taking can help to clarify
the origin of the excess of isolated electron and muon events at large values of pdr in
the H1 analysis. An integrated luminosity of 1fb™" was originally anticipated within 5
years of HERA 1II data taking [109]. The recently started commissioning phase of the
H1 and ZEUS data taking after the luminosity upgrade however has revealed serious
problems with synchrotron radiation and particle backgrounds. Measures to improve
the background situation have been adopted in an ongoing shutdown.

In the following it is assumed that both H1 and ZEUS will continuously analyse their
new data in the same way as before and that the SM background rates and signal effi-
ciencies will resume at the level of the combined 1994-2000 analyses. Also improvements
in the detectors are not taken into account and the tau channel is not considered, due
to its much lower efficiency as opposed to the electron and muon channels. Uncertain-
ties on the expected event yields were taken into account by scaling the uncertainties
of the 1994-2000 analyses with the expected future luminosity.



10.83 HI1 and ZEUS isolated lepton events in the future 149

Figure 10.3 compares different scenarios for the observed event yields in the future H1
and ZEUS analysis of isolated lepton events. Shown are the probability to observe
Nops or more events, assuming that only SM background processes contribute to the
observed number of events. The probability is displayed as a function of the additional
HERA II luminosity. The starting point corresponds to the present situation of the
1994-2000 analyses. Three scenarios are shown:

e Scenario 1: high rate. The first scenario assumes that both experiments will
observe events at a rate corresponding to the event rate Ryg; of the 1994-2000
etp H1 analysis. For ZEUS, the corresponding rate Rzrys was obtained by scaling
the H1 rate with the different luminosities and signal efficiencies:

R — ngEUS NHL _ HL €ZEUS
ABus Lzrus +( obs bg) ea1Lu1’

where NZFUS and Ny are the 1994-2000 background expectation of the H1 and
ZEUS analysis, respectively, NI. is the number of observed events in the 1994-
2000 H1 isolated lepton analysis, Lzrus and Ly; are the 1994-2000 luminosities,
€zrus is the single-top efficiency in the ZEUS analysis and ey is the efficiency for
SM single W production for pidr > 40 GeV in the H1 isolated lepton analysis.
The combined results for H1 and ZEUS were obtained by adding both the ex-
pected number of observed events and the expected number of background events
from both experiments. The error used for the background observation in the
combined result was calculated as the quadratic sum of the individual errors for
the H1 and ZEUS analysis. In this scenario the significance of the excess observed
by H1 increases from the starting point of approximately 30. Each step in the
probability curve corresponds to the observation of a new candidate event. For
an additional luminosity of 200 pb™", approximately 10 new single-top candidate
events are observed. The Poisson probability for the total number of observed
or more events, assuming only background sources, drops to 10~%, corresponding
to a bo significance level for a deviation from the SM. Also ZEUS observes an
excess above the SM background expectation in this scenario, which, however, is
less significant due to the absence of single-top candidate events in the 1994-2000
data and due to the larger background expectation. The significance of a devia-
tion from the SM in the ZEUS analysis is between 20 and 3¢ for an additional
luminosity of 200 pb™'. For this value of the additional luminosity, the combined
number of observed events in the H1 and ZEUS analysis corresponds already to
a more significant excess than in the H1 analysis alone.

e Scenario 2: medium rate. The second scenario assumes that both experiments
will observe events at the average of the previous H1 and ZEUS rates, corre-
sponding to 50% of the excess observed by H1 in the 1994-2000 analysis. In this
case a bo deviation from the SM for the H1 analysis is reached only after an addi-
tional luminosity of 800 pb™". For the combination of the H1 and ZEUS results,
this significance level is reached already at 500 pb . The ZEUS analysis alone
reaches a significance level of 40 only after the design value of the integrated
luminosity of 1000 pb ™.
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e Scenario 3: SM background rate. The third scenario assumes that both exper-
iments will observe events at the rate of the SM background expectation. The
excess in the H1 observation above the background expectation becomes less sig-
nificant in this case with increasing luminosity. For an additional luminosity of
200 pb ! it decreases from 30 to 20. The ZEUS analysis stays in agreement with
the SM expectation. The combined ZEUS and H1 result are within approximately
1o in agreement with the SM expectation.

The expected results for the three scenarios show that the future HERA II data taking
will help to clarify the significance of the excess observed by H1 in the 1994-2000
analysis. The sensitivity is expected to increase when including also the tau channel.
The improvements in both the H1 and the ZEUS detector for the HERA II run period
will allow to further improve the analyses, in particular with respect to the tracking in
the forward direction.
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Figure 10.2: Value of the negative log-likelihood function, F', for the observed
event yields in the H1 and ZEUS searches for isolated leptons, as a function of
a) a hypothetical anomalous W production signal with cross section ow sm, b)
a hypothetical single-top production signal with cross section oging.top and c) a
hypothetical anomalous 7 production singal with cross section o, gsm. The value
of F for all possible combinations of the different search channels is also shown.
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Chapter 11

A radiation monitor for the ZEUS
Micro Vertex Detector

A radiation monitoring system based on silicon PIN diodes and Radiation Field Effect
Transistors (RadFETSs) is described in this chapter. It has been designed and installed
to protect the ZEUS Silicon Micro Vertex Detector (MVD) from radiation damage
during HERA operation. The MVD is briefly introduced, followed by a description of
the relevant types of background radiation in the HERA environment. The radiation
hardness of the MVD is discussed, which leads to the requirements for a radiation
monitoring system. The concept and layout of this radiation monitoring system are
presented. First results from the commissioning phase of the HERA-II running period
are shown, during which the radiation monitoring system has proven to be a reliable
and highly necessary tool. The chapter ends with a short summary and conclusions.

11.1 The HERA upgrade and the ZEUS Micro Ver-
tex Detector

The HERA collider underwent a major upgrade [109] during the years 2000-2001. The
aims of the upgrade were to increase the maximum instantaneous luminosity from 1.5
to 7.5- 103! cm 2 s7! and to provide longitudinally polarised electrons for the collider
experiments H1 and ZEUS, thus giving higher sensitivity to electro-weak physics and
physics beyond the Standard Model.

The lepton and proton beam focussing system has been redesigned to move the sep-
aration of the two beams closer to the interaction region and thus help to increase
the instantaneous luminosity. This included the installation of two superconducting
magnets (GO and GG) inside the detector, extending from z = 2.0 m to z = 5.2 m
(GO) and from z = —3.3 m to z = —2.0 m (GG).

The ZEUS experiment has been equipped with new tracking detectors extending in the
proton beam direction, the Straw Tube Tracker (STT) and the Silicon Micro Vertex
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Detector (MVD). They improve the precision of the existing tracking system and allow
the identification of events with secondary vertices produced by the decay of long-lived
states like hadrons with charm or bottom quarks and 7 leptons.

The MVD is composed of a barrel (BMVD) and forward (FMVD) part, fitting inside a
cylinder of 324 mm diameter defined by the inner wall of the Central Tracking Detector
(CTD). The readout electronics, based on the HELIX 128-v3.0 [110] chip, have been
mounted inside the active volume, close to the silicon sensors. The BMVD (FMVD)
consists of 600 (112) sensors. The silicon strip sensors are made of high resistivity
n-type silicon (3 kQ-cm< p < 8 kQ-cm) with 300 pm active thickness. On one side p*
strips are implanted with a strip pitch of 20 wm. The readout pitch is 120 pm, with
five intermediate strips between two readout strips. More details on the MVD design
and mechanical structure can be found elsewhere [111,112].

11.2 Radiation background in the ZEUS interac-
tion region

The three main sources of background radiation at HERA are direct and backscat-
tered synchrotron radiation, off-momentum electrons or positrons and proton-beam-gas
events. In addition, severe damage due to partial beam loss can occur. The irradiation
from the primary ep interactions however is negligible. During the years of HERA-I op-
eration (1992-2000) the experiments accumulated an average dose of 50 Gy/year [113].
Most of this dose was received during well identified accidents, while the average dose
rate during good beam conditions was considerably lower. In the following the different
sources of background radiation and their relation to the HERA machine operation are
discussed.

11.2.1 Synchrotron radiation

Direct synchrotron radiation from the lepton beam contains photons at high energy,
with a mean critical energy' of E.i = 85keV (for Elep = 27.5GeV). Direct syn-
chrotron radiation reaches the ZEUS detector in time with the lepton bunches. The
central part of the detector is protected from direct synchrotron radiation by collima-
tors inside the beampipe, by outer detector components and by additional material
outside the beampipe. The main contribution of synchrotron radiation background is
made up from photons which are backscattered into the central detector volume. Direct
synchrotron radiation is scattered (main processes: Compton and Rayleigh scattering
and Photoeffect) from collimators and additional reflecting surfaces and travels back
to the interaction region, where it enters the central detector. The backscattered syn-
chrotron radiation arrives delayed with respect to the lepton bunches. The Compton

LThe critical energy of a spectrum is defined as the energy, above which half of the total power is
contained.
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scattering of the photons in the collimator, which is the dominating process, limits the
photon energy to less than M, /2 (for a scattering angle of 180°).

