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Abstract

A search for lepton flavor violation (LFV) processes mediated by leptoquarks (LQs)
is performed with the H1 experiment at HERA. Final states with a muon and a
hadronic jet are searched for in a data sample collected in the period 1998-1999
corresponding to an integrated luminosity of 13.8 pb™* for e~ p collisions and in the
period 1999-2000 corresponding to an integrated luminosity of 66.0 pb=! for etp
collisions both with a centre of mass energy of 319 GeV. No evidence for LFV is
found. Limits are derived at 95% confidence level (CL) on the Yukawa coupling

of LQs to a muon and a light quark, A,,, in the Buchmiiller-Riickl-Wyler effective

Ka>

model, as well as on the branching ratio, BR1,q_,,,, for the LQ decaying to a muon

and a light quark. For leptoquarks with masses far beyond the centre of mass energy

Aeg; Apg;

MZ,

limits at 95% CL are also set on the four fermion contact interaction term,

and compared to the low energy experiment limits.
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Chapter 1

Introduction

HERA is the only collider in the world which produces high energy ep collisions.
These collisions allow one to study the structure of the proton and to test quantum
chromodynamics. It also enables the electroweak sector of the Standard Model to
be tested. Any ep collision is expected to end with an electron or a neutrino in the
final state. A deviation from this expectation might be a sign for lepton flavour
violation. Lepton number is conserved in the Standard Model for massive leptons.
However, there is no clear theoretical reason for this conservation especially since

the conservation is not observed in the neutrino sector.

This thesis presents a search for muons resulting from lepton flavour violation in data
collected between 1998 and 1999 for electrons colliding with protons and between
1999 and 2000 ! for positrons colliding with protons. The centre of mass energy
for both interaction types is 319 GeV.? The corresponding integrated luminosities
are L= 13.8 pb~! and £ = 66.0 pb~! for the e~p and eTp samples, respectively.
A similar search has been performed and published for the 1994-1997 data with a

centre of mass energy of 300 GeV [2]. The results of the new e*p data have already

IData collected up to 2000 are termed HERA I data and data collected after 2000 are termed

HERA 1II data.
2Throughout this thesis natural units are used where h = ¢ = 1.
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been accepted as preliminary by the H1 collaboration and were presented at the

ICHEPO04 conference [1].

One way to check for lepton flavour violation is to search for leptoquarks (LQs)
mediating ep interactions and decaying into a muon or tau in the final state. The
LQs considered here are based on the Biichmuller-Riickl-Wyler model. Any LQ in
this model can be produced resonantly by one interaction type. For masses below
the centre of mass energy any LQ) signature has a clear peak at its mass. Half
of the fourteen L(Q types can be produced resonantly by the e”p interaction and
the other half by the etp interaction. For higher mass LQs only the tail of the
mass distribution which extends below the kinematic limit is visible. For masses
far beyond the kinematic limits (~ 1 TeV) both e~p and e™p collisions can access
any LQ type through virtual exchange. No signal in the data has been found which
indicates lepton flavour violation. Direct exclusion limits have been set for the low
mass region. Limits on the four fermion interaction term have been set on all LQ

types for both interactions.

Thesis Content

The thesis is organised as follows:

Chapter 2 describes the components of the H1 detector relevant to this search.

e Chapter 3 gives an introduction to the Standard Model and describes the
motivations for a lepton flavour violation search. An overview of the theory

relevant to ep collisions is followed by a description of L.QQ phenomenology.

e Chapter 4 introduces the basic selection criteria applied to all subsequent selec-

tions. This is followed by a description of the particle identification techniques.

e Chapter 5 explains the variables used to describe the LQ kinematics after the

first level selection. This selection is dedicated to selecting events with muons.

22



Chapter 6 shows the control plots after applying a second level of selection

dedicated to selecting isolated muons.

Chapter 7 explains the final selections applied to select events containing
muons from LQ decay. Finally, the efficiencies for selecting different LQ types

and masses are presented.

Chapter 8 explains the systematic uncertainties taken into account in the
search and then introduces the limit techniques used to calculate the limits on

the lepton flavour violation process.

Chapter 9 concludes this thesis. Possible future searches are also mentioned.
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Chapter 2

The H1 Experiment at HERA

In this chapter the electron’-proton collider HERA (Hadron Electron Ring Anlage)
at DESY (Deutsches Elektron Synchrotron) in Hamburg is introduced. A brief
description of the HERA storage ring is followed by an overview of the main H1

detector components. The details of the H1 detector components are described

in [3].

2.1 The HERA Storage Ring

The HERA collider consists of two accelerators in an approximately circular tunnel
with a circumference of 6.3 km and at a depth of 10-15 m below the ground surface.
As can be seen in Figure 2.1, electrons are accelerated in the clockwise direction
up to 27.6 GeV and protons are accelerated in the anti-clockwise direction. The
HERA collider was in operation from 1992 until 1997 with a proton beam energy of
820 GeV. In 1998 the proton beam energy was increased to 920 GeV resulting in an
increase of centre of mass energy (y/s) from 300 GeV to 319 GeV.

IThe term electron will be used to refer generically to e~ or et, unless otherwise stated.
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Figure 2.1: The HERA accelerator with all four experiments (left) and an enlarged
view of the PETRA pre-accelerator complex (right).

The electron and proton beams collide in two interaction regions located at the
North and South Halls. Around these interaction regions the H1 (North) and ZEUS
(South) experiments are installed to study ep collisions. In addition, two fixed target
experiments called HERMES and HERA-B are located in the East and West halls
respectively. The HERMES experiment utilises the polarised electron beam and
collides it with polarised gas targets (Hy, Dy, He) to investigate the spin structure
of nucleons (protons and neutrons). The HERA-B experiment was built to investi-
gate charge-parity (CP) violation in B°B° pairs formed from the interaction of the
proton beam halo with nucleons of a tungsten wire target.

Figure 2.1 shows the different experiments described above and the PETRA pre-
accelerator complex where both beams are initiated, accelerated and accumulated
before they are injected into the HERA main accelerator. Each beam is made up of
220 bunches containing 10° to 10 particles each and crossing every 96 ns at the in-
teraction points. Of the total 220 bunches only ~ 175 are used in collisions whereas

the remaining bunches, called pilot bunches, are employed to study background rates
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induced by the interaction of the beam with the beam pipe, the so-called beam-pipe
interaction, or with the residual beam gas, called beam-gas interaction.

A positron beam (e*) was used in the period 1994-97. In 1998 HERA operated with
an electron beam (e~). Between summer 1998 and autumn 2000 positrons were
again collided with the protons.

From September 2000 until July 2002, HERA operation was stopped for an exten-
sive upgrade of the accelerator and the experiments. The aim was to upgrade the
luminosity and hence the focusing of the beam currents in the interaction region was
increased. To achieve this, superconducting quadrupole focusing magnets were in-
stalled within the H1 and ZEUS detectors. In addition, spin rotators were installed
before and after the interaction region to provide a longitudinally polarised electron

beam.

2.2 The H1 Detector

The H1 detector, situated in the North Hall of the HERA ring, is a multi-purpose
detector to study many aspects of high energy electron-proton scattering. It weighs
~ 2800 tonnes and measures roughly 12m x 10m x 15m. A 3D cut-away view of
the H1 detector is shown in Figure 2.2. Protons enter the detector from the right
and electrons from the left and the two beams are focused to meet each other at
a point known as the interaction point (IP). Since the proton beam enters with an
energy much higher than the electron beam, the centre of mass energy of the ep col-
lision is boosted along the proton direction. Therefore, the detector design is very
asymmetric and more highly instrumented in the proton direction. In addition, the
H1 detector provides almost complete coverage in solid angle (47) around the inter-
action point to enable the detection of particles produced from the ep interaction.

The main acceptance loss comes from the beam pipe.

To detect particles produced from the interaction, several instruments surround the
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Figure 2.2: A 3D cut-away view of the H1 Detector

beam pipe. Around the interaction point lie the tracking detectors which consist
of central and forward tracking systems each with drift chambers and proportional
chambers. The tracking detectors are surrounded by the liquid argon calorimeter
(LAr) consisting of the electromagnetic and hadronic calorimeters, which are used
to identify electrons and hadrons respectively. The calorimeters are also employed
to measure the energy and position of neutral and charged particles by absorbing
the energy of almost all incident particles. A side view of the H1 detector shows

that the LAr has a horse-shoe shape in order to contain particles boosted in the
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proton beam direction. The LAr is surrounded by a superconducting solenoid with
a diameter of 6 m and length of 5.75 m to provide an almost uniform magnetic
field of 1.15 T parallel to the beam axis. This allows the measurement of particle
momenta from their radius of curvature and charge from the direction of curvature.
The whole detector is encased in a layer of instrumented iron to provided the re-
turn yoke for the magnetic field. The iron return yoke is laminated and filled with
streamer tubes to measure hadronic energy leakage from the LAr. Muon tracks are
also identified and their direction measurement is achieved by these streamer tubes.
An additional detector outside the iron containing a toroidal magnet sandwiched
between drift chambers is used to identify muons boosted in the forward direction

with respect to the proton beam.

2.2.1 The H1 Coordinate System

Points within the H1 detector are described using a right handed Cartesian coor-
dinate system with the nominal interaction point defined as the origin, +z point-
ing towards the centre of the HERA ring, +y pointing vertically upwards and +z
pointing in the direction of the incoming proton beam (also know as the “forward”
direction). The (x,y)-plane is referred to as the transverse plane. The polar angle ¢
is defined with respect to the proton beam direction so that & = 0° is in the proton
direction and # = 180° is in the electron direction (also know as the “backward”

direction). The azimuthal angle, ¢ = 0°, points along the z-direction.

2.3 Tracking

The tracking system of H1 was designed to give an accurate measurement of the
transverse momentum of charged particles below 25 GeV. It also helps in separat-

ing very closely spaced charged particles inside jets of hadrons. Its main task is to
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provide track triggering, reconstruction and particle identification and it covers the
angular range 5° < 6 < 178° with full azimuthal angular acceptance.

Measurement of the track of charged particles through the detector is made using
three different types of tracking detectors: Drift chambers to provide an accurate
reconstruction, multiwire proportional chambers (MWPCs) which are used for trig-
gering because of their fast read out time and silicon strip detectors which aid the
identification of primary and secondary vertices and track measurement at high po-
lar angles.

Drift Chambers consist of cells which are filled with gas and contain anode sense
wires and cathode field wires. A nearly uniform electric field is created by applying
a high voltage to the cathode. When a charged particle passes through the chamber
the ionised electrons in the gas drift towards the anode wires whereas the positive
ions drift toward the cathode wires. The drift occurs at a nearly constant speed
known as the drift velocity. Near the anode wires the electric field is greater and
hence as the electron approaches the wire secondary collisions with the gas atoms
are induced releasing more electrons. This avalanche of electrons induces a current
and hence a pulse along the wires. Using the information of the pulse timing and
the drift velocity the original position where the initial ionisation took place can be
calculated.

MWPCs are similar to drift chambers except that they consist of many closely
spaced anode wires lying between cathode wires. When a charged particle passes
through the gas the gas atoms are ionised. Because the anode wires are closely
spaced the electrons drift towards the closest anode wire and as a consequence
secondary ionisations are induced due to the high field strength and the electron
collisions. The signal received is proportional to the initial ionisation. The readout
pads are located around the outside of the cells and form the cathode. Because the
signals received on the anode wires have a fast read out time, O(10 ns), they are

used for triggering.
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Figure 2.3: A longitudinal view of the H1 tracking system.

The tracking system of H1 is shown in Figure 2.3. As previously mentioned (Section 2.2)
the whole system is contained within the magnetic field of the solenoid which enables
the momentum measurement of charged particles. The tracking detector is divided
into two regions: the central (CTD) and forward (FTD) track detectors to maintain
good efficiency for triggering and reconstruction since the particles generated from
the ep collisions are not symmetrically distributed in z around the interaction point.
Both these detectors contain drift chambers and MWPCs. As shown in Figure 2.4,

the central region around the beam pipes contains the following detectors:

e Central Inner Proportional Chambers (CIP).
e Central inner z-Chamber (CIZ).
e Central Jet Chamber 1 (CJC1).
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e Central outer z-Chamber (COZ).
e Central Outer Proportional chamber (COP).

e Central Jet Chamber 2 (CJC2).

(em]
80 Al tank
70 Central jet chamber 2 (CIC 2)
(60 cells, 32 sense wires each)
60 Carbon fibre cylinder
Outer MWPC (COP)
S0 (2 layers, 1574/1615 wires, 2x288 pads)
40 Outer z-chamber (C0Z)
(24x4 sense wires)
30 Carbon (ibre cylinder
Central jet chamber | (CIC 1)
20 (30 cells, 24 sense wires each)
Carbon (ibre cylinder
10 Inner z-chamber (CIZ)
(15x4 sense wires)
0 Inner MYPC (CIP)
(2 layers, 2x480 wires, 2x480 pads)

Beam pipe

(cm]

Figure 2.4: A transverse view of the H1 central tracking system.

The Backward Drift Chamber (BDC) provides extra track reconstruction in the

backward region.

2.3.1 The Central Track Detector

The CTD cover a polar angular range of 15° < # < 165°. In this section a detailed

description of the CTD is given.
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The Central Proportional Chambers

The CIP and COP [4] are multiwire proportional chambers, each consisting of two
layers. The sense wires of the CIP and COP run parallel to the beam-pipe. Their
main purpose is to deliver fast timing signals which are used for fast trigger informa-
tion about tracks coming from the nominal interaction vertex. Their time resolution

is 21 ns obtained from test beam studies.

The Central Jet Chambers

The main detectors in the CTD are CJC1 and CJC2 [5]. Both chambers have a
length of 2.2 m. These are drift chambers with anode sense wires parallel to the
beam axis resulting in a best measurement of tracks in the r — ¢ plane. The wire sig-
nal induced by a charged particle allows a resolution measurement of 0,4 = 140 pm
whereas the measurement of z by sampling the pulse at both ends of the wire using
the charged division technique [6] yields a coarse resolution of o, = 2.2 cm. The
CJC1 (CJC2) is divided into 30 (60) cells with 24 (30) sense wires in each cell. Each
cell is tilted by 30° with respect to the radial line. This ensures that in the pres-
ence of the magnetic field the electrons drift approximately perpendicular to stiff,
high momentum tracks which originated from the IP. The electron is subject to two
forces due to the electric and magnetic fields and hence it is deflected due to the
magnetic field from the path of the electric field lines. This deflection angle is called
the Lorentz angle. The drift velocity direction of the electron is never far from per-
pendicular to the track. Each stiff track will then cross at least one of the cells. By
connecting track segments of different cells, spatial drift chamber track reconstruc-
tion ambiguities are avoided. Two potential wires are placed between two adjacent
sense wires to reduce the possibility of cross-talk between neighbouring sense wires.
In addition, tracks coming from different bunch crossings can be distinguished from

the time the drifting electrons take to reach the wire plane, which is around 50 ns.
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To eliminate left-right ambiguity of track segments the sense wires are staggered off

the sense wire plane by 150 pm.

The Central z-Chambers

As is shown in Figure 2.4 the CIZ [7] fits inside CJC1 and the COZ chamber fits
between CJC1 and CJC2. CIZ and COZ cover the polar angular range range 16° <
f < 169° and 25° < 0 < 156° respectively. The CIZ is a 16 sided polygon with 15
cells and the COZ forms a 24 sided polygon with 23 cells. In contrast to the CJCs,
the sense wires in the z-chambers are perpendicular to the beam axis to provide a
better resolution of 300 ym in the z-coordinate measurement than that obtained

from the charge division method used in the CJC.

2.3.2 The Forward Tracker Detector

The Forward Tracker Detector (FTD) [8] depicted on the left hand side of Fig-
ure 2.3 covers the polar angular range 7° < # < 25°. It consists of three identical
supermodules. Each supermodule is composed of: Planar Drift Chambers, MWPCs,
Transition Radiators and Radial Drift Chambers. Details of the FTD supermodule
components are pictured in Figure 2.5.

Each supermodule contains three adjacent planar drift chambers located closest to
the central trackers because of their homogeneous spatial precision in x and y which
is suitable for linking to tracks in the centre. The wires run parallel to each other
and perpendicular to the beam pipe. Each planar chamber contains 32 cells, each
containing 4 wires staggered alternately by 300 um each side of the median plane of
the cell. The Planar Drift Chambers are rotated at 60° to each other.

The Forward MWPCs (FMWPCs) are mounted directly after the planar drift cham-
bers and provide fast triggering in the forward region. The Radial Chambers are

located after the Transition Radiators and are divided into 48 sectors each having
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Figure 2.5: A longitudinal view of the FTD (top). A transverse view of the FTD

showing all its components (bottom).

12 sense wires staggered alternately by 287 pum each side of a plane bisecting the
sector. The wires are strung perpendicular to the beam pipe and radiate outwards
from it. Photons produced in the Transition Radiator section are detected in the
Radial Chambers. Twelve accurate space points from ionisation drift timing are
produced by the Radial Chambers and the charge division method is used since
the signals are read out at both ends of the wires. This provides accurate r — ¢

information and radial measurements.
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2.3.3 The Backward Drift Chamber

The BDC [9] was installed after an upgrade in 1995 and is mounted between the
SpaCal and the CTD. Its main purpose is to provide accurate track reconstruction
in the backward region especially for electrons with high polar angles. The BDC
is composed of 8 layers each divided into octants and each octant contains 32 drift
cells. Each of these cells contains 32 wires strung perpendicularly to the beam pipe

axis to give an accurate z-coordinate measurement.

