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1 Introduction

The description of the unification of the electromagnetic and weak forces, as predicted by the Standard
Model (SM) [1] has been validated by many experiments at the large particle accelerators during the
last few decades. Absolute milestones are the discovery of the W and Z bosons at LEP (CERN) and
the precise measurement of their masses [2, 3].

A key process in understanding the dynamics of the electroweak interactions in the SM is single
W boson production. W boson properties have been studied in electron-positron (eTe™) collisions
at LEP (CERN) and in proton-antiproton (pp) collisions at the Tevatron (FNAL). The sole testing
ground to study single W boson production in electron-proton (ep) scattering is the HERA collider
at DESY [4].

HERA collides electrons® at 27.5 GeV with 920 GeV protons at a centre-of-mass energy of 320 GeV.
The point particle nature of the electron provides a clean probe to the proton. Two collider-mode
detectors H1 [5] and ZEUS [6] investigate in detail the proton structure and explore the energy frontier
in electron-quark collisions.

The first years of running, 1994-2000, or the ‘HERA T’ period, yielded a profoundly enhanced
insight into the structure of the proton [7, 8, 9]. Also in the electroweak sector, the ep scattering led
to important confirmations of the SM [10]. After the year 2000, the accelerator and the detectors
were upgraded and the HERA collider entered a new phase, HERA II, in which the specific luminosity
was substantially increased and the electron beam was longitudinally polarised. The full data sample,
collected until the collider shut-down on June 30, 2007, corresponds to an integrated luminosity of
0.5 fb~!, balanced over e*p and e p collisions. This harvest facilitated the search for rare processes
and physics beyond the SM (BSM).

Single W boson production is an example of a rare process at HERA with a cross section of O(1) pb.
One of the most striking signatures of this process is the observation of events with isolated leptons
(electrons or muons) and missing transverse momentum, or ‘¢ +Pp’ events. An excess of such events
at the 30 level was reported by the H1 collaboration in the HERA I data for the topology, atypical
for the SM, where an additional prominent jet leads to a high hadronic transverse momentum (Pj)w( )
in the events [11]. This could not be confirmed by ZEUS [12]. In the full HERA I+II high-energy
data set, an arguable excess of 2.30 still persists in the limited region of phase space where the events
have large Pff . Nevertheless, the purity of the H1 analysis in the signal, dominated within the SM by
the W boson production, is at the 75% level.

A possible interpretation of the excess of £ +Pr events at large P, is provided by an anomalous
triple gauge boson coupling (TGC) in W boson production at HERA, where a photon () couples to
a W boson at a WIW+ vertex. The differential cross section as a function of Pj)f is indeed predicted to
be sensitive to an anomalous TGC [13]. Limits on the parameters that govern the TGC are calculated
by applying statistical methods and using theoretical predictions.

Another tool to analyse the production mechanism is provided by the polarisation properties of the
W boson. As an illustration, W bosons produced via top quark decay tend to display radically different

In the following the term ‘electron’ will be used to refer generically to both electrons and positrons, unless stated
otherwise.



polarisation behaviour than those radiated from up or down quarks. Therefore, deviations from the
predicted behaviour not only may indicate BSM physics, but also provide additional information about
its nature.

This thesis is organised as follows: An introduction to the ep physics at HERA is provided in
Chapter 2. The production and properties of single W bosons in ep scattering is presented in Chapter 3.
This includes a theoretical overview of the calculation of the single W boson production cross section,
the WW~ vertex, and the polarisation properties of the W boson at HERA. The HERA particle
accelerator and the H1 detector are described in Chapter 4. The reconstruction of the final state
particles, whereby various subdetectors of the H1 detector are used, is presented in Chapter 5. In
Chapter 6, the selection of {+Pr events is discussed. The production rate of such events is determined
in Chapter 7, where the most precise determination of the single W boson production cross section
to date in ep scattering is also presented. The measurement of ¢ + Pr events is used in the direct
measurement of the triple boson coupling W W+, which is described in Chapter 8. The measurement
of the W boson polarisation properties is presented in Chapter 9. Finally, Chapter 10 concludes this
thesis with a discussion of the results.