The actual level of synchrotron radiation during HERA operation depends on:

e Lepton beam current and energy
The synchrotron radiation power is proportional to the lepton beam current, I,
and varies approximately as E?.

e Position and optimisation of collimators
Persisting high levels of direct and reflected synchrotron radiaton can occur due
to misaligned collimators. Figure 11.1 shows a horizontal view of the HERA
lepton beamline in the vicinity of the ZEUS interaction region, with its com-
plex geometry and the various installed collimators and magnets influencing the
synchrotron radiation background.

e Orbit alignment
With the electrons or positrons on the design orbit, only a low, constant level of
backscattered synchrotron radiation reaches the detector during normal running
conditions. Deviations from this design orbit in position and angle can however
lead to a larger spread of the normally collimated synchrotron radiation cone,
due to the long lever arm of up to 100 m, leading to much higher levels of direct
and backscattered synchrotron radiation in the detector.

11.2.2 Lepton beam-gas background

Off-momentum positrons, which have lost energy with respect to the primary beam
e.g. due to interactions with residual gas in the beam pipe, start to oscillate around
the design orbit. In the ZEUS interaction region most of these positrons are bent
towards the ring centre (4+x). They can produce electromagnetic showers in the central
detector. Since the off-momentum positrons enter the interaction region from the
forward direction, the rear parts of the inner detector components are most affected
by this source of background. Moreover, due to the bending towards the ring centre,
the background peaks at the inside of the ring.

The level of lepton beam-gas background depends on:

e Lepton beam energy
The number of particles produced via showering is proportional to the energy of
the lepton beam E..

e Lepton beam current and vacuum in the beampipe
The number of electron or positron beam-gas scattering events for a given vacuum
condition scales linearly with the lepton beam current. Experience has shown
that also the beam-gas density itself is approximately linearly dependent on the
lepton beam, such that the number of produced particles varies as I2.
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Figure 11.1: Horizontal view of the HERA lepton beamline in the vicinity of the
ZEUS interaction region. Shown are the design positron orbit and its 10c envelope,
the beampipe and the collimators. The positron beam enters the interaction region
from the left. At the top the z positions of the lepton magnets are shown. Note
the highly distorted scale (y : x =1 : 100) [114].

e Orbit stability
The lepton injection phase, during which electrons or positrons of 12 GeV en-
ergy enter the beam within several minutes, is a critical operation, leading to
oscillations and potential losses of the lepton beam, with sudden high particle
rates. The normal background rate can be improved by tuning the orbit through
changes in the magnet configuration. Failures in the magnet power supplies can
lead to severe beam loss accidents. Also changes in the configuration of the ex-
periment influence the beam stability, such as the closing of the ZEUS CAL or
movements of the HERA-B proton targets. Finally also natural ground motion
as well as cultural noise has an impact on the operation of the HERA machine?.

2The HERA accelerator is located in an environment which is very challenging for a stable beam
operation: in the direct vicinity of the ring there are several main roads, a highway, train tracks,
a trotting course and two stadiums and their corresponding parking lots (see Fig. 2.1). A time

dependent level of beam disturbance is thus observed, which is partly being compensated for by
beam-based feedback.



11.8 Tolerable radiation dose for the MV D 157

11.2.3 Proton-beam background

Upstream interactions of protons from the beam with residual gas in the beam pipe
are a significant source of proton-beam background, with similar effects and causes as
the lepton beam-gas background described above. The proton beam is usually more
stable than the lepton beam due to the larger mass and momentum of the protons and
their smaller interaction cross sections. On the other hand, proton beam-loss accidents,
which have happened in the past, are a source of very intense and collimated hadronic
irradiation, which can lead to large local damage of the MVD detector system.

The electron-beam and synchrotron-radiation induced desorption of restgas and sub-
sequent proton beam-gas interaction is one of the major sources of background for the
experiment, contributing to high currents in the CTD and eventually to increased dead
time of the data aquisition system.

11.3 Tolerable radiation dose for the MVD

The radiation hardness of the MVD sensors and its readout electronics have been tested
using prototypes. Electrical measurements and an extensive electron testbeam program
have been performed to study the effect of both hadronic and ionising irradiation on
the detector performance [94,112,115,116].

For neutron irradiation with 1 MeV-neutron-equivalent fluences up to ¢g™ = 1 -
10" n cm ™2 (much higher than the hadronic background expected during the MVD
lifetime), type inversion has not occurred and the influence of hadronic irradiation is
limited to a change in the depletion voltage and an increase of the bulk generation
current. No degradation of the detector performance has been observed in testbeam

measurements for neutron irradiated sensors.

The effect of ionising radiation was tested with %°Co photons for doses from 50 Gy
up to 2.9 kGy (up to 5 kGy for the readout electronics). A large increase in the
leakage current of the sensors has been found after photon irradiation. The increase in
leakage current could be attributed to additional generation currents from the SiOs - Si
interface [112]. No degradation of the detector performance was observed in the electron
testbeam. For the readout electronics however a deterioration of the performance after
irradiation was observed, and the single track resolution for perpendicular incidence in
a single diode worsens from 7.2 um before irradiation to 12.2 um after 5 kGy photon
irradiation. By optimising the programmable readout parameters, the resolution after
irradiation improves to 10.6 um. The resulting performance was thus still within the
specified range [116].

The MVD is foreseen to operate for 5 years in the HERA environment. Here and in
the following, one year is considered 107 seconds, corresponding to the approximate
duty time of the HERA machine. The maximum tolerable dose of ionising radiation
for the detector and its readout electronics was specified to be 3 kGy, after which the
readout electronics will already show degradation of its performance. The acceptable
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dose rate is thus 250 Gy/year (25 uGy/s), which is approximately five times higher
than the average dose rate in the HERA-I data taking periods.

11.4 Requirements for the radiation monitor

The radiation monitor system for the ZEUS MVD was designed to protect the MVD
from high levels of background radiation. The following restrictions and requirements
were considered essential:

e Space and material constraints
Due to the highly inhomogenous distribution and complex spectrum of the ex-
pected background radiation, the dose has to be measured inside the active vol-
ume of the detector, in the direct vicinity of the MVD. The available space in this
region is limited and, in addition, any installed component has to be optimised
for low radiation length with respect to the trajectories from the interaction point
to the outer components.

e Radiation hardness
The components of the radiation monitoring system have to stand the expected
level of radiation over the projected lifetime of five years of HERA operation.

e Automatic beam dump
In case of excessively high instantaneous dose-rates, an automatic dump proce-
dure of the lepton beam has to be triggered immediately. (The proton beam
dump procedure does not foresee a direct connection to the experiments.)

e Online information
For both, the HERA and the ZEUS shift crews, an online information on the ac-
tual level of background radiation in the vicinity of the MVD has to be provided.
This includes different levels of warning messages in case of increased dose-rates.

e Measurement of integrated dose
The integrated dose has to be measured on a time scale from seconds up to the
lifetime of the MVD detector system.

e Post mortem information
The full information on the situation leading to a beam-dump request has to be
stored to allow for debugging and correlation with data from other components,
the other HERA experiments and the accelerator.

e Independent readout
The system has to operate continuously, independent from other components
such as the MVD itself, which is turned on only during stable beam conditions.
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11.5 Components of the radiation monitor system

The dose rate measurement is based on the readout of the radiation induced signal cur-
rents of silicon PIN diodes. A precise temperature measurement allows for a correction
of the temperature induced changes in the diode’s leakage current. The leakage current
adds as a constant offset to the total measured current of the reverse biased diodes.
In addition to the measurement of the instantaneous dose-rate, the offset current mea-
surement in periods without machine operation is used to estimate the bulk-damage
component of the background radiation. Radiation-induced bulk damage in a diode
and the following annealing of this damage leads to a predictable change of the offset
leakage current on a time scale from seconds up to the lifetime of the MVD system.
Thus monitoring the changes in the radiation induced leakage currents allows for an
estimation the bulk damage component of the total radiation dose.

The online dose rate measurement of the silicon diodes is complemented by a system
of radiation field effect transistors (RadFETSs), which are sensitive to surface damage
from ionising radiation.

In addition, thermoluminescent dosimeters (TLDs), read out monthly, allow for a cal-
ibration and control of the online measurements.

11.5.1 Layout

The layout of the radiation monitor system is sketched in Fig. 11.2. It consists of the
following elements:

e Silicon PIN diodes

16 reverse biased silicon PIN diodes, grouped in 8 modules, are mounted close to
the ZEUS interaction point in the vicinity of the MVD. Figure 11.3a) shows the
components of a module. It consists of two diodes (1 ¢m? size) mounted indi-
vidually on printed-circuit-boards (PCB). The two PCBs are glued back-to-back,
with 1 mm of lead shielding in between. An NTC temperature sensor is mounted
on one of the PCBs, close to the diode. The back-to-back configuration of two
independent diodes results in redundancy for the local dose-rate measurement,
which is important for reliable beam-dump requests. The lead shielding separat-
ing the two PCBs absorbs very low-energy ionising radiation (1/10 attenuation
for a photon beam of 80 keV energy). For radiation coming from only one di-
rection, it thus allows for a separation of the contribution of the low-energy part
of the spectrum. The module is electrically shielded by an aluminum case. The
outer dimensions of a module are approximately 34 mm x 28 mm x 27 mm.