2.4 Calorimetry

All calorimeters in H1 have the same detection principle. They are all sampling
calorimeters and consist of a series of absorbing (passive) layers interleaved with
sampling (active) layers. They were designed to provide a clear identification and
precise measurement of electrons, muons, neutral particles and jets with high parti-
cle density.

When a high energy particle enters an absorbing layer it undergoes multiple in-
teractions with the atoms in the layer. This results in secondary particles which
interact, in turn, with the next passive layer. Hence, a shower of charged particles
is generated through these processes which continues into the active layers. This
process continues as the high energy particle passes through the subsequent passive
layers until it dissipates its energy through the shower. Charged particles within
the shower ionise the constituent atoms in the active layers. Energy produced from
this ionisation can be read out as a signal which is proportional to the energy of the
original incident particle.

Electrons and photons lose their energy by electromagnetic interaction with the
constituent atomic electrons of the absorbing layer. The development of an elec-

tromagnetic shower occurs via two processes: bremsstrahlung and pair production.
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The resulting shower contains electrons, positrons and photons. The longitudinal
progress or the characteristic amount of matter traversed by the shower is called
the radiation length, X,. It is defined as the mean distance over which an electron
loses all but 1/e of its energy or 7/9 of the mean free path of a photon which pair
produces electrons.

Hadrons interact with the nuclei of absorbing layers elastically or inelastically. The
shower contains pions produced in the nuclear interaction which decay into photons
decaying electromagnetically. This is characterised by a sharp peak near the decay
interaction point. The secondary charged hadrons are mainly 7*-mesons and they
interact inelastically giving rise to a broader shower shape.

The characteristic length for the hadronic shower is the nuclear interaction length
of the absorbing layer, \; =~ 35A%, where A is the atomic weight of the layer. This
is much larger than the radiation length for the same material resulting in a slow
hadronic cascade development compared to the electromagnetic one.

Within H1 there are 4 different calorimeters which together provide a complete solid

angle coverage around the interaction point. These are:

The Liquid Argon (LAr) Calorimeter which covers the forward and central

regions.

The Spaghetti Calorimeter (SpaCal) covering the backward region not covered
by the LAr.

The Plug Calorimeter covering the forward part between the LAr and the

beam pipe.

The Tail Catcher (TC) situated within the iron return yoke.

Details of each of these calorimeters are given in the following sections.
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2.4.1 The Liquid Argon Calorimeter

The LAr [10] Calorimeter is the principal component in the calorimetry system in
H1. Its main function is to detect electrons, photons and hadronic final states. It
covers an angular range of 4° < § < 153°. It is a sampling calorimeter with liquid
argon being the active medium. All the constituents of the LAr are incorporated in
a cryostat to keep the argon cooled in a liquid form.

The LAr is composed of two sections, an electromagnetic calorimeter where lead is
used as a passive layer formed from 2.4 mm thick plates interleaved with a 2.35 mm
gap filled with liquid argon, and a hadronic calorimeter where 19 mm thick plates
of stainless steel forming the passive layer are separated by a double gap of 2.4 mm
liquid argon. The read out pads are within the liquid. Around 30% of the hadronic
energy is lost due to nuclear excitation [11]. This is accounted for by software tech-
niques [12].

The LAr is segmented along the z-axis into eight sections called “wheels” as shown
in Figure 2.6 (top). Each of these wheels is divided in 7 — ¢ into eight octants,
(Figure 2.6 (bottom)). The small regions between wheels and octants contain dead
material and are referred to as “cracks”. The wheels are named according to their lo-
cation along the z-axis; BBE (Backward Barrel Electromagnetic Calorimeter), CB1,
CB2, CB3 (Central Barrel Calorimeter), FB1, FB2 (Forward Barrel Calorimeter),
OF1, OF2 (Outer Forward Calorimeter), IF1 and IF2 (Inner Forward Calorimeter).
All of these wheels contain both electromagnetic and hadronic calorimeters except
the BBE which is only an electromagnetic calorimeter. The plates are arranged in a
perpendicular orientation to the beam pipe in the backward and forward region and
parallel to the beam pipe in the central region. This is to ensure that the incident
angle of particles from the ep interaction on the absorber plates is always greater
than 45°. The LAr is highly segmented into 45000 cells resulting in a fine granularity,
which allows for a precise spatial and energy measurement. The depth of the elec-

tromagnetic (hadronic) section is ~ 30X, (8);) in the forward region and =~ 20X,
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Figure 2.6: A longitudinal view of the LAr (top). A transverse view of the LAr

showing all eight sections (bottom).

(5);) in the backward region. Test beam measurements revealed that the energy res-

. . . . . O-_E — 012
olution of electrons in the electromagnetic calorimeter is % JEiGe @ 0.01 [13]

and of pions in both calorimeters is 22 = —220_ @ (.02 [14].

\/ E/GeV

2.4.2 The SpaCal

The SpaCal [15], meaning Spaghetti Calorimeter, complements the LAr in the back-

ward region and covers the polar angle range 153° < # < 177.8°. Its main purpose is
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to measure electron angles and energy efficiently in the backward region. It consists
of two sections: electromagnetic and hadronic, each having lead absorbers embedded
with scintillating fibers as the sampling material. Light produced in the scintillating
fibers due to particle showering in the lead is carried via light guides to photomul-
tipliers where the light signal is read out with a time resolution of 1 ns. This time
resolution allows the SpaCal to be used for veto purposes against out of time induced
backgrounds (Section 2.6). The depth of the sampling material in both sections is
250 mm corresponding to 28 X, or 1);. The signals from the electromagnetic section
are read from 1192 individual channels and those from the hadronic section are read
from 136 channels. The resolution of the energy measurement of the electrons in the

electromagnetic part is 22 = \/% @ 0.01 [16] and 22 = 28— @ 0.04 [17]

E \/E/GeV
in the hadronic part, obtained from test beam measurements. The hadronic re-
sponse for the combined sections is established from a charged pion beam and is

78 = 30%,/ o [18].

2.4.3 The Plug

The Plug [19] Calorimeter is installed within the instrumented iron in the forward
region of the detector. It covers the angular range 0.6° < € < 3.5° and absorbs
the hadrons between the beam pipe and the LAr. The Plug is composed of nine
copper absorbing plates interleaved with eight sensitive layers of silicon modules
acting as active layers where the signals are read out. The Plug energy resolution
is 28 = \/% This resolution is poor due to dead material in front of the
calorimeter and shower leakage. The Plug can be used as a veto against beam gas

and beam wall background (Section 2.6).
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2.4.4 The Tail Catcher

The iron return yoke is instrumented with sixteen limited streamer tubes (LST) [20].
Eleven of these are equipped with read out electrode pads and are used to measure
the hadronic energy leakage out of the LAr and the SpaCal. The layout of one
of these layers is shown in Figure 2.7. The LSTs are filled with gas and contain
a single sense wire. They are fitted with cathode pads perpendicular to the wire
running through the centre. The ten iron plates (shown in Figure 2.8) act as the
absorbing material. When a charged particle resulting from an interaction in the
iron passes through the gas in the tube, due to the high electric field a discharge is
caused called a streamer. This in turn results in a current in the read out pads. The
remaining five of the sixteen layers are used for muon detection (section 2.5). The
1.0

. : : on _
energy resolution of the tail catcher is found to be 2 Taiev from test beam

measurements. The pads provide a coarse spatial resolution of 10 cm.

Pads (Endcap: 28x28cm)
(Barrel:  40x40cm)

or strips perpendicular to the wires, 1.5mm phenol impregnated paper
Al bar 17mm wide with 3mm gap covered with 35um Cu on both sides Ground

lomm

9Imm

-

basic profile, painted
silver coated with low resistivity
Al plate Imm Cu-Be-wire, 100pm graphite paint high resistivity cover

gas tight element with 2x8 cells 166.6mm

Figure 2.7: One layer of LST in the Tail Catcher. A single wire is pictured in the
middle of each tube.
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2.5 Muon Detection

Muons barely interact with nuclei and are barely affected by bremsstrahlung and
therefore escape the LAr. Muon detection is performed outside the main detector

and is divided in two regions: central and forward.

N
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Figure 2.8: A transverse view of the Instrumented Iron (top) and its structure

showing the pads and strips used in the hadron and muon detection (bottom).
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2.5.1 The Central Muon Detector

Muon detection in the central region benefits from the instrumented iron yoke of the
solenoid in the range 5° < 6 < 171°. Figure 2.8 illustrates the configuration of the
muon detection in the instrumented iron. As mentioned in the previous section five
LSTs [21] are used for this purpose. These LSTs are fitted with thin metal strips
which are perpendicular to the wire running through the centre. These strips are
used for the read out signal instead of the cathode calorimeter pads used in the tail
catcher as can be seen from Figure 2.8. At both sides of the return yoke three LSTs
are located, two of which are strip type and one is a pad LST. The fifth one is in the

middle of the iron return yoke. The strips provide a spatial resolution of 10-15 mm.

2.5.2 The Forward Muon Detector

It is difficult to link possible muon tracks between the FTD and the central muon
system in the forward region due to high track multiplicities. The Forward Muon
Detector (FMD) [22] can discriminate between muons coming from the nominal
interaction point, beam halo (see next section) and cosmic muons. It consists of three
double-layered drift chambers on each side of a toroidal magnet with a magnetic
field of 1.5 T. Figure 2.9 depicts a side view of the FMD. All sense wires are strung
perpendicular to the beam pipe. The angular coverage of the FMD is 4° < 6 < 17°.
At this low angle the main H1 solenoid has little effect on the muons. The FMD
toroid bends the muons in the forward region and hence their momenta can be
measured from the angles before and after interacting with the toroidal magnet.
Muon momenta in the range 5 < pr < 200 GeV can be measured with the FMD.
The lower limit is due to the energy absorption of the muons by the toroid and the
detector components traversed between the IP and the FMD. Muons with pr greater
than the upper limit are measured with poor resolution since the muons are barely

affected by the magnet, resulting in high errors in the momentum measurements.
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712

Figure 2.9: (a) A side view of the FMD system with its drift chambers and the
toroidal magnet. (b) A theta chamber of the FMD. (c) Particle passage through

two different cells.

Momentum measurement in the FMD independent of the FTD reduces the wrong
track linking probability in the forward region. The spatial resolution of the FMD
is 250 pm.

2.6 The Time of Flight System

The time of flight system [23] is comprised of plastic scintillators placed at various
locations around the H1 detector in the backward and forward regions to reject

beam induced background events. The rejection of these events is based on their
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timing information and the fact that the arrival time of particles originating from
background interactions is earlier than the arrival time of particles originating from
the nominal interaction point to these ToF scintillators. The rate of these back-
ground events is studied from the non-colliding pilot bunches.

ToF scintillators are placed as shown in Figure 2.10: within the backward iron end-
cap (BToF), within the SpaCal (SToF), within the Plug (PTOF) (end of Section
2.4.3) and within the FMD (FToF). Beam induced background includes: beam gas,
which is due to the inelastic collision of the proton beam with residual beam gas;
beam wall, which is caused by the interaction of the proton with beam pipe wall;
and beam halo muons originating from the interaction of the proton beam with the
residual gas or hardware outside the H1 detector. The top and bottom of Figure 2.11
show beam gas and beam halo event displays respectively. Beam halo muon events
are rejected using two large veto wall scintillators outside the iron. LVeto is located

at z = —6.5 m and SVeto at z = —8.1 m as shown in Figure 2.10.

o
[=]H

,,,,,,, 1%

Figure 2.10: The location of the ToF scintillators and Veto Walls.
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Figure 2.11: Beam gas (top) and beam halo (bottom) event displays.
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2.7 The H1 Luminosity System

The luminosity measurement [24] is an essential part of the ep collisions in order
to calculate cross sections precisely. Two methods are employed in determining
the luminosity measurement both of which are based on the precisely known cross

section of the Bethe-Heitler process [25]:

ep — eyp

The first method is used online in which both electron and photon must be detected.
Since the angular distribution of both these particles is strongly peaked in the elec-
tron beam direction, the luminosity system is situated in the backward region. This
system is composed of two parts, shown in Figure 2.12 : the electron tagger (ET)
located at z = —33.4 m and the photon detector (PD) at z = —102.9 m. Both

detectors are segmented TiCl/TiBr crystal Cerenkov counters with a depth of 22

ot : op _ __0.10
radiation lengths and a resolution of % NG @ 0.01. A set of quadrupoles
are used to deflect the scattered electron so that it leaves the system at z = —27.3 m

through an exit window to be detected by the ET. The main background for the
Bethe-Heitler process is the interaction of the incoming electron with the residual

beam gas:

eA — evA.

This can be evaluated from the pilot bunches and is reduced by requiring that the
sum of the detected photon and electron energy is not far from the electron beam
energy.

The second offline method only demands the number of photons to be detected
above a certain threshold energy and is used in physics analysis. In the online
method the uncertainty comes from different acceptances of the ET due to different
beam conditions. By using the offline method (second method) this problem is not

encountered.
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Figure 2.12: The H1 Luminosity system.
2.8 The H1 Trigger System and Data Acquisition

The main purpose of the trigger system is to select ep interactions and to reject
background, since the background rate is up to a factor of 1000 higher than the ep

interaction rate.

The rate of ep bunch crossings is 10.4 MHz and the maximum rate of event writing
to tape is only 10 Hz which makes the reduction of the background events such as
beam wall, cosmic or beam halo muons and uninteresting physics events very im-
portant. In addition, the rate of detector response to physics events is about 100 Hz
which is much lower than the bunch crossing frequency. To combat these difficulties
the trigger system was designed as shown in Figure 2.13.

At each bunch crossing all subdetectors send trigger information to the First Level
Central Trigger Logic (CTL1) [26] called trigger elements (TEs). The first level
consists of 200 TEs which are logically combined into 128 sub-triggers designed to

trigger on interesting physics processes and to act as monitor triggers for background
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Figure 2.13: A schematic view of the H1 trigger system.

efficency studies. The maximum time allowed for the TE to reach the CTL1 equals
22 bunch crossings (&~ 2.1 us) and a time of 2 bunch crossings is needed for the CTL1
to take a decision. Because the rate of bunch crossings is higher than that of the
trigger decision time, all subtriggers and TEs from subsequent bunch crossing are
stored in the so-called pipeline. If the decision of a subtrigger is set then a L1Keep
signal is sent to all subdetectors and, hence, the pipelines of all subdetectors are
stopped and dead time, during which no more TEs are kept in the pipeline, starts
although all information from subsequent bunch crossing is kept in the pipeline oth-
erwise. For common physics processes a technique of prescaling is applied in which
a fraction of these events are accepted by the CTL1. If the prescale is p then 1
event out of p events is kept. This is to ensure that the trigger system does not only
record common processes and ignores the rare events.

The second level (L2) of the trigger system starts once the pipelines are halted. The
L2 trigger system consists of two components: the Topological Trigger (L2TT) [27]
and the Neural Network trigger (L2NN) [28]. The decision time for this level is
20 ps. This time is used to verify the L1 decision by a combination of signals from
different subdetectors. L2TT employs pattern recognition, using a 2D projection

of an event in # and ¢ whilst L2NN uses neural network techniques. Thus, the L1
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trigger is revalidated using additional information that was not sent to the CTL1
because of insufficient time. If an event is rejected by L2 the pipelines are cleared
and deadtime ends. L2 helps in reducing the prescales of some high rate L1 subtrig-
gers.

Level four (L4)? is used to reconstruct events partially . This is achieved by 30
parallel processors providing more detailed reconstruction and selection of tracks
and clusters. They require 100 ms to achieve the reconstruction and to store per-
manently to Production Output Tapes (POTSs) containing both the raw and recon-
structed event information.

Level five (L5) is employed offline and performs a full event reconstruction and classi-
fication into different physics events classes using the HIREC [31] software package.
Another storage method is achieved on Data Summary Tapes (DSTs) which is a
simplified version of the POT. Typically DSTs are used for physics analysis.

2.9 Detector Monte Carlo Simulation

To understand the detector response to physics events a detailed simulation of the
H1 detector is produced using the H1SIM [29] package based on GEANT3 [30].
Details of location, geometrical acceptance and intrinsic resolution of each detector
component are implemented.

To compare physics models to the experimental data a Monte Carlo (MC) technique
is applied based on random numbers and probability distributions. Physics processes
are generated by different software packages. Final states of these processes are
produced using all relevant Feynman diagrams and parton distribution functions
(next chapter). All particles and final states of jets are described by four-vectors.
Up to this level of simulation the information is termed “Generator level”. The

measurement of the physics model outcomes predicted from the theory should be

2Level three (L3) is implemented as part of the HERA II upgrade.
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very similar to what we are able to measure using the detector. The H1 detector
is simulated using the H1SIM package and then a full reconstruction of the event
is implemented using the HIREC software in the same way as the real data. This

level is termed the “Reconstructed level”.
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Chapter 3

Theoretical Overview

This chapter details the theory behind the work in this thesis. A brief introduction
to the Standard Model is followed by an overview of the main physics interactions
studied at HERA describing their theoretical basis and the kinematic variables. The
motivation of this analysis is introduced and the concept of lepton flavour violation
via leptoquark exchange particle is explained. A brief description of the background
processes which mimic the lepton violating signal and their Monte Carlo generators

concludes this chapter.

3.1 Standard Model

The Standard Model (SM) is a theoretical framework which describes the elementary
particles and their strong, weak, and electromagnetic interactions in terms of “gauge
theories”. A gauge theory is a theory that possesses invariance under a set of
transformations whose parameters are space-time dependent (local transformations).
The SM only incorporates these three forces leaving the gravitational force because
of its weakness compared to the others.

In the SM, the forces between the elementary particles which are called fermions,
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1st gen. 2nd gen. 3rd gen. (@, colour weak isospin spin

left-hd. right-hd.