2 Electron-Proton Physics at HERA

This chapter provides an introduction to the electron-proton scattering at HERA. In the first section
a short introduction of the Standard Model of particles and forces is given. Then, a short overview of
the highlights of the HERA physics is presented. Finally, the Standard Model processes, relevant for
this work, are discussed.

2.1 The Standard Model and Elementary Particles

The Standard Model (SM) [1], developed in the 1960’s, describes the electromagnetic, weak, and
strong interactions and explains in a unified way a large variety of experimental observations. The
elementary particles of the SM are grouped into bosons and fermions. The bosons are the gluon, the
Z9 the W#, and the photon, denoted by . They are integer spin particles and mediate the strong,
weak, and electromagnetic forces, respectively (Table 2.1). In the interactions of elementary particles,
the gravitational force is too weak to play a significant role. This is due to the small masses of the
elementary particles.! The fermions in the SM are half integer spin particles and are further divided
into two groups: quarks and leptons. Quarks have never been observed as free particles, they always
form bound states called ‘hadrons’. Quarks interact via all boson types whereas leptons interact only
via Z,W¥, and, if the lepton is charged, via 7 as well. Leptons occur as free particles in abundance.

Each particle in the SM is associated with an antiparticle, which has the same mass and opposite
electric charge. All quarks and leptons can be classified into three generations. The particle content
of the SM is summarised in Table 2.2. Each lepton generation consists of a charged and a neutral
particle. Among the charged leptons only the electron is stable. Neutral leptons are called neutrinos
(v) and are massless in the SM.? Quarks carry fractional electric charge and occur in six varieties of
flavours: up (u), down (d), charm (c), strange (s), top (t) and bottom (b).

Experiment has shown that the weak charged currents (W*) cause transitions between the fermions
within a generation (not between generations). Remarkably enough, this pertains only to left handed
fermions for which the spin is oppositely aligned with the direction of motion. Therefore, in the
electroweak sector of the SM, the left handed (L) fermions appear in so-called weak isospin doublets,
whereas the right handed (R) fermions, where the spin is aligned with the direction of motion, appear
in weak isospin singlets. This is also referred to as the ‘V-A’ chiral structure. For the first generation
quarks and leptons this looks like

( . ) ( p ) and (). (u) (). 2.1)

The right handed neutrino (v)g is missing, since it has never been observed.
In the SM, all interactions between the particles and forces are described in the Lagrangian formal-
ism, in which all SM particles are massless. Mass is given to each particle via its interaction with an

!The gravitational force, presumably mediated by a particle called the graviton, is not included in the SM.
2Experiments, however, provide strong evidence that the neutrinos cannot be massless [14].



‘ Force ‘ Relative strength ‘ Couples to ‘ Mediated by ‘
Strong 1 quarks gluon
Electromagnetic 1.4 x 1072 quarks/charged leptons
Weak 2.2 x 107° all 70 W*

Table 2.1: The Standard Model bosons and the particles to which they couple.

LEPTONS (spin= 1/2) QUARKS (spin=1/2)

Mass Electric Approx. Electric

Flavour (GeV) charge Flavour | Mass (GeV) | charge

Ve electron neutrino | < 1 x 1078 0 u up 0.003 2/3
e electron 0.000511 -1 d down 0.006 -1/3
v,  muon neutrino < 0.0002 0 ¢ charm 1.3 2/3
© muon 0.106 -1 s strange 0.1 -1/3
Vr tau neutrino < 0.02 0 t top 175 2/3
T tau 1.7771 -1 b bottom 4.3 -1/3

Table 2.2: The three generations of quarks and leptons in the Standard Model. Also shown are the
forces described in the Standard Model with their relative strengths evaluated at Q = 1
GeV. Throughout this thesis a system of natural units is used where h = ¢ = 1, therefore
particle masses are written in units of GeV.

additional particle. This is the Higgs boson, which is needed to explain why particles have mass. The
Higgs boson is the only SM particle that has not been observed and its discovery is the primary goal
of the near-future experiments.