Four forward modules are mounted on an aluminum flange, close to the FMVD,
at z = 110 cm, surrounding the beam pipe in the vertical plane (see Fig. 11.2).
The modules are electrically isolated from the aluminum flange by a Kapton foil
and plastic screws. The four rear modules are mounted in the same configuration,
but close to the BMVD at z = —100cm. Figure 11.3b) shows a picture of two
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of the rear modules after final assembly. The modules are not accessible during
shutdowns and are foreseeen to stay in place for the lifetime of the MVD system.

All active components and the readout electronics are situated in racks outside the
main detector. The total cable length from the diodes to the readout electronics
is 33.2 m for the forward and 30.7 m for the rear modules.

e Radiation field-effect transistors

The eight RadFETs are situated in the forward direction at z = 200cm (four
low-sensitivity modules, 100 nm gate oxide thickness) and in the rear direction
at z = —130cm (four high-sensitivity modules, 400 nm gate oxide thickness),
as shown in Fig. 11.2a). At both z-positions, the four modules are surrounding
the beam pipe and are directly attached to it, as sketched in Fig. 11.2b). The
power supply and readout electronics for the RadFETs is also located outside the
detector, connected through cables of 30 m (25 m) length for the forward (rear)
modules.

e Thermoluminescent dosimeters
In the rear region there are 6 plastic tubes glued on the inside of the MVD
shielding, which are used to insert TLDs. They extend in the forward direction
to the rear barrel flange, thus allowing to place TLDs at any position between
z = —37cm and z = —140cm. For the period considered in the following, all
TLDs could only be placed at approximately z = —120 cm.

e Additional components

In addition to the measurements from the dedicated radiation monitoring system,
information on the background radiation level is obtained from several other
radiation-sensitive components of the ZEUS detector: The leakage currents in the
MVD diodes have a similar dependence on the radiation level as have the currents
of the silicon PIN diodes. The current drawn by the signal wires of the central
tracking detector (a drift chamber) is related to the particle and synchrotron
radiation rate traversing the chamber. A tungsten embedded scintillator counter
(C5) outside the main detector, at z = —130cm, provides information on the
lepton- and proton-beam-gas particle background.

11.5.2 Silicon PIN diodes

The diodes used for the radiation monitor system were produced by SINTEF [117].
The most important parameters of the diodes are summarised in Tab. 11.1. They are
made from oxygen-enriched high-resistivity silicon and are n-type, 300 pm thick, with
an active area of 1c¢m?, which is surrounded by one guard ring. The pad and guard
ring are p* implanted and the complete backside is n* implanted. All implanted areas
are aluminised to allow for contacting and reverse biasing. The guard ring is connected
directly to ground, thus drawing the currents generated by defects and impurities at
the detector edge and by defects at the Si — SiOy—interface, which otherwise would
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Figure 11.2: The radiation monitor system inside the ZEUS detector. In a) the
position of the components along the beam direction is shown. In b) the position of
the components in the z-y-plane is shown. The diodes are labeled from 1 to 16 and
the RadFETSs from 1 to 8. The letters F and R in front of the diode and RadFET
numbers indicate the z position in the forward and rear region, respectively. The
first diode number of each module corresponds to the upper diode (facing the
interaction point), while the second diode number referes to the diode behind the
lead shielding. The tubes for inserting the TLDs are labeled from 1 to 6.

add to the measured bulk current. The initial depletion voltage of the 8 diodes in the
forward (rear) area was +75 V (485 V). The depletion voltage is expected to decrease
after moderate bulk damage. The initial operation bias voltage was +100 V, applied
at the backside of the diodes. The 16 diodes were selected from a larger sample from
two different wafers according to the long-term stability of their leakage current. The
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Figure 11.3: A radiation monitor module consisting of two silicon diodes and an
NTC temperature sensor before assembly (a). In b) two of the rear modules are
shown after final assembly.

initial bulk leakage current of the selected diodes was stable and below 1 nA at the
test bias voltage of 120 V, which had been applied continuously for several weeks, as
shown in Fig. 11.4.

Producer SINTEF

Number of diodes 16

Type n-type silicon, p* pad implant

Resistivity rear diodes: 3.35 k{2cm, forward diodes: 3.80 kQ2cm

Full depletion voltage rear diodes: 85 V, forward diodes: 75 V
Active volume thickness | 300 um

Backplane thick n* layer, aluminised
Number of guard rings | 1
Biasing scheme positive reverse biasing, guard-ring to ground

Operation bias voltage | Vs = +100 V
Initial leakage current < 1nA at Vs = 120 V and T = 20°C

Table 11.1: Parameters of the silicon diodes used for the radiation monitor.

The current measured in the reverse biased diodes depends mainly on:

e Instantaneous radiation dose rate
The photo current induced by ionising photons and particles traversing one of
the reverse biased ra_diation monitor diodes, Ihoto, is proportional to the rate of

the absorbed dose, D:
- M iode * €
Iohoto = D - 7‘1]3‘1 : (11.1)
where Mgioqe = 7.0 - 1075 kg is the mass of the sensitive volume of a diode,
e = 1.60-1071°C is the elementary charge and E; = 3.6 eV is the energy required
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Figure 11.4: Long term test of the diode leakage current at a continuous bias
voltage of 120 V. Shown are bulk current (solid lines) and the guard-ring current
(dashed lines). Diodes with bulk leakage currents below 1 nA were selected for the
radiation monitor.

to create an electron-hole pair in silicon. The obtained constant of proportionality
relating the measured current to the absorbed dose rate is:

D [%} =5-1075 - Ippoto [nA] (11.2)

Radiation damage and annealing

Low energy ionising radiation leads mainly to surface damage, resulting in addi-
tional current from generation centres at the Si — SiOs-interface. This current
is drawn by the guard ring of the radiation monitor diode and thus does not
affect the measured pad current?. Trradiation from high energy particles however
leads mainly to bulk damage, resulting in additional current measured through
the pad of the diode. The bulk damage shows annealing after the irradiation.
The radiation induced change of the leakage current is discussed in detail in sec-
tion 11.6. Figure 11.5 shows the simulated current of a radiation monitor diode
over the projected lifetime of 5 years for an assumed total equivalent fluence of

3The MVD sensors are more sensitive to damage from ionising radiation than the PIN diodes, due
to the large number of Si — Si0, surface areas in between the approximately 3000 strips of each MVD
Sensor.
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max = 1- 10" ncm™?, which is collected in single steps of one irradiation per
HERA operation week. In this scenario, where the dose corresponds to the pre-
viously tested maximum level of hadronic irradiation for the MVD system, the
total leakage current of a radiation monitor diode at the end of the projected
lifetime amounts to approximately 9 pA. The long-term annealing of the leak-

age current was taken into account according to the long-term parametrisation
(11.7).
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Figure 11.5: Integrated fluence and simulated resulting radiation induced leakage
current for a radiation monitor silicon PIN diode over the projected lifetime.

e Temperature

The leakage current offset in a silicon diode depends roughly exponentially on
the temperature. The temperature in the vicinity of the MVD varies between
15°C and 25°C, depending on the status of the HERA machine, the MVD cooling
system and the MVD readout electronics.

All measured currents can be scaled to T'= 293 K according to the equation

293\ E 1/1 1
I(T = 293) = I, [ 222 Sl (R 11.
( 93) T(T) eXp(zk,, (T 293))’ (11.3)

which corrects for the temperature dependence of bulk generation currents [118].
E, is the effective energy gap at T = 293 K, E, = 1.12 eV, and k; is the
Boltzmann constant. For 7' = 293 K, the change in current is about 8%/K.

Resistors with negative temperature coefficient (NTC) are used to measure the
temperature very close to the diodes (see Fig. 11.3). The resistance of the NTC,
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Rxtc, depends exponentially on the temperature, 7'

1 1
T B Tref))’

Ryrc(T) = Ryep - exp(B - ( (11.4)
where R, is the resistance of the NTC at a referenc temperature T;¢s and 3
is a coefficient parametrising the exponential decrease of the resistance with in-
creasing temperature. The nominal values for the NTCs in the radiation monitor
modules are Rys = 4.7 kQ at Tos = 25°C and S = 3300.

The measured temperature 7" is used to obtain the actual value of the leakage-
current offset in a diode Iieaxage(7) from a reference measurement Iper(Trer) at

Tref:
1 1
Ileakage(T) = ref(Tref : eXp(ﬁd(T - T f)) (11'5)

The coefficient §; parametrises the exponential temperature dependence of the
leakage current in the diode. The temperature 7 is calculated with one fixed
value of § and Rys for all NTCs. For the temperature correction of the leakage
current offset however, a more precise correlation between the NTC resistance
and the leakage current as function of the temperature is needed. Therefore one
value for B4 was obtained for each diode by a fit to the observed relation between
R(T) and lieakage(T) in the temperature range of interest.

11.5.3 Silicon diode and NTC readout

The connection scheme of a module is shown in Fig. 11.6. A cable combining two
coax and one twisted pair cables connects the module, through a passive interface at
a patchbox, with high-voltage supplies and readout electronics. A common shield is
connected to the module case of the two diodes and connected to ground at the readout
side. Each diode is individually biased from the backside through the outer shield of
the corresponding coax cable. Iseg EHQ F0025 power supplies [119] are used, which
are software controlled via a CAN interface. The inner conductors of the coax cables
are connected to the pad of the corresponding diode, carrying the bulk current back
to the readout amplifier. The NTC temperature sensor is connected to the readout
electronics through a twisted pair cable. The ground connector of the NTC carries also
the guard ring current of the two diodes. The total cable length from the diodes to the
readout electronics boards is 33.2 m for the forward and 30.7 m for the rear modules.