Quarks u c t +2 1bg 10 :
s b —% r,b,g 20 :

Leptons Ve vy, Vr 0 — % — %
A S boo

Table 3.1: Fundamental fermions in the SM

are represented by the exchange of gauge vector particles called bosons. These gauge
bosons are related to the gauge symmetries of the field theories. The SM is invariant

under the following group:

which describes the electromagnetic, weak and strong interactions of the elementary
particles. The weak and electromagnetic (electroweak) interactions are unified in
the gauge group SU(2); x U(1)y. This symmetry is spontaneously broken: the
bosons of the weak interaction are massive with masses 80.43 GeV and 91.19 GeV
for the W and Z bosons, respectively. On the other hand, the photon, mediating
the electromagnetic interactions, is massless. The strong interaction described in the
first term in Eq. 3.1 is a colour gauge symmetry interaction mediated by one of its
8 massless gluons. All these mediating particles are vector gauge bosons possessing
spin 1. The fundamental fermions are the quarks and the leptons each possessing
spin 1/2 and grouped into families or generations. Together the groups of fermions
and gauge bosons of the SM form the basis for all matter in the universe and are

listed in Tables 3.1 and 3.2.

In addition to the gauge symmetry, there exist a number of internal symmetries in

the SM which hold only approximately. For instance [32],
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force boson Qem  Mass(GeV) JP  related group

strong 8 gluonsg 0 0 1~ SU3)¢c
electromag. 0 0 0 1= SU@2)xUQ1)y
weak W +1 80.41 1 SU@2).xUQ)y
20 0 91.19 1~ SU@) xU(l)y

Table 3.2: The fundamental gauge bosons in the SM. Q. is the electromagnetic
charge, .J in J¥ is the spin of the particle and P is the parity.

e energy(F), momentum(p), angular momentum(L), charge(Q), colour, baryon
number (B) and lepton numbers (L., L,, L.) are conserved physical quantities

in all interactions;

e the parity (P) and charge (C) are conserved in the strong and electromagnetic

interactions but not in the weak interaction;

e the lepton and quark flavours are conserved in all interactions except the
charged current (section 3.2.3) of the weak interaction which transforms one

type of quark into another type and one type of lepton into another.

Therefore, conservation laws do not apply to all interactions. So far, within the
limits of today’s high energy physics experiments, observations are successfully con-
sistent with the SM predictions. The SM has 19 free parameters whose values are
to be determined by experiment. Contemporary experiments allows us to probe the
SM with an accuracy down to a length scale of 107!8 m. However, there are some
fundamental questions that the SM does not answer. For example the reason of the
existence of three families of lepton and quarks, the matter-antimatter asymmetry
and the gravitational force. Hence, there are many suggestions that a theory which
describes the matter and interactions in the universe more rigorously is required.

Thus, the SM is considered to be an approximation and deviations from the SM
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may be considered to be a signal for this more general theory.

As mentioned above, the flavour quantum numbers of quarks are not conserved in all
interactions. By contrast, lepton flavour was believed to be individually conserved
in each generation. This was based on the assumption that the three neutrinos are
massless. However, since 1998 [33], there is strong evidence that neutrino flavours
oscillate and therefore must have non-vanishing mass. This in turn allows for lep-
ton flavour violation (LFV) within neutrinos of different generations. On the other
hand, no direct evidence for LF'V within the charged massive leptons (e, i, 7) has
so far been observed.

At HERA electrons collide with protons. Since leptons are directly involved at
HERA experiments, the deviation from lepton flavour conservation law at high en-
ergies can be investigated. Any observation of a LFV process would be a clear

indication of physics beyond the SM.

3.2 Deep Inelastic Scattering

At the end of the nineteenth century it was believed that matter consists of atoms
which were considered to be the fundamental building blocks of matter, and positive
and negative charges were evenly distributed amongst them. In 1911 Rutherford col-
lided « particles with a thin gold foil [34]. He observed a deflection of some positive
« particles from their original path and the bounce back of others. From the results
of this experiment he concluded that matter consists of atoms whose centres are
occupied by a positive constituent. This constituent was called the nucleus and the
scattering of the « particles off the nuclei was causing their deflection. These nuclei
were later found to consist of protons and neutrons. In 1956 Hofstadter studied
the scattering of electrons from a hydrogen target and concluded that protons and
neutrons have finite size.

The fixed target high energy experiments at SLAC in the late 1960s used an elec-
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tron beam scattered off nucleons [35]. The observed polar angle distribution of the
scattered electrons was dependent only on the square of the four momentum of the
mediating boson (which is the photon) and independent of the different values of the
momentum fraction of the proton which can only be explained by assuming point-
like constituents within the proton. These constituents were later called quarks.
The early deep inelastic scattering (DIS) experiments helped to establish the quark
picture of hadrons.

Today the DIS experiments at HERA allow a deeper insight into the proton and
this gives an opportunity to study the dynamical picture of the proton, measure its
particle content over a huge kinematical range and to test the predictions of the SM,
especially the part which describes the quark and gluon interaction, i.e. Quantum
Chromodynamics (QCD). With the available high energies one also can search for
potential physics beyond the SM .

3.2.1 Kinematics

In DIS at HERA, an electron e having four momentum £ interacts with a proton
P with four momentum p via the exchange of a 7 or Z in a neutral current (NC)

interaction of the form

7
efP — et X,

or via the exchange of a W¥ in a charged current (CC) interaction of the form

e P—v.X
etP =, X

where X corresponds to the final state system of the hadronic particles. In the case

of CC the e~ converts into a neutrino v, and the et converts into an antineutrino
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.. The kinematics of the above processes can be described using combinations of

the four vectors.

The set of variables commonly used to describe the kinematics of DIS consists of

Q= —¢ =—(k-k) (3.2)
Q2

y = % (3.4)

w2 = (p+q)° (3.5)

s = (k+p)® ~ 4AE.E, (3.6)

p (p") X p (p") X

Figure 3.1: Left: NC process. Right: CC process. In the NC process the elec-
tron scatters with momentum &’ and the exchanged boson is a photon or Z. The

exchanged boson in the CC process is W and the scattered particle is a neutrino.

Figure 3.1 shows typical NC and CC processes with the four-momenta of the in-
teracting particles. In the above equations k = (F,, k) and p = (E,,p) are the
four momenta of the electron and proton respectively. As described in the previ-

ous section, the scattering process involves the exchange of a gauge boson which
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results in a transfer of four-momentum between the incoming and outgoing parti-
cles. @? is the negative of the four-momentum transfer squared and k' = (E., X') is
the four-momentum of the scattered lepton. z, called Bjorken-z, is the fraction of
the proton’s four-momentum carried by the struck quark with the assumption that
quarks are massless and do not interact with each other [37]. This is the basis of
the quark parton model (QPM) where quarks are considered to be point like parti-
cles called partons [38]. In this model the nucleon consists of the so-called valence
quarks, responsible for the internal quantum numbers of the proton such as charge,
as well as of the sea quarks and gluons. The word parton covers both gluon and

quark. In this model

zq(z) = gy (x) + xq5(x)
zq(z) = zqs(z)
zqs(z) = xq5(x)

The subscripts v and s denote the valence and sea quarks, ¢ and ¢ are the quark
and anti-quark densities respectively. In this naive parton model, the quark distri-
butions (or parton density functions, pdfs) depend only on z. The partons do not
interact with each other and hence the probability functions depend only on the
parton momentum.

y is the electron energy fraction transferred to the hadronic system by the exchange
boson and it reflects the inelasticity of the interaction. The centre of mass energy of
the interaction is given in Eq. 3.6 and the centre of mass of the sub-process which
considers the whole interaction except the incoming and outgoing leptons (i.e. the

boson-proton system) is given in Eq. 3.5.

At fixed s, two Lorentz-invariant variables are sufficient to describe the kinematics.

The most common choice is  and Q2. The relations between the variables is
Q* = sxy. (3.7)
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Q? gives a measure of the virtuality of the exchange gauge vector boson if it is a
photon and provides an interaction resolution scale, d, given by the uncertainty

principle:

Q x d=h. (3.8)

Considering the size of the proton which is of the order of 107 m, Q? ~ 1 GeV?2.
For Q2 much less than this value, the exchange photon is considered to be almost
real and this type of interaction is called photoproduction (next section). For high
values of Q? the exchange photon is not real anymore (and hence virtual) and this
allows it to probe the proton and in turn the constituents of the proton can be

investigated. This kind of interaction is termed DIS.

3.2.2 Kinematic Reconstruction

In order to determine the cross section, a precise reconstruction of the kinematic
variables is needed. As mentioned in the previous section, two kinematic variables
are needed to describe the process, e.g.  and Q2. In the case of a CC process, these
kinematic variables can only be reconstructed using the hadronic final state since the
neutrino is not detected. The NC events, on the other hand, have more information
and therefore various methods can be used to reconstruct the kinematics. The main

methods used are introduced in this section.

Electron method

In this method the kinematic variables are determined from the energy E! and the

polar angle 6, of the scattered electron:
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0 E! Q:
2 =4E.E cos® = =1-——2(1—cosf = =
Qe else COS 2a Ye 2Ee( COS e): Le yes’

(3.9)

where E, is the energy of the incoming electron and E! is the energy of the scattered

electron. 6, is the polar angle of the scattered electron.

Hadron method

In this method the kinematic variables are obtained from:

Pry 3 - Q
) Yn = Tp = ’
I —wyn

2 =
Qh 2Ee’ Yns

(3.10)

where

QQ
S=> Ei—ps Pra= \/(pr,i)2 + (O i) mh= y—}; (3.11)

- : , h

7 7 7

E; and p, ; are the energy and longitudinal momentum components of particle 7, and
Dz, Py, are its momentum components in the transverse plane perpendicular to the
z-axis. The summation is over all particles apart from the scattered lepton. This
method is only used for the CC measurements. It is not used in the NC measurement

due to the degradation of the (Q%-resolution with increasing y. More details can be

found in [39].

Double-angle method

This method calculates the kinematic variables using the angle of the scattered

lepton, 6., and the hadronic final state polar angle, vj:

sin 0. (1 — cos )

Ypa = sin vy, + sin 6, — sin (6, — y4)’
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4E2. sin (1 + cos 6,)

2 —
@pa= sinyy, + sin 0, — sin (0, — )

(3.12)

3.2.3 Cross Section and Structure Functions

The NC double differential cross section as a function of x and y to leading order

(LO) in Quantum Electrodynamics (QED) is

4

dQUNc € 1Y? Ft 2 2 ot 2 Frt 2
oot = 5ox <@) ViP5 (2, Q%) — v Ff (2, Q) 7 YooFf (2,QY)| . (313)

The first term includes the electromagnetic coupling constant, where e is the charge

of the electron. The bracket contains a linear combination of three different structure

functions. FQ, FL and .’L'Fg. Fg is composed of three further structure functions:

B Koy 2 Koy 2 2
FQ:t = F2 — Q QM2 F’YZ + (1/3 + ag) (ﬁ) FQZ (314)
Z
with
M2 ( M2 )
=4 1- Y (3.15)
M2 M2

and v, and a, being the vector and axial-vector weak couplings of the electron to
the Z boson. F,, FZ and F;Z describe pure v exchange, pure Z exchange and vZ

interference respectively.

The helicity dependence term is given by

Vi=14(1-1y)? (3.16)

zFy contains pure Z exchange and vZ interference structure functions:
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YZ K;wQQ ? VA
.TF?, + (21/60'6) W ./L'F3 (317)
Z

Fy, is the longitudinal structure function and has zero contribution to the cross

K
@ + M3

xl}?,i = *+a,
section in the QPM which can be considered as the leading order (LO) in cross
section.

In the QPM, the structure function F5, includes sum terms over the quark and anti-

quark densities in the proton g¢(z, @*) as follows

Fy(z, Q) = ejaqs(x) (3.18)
f

where the sum is over all quark and anti-quark flavours, gf, and ey is their charge.
Whereas F;, structure functions sum the quark and anti-quark densities, xF3 struc-
ture functions take their differences. As can be seen from equation 3.18 the QPM
predicts that these parton density functions depend only on z.

The cross section of the CC process is similarly defined as

BoSP g 1 20 . .
o -2 ) [V @) = W 0, @2) 5 Vel 0, @)

dzd@?  64rz \ Q2+ M2,.
(3.19)
where ¢ is the electroweak coupling constant given by
2l 4 (3.20)
= —— = 4e”, .
J sin? Oy

and Wg, Wy and zWs are the equivalent CC structure functions. Because the
CC propagator term includes the mass of the W boson, My, +, its cross section is
suppressed at low Q% with respect to the NC process.

At the electroweak unification scale, where @Q* > M2, ~ MZ ~ 10* GeV?, the
NC and CC cross sections are of the same order as can be seen from the measured

cross section shown in Figure 3.2 [41]. In the high @? domain, Z exchange also
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contributes significantly to the NC process causing constructive vZ interference in
e~ p interactions and destructive interference in e™p interactions. In CC the e p
cross section is larger compared to the e™p process at higher ?. This is due to
the charged W~ boson coupling to the u valence quark in the proton while the W+

boson couples to the d valence quark in the proton.

Neutral and Charged Current

(\II g T T \\\\\‘ \- T L \\\\‘ + T E
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Figure 3.2: The differential cross section of the NC and CC processes for e~ p and
e*p interactions. Both processes have higher cross sections in the e p interactions

at high Q? than the e*p interactions.

3.2.4 Scaling Violation and Quantum Chromodynamics
Scaling Violation

Early measurements of DIS indicated that the F, structure function was only depen-

dent on Bjorken-z and independent of Q2. Therefore, because the F, measurement
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Figure 3.3: The Fy(z,Q?) structure function distribution as a function of Q? with

different values of = for different experiments.

was independent of any length scale probing the proton (Eq. 3.8) this phenomenon
was called scaling invariance [37,44).

However, when measurements were performed on a larger range of x and Q? this
behaviour of the structure function no longer held, and scaling violations were es-
tablished [42,43]. The Fy(z,Q?) structure function may be extracted from the NC
differential cross section measurement. Figure 3.3 [41] shows the Fy(z,Q?) distri-

bution with respect to @Q? for different values of z measured at H1 and compared to
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other experiments. At low z, F} is seen to rise with Q? and to fall with Q? at high
x. This rise of Fy at low x can be explained by considering the effect of the gluons
in the proton. The density of the gluons, and hence the sea quarks, in the proton
zg(z) is seen to rise with falling x as shown in Figure 3.4 [45]. That is, the number
of gluons in the proton carrying a fraction x of the proton’s momentum increases
as x decreases. The rise of F; at low z with increasing )? is then attributed to the
increase in the resolving power of the photon probe to detect the partonic content
of the proton since more partons are probed and hence added to the structure func-
tion. The fall of F, with rising z is attributed to the decrease in number of partons
with high x. This asserts that the pdfs depend on Q?. Figure 3.5 shows the pdfs for
different quarks inside a proton with Q% = 10* GeV?2.

Based on the assumptions of the QPM, the sum of all parton momenta must be

equal to the sum of the momentum of the proton, i.e.

dx x qf(z) = 1. (3.21)
D

Therefore, from the momentum sum rule and considering all quarks it was found
that only approximately 50% of the proton’s momentum is carried by quarks. This

deficit is attributed to the gluons.

Quantum Chromodynamics

Scaling violations are described by introducing corrections to the QPM using Quan-
tum Chromodynamics (QCD), the theory which describes the interactions between
quarks and gluons. QCD is, unlike QED, a non-Abelian theory. This fact is reflected
by gluons being able to couple to each other, whereas photons cannot couple to each
other. The QPM is equivalent to the zeroth order of QCD; higher order corrections
are introduced as a perturbative expansion in orders of the strong coupling constant,

g, which, by the introduction of gluons, depends on Q? and at leading order equals:
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Figure 3.5: Plots of the pdfs of the proton using CTEQb) for different quark contri-

butions. As x increases the pdfs decrease steeply.
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Figure 3.6: (a) Quark splitting into gluon and quark. (b) Gluon splitting into two

quarks.

127
® = (33— 2N,).(n Q%/A%0p) (3.22)

where Ny is the number of quark flavours and Agcp is a scale parameter which

has to be determined by experiment. From this equation for high values of Q?,
«; is much smaller than unity. In this case quarks are considered to be free and
non-interacting — a property known as asymptotic freedom. When Q? decreases o,
becomes large and the strong coupling constant gets larger — a situation known as
quark confinement. In this case the perturbative expansion converges and pertur-
bative expansion can be used.

LO corrections are formulated using the Dokshitzer-Gribov-Alterelli-Parisi (DGLAP)

splitting functions [46]:

dg(z,Q*)  os(Q%) /1 dy

dnQz o m [q(y,QQ)qu (g) + 9(y, Q%) Pyq (g)] (3.23)
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Figure 3.7: Left: Direct photoproduction process. Right: Resolved photoproduction

process.

Wed) el [0 o.00m, () +o@in, ()] @20

resulting in logarithmic terms in InQ? and o ln%. These functions express the
probability that a parton will “split”, either into a quark radiating a gluon or a
gluon converting to a gq as illustrated in Figure 3.6, i.e. the splitting functions Bj;
indicates the probabilities for the splitting process, in Figure 3.6, of finding a parton
1 from a parton j with the momentum fraction z = % of the parent quark momentum
in the range In Q%,In Q? + dIn Q?. Feynman diagrams such as those in Figure 3.6
are included in the splitting functions. This approach is valid for large values of z.

For the use of DGLAP at low x more details are given in [47].

3.3 Photoproduction

In this region the exchanged photon is said to be quasi-real since @ ~ 0. A process

is termed photoproduction if the electron is detected in either in the 33m or 44m
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electron taggers (ET).