The probing of elementary particles and their interactions by means of scattering experiments was
opened by Rutherford, in the beginning of the twentieth century. He collided alfa-particles on a gold
foil and discovered that the gold consists of hard point-like nuclei and not, as was commonly assumed,
of a continuous matter [15]. In fixed-target experiments, leptons were scattered off the nuclei to further
resolve their substructure. The resolution with which the ‘target’ can be analysed, depends on the
transfered momentum in the scattering Q2. The higher Q?, the more detail that can be resolved. The
quarks and gluons were discovered using leptons with higher and higher energies until eventually the
nucleus broke in the so-called ‘Deep Inelastic Scattering’ (DIS). This analysis is continued at HERA
where the world’s best resolution is obtained in resolving the substructure of the proton.

2.2 Electron-Proton Scattering and the HERA Programme

Kinematics

Electron proton (ep) scattering in the SM occurs via the exchange of a 7, Z or W*. This is diagram-
matically shown in Figure 2.1. In the case of a neutral v or Z boson exchange, one speaks of a ‘Neutral
Current’ (NC) process ep — eX. The process is called ‘Charged Current’ (CC), ep — v X, when the
mediating particle is a charged boson, W. For a fixed center of mass energy /s, the kinematics of ep
scattering can be uniquely described by two Lorentz invariant quantities: Q?2, the negative squared



e (k) e (k) e (k) v (k)
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> > X
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Figure 2.1: Electron-proton (ep) scattering under the exchange of a neutral gauge boson Z or~y (left) or
a charged gauge boson W (right). X is the outgoing hadronic system. The incoming proton
(p) and electron (e) have four momentum (p) and (k), respectively. The four momentum
of the exchanged boson is denoted by (q).

four momentum of the exchanged boson, and the Bjorken scaling variable z. Another common Lorentz
invariant variable is y, the inelasticity. These variables are explicitely defined as

Q2
2p-q’

i
IS

Q2 = _q2a €T

(2.2)

<

I
|
’B\.

where ¢ is the four momentum of the exchanged boson, p the four momentum of the incoming proton,
and k that of the incoming electron. y corresponds to the energy fraction of the incident electron
carried by the exchanged boson in the proton rest frame. The inelasticity ¥ is related to z and Q? by
the relation

Q* = ays, (2.3)

when the particle rest masses are neglected.

Cross Sections and Structure Functions

The NC and CC differential cross sections in e®p scattering as a function of  and Q2 can generally
be expressed as

d? 4 1\2

dmzlg; = 8fo (@) ¢§C (z,Q%), (2.4)
d? 4 1 2

dm?lEQCQ - Glilmn <Q2 + MI%Vi> Q%C (m, QQ) ) (2.5)

with e the unit charge and g, the weak coupling constant. Latter two are related by g2 = €2 /sin? (9w ),
where Oy is the Weinberg Mixing Angle. The terms é and W refer to the exchanged ‘propa-

w
gating’ or ‘virtual’ particles, which are represented by internal lines in Feynman diagrams. The NC
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Figure 2.2: Kinematic plane in x and Q? covered by the HERA experiments H1 and ZEUS, in com-
parison to some fixed-target and pp experiments (CDF/D0).

cross section (2.4) is largest at low @2, when the photon is near its mass shell Q?~ 0 GeV2. The qb;.t,
where i = NC or CC, are a linear combination of the structure functions Fj», F; 1, and xF; 3

¢ o Y1 FS (2,Q%) =y’ F (2.Q) FYoa k5 (¢,Q%), (2.6)

where Y3 = 1+(1 — y)z. In case of a NC interaction, the structure functions Fj 2 and F; 3 include terms
regarding the pure v or Z exchange and the vZ interference. For CC processes, they only describe the
exchange of a W boson. Fj 1, is the longitudinal structure function, describing interactions whereby a
longitudinally polarised vector boson is exchanged.