The pad current of the diodes is sent to a two-stage integrating amplifier, with an
integration time of 0.1 s. The output voltage of 10 mV/nA is connected to the 0 to
10 V input of two 12 bit ADCs (NS LM 12458). The resulting dynamic range allows
current measurements up to 1000 nA with a resolution of 244 pA.

The NTC temperature resistor is connected to a current source delivering a constant
current of 100 pA. The voltage drop over the resistor is amplified (10x gain) and the
resulting output voltage of 1 V/kQ is sent to another 12 bit ADC (NS LM 12458).
The dynamic range of the resistance measurement allows resistance measurements up
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to 10 k2 with a resolution of 2.4 €2. The corresponding temperature resolution is
approximately 10 mK at 20°C.

The digitised signals from the ADCs are read out by a Motorola MVME 2600 CPU
using a VME bus with 30 samplings in one second. All further signal processing
is performed by software. Online histograms and acoustic warnings in case of high
background levels are sent to the ZEUS and HERA control rooms. The histograms
are archived on disc. In case of excessive background radiation, a trigger signal for an
automatic dump of the lepton beam is sent to the HERA lepton beam-dump magnet
system via a relay.

Radiation monitor module [Online display ZEUS | [Online display HERA| [Lepton beam dump] | offline storage |
NTC 4.7kQ at 25°C 4 4 4 4
\ CPU Motorola MVME 2600 \
guard ring
Diode 1 - ‘ VVME bus ‘
pad
B }
guard ring [12bit ADC LM12458 | [ 12bit ADC LM12458 | | 12bit ADCLM12458 |
> 100 mV/kQ
Diode 2
pad
10k
N
70n
( patch box )
\
I E—
(’:@:o:L)
8.0 m (forward modules); 25.2m
5.5 m (rear modules) N~ - g

Figure 11.6: Connection scheme of a radiation monitor module.

11.5.4 Leaky bucket integrated dose measurement

The online radiation monitoring system adapts the so called leaky bucket concept,
which is also used in the radiation monitor of the BaBar experiment [120]. The signal
current of each diode, after subtracting the leakage-current offset, is integrated and
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translated into a train of pulses. The pulse frequency is proportional to the input
current, which itself is proportional to the instantaneous radiation dose rate. The
pulses are used to increment a counter. At the same time, a constant count-down
signal is sent to the counter, with a frequency tuned to compensate for the average
acceptable background current. The counter is thus integrating the dose-rate above the
tolerated level of radiation. Thresholds on the counter generate warning messages for
the ZEUS and HERA shift crews as well as the trigger signal for the automatic beam
dump. The system is sensitive to the integrated dose, rather than to instantaneous
radiation peaks. To avoid beam dumps caused by a slow accumulation of counts, the
count-down rate has to be set to a value well above the average background rate. This
value, ¢y, is called “forgiveness rate”, since any dose rate below will never cause a
beam dump.

For the readout concept considered in the following, the handling of the counter was
implemented in software. The parameters chosen were restricted by the dynamic range
of the current measurement. The current value in nA, sampled at a rate of 1 Hz, is used
to increment the counter. The forgiveness rate, ¢, corresponds to 10 nA (0.5 mGy/s).
The threshold counter value for triggering an automatic dump of the lepton beam is
4000 nAs, with a coincidence of at least two diodes exceeding this threshold. With
the maximum current of 1000 nA (50 mGy/s), the resulting minimum time before a
beam-dump request is 5 s. Figure 11.7 shows the time and integrated dose before a
beam-dump request as function of the instantaneous dose rate. For low rates, close
to the forgiveness rate, both time and integrated dose before a dump trigger increase
steeply. For a dose-rate of 0.6 mGy/s, which is 20% above the forgiveness rate, the
dump time is 30 minutes and the integrated dose is 1.2 Gy. For dose-rates above
3 mGy/s, the integrated dose reaches a plateau of 200 mGy. For high dose rates above
the dynamic range of the readout (50 mGy/s), the dump-time reaches a minimum of 5 s,
while the integrated dose increases linearly with the dose rate. For very high currents
above 50 pA (2.5 Gy/s), the voltage source for the diode trips. In this case, the leaky
bucket counter is immediately set to a value above the maximum, such that the time
before the beam dump trigger decreases to 1 s, with a corresponding decrease in the
integrated dose. To avoid beam dumps after problems with the power supplies, that
are not related to the beam conditions, at least one of the power supplies is required
to be operational.

A faster version of the readout is currently being tested, in which the leaky-bucket
concept is implemented in programmable hardware, reducing the reaction time for a
beam-dump request to a few milliseconds (cf. section 11.7.5).

11.5.5 Diode current readout parameters

The readout of the diode currents allows a measurement of the dose rates from 12.2 uGy/s
(244 pA) up to 50 mGy/s (1 pA). The upper limit of the dose-rate measurement will
decrease with increasing offset leakage current after radiation damage. The warning
threshold for the ZEUS and HERA control room shifts is set to 0.5 mGy/s (10 nA),
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Figure 11.7: Time (solid line) and integrated dose (dashed line) before a beam-
dump request as function of the instantaneous dose rate.

which is 20 times higher than the maximum tolerable average of 25 uGy/s (500 pA).
The dynamic range and typical values for the dose-rate measurement are summarised
in Tab. 11.2. The threshold values for warning and alarm signals to the ZEUS and
HERA shifts and the threshold for beam-dump requests are also given.

Dynamic range

resolution I, 244 pA 12.2 uGy/s
maximum current I, 1 pA 50 mGy/s
leaky bucket forgiveness rate 10 nA 0.5 mGy/s
Typical rates

stable lumi operation 0-250 pA 0-12.5 uGy/s
maximum tolerable average 500 pA 25 uGy/s
energy ramping and beam tuning | 2-3 nA 100-150 uGy/s
lepton injection spills 2-50 nA 0.1-2.5 mGy/s
Current measurement threshold

warning for ZEUS and HERA | > 10 nA | > 0.5 mGy/s
Leaky bucket level threshold

ZEUS alarm 1000 nAs 2 50 mGy
lepton beam dump 4000 nAs (>2 diodes) | 2 200 mGy

Table 11.2: Readout parameters and typical values for the diode current and
integrated dose measurement.
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11.5.6 Radiation field-effect transistors

The integrated dose of ionizing radiation can be estimated from the changes in the
surface properties of silicon devices. lonising radiation creates electron-hole pairs in
the silicon oxide layer of a field effect transistor. Holes that get trapped in defects at
the S7— Si0, interface area form a positive space charge, which has to be compensated
by a negative gate voltage [121]. The negative threshold voltage Vi, which is necessary
to create an inversion layer connecting the source and drain areas, is thus increasing
with radiation (see Fig. 11.8).

For the MVD radiation monitoring system, eight p-type radiation field effect transistors
(RadFETS) of two different gate-oxide thicknesses (100 nm and 400 nm) are used. The
initial change in Vj;, is approximately 1.5 mV/Gy (18 mV/Gy) for 100 nm (400 nm)
gate-oxide thickness. A non-linear calibration curve for doses between 1 Gy and 1 kGy
has been obtained from measurements on a sample of seven RadFETs by the man-
ufacturer [122]. During the irradiation no voltage was applied for these calibration
measurements. The uncertainty on the dose determination from the measurement of
Vin was estimated from a fit to the calibration measurements to be 55%.

The readout scheme of the RadFETSs is shown in Fig. 11.9. A current source delivering
a current of 18 pA is connected to each RadFET every 17 minutes for 32 seconds. At
the end of this cycle, 64 voltage measurements are sampled, digitised by the ADC and
converted to a measurement of V;,. The integrated radiation dose is obtained from
the change in V};, based on the calibration measurements for each of the two different

types.

, , pre-irradiation
increasing dose

- 4 Ik
Increasein
interface states
)
Vos Yin Y

Figure 11.8: Change in the transfer characteristic of a RadFET after irradiation.
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Figure 11.9: Schematic of the RadFET readout.

11.5.7 Thermoluminescent dosimeters

Electron and hole traps are filled in thermoluminescent materials during exposure to
radiation. Heating frees electrons and holes from theses traps and visible photons
are emitted when the electrons and holes recombine. The integrated light output
has a known dependence of to the radiation dose. Two types of thermoluminescent
dosimeters (TLDs) are used for radiation monitoring in the ZEUS detector: LiF (TLD-
600) being sensitive to thermal neutrons by means of the (n,«) 1/v capture cross
section and “LiF (TLD-700) being sensitive to betas, photons and neutrons. The TLDs
measure the integrated dose and are replaced and analysed during monthly shutdowns.

11.6 Bulk damage in silicon devices

Irradiation of silicon devices with high-energy particles or photons leads to damage in
the bulk of the devices, with predictable changes in the macroscopic properties. In the
following, the dependence of the radiation damage on the particle type and energy and
the effect on the measured leakage current of silicon diodes is discussed. The results are
used to estimate the radiation dose from the observed changes in the leakage currents
of the radiation monitor diodes.