1
a@a

it can be inferred that the total ep cross section is dominated by photoproduction.

The cross section is mainly dependent on the propagator term and since Q% ~ 0

Photoproduction processes are divided into three types.

1. Low transverse momentum processes which involve vector meson production
such as p, w or ¢ where the contribution for this meson production is obtained

from the photon and partially from the proton.

2. Direct high transverse momentum with the photon directly coupling point-like
to the hard subprocess via partons from the proton as shown in Figure 3.7 and

contributing totally to the hard sub-process.

3. Resolved high transverse momentum in which the photon fluctuates into a qq
pair, one of which couples to the hard sub-process. Unlike the Direct case,
some of the photon momentum contributes to the hard sub-process and the

rest can be detected as the photon remnant, R [50].

3.4 Lepton Flavour Violation in the SM

The experimental observation that all known interactions involving charged leptons
conserve the lepton flavour individually was one of the bases for the classification
of the known leptons into three families. However, since this fact has not yet been
related to an underlying gauge symmetry, it is not clear whether lepton flavour is
one of the fundamental quantum numbers.

Many searches for specific LE'V processes in low energy experiments have been per-
formed. Some of these searches are for the transition e <+ u, which includes the
searches for y + N — e+ N, u — ey and forbidden leptonic kaon decays, e.g.

K — eu. LFV searches involving 7 leptons have also been performed such as
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searches for forbidden decays of B-mesons:, e.g. B — erX. Limits for these pro-
cesses have been set by the low energy experiments.

The mass of the neutrino plays an important role in LF'V. The neutrino mixing
matrix Upns [52] is a unity matrix (when neutrinos are considered massless) re-
sulting in a negative sign for LFV, i.e. forbidden, in the neutrino sector of the SM.
However, if neutrino masses are taken into account, the mixing matrix element will
take a value different from unity which allows for neutrino mixing and hence LFV

in this sector.

The Super-Kamiokande (SK) [33] Collaboration has reported experimental evidence
for the oscillation of atmospheric neutrinos and the SNO experiment studies the solar
neutrino cross section. These neutrinos are mainly muon and electron neutrinos
resulting from cosmic protons which interact with atmospheric atoms. This mainly

produces pions which decay in the following way:

= uty, = ey,

T =W Vy — e Vylyle.
As we can see from these decays, the ratio of v, to v, is 2. However, the measured
value is much less than expected. This can be explained by the disappearance of
the v, due to oscillations into other neutrino types. The SK detector detects these
neutrinos and distinguishes between them. The mechanism relies on the fact that
each of these neutrinos hits a target. The scattering of a neutrino with the target
produces a massive lepton of the same neutrino family, i.e muon or electron, which
can then be further detected.
If neutrinos are massive, processes of the type p — ey (Figure 3.8) and p — 3e

may occur [53]. The branching ratio for the process p — ey (a neutrino mass of

m; = 10 eV) is very small: BR(u — ey) ~ 107°° [53] obtained from

2
3a m?

BR(p — ey) = — VoVii—— (3.25)
327 ; “m2,
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Figure 3.8: Feynman diagram for p — ey.

The experimental limits on such LFV reactions are BR(u — ey) < 1.2 x 107! and
BR(p — e"eTe™) < 1.0x 1072 at 90% confidence level (CL) [54]. Hence, because of
the very small neutrino mass the effect of LF'V in the SM is too small to be detected
by present experiments. Upper bounds on neutrino mass obtained from cosmological
measurements for v, are O(1 eV). The results of the SK and SNO experiments are
compatible with the assumption of m; < 10 eV. From these neutrino measurement
observations and from Eq. 3.25 we deduce that LFV does not exist in the current

SM. Therefore any evidence for LF'V from experiments would indicate physics BSM.

3.5 Lepton Flavour Violation in BSM Theories

In this section an overview of some models containing LFV is discussed. The po-

tential scenario relevant to HERA physics is discussed in more detail.
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3.5.1 LFV in Gauge and Extra Dimension Theories

Many grand unified theories (GUTSs) are based on the SU(5) group. In such theo-
ries, quarks and leptons can transform into each other by means of very heavy gauge
bosons (X, Y). In this model only the combination of quantum numbers (B — L) is
conserved [34,54]. LFV can occur due to the irrelevant lepton type in this transfor-
mation.

Lepton flavour is considered to be one of the global symmetries which are, in general,
believed to be violated by quantum gravity. When extra spatial dimensions are com-
pactified at larger scales than the electroweak one, the quantum gravity scale may
be low and O (1 TeV) [55,56]. These extra-dimensions may modify the gravitational
force law at distances small compared to the size of the extra dimensions. LFV can
occur at an observable level if the underlying 4-fermion operators are generated via
low scale quantum gravity effects, with large extra dimensions [57]. Therefore, LFV
with extra dimensions is commonly discussed. LFV is also discussed in some extra

dimension theories concerning neutrino oscillation and fermion mass hierarchy.

3.5.2 Leptoquarks

A possible signature for LFV at HERA would be reactions of the type:

e+p—l+X (3.26)

where [ stands for a higher generation charged lepton (x or 7) and X is the hadronic

final state.

LFV could be mediated by the exchange of hypothetical particles as shown in Fig-
ure 3.9 with Yukawa couplings to both leptons and quarks. These particles are
called leptoquarks (LQs) and they do not exist in the SM. They have the following

properties:
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Figure 3.9: Left: s-channel LFV process. Right: u-channel LFV process. Positron
(electron) interacts with a valence quark in the s-channel and with a sea antiquark
in the u-channel. The LQ in both channels is of ' = 0 (F' = 2) type. A sea quark

can be involved in the s-channel and a valence quark in the u-channel.

1. LQs are either spin 0 (scalar) or spin 1 (vector) bosons.
2. They carry colour charge.
3. They have fractional electrical charges.

4. They carry non-zero lepton and baryon numbers.

LQs are part of many models beyond the SM, such as GUTs, compositeness models
or technicolour theories. Their existence would give an explanation for the clear
symmetry between the lepton and quark families. These particles can provide a
good mechanism for LFV because they can couple to different lepton and quark
flavours.

It is convenient to use the effective phenomenological Lagrangian of Buchmiiller,
Riickl and Wyler (BRW) [58] which describes LQ production under the SU(3)c %
SU(2), x U(1)y symmetry. In this model there are fourteen LQs (see Table 3.3),

seven scalar and seven vector. The fermion number for LQs is defined as:
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F=L+3B (3.27)

where L and B are the lepton and baryon numbers of the involved lepton and quark
respectively. LQs with F' = 2 are resonantly produced in e™p scattering, whereas
F = 0 LQs are resonantly produced in e*p scattering. With these fermion numbers
and the corresponding scattering lepton the LQs are formed from valence quarks
which have high Bjorken-z and can be produced resonantly as shown in Figure 3.9
(s-channel).

The following assumptions are adopted in the analysis [59]:

1. The LQ couplings are invariant under SU(3)cxSU(2)r xU(1)y (BRW model).
2. The LQ has either left- or right-handed couplings, but not both.

3. The members of each weak-isospin doublet are degenerate in mass.

4. The production process is dominated by one L(Q species.

In the BWR model LQs can be resonantly produced in the s-channel with the

following double differential cross section at Born level:

do? 1 Aoy Ay, 8% °
= gi(x, § .
drdy  327mzs

) x fs(y) (3.28)
(sz — MfQ)2 + M%QP%Q

where f,(y) = % and f,(y) = 2(1 — y)? are valid for scalar and vector LQs, respec-
tively, ¢;(x, §) is the parton density of the incoming quark, and /\zqi and /\lij are the
coupling at the electron-quark and lepton-quark vertices, respectively. The variable
Miq is the mass of the LQ, s is the centre of mass energy and z is Bjorken-z. 'z

is the partial width and is given by:

T = MioA, X g (3.29)
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LQ type || Aachen | BRW Q T3 Y F | Prod. | Decay | Coupl. | BR
1 sE Siz | +1/3 0 +2/3 | 2| era la AL 1/2
vd AL 1/2

2 SE Sir | +1/3 0 +2/3 | 2 | eg@ la -Ar 1
3 Sk Sip | +4/3 0 +8/3 | 2 | egrd d AR 1
4 SE Sz | +1/3 0 +2/3 | 2| era la AL 1/2
0 vd AL 1/2

-2/3 -1 - v V2L 0

+4/3 | +1 erd ld V2L | 1

5 Vils Vor | +4/3 | +1/2 | +5/3 | 2 | erd ld AL 1
+1/3 - la AL 0

-1/2 - vd AL 0

6 V{}z Vor | +4/3 | +1/2 | +5/3 | 2 | erd ld AR 1
+1/3 | -1/2 eRl la AR 1

7 Vi, Vor | +1/3 | +1/2 | -1/3 | 2 | era 1@ AL 1
-2/3 -1/2 - v AL 0

8 \ Uip | +2/3 0 +4/3 | 0 | erd ld AL 1/2
vy AL 1/2

9 Vit Uir | +2/3 0 +4/3 | 0 | egrd ld AR 1
10 Ve Uir | +5/3 0 +10/3 | 0 | egu lu AR 1
11 \ Usp, | +5/3 | +1 +4/3 | 0 | eru lu V2AL 1
+2/3 0 erd Id AL 1/2

0 vy AL 1/2

-1/3 -1 - vd V2L 0

12 SIL/2 Rop | +5/3 | +1/2 | +7/3 | 0 | eru lu AL 1
+2/3 | -1/2 vy AL 0

13 5%, Ror | +5/3 | +1/2 | +7/3 | 0 | eru lu AR 1
+2/3 | -1/2 erd ld Y 1

14 S5, Ror | +2/3 | +1/2 | +1/3 | 0 | erd id AL 1
-1/3 | -1/2 - vu AL 0

Table 3.3: The 14 LQ types in the BRW model. The second and third column show
the Aachen and the original BRW nomenclature for LQ classification, respectively.
The other columns show the electrical charge for the LQs, the third component of
the weak isospin, the hypercharge (where Y = 2 x (@ —T3)), the fermion number, the
production and decay channels, the relative coupling strengths and the branching
ratios into /¢ respectively. The subscript in the Aachen nomenclature indicates the
isospin of the LQ and the superscript refers to the incoming lepton helicity. S is
used for scalar (spin 0) LQs and V (spin 1) for vector LQs. The information here

are given for e p collisions. The production channels are s-channel.
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where g = ﬁ and g = ﬁ for scalar and vector LQs respectively. LQs can be pro-
duced as an exchanged particle in the u-channel with the following double differential

cross section:

do? 1 X i Ng; 8”@
— e )Ty (5:30)
drdy _ 32mzs [s2(1 —y) + MZ)]

with f,(y) = (1 — y)? and f,(y) = 2 for scalar and vector LQs.
LQ cross sections at masses less than the kinematic limit can be obtained from the
Narrow Width Approximation (NWA) [58]. At these masses, and depending on the
coupling constant, the s-channel is more dominant than the u-channel. Hence the

cross section can be obtained for the s-channel from:

1

T

o = @/\gmBR(LQ—)lqj)ql(xo,MfQ)/ fvwa(y)dy
0

v
4—8/\§QIBR(LQ — 1gj)q1 (20, M,%Q) (3.31)

=(J+1)
with fywa = 1 for scalar LQs and fywa = 6(1 — y)? for vector LQs; J is the spin
of the LQ and BR(LQ — lg;) denotes the branching ratio of the LQ into lg;.
In Mg > /s, both u- and s-channel diagrams contribute considerably to the cross
section (Figure 3.9) and the LQ propagator contracts to a four-fermion interaction.

The High Mass Approzimation (HMA) can simplify the cross section calculation in
this region [91]:

2
FHMA 8 [Ae(h' Alg; ]

T 321 | M,

(/ ds dy oate9110)+ [ o i sgie,-0) 900 (3:32)
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where

i) = 1/2 scalar LQ
2(1 —y)? vector LQ
1/2(1 —y)? scalar LQ
9(y) =

2 vector LQ

g; and g; label the densities of the quarks that couple to the electron and the higher
generation leptons, respectively. The first term in the equation is for the s-channel
contribution and the second term is for the u-channel. This approximation of the
cross section is accurate to better than 10% for Mg > 500 GeV [59]. In this
region both F' = 0 and F' = 2 high mass LQs are considered in both e p and e™p

interactions.

3.6 LFYV Signal Processes

For the simulation of the LFV signal the LEGQ [60] event generator is used. LEGO takes
into account initial QED radiation in the collinear approximation. The initial and
final state parton showers are simulated according to DGLAP evolution equations
and the kinematics at the decay vertex are properly corrected for the effect of the
parton shower masses. LEGO incorporates s- and u-channel L) exchange processes.
The LQ signal cross sections are calculated using the full matrix elements from
the theory. For the parton densities, the CTEQS5 [61] parametrisations of parton
densities are used to evaluate the cross sections. The Feynman diagram for the
LQ decaying to a muon and a quark is shown in Figure 3.9. Figure 3.10 shows a
hypothetical event display for this process. The back-to-back feature of the signal

is shown clearly in the radial view.
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E=-27.5x920.0 GeV B=11.6 kG
DSN=/h1desy06/user/mudhahir/lego/gen/LQ9.M400.L20.NC.sim_rec.FPACK
RUN 246263 Event 371700021
AST (DMIS) = 20000000 B88D 100204A1 43088000
RST (DMIS) = 20000000 B88D 100204A1 43088000

MC Event Display

Z_’ R

E=-27.5x920.0 GeV B=11.6 kG
DSN=/h1desy06/user/mudhahir/lego/gen/LQ9.M400.L20.NC.sim_rec.FPACK
RUN 246263 Event 371700021
AST (DMIS) = 20000000 B88D 100204A1 43088000
RST (DM|S) = 20000000 - B88D 100204A1 43088000

MC Event Display Y

-

Figure 3.10: LG — p+ ¢ MC event display in transverse (top) and radial (bottom)

views.
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3.7 Background Processes

Many background processes may mimic the topology of the signal. These processes
include events from lepton pair production, photoproduction, NC and CC processes
and W production. Reduction of this background is vital in order to obtain a clean
sample of the process we seek to find, or to reduce the limits on this process in case
a significant number of signal events is not found. The Monte Carlos used for the

simulation of each background process are also introduced here.

3.7.1 Lepton Pair Production

yo

AT

Figure 3.11: Lepton pair process.

Lepton pair production via photon-photon interaction is illustrated in Figure 3.11.
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H1 Run 274044 Event 12421 Class: 4 6 7 8 10 16 19 22 23 24 25 28 29 Date 27/05/2002

Figure 3.12: Lepton pair event display. The two muons in this event have escaped
the LAr through the central and forward muon systems. A muon is also visible in

the hadronic final state.

A typical event display is shown in Figure 3.12, where a ptu~ pair is produced
and is detected with the hadronic jet from the interacting quark. This process
can contribute to the background if one lepton escapes detection. If one muon is
undetected and is back-to-back with the jet then the event topology is similar to
the signal process. More details on lepton pair production at HERA may be found
in [62].

The event generator GRAPE [64] includes all Feynman diagrams, NLO corrections and
initial and final state radiation. It is used to calculate the predicted rate from the
lepton pair process. The dominant contribution, lepton pair production via photon-
photon processes, is found to be compatible with the prediction given by a second
generator, LPAIR [65]. Di-lepton J/1 events are also included in this contribution,

calculated using the event generator EPJPSI [66].
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3.7.2 Photoproduction

Run 35675 Event 1B506 Class: 5 8 12 13 14 15 16 17 1B 19 Date 5/05/1994

[
7777<’E: Photoprod. (tagged) =2+1 jet
LI

Lx .
Lo

1%

Figure 3.13: Photoproduction event display. The scattered electron is tagged in the
ET and particles from the two jets are absorbed in the hadronic and electromagnetic

LAr.

Feynman diagrams of photoproduction are shown in Figure 3.7 and a typical event
display is shown in Figure 3.13 with two hadronic jets and a tagged electron. These
events can mimic the signal if one of the two hadronic jets consists of a single
isolated hadron which may decay to a muon or pass through the detector without
significant hadronic interaction and subsequently be misidentified as a lepton. The
event generator PYTHIA [67] is used to calculate the SM predicted photoproduction
rate. Since leptonic decays of heavy quark pairs, e.g beauty (bb) and charm (cg), are
possible a further event generator, AROMA [68], is also included. This MC generator

simulates the production of heavy quarks in boson gluon fusion.
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H1 Run 122145 Event 69506 Class: 2 8 9 14 20 22 Date 27/05/2002

E[GeV] (DCLU)

Figure 3.14: Neutral Current event display. The electron is absorbed in the electro-
magnetic part of the LAr whereas the jet is absorbed in the hadronic and electro-

magnetic parts of the LAr.

3.7.3 Neutral Current

The NC process (Figure 3.1 (left)) is not expected to contribute very much to the
signal sample. A typical event is displayed in Figure 3.14. From the x — y (upper
right) view of the figure it can be seen that the event is intrinsically balanced in
Pr which is one of the features of the signal if the electron is replaced by muon.
The NC contribution from the background may only be significant if the scattered
electron is not detected and a muon is produced well separated from the main jet
in the hadronisation process. The RAPGAP [69] event generator is used to calculate

the NC contribution to the background rate.
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H1  Run 238837 Event 8595 Class: 4 5 6 7 11 19 25 28 Date 27,/05/2002

E[GeV] (DCLU)

Figure 3.15: Charge Current event display. Particles produced in the hadronic

shower are deposited in the LAr.

3.7.4 Charged Current

Figure 3.15 shows a typical event display for a CC event. The CC event enters
the signal sample in a similar manner to the NC process — if a particle produced
in the hadronisation process is separated from the main body of the jet it may
be misidentified as an isolated lepton. The event generator DJANGO [70] is used to

calculate the background contribution rate of this process.