The HERA Programme

As mentioned in the introduction, the HERA I programme focused mainly on analysing the structure
of the proton. The measurements regarding F, have changed the view of the proton structure [7, 8, 9].
These were facilitated by the increase of the kinematic range by HERA with respect to the range so
far accessible in fixed-targets experiments. This is shown in Figure 2.2, where for several fixed-target
experiments, pp experiments (D0 and CDF) and ep experiments (H1 and ZEUS) the kinematic ranges
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Figure 2.3: Left: The differential NC and CC cross sections as a function of Q? measured by H1 for
e~p and etp data [10]. Right: The dependence of the CC cross section on the positron
beam polarisation.

are presented. The fixed-target experiments probe the very low Q? region at moderate values of  and
the pp experiments cover the very high Q2 region for the same z range. The ep experiments, however,
cover a much wider range in Q2, from 0.2 to 5 - 10> GeV? and have access to values of = as far down
as x ~ 1076,

A textbook example of a HERA I measurement in the electroweak sector is the determination of
the single differential NC and CC cross sections as a function of Q2 [10]. This is shown on the left
hand side of Figure 2.3. The NC cross section dominates for small values of @2, due to the photon
propagator in Equation (2.4). The CC cross section is suppressed by the heavy W boson propagator,
but for Q2 of the order of the mass of the W boson, it becomes comparable to the NC cross section.
The CC cross section is larger in e~ p scattering than in eTp scattering. This is due to the presence
of two positively charged valence quarks inside the proton. By fitting the CC cross section to its Q2
dependence, the W boson mass was determined to be 80.9 4+ 3.7 + 3.7 GeV. This value agrees well
with the mass of the W boson as previously measured at LEP, thereby confirming the electroweak
sector of the SM in lepton nucleon scattering in processes where the W boson is virtual [10].

The HERA II programme makes use of an increased luminosity and the availability of longitudinally
polarised lepton beams. The dependence of the CC cross section on the polarisation of the lepton
beam is shown on the right hand side of Figure 2.3. The measurement is consistent with the prediction
of a vanishing cross section for such interactions involving right handed fermions and the upper limit
is set to 1.9 pb at 95% Confidence Level (CL).

The installation of new quadrupole magnets resulted in the luminosity increase, which made it
possible to study the rare and exotics, put on the centre stage in the HERA II programme. The single
W boson production process, analysed in this thesis, is part of that programme.



The final stages of the HERA programme were dedicated to the direct measurement of the longi-
tudinal structure function F7. As mentioned above, F describes the couplings between quarks and
longitudinally polarised bosons. Since only off-shell quarks can couple to such bosons, F', is sensitive
to higher-order processes containing off-shell quarks and gluons. So far, only the indirect measure-
ment of Fy, was possible [16]. To understand why /s has to be varied to perform the measurement,
Equations (2.4) and (2.6) must be considered. They show that, when zF3 is ignored, which is valid
at low Q2 [17], the NC cross section is proportional to 72

ONC X F2i (CE,QQ) — %Ff (CE,QQ) . (2.7)

This shows that F7, can be directly measured by deriving o y¢ at fixed values for x and Q2 and varying
V5, since Q% = zys (Equation (2.3)).

2.3 Physics Processes

In this section, the ep processes that are relevant for the current analyses are discussed. The SM signal
processes are presented first. These are characterised by events containing an energetic, isolated lepton
(electron or muon) and large genuine missing transverse momentum in the final state, or ‘¢+Pr’ events.
If the isolated lepton is an electron (muon) it is said to contribute in the electron (muon) ‘channel’.