11.6.1 NIEL hypothesis

The so-called Non Ionising Energy Loss (NIEL) hypothesis [123] states that the dis-
placement damage from different types of particles at different energies can be parametrised
with a single hardness factor, k. The initial increase of the bulk generation current
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in a silicon diode is approximately proportional to the product of this hardness factor
with the fluence of particles. The value of k is set to 1 for neutrons of 1 MeV energy.
Figure 11.10 shows the value of the k for different particles as function of the particle
energy.

In the following, a hardness factor of £ = 0.62, which had been obtained for protons
of 24 GeV [124], is assumed for high-energy protons (E, 2 10 GeV). For high-energy
photons and electrons (E 2 1 GeV), a hardness factor of k£ = 0.1 is assumed [125].
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Figure 11.10: Displacement damage hardness factors for neutrons, protons,
pions and electrons as function of the particle energy [123]. The quantity
D(E)/95 MeVmb corresponds to the hardness factor £ described in the text.

11.6.2 Leakage-current increase and long-term annealing

The total leakage current after a single radiation incident at ¢ = 0 can be parametrised
as [124,126]:

I(t,eq) = aft): eV, (11.6)

=t

=t t
alt) = arem +Ozo—5lnt—,
0

where ¢, = ¢ - k is the fluence, scaled to the equivalent of 1 MeV neutrons/cm?, V is
the active volume of the diode and ¢ is the time after irradiation. For the damage and
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time constants «y, ag, 3, 71 and tg, the following values are used [124]:

A
ar = 1.23-10*17a (11.7)
A
a = 7.07-10717—
cm
A
B = 3.29-107%—
cm
77 = 1.4-10*min
to = 1min

This parametrisation is valid for the long-term annealing starting from several hours
after irradiation up to several years, assuming that the silicon devices are kept at room
temperature (= 20°C).

11.6.3 Short-term annealing

For the short-term annealing within seconds after irradiation, a new parametrisation
was obtained from an experiment at the CERN PS proton irradiation facility [127].
Several radiation monitor diodes were irradiated with single spills (tspm = 180 ms) of
24 GeV protons. The bias voltage was applied during and after irradiation and the
leakage current and temperature were continuously monitored. The fluence per spill
was obtained from a secondary emission chamber (SEC) counter, which was calibrated
with the measurement of the activation of an aluminum foil irradiated together with
the corresponding diode. Figure 11.11 shows the change in the leakage current in one
of the diodes, normalised to T' = 20°C, after receiving a single spill of 4.1 - 10'° protons
per cm?. This fluence corresponds to ¢, = 2.5 10" n ¢cm™2, assuming k = 0.62 for
24 GeV protons [124]. For parametrising the annealing, a fit with three exponential
functions in the range from 1 s to 6 hours after irradiation was performed. The long-
term parametrisation (11.7) was included as an offset with fixed parameters (11.8) in
the fit. The resulting formula for the leakage current after irradiation is thus given as:

Ileakage(t) - ¢eq . V - (O!(t) + Al exp (_t/tl) + AZ €xp (_t/t2) + A3 €xXp (_t/t?)))’ (118)

where Ijeqrage 1S the measured leakage current, scaled with (11.3) to 7' = 20°C, ¢, is
the equivalent fluence of 1 MeV neutrons, V' is the volume of the diode, «(t) is the long-
term annealing parametrisation according to (11.7), Al, A, and Ajz are the damage
parameters and t;, o and t3 are the corresponding time constants. The parameters
obtained from the fit are:
Ay = 5.89-107° nA/em (11.9
t 6.9 s (
Ay = 2.05-107° nA/cm (
ty = 187s (11.12
(
(

Az 8.77-107% nA/em
t3 = 5520 s



11.6 Bulk damage in silicon devices 173

The fit is compared to the data in Fig. 11.11. The long-term parametrisation according
to (11.7) is also shown in the plot (dashed line). The new parametrisation is in good
agreement with the data over the full range. The long-term parametrisation, however,
underestimates the measured current for the shorter time-scales. For ¢ = 1 s, the
predicted current according to the long-term parametrisation is approximately 50%
lower than the measured one. For long annealing times, the long-term parametrisation
agrees well with the data (within 10% at t=10 min and within 1% at t=6 hours).
The new parametrisation is used to estimate the bulk damage from radiation received
in single accidents during HERA operation, which leads to step-like increases in the
leakage current of the radiation monitor diodes.
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Figure 11.11: Leakage current annealing of a silicon diode after a single proton
irradiation spill with 4.09 - 10'° protons (F = 24 GeV) per cm? at ¢ = 0 . Shown
are the data (circles), the standard parametrisation described in the text (dashed
lines) and a fit to the data with the sum of the standard parametrisation and three
exponential functions in the range [1 s, 6 hours] (solid lines). The initial current
before irradiation (not shown in the plot) was below 1 nA.

11.6.4 Dose estimation

The absorbed dose, D, can be estimated from the equivalent fluence of high energy par-
ticle radiation, ¢.,, assuming that the radiation damage is caused by minimal ionising
particles (MIPs) with known k-factor. The average number of created electron-hole-
pairs per pum of a MIP traversing the silicon bulk of the diodes is ne, = 80/ um [128].
The relation between the fluence of particles, ¢ = ¢,/k, and the absorbed dose, D, is
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thus: 5
D=¢-M, (11.15)

Psi
where ps; = 2.33 g/cm?® is the density of silicon. The fluence corresponding to the

maximal tested hadronic irradiation dose for the MVD system of ¢* = 1-10'%/cm?
corresponds to an absorbed dose of D = 20 kGy, assuming that the bulk damage
will mainly be produced from electrons or positrons escaping the lepton beam (E, <
27.5GeV, k~ 0.1).

11.7 Results from the HERA II commissioning phase

The upgraded HERA II machine and experiments were commissioned and used to take
first data for 20 months from July 2001 to March 2003. During this period, instable
background conditions and problems with high synchrotron- and particle-background
radiation were observed and partially reduced [114]. The radiation monitor system for
the ZEUS MVD has proven to be an indispensable tool to understand the cause of part
of these problems and to limit the damage from excessively high background levels for
the MVD system. In the following, examples of measurements of different components
are presented and total dose estimates are compared.

11.7.1 Temperature correction

Figure 11.12 shows an example of the temperature variation in one of the NTCs during
a period of 220 minutes. The temperature in this period shows large fluctuations in
a range from 15°C to 21°C. The uncorrected leakage current measured in the corre-
sponding diode is also shown, as well as the temperature corrected current. During this
period the HERA machine was not operating, such that no radiation induced current
was present. The uncorrected current varies in a range of approximately 30% with a
strong temperature correlation, while the corrected current is stable within 0.2%. The
largest variations in the corrected current are observed for high temperature gradients
(in this example at t=50 min, when the MVD detector and its cooling system were
switched on). Measurements revealed that the the temperature correction coefficients
B4 from equation (11.5) change with the accumulated radiation damage in the diodes.
Fits to obtain the values of 5; have been performed repeatedly within the HERA II
commissioning period.

11.7.2 Dose rate and leaky bucket measurements

During stable luminosity operation, the instantaneous radiation dose, measured through
the currents in the diodes, has been low, close to the readout resolution (~ 10 pGy/s).
Spikes in the current measurement have been observed during injection of the lepton
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Figure 11.12: Temperature, as measured in one of the NTC resistors (a) and
leakage current current in the corresponding diode (b and c¢). For the leakage
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beam and during energy ramping and beam tuning phases. Large dose rates have nor-
mally been observed only for the rear diodes mounted in the horizontal plane (11/12
and 15/16, cf. Fig. 11.2). The highest dose rates have been measured for the diode
pair mounted towards the center of the HERA ring (15/16). Most of the off-momentum
positrons are expected to be deflected in this direction.

The measured dose rate in one of the radiation monitor diodes during a typical positron
injection is shown in Fig. 11.13. Six positron spills were injected over a period of
12 minutes, resulting in a total positron current of 30 mA in HERA. The injection of
each spill leads to a disturbance of the beam-orbit with an increased number of lost
positrons, visible as a peak in the measured background rate. For normal injection, as
in this example, the measured rate is of the order of 0.5 mGy/s (corresponding to a
current in the diode of 10 nA).

Figure 11.14 shows the instantaneous dose rate and the leaky bucket level for one of
the diodes during an instable positron-beam injection. High background rates fill the
leaky bucket and lead to an automatic dump of the positron beam. A first radiation
peak at t=2 s leads to a moderate increase of the leaky-bucket counter well below the
beam-dump threshold of 220 mGy. The count-down rate sets back the level of the
leaky bucket to zero within 30 s. The second high-radiation phase started at t=-51 s
and resulted in a fast increase of the leaky-bucket counter. The beam-dump threshold
of 200 mGy for the integrated dose is reached within 16 s and the automatic dump of
the positron beam is triggered at t=67 s.

11.7.3 Offset current measurements

The long-term monitoring of the offset leakage currents in the diodes allows an esti-
mation of the bulk-damage component of the accumulated radiation dose. In addition,
steps in the leakage current after instantaneous beam-loss accidents have been ob-
served, with subsequent decrease of the current, indicating annealing of the created
bulk damage in the diodes.