3.7.5 W Boson Production

A Feynman diagram for W vector boson production decaying to a muon and a
neutrino is shown in Figure 3.16. Figure 3.17 shows a typical event display for

this process. The EPVEC [71] event generator is used to calculate the rate of events
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expected from the SM. This event generator is used to calculate the heavy vector

boson decay. The NLO correction is considered by applying a weight [72].

Figure 3.16: W production Feynman diagram.

Out of the above background processes, the most dominant one in the ep collision
is the photoproduction due to the dominance of the propagator term in the cross
section. However, this does not contribute a lot to the background since it sel-
dom mimcs the signal process. The NC is the second common proces in the ep
interaction. This can lead to some significant contribution to the background. The
lepton pair process is expected to have a considerable opportunity to be the domi-
nant background since it has at least one muon and one jet in the final state. The
W production process is one of the rare processes in the ep interaction. However,
because it ends up with a muon and a jet in the final state it is expected to have
some contribution to the background unlike the CC process which is not expected to
contribute due to the suppression of its cross section because of the heavy mediating
boson and its final state which contains a quark and does not contain a muon except

if it is well isolated from the main jet.
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H1 Run 253700 Event 90241 Class: 6 7 9 10 11 16 19 24 25 28 Date 15/01/2003

E[Gev] (DCLU)

Figure 3.17: W production event display. The muon escapes the LAr and traverses

through the FMD system.
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Chapter 4

General Data Analysis

In this chapter, the initial selections applied in the analysis are outlined. These
selections reduce the non-ep background events such as beam halo, beam wall and
cosmic muon events very significantly. The identification and triggering of muons

and the hadronic system are detailed, including their calibration.

4.1 Run Selection and Detector Status

A period of ep collisions resulting from one electron and proton injection is called a
luminosity fill. Luminosity fills are divided and recorded in a series of data taking
blocks called luminosity runs each lasting up to two hours. Depending on various cir-
cumstances, detector conditions may vary resulting in unreliable data measurements
from some luminosity runs. For a reliable measurement of data events interesting
for this analysis, the following detector components must be fully operational based

on their high voltage (HV) conditions:

e the central jet chambers CJC1/2;

e the central proportional chambers (CIP/COP);
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e the liquid argon calorimeter (LAr);
e the time of flight (ToF) system;

e the luminosity system.

4.2 Vertex Position

Most events which originate from non-ep interactions cannot be related to a primary
vertex constructed in the central trackers. A vast amount of such events are ruled
out by requiring a primary z-vertex (z,) cut for all events to be around the nominal
interaction point. This is taken to be —40 < z,;; < 100 cm. The extension to the
forward region is because a poor reconstruction of the data sample may result in a
shifted primary vertex assigned to the events. The above extended z,;, cut assists
in including these events in the analysis and this results in an increase of about 5%

in the luminosity [73].

4.3 Rejection of Non-ep Background

Most of the non-ep background events are suppressed using the timing information
from the ToF (section 2.6) system in addition to the vertex requirements discussed
in the previous section. Additional timing information from the CJCs can help in
rejecting such events. This is called TO and is defined as the drift time of the charged
particles to the CJC wires (section 2.3.1). It provides a measurement of when an
event occurred. Events which have a time difference greater than 5 ns of the TO of
the bunch crossing are unlikely to come from the ep collisions and hence are ruled
out.

A set of topological background finders is implemented to reject events originating

from cosmic or beam halo muons. By combining the information from different
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subdetectors these finders search for tagged muons traversing the H1 detector. Cos-
mic muons are tagged using reconstructed track information from the iron, LAr
and CTD, where cosmic muons are more likely to traverse the detector. Beam
halo muons are tagged using reconstructed track information parallel to the beam
axis [74]. Background finders are also applied to the MC events, although those
rejecting more than 1% of the signal MC events are switched off to retain a high

selection efficiency of the LFV process.

Run 223688 Event 218000 Class: 26 Date 14/10/1998

10 ==

DDD |

Figure 4.1: Cosmic muon traversing the detector.

4.4 Trigger Selection

As described in section 2.8 the trigger system is employed at H1 to select only
interesting ep physics events. This section outlines the triggers used in this analysis

and describes the calculation of the trigger efficiency.
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4.4.1 LAr Trigger

The trigger selection used in this analysis is based on those used for the CC anal-
ysis [39]. The timing information from the proportional chambers or the LAr is

combined with the trigger elements! from the LAr to form L1 subtriggers.

Because of the rare nature of the CC events, the trigger efficiency of the LAr is
measured using a pseudo-CC' data sample — a method based on the removal of the
scattered electron in a data sample of NC events from all subdetectors giving events
similar to those of the CC process. Since the kinematics of a CC process are different
from the NC process (section 3.2.3), events have to be reweighted to those of the

CC from its known cross section.

Figure 4.2 shows the trigger efficiency for a MC simulation of the CC process and for
the pseudo-CC data as a function of transverse momentum (Pr) and polar angle of
the hadronic system. As can be seen from the figure the data are not well described
by MC. Hence, the trigger efficiency is determined from the pseudo-CC data events
and MC events are reweighted to allow a good comparison to the data. More details
of this reweight are given in [39]. This reweight is applied to all background and
signal MCs because these processes deposit energy in the LAr except the photo-
productio since it contains two jets (section 3.7.2) and this reweight is dedicated to
processes with a single jet. The trigger efficiency for the pseudo-CC data is found
to be 60% for an imbalance of LAr deposits greater than 12 GeV and 90% for those
greater than 25 GeV. Hence, the reweight applied is more significant to events with
Pgale < 25 GeV. In the final selection (chapter 7) all events selected are required to
have Pgale > 25 GeV.

!The LAr subtriggers are the following: st66, st67, st71, st75 and st77.
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Figure 4.2: LAr trigger efficiency for Pseudo CC data and MC simulation in Py and

polar angle of the hadronic system.

4.4.2 Muon Trigger

The muon triggers?, described in [62], are also used. L1 muon subtriggers are formed
from a coincidence of a muon signal in the muon system with z,; and central track
information. Because of the high background rate a prescale is applied to the muon
triggers and this is accounted for in the simulated events by applying a reweight.
This reweight is applied to the muon triggers to all background and signal MCs
since they contain muons in the final state. The efficiency of some trigger elements
as a function of muon polar angle and Py are shown in Figure 4.3 [62] from which

a clear agreement between data and MC can be seen.

2The muon subtriggers are the following: st15, st19, st22, st34 and st56. st19, st22, st34 and

stb6 are used in this analysis.
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Figure 4.3: Efficiency of trigger elements used for muon triggering as a function
of Pl (top) muon polar angle (bottom): muon barrel trigger (left), endcaps muon

trigger (middle) and muon trigger signals from endcaps or barrel (right).

4.5 Particle Identification

4.5.1 Muon Identification

Muons penetrate a wide range of detector components, such as the central and
forward trackers, LAr, instrumented iron and FMD, because of their low brems-
strahlung radiation and nuclear interaction probability as minimal ionising particles.
All muons are required to have greater than 1 GeV in transverse momentum (Pr)
since muons with very low Pr are stopped in the LAr due to absorption. All isolated
muons must have an energy less than 5 GeV in the electromagnetic part of the LAr
in a cylinder of radius 35 cm around the track and 75 cm in the hadronic part. In
addition isolated muon tracks must be free from other tracks within a distance of

0.5 in 7 — ¢ space in the central and forward trackers.

Sn = —In (tan(%)) and is called pseudorapidity.
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To identify muon candidates a series of grades based on the detector information

are used as follows [63]:

e Grade 1 muons have an iron track linked to the central trackers based on a
minimum x? probability fit requirement. Muons in this category must have
a minimum distance of closest approach (DCA), defined as the perpendicular
distance between the centre of gravity of a calorimeter cluster and the tangent
to the extrapolated track at its impact point on the front surface of calorimeter,

of 100 cm and at least two hits in the central muon system.

e Grade 2 muons also have an iron track linked to the central trackers but are
required to be within a distance of 0.5 in n— ¢ space. In addition, their energy

must not exceed 10 GeV in a cone of radius 1 in 77 — ¢ space around the track.

e Grade 3 muons require the tail catcher (TC) clusters to match an inner track
within a distance of 0.5 in 7 — ¢ and the maximum energy of the LAr clusters

to be 8 GeV to ensure an isolated muon in the LAr.

e (Grade 4 muons have no iron track information and are based on inner track
and calorimetry information. In order to avoid the misidentification of hadrons
as muons in the calorimeter their minimum separation angle has to be 12° in

theta.

e Grade 5 muons are based on clusters in the forward muon system only and re-
quire no track information. In this analysis muons with this grade are required

to have a good quality track fit in the forward region (6, < 17°).

4.5.2 Electron identification

Electrons deposit their energy in the electromagnetic part of the LAr as compact

isolated clusters. The required maximum DCA is 12 cm. The algorithm used to
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identify electrons is QESCAT [75] which is almost 99% efficient for high transverse mo-
mentum electrons. This is, however, restricted to regions where electrons can deposit
their energy in the LAr. Regions between LAr modules (cracks) can allow electrons
to escape and consequently deposit their energy in the hadronic LAr. Therefore,
regions between CB2 and CB3 are ruled out as well as particles penetrating +2° of

the ¢-cracks (transverse view of Figure 2.6).

The electron energy measurement is calibrated using the balance of energy deposits

in NC DIS events. The double angle method is used to calculate the energy of the
Fe
Epa

electron. For more details see [39]. The ratio is constrained to unity where E!
is the scattered electron energy and Ep,4 is the energy calculated from the double
angle method. Using this constraint, z and the azimuthal ¢ are chosen as calibration
parameters. The role of electrons shows up in this analysis in the NC events. The

rejection of these events in the final selection (chpater 7) requires the number of

isolated electrons to be zero.

4.5.3 The Hadronic System

As is described in the previous chapter individual quarks cannot exist individually —
a property known as confinement. The fragmentation of quarks and gluons produces
showers of particles. Each particle in the hadronic system has a small Pr with respect
to the shower axis. In order to identify jets the kr algorithm [77] is used where the
minimal jet transverse energy is 5 GeV and its minimal cone radius is 1.

The four-vector of the hadronic system X is reconstructed from the information from
the trackers, LAr, SpaCal and TC. The FSCOMB algorithm [76] is used to measure
the Pr of each particle by combining information from the trackers and calorimeters.
Particles with low Pr are better measured in the tracking system. FSCOMB assigns a
cylinder of radius 25 cm around the impact point of the track in the electromagnetic

part of the LAr calorimeter and 50 ¢cm in the hadronic part. If the Py of the track
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is less than 2 GeV then the energy of the cylinder surrounding the track is excluded
and the track energy is added to overall energy.

The calibration of the hadronic final state uses the balance between the hadronic final
state transverse momentum and that of the scattered electron in NC DIS events [78],
i.e prvar = Pr,urs/pr.e- This ratio should equal 1 and is used iteratively to correct
the MC simulation so that it agrees with the data. The hadronic calibration is

significant since the signal and background processes contain hadronic final states.
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Chapter 5

Kinematic Variables and

Background Processes

The characteristics of the kinematic variables used in the analysis are described in
this chapter. These variables are used to understand the behaviour of the L.QQ and
its decay products in the detector. This allows the reduction of the contributing
background processes, keeping the selection efficiency of the signal process as high
as possible, if appropriate selections are applied. In this chapter the selections are
dedicated to identifying events containing muons. The distribution of each variable
is displayed for a basic muon selection which requires a high transverse momentum
muon (P7) since the LQ decays into a muon with high Pp values. After applying
the initial selections outlined in the previous chapter, which select ep physics events
and identify electrons, muons and the hadronic system, the following selections are

performed as a first level selection set:

e The calorimetric transverse momentum (P£4°) is required to be greater than

12 GeV for the trigger reasons mentioned in the previous chapter.

e The muon transverse momentum (Py) is required to be greater than 10 GeV.
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As mentioned above muons with high Py are expected from the LQ decay.

e The muon polar angle is restricted to 10° < 6, < 140°. The upper cut is to
avoid the backward region where muons are poorly reconstructed !. The lower
cut is applied to avoid the high track mutiplicity and the background in the

forward region.

In this chapter different kinematic variable distributions are shown for the back-
ground and the LQ signal MC processes. The LQs shown are generated for e~ p and
etp collisions. The goR LQ type with F' = 2 is generated at 250 GeV for e~ p colli-
sions and the V' with F = 0 is generated for e™p collisions at the same mass. The
event selections applied yield 81 muon data events compared to 66.7 + 6.4 events
expected from the MCs for the e*p interactions. The same selection applied for
the e~ p collisions yields 21 data and 15.9 + 1.7 MC events. In the next chapter
selections for isolated muon events are applied. The background process kinematics
are explained in this chapter while the signal process is explained in more detail in

the next chapter.

5.1 Ppgale

Pgale is the transverse momentum measured and reconstructed in the LAr, SpaCal
and TC. Isolated muons do not contribute very much to P§¥° since they do not
deposit enough energy in the calorimeters and their Pr measured by the trackers is
not included in this quantity. The P4 of the LQ events is expected to correspond
to approximately half of the L) mass since it represents the Pr measured by the
calorimeters and this mostly measures the hadronic energy deposits coming from

the decay quark. P¢¥° distributions for different background processes after the first

L This can be attributed to the BBE which does not have a hadronic section (section 2.4.1) and

therefore muons can be misidentified as pions.
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level selection (muon selection) are shown in Figure 5.1. The sum of all background
processes (SM contribution) is shown as a solid black line. The Pgi° distribution
for e”p data is shown on the left and that for the e™p data is shown on the right.
The signal LQ is displayed as a dashed line and is shown for 5'0R (e~p collisions)
and Vi (eTp collisions) LQs with 250 GeV mass. The signal MC is not symmetric
around the peak. The distribution falls considerably above approximately half of
the LQ mass. This shape is a feature of Pr distributions corresponding to half of
the LQ mass and is called a Jacobian peak®. The SM falls steeply with P& which

allows the rejection of most background events as will be discussed in chapter 7.
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- E [ ] 9§—99 (e) Data - E ® 99-00 (e') Data
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Figure 5.1: Distributions of P after the muon selections for e~p (left) and ep
(right) collisions. Since the muons barely deposit their energy into the calorimeters
they do not contribute very much to this quantity. The SM expectation falls steeply

with Pg¥e. Most background processes have low Pgee.

2This can be understood from the cross section falling off rapidly with Pr from
do do 2Pr 1

dPr - clcosG'MLQ',/(MLQ/Q)2 >

which shows that the cross section falls off rapidly above Pr = MZLQ . More details are given in [32].
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5.2 P

P is the transverse momentum of the hadronic final state. Since the LQ decays
into a muon and a quark each with equal transverse momentum, P5 is expected to
correspond to approximately half of the LQ mass and to have a similar distribution
to the transverse momentum of the muon. FSCOMB is used to calculate P7X of the
hadronic system (section 4.5.3). This algorithm takes the track information into
account and since the muons barely contributes to Pf¥°, P ~ PX. The distribu-
tions for P in the muon selection are displayed in Figure 5.2. As can be seen in
the figure the SM expectation falls steeply with PX. As mentioned in chapter 2 the
Pr is measured from the trackers and it is inversely proportional to the curvature3.
The accuracy of track measurement becomes weaker as the tracks become more stiff

due to their high momentum.

5.3 P!

Py is the transverse momentum of the muon. Since the LQ decays into a muon
and a quark each with equal transverse momentum, Py is expected to correspond
to approximately half of the LQ mass. The momentum of the muon is calculated
from the curvature of the muon track in the trackers. Py is obtained from the
total momentum and the polar angle measured. Distributions for Py after the
muon selection are displayed in Figure 5.3. As can be seen in the figure the SM

expectation falls steeply with Pr.

3The curvature is inversely proportional to the momentum of the particle, i.e.

1
Cx -
p

where C is the curvature. From this equation it can be seen that the more stiff the track is the
higher the momentum of the particle. For straight tracks the track momenta is measured with a

high error.
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Figure 5.2: P;¥ distributions after the muon selections for e p (left) and e*p (right)
collisions. This looks similar to the P& (Figure 5.1) especially for the signal MC. In

P# the track information is included in contrast to P£° which makes them similar
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in the case of the LQ signal which contains an isolated muon.
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Figure 5.3: PJ distributions after the muon selections for e~p (left) and e*p (right)

collisions. The PJ is calculated from the curvature of the muon track. The SM

expectation falls steeply with Pr.
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5.4 Ppiss

All particles have to be balanced in the transverse vector sum as in the initial
state interaction the incoming electron and proton are balanced in the transverse
component. The missing transverse momentum, Pi** is calculated using the vector
sum of all identified particles in the detector and hence the transverse component of
this quantity is calculated. This is a useful quantity to calculate when events contain
neutrinos which are undetectable since their Pr should balance the calculated Pr
of the detected particles. The distributions of Pms* after the muon selections are
displayed in Figure 5.4 for both e”p and e™p interactions. Note that most of the LQ
events have low Pi** values since LQs do not decay into neutrinos. Photoproduction
(PYTHIA+AROMA) and NC background (RAPGAP) processes exhibit a similar
distribution unlike the CC (DJANGO) which contains a neutrino. The Pm¢ of
the CC (DJANGO) events should be equal to the P since neutrinos and jets are
balanced. This figure can be compared with Figure 5.2. The W-decay (EPVECQC)
shows a peak at around 40 GeV. The W-decays to p and 7 (section 3.7.5) and the
Prss i calculated from the imbalance in the 4-vector of all particles. Figure 5.3

shows a peak at the same value for the Py which is half of the W mass (Table 3.2).