Figure 11.15 shows an example for the change in the leakage current of one of the rear
diodes after a positron beam loss accident. The current is normalised to a temperature
of T = 20°C and the initial offset value of 42 nA is subtracted. The positron beam
was lost at ¢ = 0, at an energy of almost 27.5 GeV [129]. The beam loss was initiated
by a failure in one of the superconducting vertical correction magnets, located at the
north side of the HERA ring. The resulting orbit disturbance lead to an excursion of
the beam with a maximum amplitude reached at the position of the ZEUS GO magnet
(z &~ 2 m). The current in the radiation monitor diode shows a step-like increase at
t = 0 with subsequent annealing of the leakage current over a period of 17 minutes,
during which no positron beam was present in the machine.

Diode 13, which is shown in the plot, is located in the rear area, at the bottom of the
beampipe (cf. Fig. 11.2). Also all other radiation monitor diodes showed a spike at
t = 0 for this accident. A similar increase of the leakage current offset was seen in the
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Figure 11.13: Dose rate for one of the silicon PIN diodes during a positron in-
jection at Feb-14-2003, 23:33. The six spikes correspond to the injection of single
positron spills leading to a total positron current of 30 mA in HERA.

rear diode pair 11/12 (located towards the outside of the ring). For the rear diode pair
9/10 (located on top of the beampipe) the increase of the current was approximately
50% larger, with a similar shape of the resulting curve. The rear diode pair 15/16
(located towards the inside of the ring) showed an increase in the current of only about
10% of the value measured in diode 13. None of the eight front diodes showed a sizeable
rise of the leakage current offset following this accident.

Of the RadFETs, only RadFET 3 (located in the rear, at the bottom of the beampipe)
observed a sizeable increase of the integrated dose (approximately 1 Gy).

A fit with the parametrisation (11.8) is also shown in the plot for diode 13. The
parameters (11.14) were used, as obtained from the proton irradiation at the CERN
PS. The fit was performed for the equivalent fluence ¢, in the time range from 500 s
to 1000 s. The resulting fit line corresponds to an equivalent fluence of ¢y = 1.2 -
108 n cm™2. The fit though does not reproduce the observed initial steep decay of the
current in the data. Similar results were obtained for other beam-loss accidents, where
increased leakage currents and subsequent annealing with very short time constants
were observed in the radiation monitor diodes, as opposed to the measurements after
proton irradiation at the CERN PS. The following influencing factors were considered
as possible explanations for the observed difference:

e Radiation type. The damage mechanisms leading to increased leakage currents
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Figure 11.14: Dose rate and leaky-bucket level for one of the silicon PIN diodes
during instable HERA operation at May-21-2002, 23:57, leading to an automatic
dump of the lepton beam at t=66 s.

after high-energy electron irradiation during a beam-loss accident are expected to
be similar to the ones for high-energy proton irradiation, as discussed in section
11.6. The effect of possible surface damage should, in both cases, be absorbed
by the guard ring of the diode. A dedicated irradiation experiment with elec-
trons at HERA energies is however necessary to exclude that a difference between
electrons and protons exists concerning bulk-damage induced leakage-current in-
crease and its short-term annealing.

Temperature. In both cases the temperature was measured continuously and close
to the position of the diode, and all measured currents were scaled to 1" = 20°C.
For the measurements at the CERN PS, the temperature was at approximately
25°C, while during and after this beamloss accident at HERA the temperature
was at approximately 15°C. The leakage-current annealing, however, is gener-
ally expected to proceed faster for higher temperatures [130], in contrast to the
observed slower annealing for the proton-irradiation experiment.

Setup. The configuration of the diodes in the ZEUS experiment and their readout
was similar with respect to the proton irradiation experiment performed at the
CERN PS. In both cases it was confirmed that the connection to the readout
through long cables does not affect the fall-time of the signal on a time scale of
seconds.
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e Activation. The creation of short-lived radioactive nuclei in the vicinity of the
diodes could affect the measured current. The ionising radiation from activated
nuclei could lead to additional current measured in the diodes. Activation effects
are expected to be more pronounced after irradiation with hadrons as opposed to
electrons. A possible scenario would be the creation of nuclei with half-lifes of the
order of minutes to hours in the setup of the CERN PS irradiation experiment
or in the silicon diodes themselves, which are not created after lepton beam-loss
accidents at HERA. In this case, the observed time-constants for the CERN PS
irradiation experiment would be due to a mixture of leakage current annealing and
radiation-induced photo current. Further investigation are necessary to clarify
whether short-term activation effects are the cause of the observed difference.

The observed difference in the fall time of the measured current between the proton
irradiation experiment and the situation after lepton beam-loss accidents at HERA thus
prevents a profound quantitative estimation of the received fluence. However, for long
annealing times (2 10 minutes) the measured absolute value of the current after the
proton irradiation experiment was found to be in good agreement with the predictions
from independent long-term annealing experiments (cf. the parametrisation (11.7)).
The value of ¢, = 1.2 - 10° n cm™2, obtained from the fit in the time range from
500 s to 1000 s, can thus be considered an approximate upper limit on the fluence of
high-energy radiation received for this positron beam-loss accident.

11.7.4 Total dose estimates

The total radiation dose received by the different components of the radiation monitor
system and by the MVD itself depends on the position of the corresponding component.
Furthermore, a direct comparison is complicated, as the components are sensitive to
different parts of the complex spectrum of radiation in the HERA environment. In the
following, estimates are presented for the total dose (or equivalent fluence) received by
the components during the first HERA II commissioning phase.

e RadFETs. The accumulated dose of ionising radiation received by the eight
RadFETs, as estimated from the change in the flatband voltage, is shown in
Fig. 11.16 for the last 430 days of the commissioning phase. In addition to several
step-like increases, a steady accumulation of radiation can be observed. RadFET
number 1, which was placed at the ring-inside in the rear region, integrated the
highest dose (approximately 1.3 kGy). The other RadFETs have received only
moderate radiation doses between approximately 50 Gy and 300 Gy.

e PIN diodes. The total bulk damage in the PIN diodes was estimated from the
increase in the leakage current offset, as shown in Fig. 11.17. A very high in-
crease in the leakage current from < 1 nA before HERA startup to 25-70 nA
was observed during the first days of HERA II commissioning. In this period,
technical problems during proton injections caused several severe proton-beam
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Figure 11.15: Current increase and the following annealing in one of the radi-
ation monitor diodes after a positron beam-loss accident at Jun-14-2002, 23:41.
The circles correspond to the leakage current measured in the diode, scaled to a
temperature of T' = 20°C. The value of the leakage current before the beam loss is
subtracted. The line represents a fit for the equivalent fluence with the parametrisa-
tion (11.8) in the range from 500 s to 1000 s. The equivalent fluence corresponding
to this fit is ¢y = 1.2 - 10® nem 2.

losses with energies ranging from 40 GeV to 500 GeV. From the parametrisa-
tion of the leakage current increase (11.7), the equivalent fluence of high-energy
irradiation in the diodes caused by this series of beam-losses was estimated to
range from ¢., = 1.7-10" n cm 2 to ¢y = 4.8-10'° n cm 2. The equivalent flu-
ence estimates were translated to estimates of the absorbed dose of high-energy
ionising radiation according to (11.15), assuming a hardness factor of £ = 0.62
for protons. The resulting dose estimate ranges from 5 Gy to 15 Gy. During
the months following this short period of frequent beam-loss accidents, annealing
with an overlay of accumulating radiation damage can be observed in the diode
currents. As expected, the diodes belonging to the same module show very sim-
ilar currents. A larger radiation damage is observed for the diodes placed in the
rear region than for the ones in the forward region. This shows that the proton
beam-loss accidents took place outside of the ZEUS detector and only the ex-
tended shower reached the centre of the detector. Furthermore, the diodes 15/16
and 3/4, which are placed towards the inside of the HERA ring, show the highest
current among the corresponding modules at the same z-position. The current at
the end of the commissioning phase varies from approximately 20 nA to 120 nA,
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depending on the position of the corresponding module. The contribution of
the proton beam-loss accident at the beginning of the commissioning phase to
the final leakage current values, after 19 months of annealing, is approximately
from 10 nA to 40 nA. The equivalent fluence of irradiation in this period can
be estimated from the leakage current increase, taking into account also the an-
nealing during the commissioning phase according to the parametrisation (11.7).
The resulting fluence estimates for the period after the proton beam-loss acci-
dent, assuming 1.5 years of continuous irradiation, are from ¢, = 7-10° n cm™2
to ¢eg = 8.3-10'"° n ecm™2. The maximal total accumulated fluence was thus
in the order of 1 % of the maximum tested fluence for the diodes of the MVD
(¢pmax =1-10" n cm™2). The corresponding dose, assuming a k-factor of 0.1 for

eq
electrons, ranges approximately from 14 Gy to 160 Gy.

e TLDs. The total dose estimate obtained from the monthly readout of the TLDs
is summarised in Tab. 11.3 for the six different TLD positions. The values from
25 Gy to 300 Gy for the TLD-700, which are sensitive to photons, electrons
and neutrons, are in rough agreement with the dose estimates from the RadFET
modules. The corresponding measurements for the TLD-600, which are sensitive
to neutrons, resulted in very low total dose estimates of approximately 1 Gy to
2 Gy, accumulated only in the first month of HERA operation, in which the
proton beam-loss accident had occured. The data obtained from the analysis of
the TLD-600 were calibrated for thermal neutrons. Therefore the dose estimates
given in the table were obtained after applying a scale-factor of 6 to the original
measurements, to take into account the lower sensitivity for fast neutrons, which
are expected for HERA energies [131].

e MVD. The surface radiation damage in the MVD readout electronics was esti-
mated from the decrease of the signal-to-noise ratio during the commissioning
phase. The largest decrease of up to 8% was observed for the modules at the in-
side of the ring, closest to the beam-pipe. From irradiation tests performed with
a %9Co source [116], the dose of low-energy ionising radiation, which corresponds
to this decrease of the signal-to-noise ratio, was estimated to be approximately
250 Gy to 500 Gy. The dose received by the MVD modules with highest radia-
tion damage is thus in rough agreement with the dose measured by the RadFET
modules.

The dose estimates from the different components agree qualitatively. For a detailed
quantitative comparison, Monte Carlo simulation studies are necessary. The obtained
values can be used as input parameters.

11.7.5 Outlook

The radiation monitor system has been used successfully to protect the MVD from
excessive levels of ionising radiation and to monitor the accumulated radiation dose
during the HERA II commissioning phase. For the future high-luminosity HERA TI
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Figure 11.17: Offset leakage current in the radiation monitor diodes during the

HERA II commissioning phase from August 2001 until March 2003.
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TLD | TLD-700 | TLD-600
(e,7,n) | (n)

1 62 Gy 7 Gy

2 301 Gy 10 Gy

3 64 Gy 6 Gy

4 111 Gy |-

5 25 Gy 11 Gy

6 29 Gy 8 Gy

Table 11.3: Integrated dose estimates from the readout of the TLDs.

data taking, improvements of the existing equipment as well as additional devices
are planned to increase both the sensitivity and the reaction time of the radiation
monitoring. The following changes are foreseen:

e Readout electronics

The readout system for the currents of the diodes has proven to be robust and
flexible. It is however only sufficient up to moderate levels of accumulated bulk
damage, since for high offset values of the diode leakage currents both a larger dy-
namic range and a more accurate compensation for temperature induced changes
in the currents will be required. An upgraded version of the readout electron-
ics has been developed that includes dedicated ADCs for low- and high-rate-
measurements. The full scale is 1 pA (100 pA) and the resolution is 10-15 pA
(25 nA) for the low-range (high-range) ADCs. The full scales will be kept effective
also for high offset currents, towards the end of the HERA running time, by using
a DAC to remove a pedestal current of up to 5 pA, with a nominal resolution
of 6 pA. The leaky-bucket concept is implemented in programmable hardware.
Furthermore, the gaps of 1.5 us in the HERA bunch train, with no particles
passing ZEUS, will be used to continuously measure the leakage-current offset
during HERA operation. The current signal at the end of every empty-bunch
window is sampled and hold and the sampled signal is integrated over several
milliseconds. The full scale is 100 nA and the design resolution is 1.5 pA. Using
the new readout electronics, the time before an automatic lepton-beam-dump
request will decrease to approximately 10 ms, with a corresponding decrease in
the integrated dose before the dump. The beam-dump signal will be transmitted
via a fibre optic cable. First final versions for the new readout are currently being
tested.

e RadFETs
In addition to the existing 8 RadFETSs, 16 new high-sensitivity RadFETs have
been installed closer to the interaction point: 8 devices at z = —0.5 m, and 8
devices at z = —1.1 m. 4 of the new devices at both z-position will have a
faster readout (=~ 1 s). The new RadFETs are produced with implanted gate
oxide (400 nm oxide thickness) and the initial change in V;;, is approximately
50 mV/Gy [122].
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e TLDs
The insertion system has been improved, such that TLDs can be placed closer to
the interaction point than before, ranging from z = —37cm to z = —140 cm.



Chapter 12

Summary

This thesis has presented a search for isolated leptons in events with large missing
transverse momentum at HERA, covering an integrated luminosity of 130 pb™" at /s =
300 GeV and 318 GeV. Improvements with respect to earlier ZEUS results include an
extended acceptance, a better simulation of the signal and background processes in all
data taking periods and the extension of the search to isolated tau leptons.

The main contribution from the SM to the signature of interest comes from production
of single W bosons with subsequent leptonic decay: ep — eWX, W — ev, uv, tv.
A more precise estimate of this contribution was obtained by reweighting the EPVEC
LO MC simulation with recently published calculations that included NLO corrections
to the photoproduction part of the cross section. The resulting total cross section is
1.0pb (1.2) for /s = 300 GeV (/s = 318 GeV). NC DIS events with large apparent
transverse momentum due to a mismeasurement of the electron or the hadronic sys-
tem contribute as background to the electron channel. The Bethe-Heitler muon-pair
production process leads to isolated muon events in cases where only one of the muons
is detected and a mismeasurement of the hadronic system results in apparent missing
transverse momentum.

Theories beyond the SM that could lead to isolated lepton events were discussed with
emphasis on supersymmetric models. The production of single-top quarks through
FCNC (ep — etX,t — Wb), modelled by an effective theory describing the anomalous
coupling at the tgy- or tqZ%vertex, was chosen as a specific signal process. Isolated
lepton events with large missing transverse momentum from the decay of the top
quark would be characterised by a large value of the hadronic transverse momentum.
Cross-section calculations, including published NLO corrections, and simulations of
this process were performed considering both the photon and Z° exchange for the
production and decay of the top quark.

The selection of isolated leptons started from a generic search for events with isolated
tracks and large missing transverse momentum. Electrons and muons were identified
among those tracks and the resulting preselection was found to be in good agreement
with the expectation from simulated SM processes. In the electron channel, 24 events
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were observed in the HERA I data from 1994-2000, while 20.67;% such events were ex-
pected, mainly from badly reconstructed NC DIS events. In the muon channel, where
the background expectation is dominated by Bethe-Heitler muon-pair production, 12
events were observed, while 11.970:5 were expected. A final selection of electron and
muon events with large hadronic transverse momentum was applied, which has been
optimized to isolate events from the production of single top quarks. No events compat-
ible with single-top quark production were found, while 1.8970:1% events were exptected
from Standard Model processes, mainly from the production of W bosons. The results
were used, in combination with an independent search for single-top production in the
hadronic decay channel of the W boson, to constrain the single-top production cross
section and the anomalous coupling constants ki, and vy,z. An upper limit on the
FCNC coupling ki, of 0.174 at 95% C.L. was obtained, corresponding to a limit on
the cross section of o(ep — tX, /s = 318 GeV) < 0.225 pb at 95% C.L.. This limit
excludes a substantial region in ky,,, which is not ruled out by other experiments.

The search for isolated tau leptons started from the preselection of isolated tracks that
were not identified as either electrons or muons. The tau leptons were searched for in
the hadronic decay modes with one charged particle in the final state. The resulting
pencil-like jets were separated from quark- or gluon-induced jets with an innovative
discrimination technique that made use of a range-searching algorithm to exploit six
variables characterising the internal structure of the jets. Besides single W-boson
production, multi-jet events from CC DIS processes and badly reconstructed NC DIS
events contribute as SM background to the tau channel. Very restrictive selection
requirements had to be applied to suppress this CC DIS and NC DIS background,
which, in conjunction with the reduced efficiency of the tau identification method, lead
to a much lower efficiency than in the electron and muon channel. Three tau candidates
were found, while 0.40%)12 were expected from Standard Model processes, mainly from
charged current deep inelastic scattering and single W-boson production. Following
the strategy of the search in the electron and muon channel, a more restrictive selection
was applied to isolate tau leptons produced together with a hadronic final state with
high transverse momentum, as expected from the decay of a heavy particle. Two
candidate events were found, while 0.20 £ 0.05 events were expected from Standard
Model processes. The Poisson probability to observe two or more events, when 0.20 +
0.05 events are expected, is 1.8%. Due to the lower efficiency in the tau channel and
the negative search results in the electron and muon channel, the two observed tau
events are unlikely to be originating from single-top production or any other process
involving the decay of a W boson, which would lead to a much larger excess in the
electron and muon channel.

The results of the search in the tau channel were compared with the results in the
electron- and muon channel and with similar searches at HERA in the electron- and
muon channel performed by the H1 collaboration. Different scenarios for the origin of
the excess in both the ZEUS tau channel and the H1 electron- and muon channel were
discussed. The combination of all search channels would be most compatible with an
anomalous tau production process with small cross section, which could explain the H1
excess in the electron- and muon channel as originating from leptonic tau decays. The
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anticipated high-luminosity HERA II data will be needed to clarify the origin of the
observed excess in both the H1 electron and muon channel and the ZEUS tau channel.

The sensitivity of the ZEUS searches for isolated lepton events is expected to increase
further due to an improved tracking system including a new Silicon Micro Vertex
Detector (MVD) for the HERA II data taking period. A radiation monitoring and
automatic beam-dump system based on Silicon PIN diodes and Radiation Field Effect
Transistors has been designed and installed in the ZEUS experiment to prevent the
MVD and its readout electronics from radiation damage during HERA operation. It
has been used successfully in the ongoing HERA II commissiong phase to understand
the origin and limit the severeness of high background rates that were observed in
critical phases of the HERA machine cycle.
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Appendix A

Trigger bit definitions

This appendix gives the definitions of the trigger bits used in this analysis.

In the following the indices F LT, SLT and T LT denote that a quantity was recon-
structed at the first, second or third trigger level, whereas the indices FCAL, BCAL
and RCAL indicate the different parts of the calorimeter.