5.5 Acoplanarity

Acoplanarity, A¢,_x, is a measure of the azimuthal balance of an event. Figure 5.5
illustrates how the acoplanarity is defined. The azimuthal angle, ¢, of the hadronic
system used to calculate A¢,_x is taken from the full hadronic system. The distri-
butions of A¢,_x after the muon selection are depicted in Figure 5.6. The lepton
pair (GRAPE+4EPJPSI) events peak at approximately 180° since these events con-
tain one muon which is back-to-back with the hadronic system. This can be seen

from the r— ¢ view of the event display in Figure 3.12. In NC (RAPGAP), photopro-
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Figure 5.4: Pms distributions after the muon selections for e~p (left) and e*p
(right) collisions. Most W-decay (EPVEC) and CC (DJANGO) events have high

Pmiss values since they contain neutrinos in the final state.

duction (PYTHIA4+AROMA), W-decay (EPVEC) and CC (DJANGO) events this
variable is almost evenly distributed. The LQ signal peaks at around 180° showing
its back-to-back nature. The smaller peak of background processes at lower angles

is due to events with no jets.

VVL: is a ratio which gives a measure of the azimuthal balance of the event like

acoplanarity. Its components are defined as follows:

PX_Pz' ;

vV, = Z% for PX.PL>0 , (5.1)
PX_Pz' ;

Vip = — Z% for P . PiL < 0. (5.2)
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Figure 5.5: Acoplanarity, A¢,_x, is defined as the angle between the muon and the

hadronic system in r — ¢.
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Figure 5.6: A¢,_x distribution after the muon selections for e~p (left) and e*p
(right) collisions. The lepton pair (GRAPE+EPJPSI) events show a peak at about
180° indicating that the highest P muon balances the hadronic final state in the

final state. The smaller peak at very low angles are for events with no jets.
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V} is the sum of the measured transverse momentum parallel to the hadronic system
vector P7¥, while V,,, is the sum of the measured transverse momentum anti-parallel
to the hadronic system vector. The sums are performed over each particle i of the
final state [78]. The distributions of VVL: in the muon selections are displayed in Fig-
ure 5.7. This variable shows the isotropy of events in the LAr. The lack of isotropy is
shown for the LQ signal, W-decay (EPVEC), lepton pair (GRAPE+EPJPSI) and
the CC (DJANGO) events unlike the photoproduction (PYTHIA+AROMA) and
NC (RAPGAP) events, where the events are distributed isotropically in the LAr.
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Figure 5.7 ‘{2’ distribution after the muon selections for e p (left) and e*p
(right) collisions. The lack of isotropy in the LAr can be seen in the lepton pair
(GRAPE+EPJPSI), CC (DJANGO) and W-decay (EPVEC) events which contain
particles which escape the LAr in their final state such as neutrions and muons.
Selecting events with VVL: < 0.3 removes the majority of background events coming

from photoproduction (PYTHIA+AROMA) and NC (RAPGAP) processes as will

be described in the next chapter.
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5.7 Djet and Dtrack

The isolation of the identified muon with respect to the hadronic system is an
important criterion of the required LF'V signal. This is determined using Dj.; and
Dyrqer, variables. Dj;, which is the distance between the muon track and the axis of

the closest hadronic jet in the n — ¢ plane, is defined as

Djet = \/(Antmck—jet)2 + (A¢track—jet)2- (53)

Dy is the distance from the muon track to the closest track in n — ¢ space and is
defined analogously to Dj.;. This quantity ensures the isolation of the muon from
separated parts of the hadronic system and also any other leptons in the event.
The distributions of Dje; and Dyyqc in the muon selection sample are displayed in
Figure 5.8. Note that for the signal events the peak is at around 7 (& 3.1) which
shows clearly the LQ decaying back-to-back into a muon and a quark. The Dy,
distribution also shows a concentration of events at m although it is less peaked
compared to Dj.; due to the spread of the jet. The lepton pair (GRAPE+EPJPSI)
distribution shows a similar behaviour to the signal. An identified lepton is termed
“isolated” if it is well separated from other tracks and jets in the event. The se-
lections Dje; > 1.0 and Dyqer > 0.5 are used as developed for the isolated lepton
searches [73].

5.8 64 and #*

Since the proton beam has higher energy than the electron beam the LQ produced in
the interaction is boosted in the forward direction and hence also its decay products,
i.e. the muon and the hadronic final state, X. Figure 5.9 shows the distributions
of polar angle of the muon and the hadronic system. These variables are measured

from the trackers (section 2.3.1). For most of the background events the polar angle
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Figure 5.8: D, (top) and Dyrqcr (bottom) distributions after the muon selections
for e7p (left) and e*p (right) collisions. The lepton pair (GRAPE+EPJPSI) events
show a peak at around 7 in the Dj¢; and Dy, since the highest Py and the hadronic

system are back-to-back.
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has low values, this is due to the asymmetric nature of the ep collision.

In this selection set some discrepancy between data and SM MCs is shown at high
V“” (Figure 5.7) values and at events with A¢,,_x < 140° (Figure 5.6). This discrep-
ancy seems to mainly come from the first bin in the P distribution (Figure 5.1).

However, this region of phase space is not required in the final selection (chapter 7).

010°c 010*e :
- E [ ] 98 99 () Data = E ® 99-00 (e') Data
S F Npaia = 21 ---. 8 (250 GeV) S F Ngaa =81 - V(250 GeV)
>  uselection N =159 Epvec > [ pselection N =66.7 Epvec
] L stNW:O.S —— Rapgap I.IJ103T ZSMNW:23 — Rapgap
102 [ N =47 — Grape + EpJpsi E N =155 —— Grape + EpJpsi
; eq-wq N':::SJ — Pythia+Aroma E etq-uq N':zzzg_e — Pythia+Aroma
= N, =33 Django CC r N, =16.1 Django CC
C Nee =18 —— Total MC ) r Nee =43 —— Total MC
L 10°E
105 + E
S f 10 *, 4
1k 31
HIHH e
10 1., A
E 10 1?
102 HH‘ W O ] I IR B IR IR BN N
20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
e"/e e"/e
010°E 010*e g
= E ° 98 99 (e)) Data - E @® 99-00 (e) Data
S E N = 21 ~-- 5, (250 GeV) S F Ngata = 81 - V(250 GeV)
> - Hselection N. =159 Epvec > [ mpselection N. =66.7 Epvec
- i ZSMNW:O.S — Rapgap . I'“losr ZSMNW:Z.S —— Rapgap )
102 L Ny =47 —— Grape + EpJpsi E Ny = 155 —— Grape + EpJpsi
Eea-uwq N, =57 —— Pythia + Aroma Feq-pq N.p =286 —— Pythia + Aroma
F N, =33 Django CC r N, =16.1 Django CC
L Nee = 1.8 —— Total MC 5 Nec =43 —— Total MC
- 107
10 E
: 10F, +
; T
1k = = " vl
ok i
e D= T E -
10 : A
PRt NiE w01 - L
10’21 \'\l\‘ I B T 10’21\,11111111111 IS IR Y
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
8 /° 8 /°

Figure 5.9: 0* (top) and 6% (bottom) distributions after the muon selections for e™p
(left) and eTp (right) collisions.

105



5.9 Reconstructed Mass

The DIS Lorentz invariants %,y and = are used to determine the leptoquark mass,

M@ with
QQ
MR = \fzs = | % . (5.4)
Yy

As was mentioned in chapter 2, the muon barely interacts with matter. Hence, the
energy of the muon is not measured as well as the electron energy. Therefore, the
dependence on the electron method, taking the angle and energy of the outgoing
muon, to reconstruct the mass and the other Lorentz invariants variables does not
give accurate results. The reconstruction of Q?,y, and x is based on the double angle
method, to minimise the dependency on the hadronic and muonic energy measure-
ment. For a LQ decaying into a muon and a quark, the angle of the outgoing muon
and the angle of the highest transverse momentum (Pr) jet are taken to reconstruct

the mass of the LQ.

10,000 eq — LQ — u + ¢' events were generated in steps of 25 GeV of LQ mass
between 75 GeV and 400 GeV with different coupling constants. For LQs with
masses far beyond the kinematic limits 1000 events were generated with Ap g = 1.0
and mass of 1 TeV. Figure 5.10 shows the mass distrbution of a 250 GeV vector
LQ generated for e p collisions and Figure 5.11 shows the reconstructed scalar LQ
masses of 150, 250 and 350 GeV for e~ p collisions. The 350 GeV LQ does not show
a peak at its generated value whereas the other plots show peaks at their generated
values. This is because LQ)s with masses greater than the centre of mass energy
are produced resonantly from the sea quarks with their low x values (section 3.2.4
and Eq. 5.4) and also the u-channel contribution (Figure 3.9) to the signal becomes
more significant. The mass distribution can be understood as a convolution of the

Breit-Wigner distribution of the resonantly produced LQ at large masses with the
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parton distribution function (pdf) of the proton*. As the mass increases and gets
close to the kinematic limit the pdf falls steeply (Figure 3.5) and hence the tail
of the reconstructed L() grows and the peak starts diminishing. The tail is more
pronounced in Figure 5.10 than the other cases because the LQ was produced with
a higher coupling constant, \;, = 0.6, whereas the LQ in top right plot of Fig-
ure 5.11 was produced with Ay = 0.1. This shows the sensitivity of the distribution
to the coupling constant especially as the mass gets closer to the kinematic limit
(Eq 3.28, 3.29, 3.30). This is attributed to the fall in the pdf as the mass gets closer

to the kinematic limit.

4The Breit-Wigner equation describes the distribution of events around a resonant peak. Tt is
used to describe the mass of particles or cross section of decay processes. Its details can be found

in [32]. It mainly depends on the width of the mass distribution and is given by

Iy
N=rsmyer oy )

where M, is the mean mass value, M is the mass distribution and I is the width of the distribution.
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Figure 5.10: LQ mass distribution for e™p at mass = 250 GeV reconstructed using
the double angle method after the muon selections. The broad peak can be un-
derstood from a convolution of the Breit-Wigner distribution of the L(Q mass with
the pdf of the proton. It is caused by the resonantly produced LQ events from
the incoming leptons and the sea quarks which have low Bjorken-z values. A high
coupling constant was used to generate the L(). Compare this with plots on the
next page. This shows the effect of the coupling constant on L(Q masses near the

kinematic limits.
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Figure 5.11: Different LQ mass distributions for e”p at masses = 150, 250 and
350 GeV reconstructed using the double angle method after the muon selections.
The broad peak for the LQ of mass 350 GeV shows that the LQ is produced from
the tail of the Breit-Wigner distribution accessible into the kinematic region. The
350 GeV mass corresponds to z > 1 (Eq. 5.4) and hence cannot peak at the generated

value.
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Chapter 6

Isolated Muon Selection

In this chapter a set of selections is applied to select only events with isolated
muons. The distributions of the kinematic variables defined in the previous chapter
are displayed for the isolated muon selection. More emphasis is given to understand
the LQ LFV signal. The event selections applied yield 5 data events compared to
6.5 + 0.7 expected MC events in the e”p sector. The same selections applied in the
et p sector yield 21 data events compared to 28.3 4+ 2.5 MC events.

6.1 Selection Criteria

The main cut employed after selecting muon events selects events at low values of

Vap
Vo

A cut of VVL: < 0.3 is applied to remove most of the photoproduction and NC
background events. Also, the isolation criteria mentioned in the previous chapter
are applied to ensure the isolation of the muons. These are namely Dj.; > 1.0 and
Dyyocr > 0.5. Events in this selection must contain at least one isolated muon. Ta-
ble 6.1 summarises the selections applied in this level. After applying these criteria,
this selection mainly contains events with lepton pair muons from the background

processes. The distributions of the kinematic variables of the muon events are pre-
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sented in figures later in this chapter. The combined SM prediction is given by the
open histogram and the brown band containing the SM prediction line represents
the summed SM error without including the experimental systematic errors. The
signal component is given by the hatched histogram. Descriptions of the kinematic

variables are given showing the differences between LQs below and above the centre

of mass energy.

Variables cuts applied
Pgale > 12 GeV
Pl > 10 GeV
o+ > 10°, < 140°
number of isolated muons >1
e <0.3
Dirack > 0.5
Dije >1

Table 6.1: Selections applied in the second level selection to select isolated muon
events. First level selections (P&, Pk 0*) which were dedicated to selecting muon

events are included in this set.

6.2 Discussion

Figure 6.1 shows P§° distributions after the isolated muon selections for e”p and
eTp collisions. Since the e™p interaction has less luminosity (£ = 13.8 pb~!) than
the e*p interaction (£ = 66.0 pb~!) the e p plot shows fewer events in the data
and background processes. The majority of these events are lepton pair events since
the cuts applied in this selection are dedicated to identifying isolated muon events.
Selecting events with P& > 25 GeV rejects a lot of background events (next
chapter). The distribution of the signal events are not symmetric around the peak.

This peak is called a Jacobian peak. A similar feature will be shown throughout this

111



10?

Fol T Tomlangi i R T T T T T T T
0 e e 98-99Data | ¢ eq - uq’ e 99-00 Data |
S I sy 1 1 B sMm E
R ]
> [15,250GeV| 3 [ ]Vg5250 GeV |
105 (arb. norm.)E ? (arb. norm.) |
= ] 10F 3
ol <L E 1F | \ E
0 50 100 150 200 0 50 100 150 200
P&l [ Gev P&l / Gev

Figure 6.1: Pge distributions after the isolated muon selections for e~p (left) and

etp (right) collisions with scalar and vector LQs respectively.

chapter for the P and Py distributions.

Figure 6.2 shows P distributions for e™p and e*p collisions. The data and the SM

expectation falls steeply with P7. The signal events are distributed around half

MLQ
2

of the generated LQ mass (P =~ ) for a LQ generated with masses below the
kinematic limit. Figure 6.3 shows the P for a LQ with a mass of 350 GeV. This
figure shows that LQs of masses greater than the kinematic limit have P less than
half of the generated L) mass. Recall from the previous chapter that the incoming

electron interacts resonantly with sea quarks which have low Bjorken-z values and

off-resonantly (u-channel) resulting in low mass LQs.

Figure 6.4 shows the Py distributions for e p and e*p collisions. The plot is for

the highest Py isolated muon (if more than one exist). The signal is distributed at

around half of the LQ mass (Pr ~ M2LQ). Figure 6.5 shows the P distributions for

e~ p collisions where the signal is for a LQ with a mass of 350 GeV. This can be
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Figure 6.2: P distributions after the isolated muon selections for e~p (left) and

ep (right) collisions. The LQ mass is 250 GeV.
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Figure 6.3: PfX distributions after the isolated muon selections for e p collisions.

The LQ generated mass is 350 GeV.
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Figure 6.4: Pk distributions after the isolated muon selections for e~p (left) and e*p

(right) collisions.

compared with the P7X distribution of the same events (Figure 6.3) to show that LQs
of masses greater than the kinematic limit have a PJ less than half of the generated

LQ mass.

Figure 6.6 shows the P/ distributions for e”p and e'p collisions. Most of the
signal process events have low Pj"*S values. As mentioned in the previous chapter
this is calculated from the imbalance of the Pr of all particles in the events. High
values of P55 for the signal LQ are due to high P& measurements. The tracks
of these particles are stiff (almost straight). Hence they are measured with larger
uncertainties leading to uncertainties in the P7“** values. Compare this figure with
the next figure (Figure 6.7) which shows the PP for a LQ with masses beyond
the kinematic limit. The P** distribution is less broadened than those for LQs
with masses lower than kinematic limits since in that case (Figure 6.7) most muons

events have lower PF. Therefore, the uncertainties on Py (and hence PJ**%) are less.
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Figure 6.5: Py distributions after the isolated muon selections for e p collisions.
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Figure 6.6: Pm%s distributions after the isolated muon selections for e~ p (left) and

e*p (right) collisions.
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Figure 6.7: Py distributions after the isolated muon selections for e p collisions.
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Figure 6.8: A¢,_x distributions after the isolated muon selections for e "p (left) and
etp (right) collisions. The smaller peak at very low angles are for events with no

jets.
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Figure 6.8 shows the A¢,_x distributions for e”p and e*p collisions. The clear back-
to-back nature of the signal process can be seen. Selecting events with A¢,_x > 170°

rejects a lot of background events (next chapter).
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Figure 6.9: VVL: distributions after the isolated muon selections for e p (left) and

etp (right) collisions.

Figure 6.9 shows the VVL:’ distributions for e~p and e™p collisions. The signal distri-

Vap

T distributions for
P

bution is for LQs with a mass of 250 GeV. Figure 6.10 shows the

e~ p collisions where the signal distribution is for a LQ with a mass of 350 GeV. These

two figures show that LQs with masses beyond the kinematic limit have broader VVL:
distributions than the 250 GeV LQ distribution. This is because the jets in the
hadronic system are more collimated in the 250 GeV LQ case than in the 350 GeV

case.

Figure 6.11 shows the D,; and Dyyqc distributions for e™p and e*p collisions. Since
the signal L() decays into a muon and a quark which are back-to-back the distance

in 7 — ¢ between the two components is 7 (= 3.1) — a feature shown in the Dj,
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Figure 6.10: VVL: distributions after the isolated muon selections for e™p collisions.

The signal distribution is for a LQ with a mass of 350 GeV.

plots. The Dyqq plots also show a peak at around 7 (= 3.1) although events are

more spread than the Dj,, case.