A.1 DST bit 10

The DST bit 10 (B10) is used to select events with reconstructed vertex. B10 is set, if
at least one vertex was reconstructed from tracks in the CTD.

A.2 DST bit 34

The DST bit 34 (B34) is used to select CC DIS events from the data. B34 uses
information from the SLT and TLT.

The DST B34 is set, if the following requirements are fulfilled:

1. ExoTLT(2) V ExoTLT(6) V p(—1ir) > 6 GeV
2. psal > 7GeV

3. Events which satisfy all of the following 8 conditions are vetoed, mainly in order
to reject background from beam gas reactions:

(a) = ExoTLT(2)

(b) ps(—1ir) < 10 GeV
(c) p$ < 25 GeV

(d) ps¥/Er < 0.7 GeV
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A.3 SLT

The branch of the SLT, which aims to select CC events is called ExoSLT(4) and has
the following logic:

(lte] < 7ns ) A (A.1)
(FF"" > 6 GeV) A (ESET(=2ir) > 6 GeV) A (NPT > 1) v (A.2)
(#55" > 9 GeV) A (EFT (—1ir) > 8 GeV) A (Efcay > 20 GeV))), (A.3)

where ¢ is the average calorimeter timing, which is first available at the SLT. The
time-zero is calibrated to the electron-proton interaction time. The terms ’(—1ir)’ or
’(—2ir)’ indicate that the transverse energy is calculated excluding the innermost or
the two innermost rings of FCAL, since the energies deposited in the very forward
region are not sufficiently understood. NE°™T and N2 denote the number of
good CTD tracks and the number all CTD tracks, respectively. For a good track at
the FLT the projection of the CTD hits to the z-direction is required to point to the
nominal interaction point.

A4 TLT

The CC event selection at the TLT is performed by the branches ExoTLT(2) and
ExoTLT(6). The logic for ExoTLT(2) can be expressed as follows:

(FEET > 6 GeV) A (NEPVTET > 1) A .
(|2ZET| < 60 cm) A (Jty — ta] < 8 ns), (A.5)

vtz

where z1L"" indicates the z-position of the CTD vertex. ¢, and t; are the timings mea-

sured in the upper and lower half of the calorimeter. Muons produced in athmospheric
shower induced by cosmic radiation leave an earlier timing in the upper half of CAL
than in the lower half (’earlyness’). They are removed by the timing cut.

The logic of ExoTLT(6) is:

ExoSLT(4) A (|ty, — ta| < 8 ns) A (A.6)
(FEET > 6 GeV) A (NPT > 1) v (EELE; > 10 GeV)) (A7)
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Event displays of electron and
muon candidate events

This appendix presents the two electron events and five muon events, which were
selected in the final single-top selection with a reduced cut on the hadronic transverse
momentum of phadr > 25 GeV.

The energy deposition in the CAL is proportional to the size and density of shading in
the CAL cells. The x-y-view in the lower right corner shows only the energy deposition
in the barrel calorimeter. In the upper right corner a lego plot of the energy deposition
in the CAL is shown for events with sizeable energy deposition in the BCAL. For
events with energy depositions mainly in the FCAL, an x — y-view of the FCAL energy
depositions is shown instead.
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ZR :/ J—
Figure B.1: Muon candidate event (run 31224, event 19966) from an e p inter-

action at /s = 318 GeV in the ZEUS detector.
pSAL = 27 GeV, phadr = 27 GeV, pl. = 6 GeV, ML = 27 GeV.

e —

Figure B.2: Electron candidate event (run 32859, event 53874) from an e p in-
teraction at y/s = 318 GeV in the ZEUS detector.
pSAL = 22 GeV, phadr = 33 GeV, pgt = 26 GeV, MY = 35GeV.
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Figure B.3: Muon candidate event (run 33719, event 5856) from an e*p interac-

tion at 4/s = 318 GeV in the ZEUS detector.
p$AL = 30 GeV, phadr = 30 GeV, pl. = 781 GeV, MY = 1531 GeV.
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Figure B.4: Muon candidate event (run 34348, event 9897) from an e™p interac-

tion at y/s = 318 GeV in the ZEUS detector.
p$AL = 28 GeV, phadr = 28 GeV, ph. = 13 GeV, M¥ = 0.2GeV.
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Figure B.5: Muon candidate event (run 35081, event 34896) from an e*p inter-
action at /s = 318 GeV in the ZEUS detector.
pSAL = 40 GeV, phadr = 40 GeV, pl. = 38 GeV, M¥ = 91 GeV.,

Figure B.6: Muon candidate event (run 35092, event 49609) from an e*p inter-
action at /s = 318 GeV in the ZEUS detector.
pSAL =29 GeV, phadr = 29 GeV, pl. = 8 GeV, ML = 24 GeV.
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Figure B.7: Electron candidate event (run 36544, event 24240) from an e*p in-
teraction at y/s = 318 GeV in the ZEUS detector.
pSAL = 20 GeV, phadr = 30 GeV, pgt = 44 GeV, MY = 57GeV.
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Event displays of tau candidate
events

This appendix presents the three events selected as tau candidates with a value of the
tau discriminant D > 0.95. The energy deposition in the CAL is proportional to the
size and density of shading in the CAL cells. The x-y-view in the lower right corner
shows only the energy deposition in the barrel calorimeter. The arrow in the x-y view
indicates the direction of the missing transverse momentum in the calorimeter, Pr.

196



FEvent displays of tau candidate events 197

|
tau candidate

2

tau candidate

.~ pop

/R

Figure C.1: Tau-candidate 1, with a low value of P%adr, from an e~ p interaction
at v/s = 318 GeV in the ZEUS detector. In the upper right corner an z — y-view
of the FCAL is shown. The tau candidate is visible as a clearly separated cluster
of energy depositions in the FCAL. Selected event variables for all tau candidates
are given in Tab. 9.2.
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Figure C.2: Tau-candidate 2 (upper picture) and 3 (lower picture), with large
values of PRI, from etp interactions at /s = 318 GeV in the ZEUS detector. In
the upper right corner an n — ¢-view of the transverse energy in the CAL is shown.
The tau candidates are visible as clearly separated clusters of energy deposition.
Selected event variables for all tau candidates are given in Tab. 9.2.



Appendix D

ZEUS preliminary results for EPS
2001

The results from a previous search for single-top production in the electron and muon
channel, as performed by another group inside the ZEUS collaboration, were presented
at the EPS 2001 conference [104]. Those results were obtained with a tighter set
of selection cuts and without correcting the CAL energy values for detector effects.
The CAL energy correction leads, on average, to larger values of the global transverse

momenta. Therefore it acts like effectively lowering the selection cuts on p$AY and

p3dr - Ag a cross check, the event selection from the previous analysis was reproduced
by modifying the preselection cuts from section 6.1 according to the main differences

in the two analyses.

For the preselection of isolated electron and muon events, the modified selection cuts
were:

e Cut on uncorrected p3 """ ™ > 20 GeV instead of corrected pS$AT > 20 GeV.

e General requirement for tracks: pit* > 200 MeV (instead of pi* > 100 MeV).

e Cut on the transverse momentum of the isolated track: pifk > 10GeV (instead
of pitk > 5 GeV).

e Cut on acoplanarity: ¢ > 0.20rad (instead of ¢ > (.14 rad).

acopl acopl

To reproduce the final selection of single top-quark candidates, the following cuts were
modified:

e Muon channel: Uncorrected pS™*"""™ > 25 (40) GeV (instead of corrected
paadr > 25 (40) GeV).

e Electron channel: Uncorrected E—p}*°™ > 45 GeV (instead of corrected E—pyz >
47 GeV).
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e Muon channel: ps > 12 GeV (instead of pss > 10 GeV).

e Muon channel: Accept only events with not more than one muon (instead of no
such constraint).

Table D summarises the obtained event yields at three different stages of the selection.
A good agreement between the two analyses was observed, taking into account the
remaining differences in the details of the event selection and the considered background
MC samples. 10 of the electron events and 6 of the muon events from the preselection,
as well as the previously selected electron and muon event at p2*d* > 25 GeV, were in
common for the two analyses.

ZEUS EPS 2001 analysis, 1994-2000 data, 130 pb~'

selection Electrons Muons
stage obs. | SMexp. | from W | obs. | SM exp. | from W
Preselection 10 11.0+1.6 2.7 7 5.4 4+0.7 1.3

phadr > 25GeV | 1 | 1.14£0.06 | 1.10 1 | 1.29+0.16 | 0.95
piadr > 40GeV | 0 | 0.46+0.03 | 0.46 0 |0.50+0.08 | 0.41

Present ZEUS analysis with old selection cuts, 1994-2000 data, 130 pb~*

selection Electrons Muons

stage obs. | SMexp. | from W | obs. | SMexp. | from W
Preselection 11 10.0+ 1.5 2.8 6 5.3+0.3 1.5
ppdr > 25GeV | 1 | 1.884+0.27 | 1.13 2 | 1.63+0.16 | 1.03
phadr > 40GeV | 0 | 0.63+0.08 | 0.46 0 |086+0.12 | 0.61

Table D.1: Event yields for different stages of the event selection. The number of
observed events in the data, the number of expected background events from all SM
processes and the number of expected events from W production are compared for
a previous analysis [104] and for the present analysis with modified selection cuts.
The quoted errors are the statistical errors on the SM background expectation.
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