Figure 6.12 shows the #* and % distributions for e p and e*p collisions. The LQ
signals are for a L with mass 250 GeV. The polar angle distributions show that
signal decay products are in the forward direction unlike the case for masses beyond
the kinematic limits (Figure 6.13). Their boost in the forward direction is due to
the high Bjorken z values used to form the LQ from the proton (see Eq. 5.4). For
LQs with masses > 4/s the incoming electron interacts with the low = quarks and
hence the decay products are not boosted in the forward direction and the polar
angle is distributed with all angles. In addition the contribution from the u-channel

(Figure 3.9) increases at these masses, which broadens the polar angle distribution.

Figure 6.14 shows the 250 GeV V" LQ mass distribution reconstructed using the
double angle method. The broad peak in the lower LQ mass region does not show

in this figure compared to Figure 5.10 since the selections required in this chapter
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Figure 6.11: Dj¢ (top) and Dyyqer (bottom) distributions after the isolated muon

selections for e~ p (left) and e*p (right) collisions.
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reject these events. The mass distribution of a LQ with a mass of 350 GeV is already

shown in the previous chapter (Figure 5.11) for the muon selection.

6.3 Results

The results of the isolated muon selections are summarised in Table 6.2 for both
e~ p and e*p collisions. The total number of data events contained in each selection
is in agreement with the total prediction from all SM processes. The errors in the
table consider the statistical and systematic uncertainties attributed to the back-
ground MCs without considering the experimental systematic uncertainties which
will be described in chapter 8. The systematic uncertainties are estimated from the
agreement seen in the background studies between data and MC [73] and are as

follows:

e RAPGAP (NC) and GRAPE (lepton pair): 10%;
e DJANGO (CC), PYTHIA and AROMA (Photoproduction): 30%;

e EPVEC (W-decay): 15 %.

The e~ p interaction has a luminosity of £ = 13.8 pb~! while the e*p interaction has
a luminosity of £ = 66.0 pb~!. This is why the e p column in the table presents
fewer events. The majority of data and SM MC events are lepton pair events since
the cuts applied in this selection are dedicated to identifying isolated lepton events.
The contribution of the NC process in the e”p sector is more than the e™p sector
because its cross section is incoming lepton charge dependent at high Q? as is seen

from Figure 3.2.
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SM process | events in e p inter. | events in e*p inter.
NC 1.10 £ 0.54 1.48 + 0.27
Lepton pair 4.79 + 0.48 24.06 + 2.42
W 0.36 + 0.05 1.81 + 0.27
Photoprod. 0.22 £+ 0.09 0.98 £ 0.40
CC < 0.005 < 0.005
Sum MC 6.46 = 0.73 28.34 + 2.49
Data 5 21

Table 6.2: Number of events for each SM MC process and data for the e"p and e™p

interactions after applying the isolated muon cuts.
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Chapter 7

LC) — p+ X Selection

In this chapter a final set of selections which are applied to search for the required
LFV process e + ¢ — LQ — p+ X is introduced. After applying these cuts no
data events are left in either e p and e™p interactions with 0.23 £ 0.10 expected SM
events from the e p interactions and 0.74 4 0.09 events from the e'p interactions.
Finally, the selection efficiencies for the different LQs types including low mass LQs
as well as masses far beyond the kinematic limits are outlined. The discussion of
experimental systematic errors and the limits on the signal process is given in the

next chapter.

7.1 Selection Criteria

Since the decay particles of LQs are back-to-back in the transverse plane, the acopla-
narity of the events are required to be > 170°. By applying this cut a lot of back-
ground events are rejected. All other cuts applied in the previous set of selections
are also applied in the final selection. The polar angle of the hadronic system is
selected to be > 7° to avoid poor hadronic measurements in the forward direction.

The selection Pg° > 25 GeV removes more background events. In addition, the
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trigger efficiency for the hadronic system for events with these values of P is high
(Figure 4.2). To reduce some background events, the number of jets is required to
be greater than zero. To reject NC background processes events with an isolated
electrons are rejected. To reject lepton pair events, which ideally contain more than
one isolated muon, the number of isolated muons is required to be exactly one.
Table 7.1 summarises the cuts applied in the final level to select LFV events and
their effect on the background MCs as well as the efficiency of a LQ with a mass
below the kinematic limits (250 GeV) and a LQ with a mass above the kinematic
limits (350 GeV). The figures in this chapter show the distributions of the kinematic
variables described in the previous chapters after applying the final selection cuts.
The combined SM prediction is given by the open histogram and the brown band
containing the SM prediction line represents the total SM error without including

the experimental systematic errors. The signal component is given by the hatched

histogram.
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Figure 7.1: P& distributions after the final selections for e~p (left) and e*p (right)

collisions.
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Variables cuts applied Data (ep) | SM MC (98-99) | Data (etp) | SM MC (99-00)
before selection - 1.181 x 10¢ 1.11 x 10° 1.525 x 108 5.83 x 106
non ep events see chapter 4 | 2.187 x 104 7.50 x 105 9.513 x 10* 3.96 x 108
Pk > 10 GeV 768 2300 3022 9540
o~ > 10°, < 140° 663 1700 2762 7320
60X > 7° 459 829 1460 2660
Muon Grade see chapter 4 25 45.0 108 207
pgale > 25 GeV 0 0.78 2 3.01
Dirack > 0.5 0 0.73 2 2.84
Dyjet >1 0 0.71 2 2.70
number of isolated electrons =0 0 0.72 0 1.65
number of isolated muons =1 0 0.43 0 1.28
number of jets >1 0 0.43 0 1.26
Adu_x > 170° 0 0.23 0 0.74
‘3: < 0.3 0 0.23 £0.10 0 0.74 £0.09
Variables cuts applied erQ (Mass=250 GeV) | erg (Mass=350 GeV)
before selection - 1.000 1.000
non ep events see chapter /4 0.978 0.954
Pl > 10 GeV 0.964 0.897
o > 10°, < 140° 0.962 0.838
6% >7° 0.877 0.729
Muon Grade see chapter 4 0.755 0.699
pgale > 25 GeV 0.741 0.416
Dirack > 0.5 0.741 0.414
Dijet >1 0.740 0.413
number of isolated electrons =0 0.724 0.403
number of isolated muons =1 0.721 0.398
number of jets >1 0.721 0.398
Adu_x > 170° 0.720 0.396
“/}‘:’ < 0.3 0.720 £ 0.05 0.395 £+ 0.03

Table 7.1: Cuts applied in the final level selection to select LF'V events. Second

level selections which were dedicated to selecting isolated muon events are included

in this set. Top: Number of events after each cut for data and SM expectation for

both e~p and e*p collisions. Bottom: Selection efficiencies (Section 7.3) after each

cut for vector LQs one with a mass below the kinematic limit and one with a mass

above the kinematic limit.
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Figure 7.3: PfX distributions after the final selections for e~p (left) and e*p (right)

collisions.
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(right) collisions.
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7.2 Discussion

The results of the final selections are summarised in Table 7.2 for both e~™p and
e*p collisions. The errors in the table consider the statistical and systematic uncer-
tainties attributed to the background MCs. These errors are given in section 6.3.
Due to the luminosity difference mentioned in section 6.3 between the e p and e*p
interactions the background processes show fewer events in the e p sector. The
majority of SM MC events are lepton pair events which shows that the lepton pair
events are more likely to mimic the signal events than other background processes
when one of the two muons is lost down beam-pipe. Figure 3.12 shows an event
display for lepton pair event. This will look very similar to the LFV event display
in Figure 3.10 if the lowest Py is not present. Because the NC cross section depends
on the charge of the incoming lepton as can be seen from Figure 3.2 it contributes

more to the background in the in the e™p sector than the e*p sector.
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Figure 7.7: Dj; (top) and Dyyqq (bottom) distributions after the final selections for

e p (left) and e*p (right) collisions.
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(left) and e™p (right) collisions. The signal events are for LQs with 250 GeV.
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Figure 7.9: 6* (left) and 6~ (right) distributions after the muon selections for e™p

collisions. The signal events are for LQs with 350 GeV.

SM process | events in e~ p inter. | events in e*p inter.
NC 0.099 £ 0.100 0.099 £ 0.051
Lepton pair 0.105 £ 0.012 0.512 4+ 0.057
W 0.015 + 0.003 0.077 + 0.013
Photoprod. 0.013 4+ 0.011 0.055 4+ 0.051
CC < 0.0005 < 0.0005
Sum MC 0.232 + 0.101 0.743 £+ 0.093
Data 0 0

Table 7.2: Number of events for each SM MC process and data for the e"p and e™p

interactions after applying the final selections.
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7.3 Selection Efficiency

The selection efficiency of the final event selections for a given LQ mass is defined

as

Number of reconstructed events after applying cuts

(7.1)

€er] =
sel Number of generated events

Different LQ types and masses have different efficiencies due to variations in their
kinematic properties. Figure 7.11 shows the selection efficiencies for seven LQ types
generated from e”p interactions with F' = 2 whereas Figure 7.12 shows the selection
efficiencies for seven LQ types generated from e'p interactions with F' = 0. The
error bars show the statistical errors. The fit function is a fifth order polynomial for
the scalar LQs and a fourth order polynomial for the vector LQs at low masses and
a hyperbolic function for high mass vector LQs. For LQs with masses far beyond
the kinematic limit the selection efficiency differs for both e~p and e™p collisions for

all 14 LQ types.

7.3.1 Low mass LQs

The selection efficiencies for low mass LQ)s are mass dependent as well as coupling
constant dependent. Both vector and scalar LQs have low efficiency values at low
masses due to their low P{*° values compared to the LQs in a mass range of 150-
250 GeV. Events with low P£° values are ruled out by the final P£° selection. Near
the kinematic limit the efficiency for selecting the vector LQs falls steeply. The fall
observed for the vector LQs is due to the high P§* and Pk requirements and can be
explained by the behaviour of the signal cross section near the kinematic limit [60].
As a LQ mass approaches the kinematic limit, events at the peak start to diminish
due to the steep decrease of the parton density function at high values of xz and

the tail becomes more apparent as shown in Figure 5.10 and 5.11. u-channel and
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Figure 7.12: Selection efficiencies for different LQs which may be produced in etp

collisions after the final selections as a function of mass.
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off-shell s-channel contributions to the signal cross section show a large off-resonant
mass distribution at high LQ masses (> 1/s). The requirements for large P& and
PF events reject most of these off-resonant events obtained from LQs coupling to

low z-value quarks. This can be seen from

(7.2)

i.e. the decay products of these LQs have low Pr values resulting in lower selection
efficiencies. At these masses LQs coupling to d-quarks show smaller efficiencies than
those coupling to u-quarks. This is because u-quarks with higher x values are more
abundant than d-quarks (Figure 3.5) and at high LQ mass values the LQs coupling
to d-quarks start coupling to sea quarks which have smaller z values. On the other
hand, LQs coupling to u-quarks have more chance to couple to higher x value quarks
which result in events with higher Pf4° values.

Both efficiency figures should in principle show similar efficiencies for LQs having
the same decay branching ratios and coupling constants. The drop in the selection
efficiency for the scalar LQs in the e”p interactions at masses > /s is due to slightly
higher coupling constants used (which leads to larger decay width) than the e™p LQs.
As mentioned in chapter 5, at this mass range the efficiency is coupling constant

dependent.

7.3.2 LQs with masses > /s

The selection efficiency of LQs with masses beyond the kinematic limit depends on
their spin as well as the momentum fraction = of the quark coupling to them. Ta-
bles 7.3 and 7.4 show the selection efficiencies of LQs with different fermion numbers
for e~p and e'p interactions respectively. In this regime all fourteen LQ types are
involved in the reaction (Section 3.5.2). The tables show the three quark family

contributions at the eg-vertex (g;) and pg-vertex (g;) where ¢ =u ord, g =cors
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and g3 = b quarks. Scenarios involving a top quark are indicated by dashes since
they are not produced at the given centre of mass energy because of their large mass.
The efficiency for LQs which involve second and third generation LQs are less than
the first generation because the higher generation LQs couple to low z-value quarks.
From Eq. 7.2 it can be seen that the decay products of the LQs have low Pr values

resulting in a lower selection efficiencies.

The efficiencies of the first generation F' = 2 LQs in Table 7.3 are higher than the
F =0 LQs. This is attributed to the fact that the F' = 2 LQs are mainly produced
resonantly from the first generation quarks in the proton which have high Bjorken x
values leading to higher Pr values. The second and third generation F' = 2 LQs have
lower efficiency values than the first generation LQs due to their low Bjorken = values
leading to lower Pr values. The F' = 0 LQs show high efficiencies when they are
produced from the first generation quarks in the u-channel (1-1, 2-1, 3-1 scenarios).
These are produced from quarks which have high Bjorken z values leading to higher
Pr values. The cross section is strongly dependent on the u-channel in this case.
Table 7.4 shows the efficiencies of LQs produced from the e®p interaction. In this
case the F' = 0 (F' = 2) LQs have efficiencies similar to the F' = 2 (F' = 0) LQs
produced from the e~p interactions. In the e®p interaction the FF = 2 LQs show
high efficiencies when they are produced from the first generation quarks in the
u-channel (1-1, 2-1, 3-1 scenarios) and the F' = 0 LQs show more efficiency values
when they couple to the first generation quarks in the s-channel. These quarks have

high Bjorken x values leading to higher Pr values.
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9i4; Sf/z 511}2 glL/Q Voo | Vit ‘N/OR Vi
et | e (i+d) |ed|ed|ed]|eu|e (V2u+d)
11 0.39 0.35 0.31 | 0.41 | 0.41 | 0.47 0.46
12| 0.21 0.22 0.23 | 0.21 | 0.21 | 0.20 0.20
13| — 0.23 0.2410.20 019 | — 0.20
21 || 041 0.36 0.30 | 0.40 | 0.41 | 0.48 0.47
22| 0.22 0.20 0.19 1 0.19 |1 0.19 | 0.21 0.20
23 || — 0.21 0.20]0.15]0.15 | — 0.19
31 — 0.41 0.32 | 0.41 | 0.41 | — 0.45
32 || — 0.18 0.180.19 019 | — 0.17
33 | — 0.17 0.17]0.14 |1 0.14 | — 0.14
agj | Sy | S§¢ S§ St V1L/2 ‘/11/%2 ‘71172
euleul|ed|e(u+v2)|ed|e(utd)|eu
11 047|047 |0.36 0.40 0.32 0.36 0.39
12 048|048 |0.36 0.40 0.31 0.37 0.41
13| — — 1 0.37 0.41 0.33 0.41 —
21 0.210.21|0.20 0.20 0.22 0.22 0.21
221 0.21 022 0.19 0.19 0.19 0.20 0.21
23| — | — 10.20 0.20 0.15 0.17 —
31 — — | 0.18 0.18 0.22 0.21 —
32 || — — | 0.16 0.15 0.19 0.16 —
33 | — — | 0.17 0.17 0.14 0.14 —

Table 7.3: Selection efficiencies of F' = 0 (top) and F' = 2 (bottom) LQs coupling
to the first, second and third quark generations for e”p interactions. The dashes

represent scenarios involving a top quark.
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9i4; Sf/z 511}2 glL/Q Voo | Vit ‘N/OR Vi
etu | et(u+d) | etd | etd | etd | etu | et (vV2u + d)
11 | 047 0.43 0.36 | 0.32 | 0.32 | 0.39 0.38
12048 0.44 0.36 | 0.31 | 0.31 | 0.41 0.39
13 — 0.45 0.37 1033033 | — 0.45
21 || 0.21 0.20 0.20 | 0.22 | 0.22 | 0.21 0.21
22 || 0.22 0.20 0.19 | 0.19 | 0.19 | 0.21 0.20
23| — | 021 |020]015[015]| — 0.19
31| — | 019 |0.18020[022] — 0.21
32| — | 018 |016]019019| — 0.20
33| — | 017 |017|014|014| — 0.14
qiq; SoL Sé{ S’éﬁ S1L VﬁQ ‘/11/{2 ‘71L/2
etu | et | efd | et (u++2d) | etd | et (i+d) | etu
111 0.39]0.39 | 0.31 0.33 0.41 0.45 0.47
12 0.21]0.21] 0.23 0.22 0.21 0.21 0.20
13 — — 1 0.24 0.23 0.19 0.19 —
21 || 0.41]0.41 | 0.30 0.33 0.41 0.45 0.48
22 0.221]0.220.19 0.19 0.19 0.20 0.21
23 — — 1 0.20 0.20 0.15 0.17 —
31 — — 1 0.32 0.36 0.41 0.46 —
32 — — 1 0.16 0.17 0.19 0.19 —
33 — — | 0.17 0.17 0.14 0.14 —

Table 7.4: Selection efficiencies of F' = 0 (top) and F' = 2 (bottom) LQs coupling
to the first second and third quark generations for etp interactions. The dashes

indicate scenarios involving a top quark.
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Chapter 8

Interpretation

The final results are discussed in this chapter. The full systematic uncertainties are

introduced and the limits on the L(Q signal coupling constants and branching ratios

Aeq; Apa;

are set for low mass LQs. Also, limits on the four fermion interaction term ,~3="%,
Le

for different L(Q) scenarios with masses far beyond the centre of mass region are set.

8.1 Systematic Uncertainties

The systematic uncertainties on the background processes are described in section 6.3.
The experimental uncertainties on the signal and background processes are deter-
mined by varying the experimental quantities by +1 standard deviation and recal-

culating the cross section.

The systematic uncertainty on the muon energy scale is 5%. This is obtained from
the Pr balance of a data sample of muon pair events [73]. Using the same data
sample the muon identification efficiency is assigned an uncertainty of 6% and the
uncertainty on the track finding efficiency is 3% [39]. The uncertainties on the muon

polar and azimuthal angles are 3 and 1 mrad respectively. The muon trigger ineffi-

141



ciency is taken to be 6% [39].

Uncertainties on the hadronic system are obtained from the standard NC sam-
ple [81]. The uncertainty on the hadronic energy scale is 2% and the hadronic
polar and azimuthal angle uncertainties are 10 mrad [82]. The uncertainty on the
luminosity measurement of the data analysed is taken to be 1.5%. These uncertain-
ties are combined in quadrature with the MC errors, the experimental systematic
uncertainties described above and the statistical errors. After taking all these uncer-

tainties into account the final selection results for different MC processes are shown

in Table 8.1.

SM process | events in e p inter. | events in e*p inter.
NC 0.099 +£ 0.100 0.099 +£ 0.052
Lepton pair 0.105 £ 0.058 0.512 4+ 0.244
W 0.015 + 0.006 0.077 £ 0.025
Photoprod. 0.013 + 0.014 0.055 £ 0.060
CcC < 0.0005 < 0.0005
Sum MC 0.232 4+ 0.117 0.743 4+ 0.257
Data 0 0

Table 8.1: Number of events for each MC process and data for the e”p and e™p
interactions after applying the final selections. The errors include all uncertainties

described in the text.

The following uncertainties are related to the modelling of the L(Q signal and the
parametrisation of the parton density functions and add more uncertainty to the

LQ cross section:

e The theoretical uncertainty on the signal cross section due to uncertainties in
the parton densities varies from 7% for eu — LQ at low LQ masses up to

50% at high LQ masses for etd — LQ.
e Choosing either )% or the square of the transverse momentum of the final
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state muon instead of the centre of mass energy of the hard subprocess, \/sz,
as the hard scale at which the parton distributions are estimated, yields an

uncertainty of 7% on the signal process.

8.2 Limit Procedure

A measurement of any true unknown quantity X may lead a result z. When there
is no evidence for a signal above the background z is turned into limit on X. The
background contribution as well as its uncertainty have to be included in the limit
calculation. Different limit approaches are used in different analyses. In this analysis
the modified frequentist [83] approach used at LEP for SM Higgs and MSSM Higgs

searches [84] is used.

8.2.1 Confidence Level

In search experiments the probability distribution of observing z if X is expected is
p(z, X). For fixed values of o (where 0 < a@ < 1) and X, two boundaries for z can

be observed: z_(X, a) and (X, «) such that the probability for  becomes:

Ty
p(z_ <a:<ac+):1—oz=/ p(z, X) dz.

From any measured value of x the confidence level (CL) interval of X for a given «
has the limits X_(z, (X, «),z) and X, (z_(X, «),z). In other words the true value
of X is sandwiched between two limits with the probability 1 — «. However, in a
search experiment, only the upper limit is taken and consequently X_ = 0. Hence,
the probability of getting the limits (0, X ;) in a set of identical search experiments

i1s1—a.

In research experiments the upper limits can be found from a Poisson distribution.
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This is done by requiring the mean expected number N to lead to n observed events
with a probability. If n events are observed and the number of expected events N
is unknown, the 95% CL upper limit on N is N, such that:

zn:p(r; N,) =0.05.

r=0
In other words the probability of getting a result n smaller than N, is 5% or the
true value of N, is not larger at 95% CL [85].

8.2.2 The Modified Frequentist Approach

From the outcome of searches which look for new particles signal, and background
are indistinguishable. If more than one channel exists in the search the test statistic,
Y is defined in order to distinguish between signal-like outcomes and background-
like outcomes using the likelihood ratio method [86]. This is defined as the ratio of
the probabilities for observing a signal + background (s + b) hypothesis outcome to
a background-only hypothesis outcome. The likelihood ratio of a selection channel

1 is given by
eli+hi) (g, + b;)% /ebi b
d;! d;!

where b; is the estimated background, and d; is the number of data candidate events.

Y, = (8.1)

The expected number of signal events is s; = ¢ N where N is the total number of

signal events and € is the selection efficiency.

For ¢ channels the likelihood ratio is given by:
vy =][v (8.2)

The 95% CL is the probability that the test statistic, Y (d}), would be less than or

equal to those observed in the data given by the Poisson probabilities:

e(si+8) (55 + b
=PV <Va)= 3 I - * (8.3)

Y(d,)<Y(d;) i=1
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which is the CL for both signal and background outcomes. The CL for the back-
ground alone is given by

CLy = Py(Y < Yiy,) (8.4)

The term in the bracket shows that the probability that background processes would
give less than or equal to the number of data observed. From the above equations

the CL is used to set exclusion limits and is evaluated by

CL, = CLy.y/CLy,. (8.5)

Systematic uncertainties on signal and background are taken into account by av-
eraging over possible values of the signal and background assuming a Gaussian
distribution [83]. In this analysis only one channel (either e~ p interactions or e*p
interactions) contributes to the signal for low LQ masses. However, for masses far
beyond the centre of mass energy both e”p and e*p LQs are considered and hence
the two channels are combined in the limit calculations. All fourteen L(Q types are
involved in either collision type unlike the low mass LQ case where the resonant

signal is required.

8.3 Limit Results

8.3.1 Low mass LQs

The number of data events, background events and the selection efficiency are used
to calculate an upper limit on the signal cross section at 95% CL. These limits are
converted into limits on the coupling constants, A,,, using the full cross section
equation (Eq. 3.28 and 3.30). The obtained limits are shown in Figure 8.1 for scalar
and vector LQs for the e™p interaction. Figure 8.2 shows limits on the coupling
constants, A, for scalar and vector LQs for the e*p interaction. The decay of the

LQ to electrons will be always finite since LQs are produced from them. The limits
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shown are for a LF'V of a branching ratio of BRyq_,,, = 0.5. The e”p interaction
limit is lower than the e*p interaction limit because of its lower luminosity. H1 limits
are compared to ZEUS limits [87] for one scalar and one vector LQ in each figure.
The ZEUS limits add an additional 47 pb™! with a total integrated luminosity of
L = 113 pb~! taking all eTp interaction data from 1994-2000. Limits at 95% CL
from the ZEUS experiment were converted to limits on v/BR x \ using the NWA
(Eq. 3.31).

The limit calculation is extended to different branching ratios fixing M., at the

electromagnetic coupling strength of 0.3. The branching ratio is obtained from

)\2
R=_"t (8.6)
A2+ A2

where A, is the coupling constant of the incoming electron to the LQ and A, is

the coupling constant of the outgoing muon to the LQ. Figure 8.3 shows limits on

BRyq- g with different LQs types for both e p and e*p collisions.

Searches for LFV in other experiments

Tevatron and HERA limits are complementary since the cross section at the pp
Tevatron colliders does not depend on the Yukawa coupling. In addition, LQs are
assumed to couple only with one lepton generation. The CDF and D@ collaborations
exclude scalar LQs coupling exclusively to pg with masses up to 202 GeV [88] and
200 GeV [89], respectively. Searches for LFV interactions not mediated by LQs
were performed by the LEP experiments, looking for ey and p7 production in ete™
annihilation at the Z° peak; the OPAL collaboration extended the search to higher
energy using LEP2 data [90]. Also in this case no significant deviation from the SM

expectation was found.
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Figure 8.1: Exclusion limits from H1 (top) on A, in terms of mass for scalar (right)
and vector (left) LQs in e~ p interactions compared to ZEUS (bottom) taken from [87]
for SF (left) and V)5, (right) LQs. The brackets show the quark(s) in the incoming
proton contributing to the LQ formation. The ZEUS limits are for LQs between
140 and 300 GeV. H1 and ZEUS limits are very comparable for low mass LQs.
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Figure 8.2: Exclusion limits from H1 (top) on A, in terms of mass for scalar (left) and
vector (right) LQs in e™p interactions compared to ZEUS (bottom) taken from [87]
for SF, (left) and V¥ (right) LQs for 1994-2000 data with £ = 113 pb *. The
brackets show the quark(s) in the incoming proton contributing to the L(Q formation.
The ZEUS limits are for LQs between 140 and 300 GeV. H1 and ZEUS limits are

very comparable for low mass LQs.
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Figure 8.3: Branching ratio limit of all LQs involved in the e™p (left) and e™p
interactions (right) at 95% CL in terms of mass for LQ — pg with a fixed coupling

to first generation leptons at electromagnetic coupling constant strength, A, = 0.3.

8.3.2 LQs with masses > /s

As was already discussed in chapter 3 the high mass approximation (HMA) is used
to calculate the cross section for LQs with mass > 4/s. From Eq. 3.32 the cross
section can be computed. ¢; and g; label the densities of the quarks that couple
to the electron and the higher generation leptons, respectively (Figure 3.9). All

information needed is contained in the term in the bracket in the equations, namely

Aeg; Aug;
M? 0

upper limits on this quantity at 95% CL for all LQs coupling to the first, second

Therefore, limits are found on this quantity. Table 8.2 and 8.3 list the

and third generations quarks. Scenarios involving a top quark are indicated by
%’ since it cannot be produced within the current centre of mass energy. Both
e"p and e*p interactions are combined and hence LQs with F = 0 (Table 8.2)
and F' = 2 (Table 8.3) are listed. In order to include all these interactions 126

different scenarios were taken into account for these limit calculations. As can be
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seen in these tables the limits on first generation LQs are more stringent than the
second generation. This can be explained by the higher selection efficiency of the
first generation compared to the second generation. These limits are compared to
the ZEUS [87] and low energy experiments limits [91-94]. ZEUS limits are more
stringent than the H1 limits because they include the 1994-1997 data which adds

47.7 pb~! more luminosity.
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q:4; 512 51 58 Vo vt Zh Vi
e”a e (u+d) e”d e~ d e”d e"u e~ (V2@ +d)
etu et(u+d) etd etd etd etu et (V2u + d)
11 uN — eN uN — eN uN — eN puN — eN uN — eN uN — eN uN — eN
7.6 x 10~7 2.6 x 10~7 7.6 x 1077 2.6 x 10~7 2.6 x 1077 2.6 x 10~7 1.1 x 1077
0.011 0.009 0.016 0.010 0.010 0.008 0.004
H1:0.015 | H1:0.013 | H1:0.024 | H1:0.014 | H1:0.014 | H1:0.010 H1:0.005
12 D — ueé K — pe K — pe K — pe K — pe D — pue K — pe
0.04 2.7 x 1077 2.7 x 10~7 1.3 x 1077 1.3 x 1077 0.02 1.3 x 10~7
0.012 0.010 0.017 0.012 0.012 0.010 0.005
H1:0.016 | H1:0.013 | H1:0.025 | H1:0.019 | H1:0.019 | H1:0.014 H1:0.007
13 B - ue B = pé Vb B = pé Vb
0.008 0.008 0.002 0.004 0.002
% 0.018 0.018 0.015 0.015 % 0.015
H1:0.023 | H1:0.025 | H1:0.022 | H1:0.022 H1:0.019
21 D — ueée K — pe K — pe K — pe K — pe D — ue K — pe
0.04 2.7 x 10~7 2.7 x 10~7 1.3x 1077 1.3x 1077 0.02 1.3x 1077
0.036 0.024 0.032 0.013 0.013 0.013 0.006
H1:0.047 | H1:0.035 | H1:0.051 | H1:0.019 | H1:0.019 | H1:0.014 H1:0.007
22 w — 3e u — e w — 3e pn — 3e u — 3e pn — 3e ©n — 3e
5 x 1073 7.3 x 1075 1.6 x 10~4 8 x 1075 8 x 10~° 2.5 x 1075 1.5 x 1075
0.058 0.031 0.038 0.019 0.019 0.029 0.012
H1:0.084 | H1:0.051 | H1:0.064 | H1:0.032 | H1:0.032 | H1:0.044 H1:0.018
23 B — fieK B — fieK B — feK B — peK B — feK
0.006 0.006 0.003 0.003 0.003
% 0.043 0.043 0.029 0.029 * 0.029
H1:0.068 | H1:0.069 | H1:0.053 | H1:0.053 H1:0.047
3 1 B — pe B — pe Vub B — pé Vub
0.008 0.008 0.002 0.004 0.002
b3 0.044 0.044 0.015 0.015 % 0.015
H1:0.060 | H1:0.065 | H1:0.019 | H1:0.019 H1:0.019
32 B = peK B — peK B — peK B — ek B — peK
0.006 0.006 0.003 0.003 0.003
k 0.058 0.058 0.022 0.022 % 0.022
H1:0.095 | H1:0.099 | H1:0.035 | H1:0.035 H1:0.035
33 ® — eeé © — ee€ w — eeé ® — eeé n — eeé
7.3 x 1075 1.6 x 1074 8 x 1075 8 x 1075 1.5 x 1075
* 0.077 0.077 0.039 0.039 * 0.039
H1:0.117 | H1:0.117 | H1:0.067 | H1:0.067 H1:0.067

Table 8.2: First row: Most stringent limits from low energy experiments; Second
row: ZEUS limits for 1994-2000 (e*) interactions; Third row: H1 limits for 1998-
2000 (e*) interactions giving a total integrated luminosity of 80.8 pb~! for F' = 0
type LQs. The ZEUS limits are more stringent because they include the 94-97 data
as well giving a total integrated luminosity of 129.9 pb~!. The cases marked with

"x” refers to scenarios involving a top quark.
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Table 8.3: First row: Most stringent limits from low energy experiments; Second
row: ZEUS limits for 1994-2000 (e*) interactions; Third row: H1 limits for 1998-
2000 (e*) interactions with a total integrated luminosity of 80.8 pb~! for F' = 0 type
LQs. The ZEUS limits are more stringent because they include the 94-97 data as

well with a total integrated luminosity of 129.9 pb1.

refers to scenarios involving a top quark.
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Chapter 9

Conclusions and Future Work

Since the contemporary topic of neutrino mixing suggests the possibility of mixing
in the massive leptonic sector, a search for lepton flavour violation (LFV) has been
performed for the data collected at HERA between 1998-1999 for e p collisions
(£ = 13.8 pb™1) and between 1999-2000 for ep collisions (£ = 66.0 pb™!). The
main signature for this process is an isolated muon (or tau) and a jet in the final
state. Leptoquark (LQ) exchange can be a good candidate for such processes. The
LQs considered are based on the Biichmuller-Riickl-Wyler model and a search for
muons in the final state has been carried out. At first, initial selections have been
applied to reject all non-ep backgrounds such as cosmic, beam-wall and beam-halo
muons in addition to unwanted runs when parts of the detector relevant to the
analysis were not fully on. A first level selection has been applied to select only
events containing processes such as photoproduction, charged current (CC), neutral
current (NC), W-decay and lepton pair as background processes which may mimic
the signal process. The second level selection has been dedicated to selecting events
with isolated muons to reject most of the photoproduction, NC and CC events.
Finally, tighter cuts have been applied to reject lepton pair events. Since no data

events remain after all these selections from both e~ p and e™p data, limits at 95%
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confidence level (CL) on coupling constants and branching ratios with respect to LQ
mass have been set for all LQ types with masses below and above the kinematic limit
(319 GeV). A similar search has been performed for LQs with masses far beyond the

kinematic limit (~ 1 TeV) at 95% CL and limits have been set on the four fermion

interaction term ,)“}‘f/}'?“‘”, using the high mass approximation (HMA) for combined
e
e~p and e'p data (£ = 80.8 pb~!). These limits have been compared to ZEUS

limits (£ = 129.9 pb™') and low energy experiments.

9.1 Conclusions

A search for LFV mediated by LQs coupling to second generation leptons in e~ p and
etp collisions has been performed at HERA using a data sample corresponding to
an integrated luminosity £ = 13.8 and £ = 66.0 pb~! collected with the H1 detector
at a centre of mass energy /s = 319 GeV for e~p and e'p collisions respectively.
No evidence has been found for LFV in the muon decay channel. Exclusion limits
for coupling constants and branching ratios have been set in a LQ mass range of 100
to 400 GeV. Taking a Yukawa coupling constant of electromagnetic strength (A, =
0.3), couplings of scalar (vector) LQs with masses up to 260-280 (270-290) GeV
to muons in e p collisions and couplings of scalar (vector) LQs with masses up to

275-300 (288-330) GeV in e*p collisions are excluded.

Exclusion limits at 95% CL on )‘e]‘\’}ié\g‘” have been set for masses far beyond the
kinematic limit for LQs in contact interactions using a data sample corresponding
to an integrated luminosity £ = 80.8 pb~! collected for combined e~p and e*p
collisions. This search covered LQs coupling to different quark generations and was

compared to ZEUS results and low energy experiments.
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9.2 Future Work

In order to improve the exclusion limits for low mass LQs this search can be combined
with the previously published LFV publication [2]. By adding both data samples all
HERA I data will be covered for this search. Also, HERA II data can be investigated
and added to HERA I data to get more stringent exclusion limits.

For the contact interaction a search of the effect of the mass of the heavy quarks,
such as ¢ and b quarks, on the cross section and hence on the limits can be studied.
This requires an understanding of the effect of the next to leading order correction
to the b quark coupling to the LQ — a detailed process not included in the MC
generator used. This might have an effect on the cross section [95]. This is expected

from the factor ln_l(%) in Eq. 3.22.

9.2.1 Future Potential

If all HERA I data with £ = 101 pb ! and the expected HERA II data collected up
to 2007 with £ = 400 pb~! are included in the limit calculation for the e*p collisions
and assuming no events observed, more stringent limits on the coupling constants
for seven LQs in the etp collisions can be set. Also including the complementary
HERA II e p collision data to be collected up to 2007 with £ = 400 pb~! and
assuming no data candidates, limits on coupling constants for the other seven LQs
will be improved.

Exclusion limits for coupling constants are expected to be as follows in a LQ mass
range of 100 to 400 GeV. Taking a Yukawa coupling constant of electromagnetic
strength, couplings of scalar (vector) LQs with masses up to 340 (400) GeV to
muons in e p collisions and couplings of scalar (vector) LQs with masses up to 350

(400) GeV in eTp collisions will be excluded.
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