Due to the limited geometrical acceptance of the detector and fluctuations in the shower development
of the final state particles, other SM processes can have the topological signature identical to that of
the ¢ + Pr events and become indistinguishable from it. These are ‘background’ processes, the most
important of which are discussed here. Finally, there is one BSM process that plays a benchmarking
role in this thesis. This is anomalous single top production and is also discussed here.

2.3.1 Standard Model Signal Processes
Single W boson Production

The main contribution to ¢+Pr events (~ 97%) comes from single W boson production with subsequent
leptonic decay. This process is the main focus of this work and is described in detail in Chapter 3.

7 Boson Production

The production of a Z boson with subsequent decay Z — v contributes to the £ +Pr signal. Shown
in Figure 2.4 are the dominant Z boson production diagrams with subsequent decay Z — vv. The
LO Drell-Yan process on the left hand side occurs predominantly at @2 ~ 0 and the scattered electron
escapes undetected down the beam-pipe. The contribution from the Cabbibo-Parisi process on the
right hand side of the figure, however, cannot be neglected [18]. The branching ratio for the decay
7Z — v is ~ 20%. This process is a background in the electron channel only. The contribution from
this process to the total ¢ +Pr production cross section is ~ 3%.

It is important to note that in the analyses related to the W boson, later in this thesis, the Z
production process is considered to be background.



Figure 2.4: Feynman diagrams for the Z production processes with subsequent Z — vv decay. Left:
Leading order Z production. Right: The Cabbibo-Parisi process.

2.3.2 Standard Model Background Processes
Neutral Current in DIS

In the NC process in DIS, the scattered electron is well isolated from the jet and can play the role of
the isolated lepton in the event. However, the event is expected to be balanced in Pp, therefore any
Pr can only arise from measurement fluctuations. Since there are no isolated muons in NC events,
this process is background only in the electron channel.

Charged Current

CC events have genuine Pr due to the neutrino, which escapes
detection. An isolated lepton can only arise from the misidenti-

+ +
fication of a hadron, which is separated from a jet. This process e e
is a background in both the electron and muon channel.
Lepton Pair Production !

A
The Lepton Pair Production (LL) process is shown in Figure 2.5. L - T

The lepton pair is produced in a 7 process. Due to measure-

ment fluctuations, such events can aquire finite Pp. If, in ad-

dition, one lepton escapes detection, lepton pair production can p > X
fake the {-+Pr signature. More details on Lepton Pair production

at HERA can be found in [19].

Figure 2.5: Lepton Pair production.
Photoproduction and Compton Scattering

The NC processes generated near the photon propagator pole
in Equation (2.4) are called photoproduction. The photon is
quasi on-shell, Q?~ 0 GeV2. Due to the limited geometrical
acceptance of the detector the scattered electron escapes down the beam-pipe, much to the contrary
in DIS, where the large Q2 forces the scattered electron into the detector. A common convention at



(a) (b) (c)

+ et - N et e

Figure 2.6: Feynman diagrams for direct and resolved photoproduction processes at tree level. (a) QCD
Compton (direct) (b) boson-gluon fusion (direct), and (c) resolved photon process.

H1 is to speak about photoproduction when Q?< 4 GeV?. For these values of Q?, the proton structure
cannot be resolved and the proton interacts as a point particle.

The photoproduction processes are divided into ‘direct’ and ‘resolved’ photoproduction. Example
diagrams are shown in Figure 2.6. In direct photoproduction the photon couples directly to the hard
process, whereas in resolved photoproduction, the photon fluctuates into a gq quark pair, one of which
then participates in the hard collision.

Compton Scattering is the process ep — eyX, with X an arbitrary hadronic final state.? Feynman
diagrams are shown in Figure 2.7.

Photoproduction and Compton Scattering contribute to the background in the case of the misiden-
tification of a hadron that is separated from a jet as an isolated lepton. Fluctuations in the hadronic
final state can lead to fake missing energy. Despite the large cross section of photoproduction, the con-
tribution of this process to ¢ +Pr events is negligible [20]. The contribution from Compton Scattering
is small but is taken into account.

Figure 2.7: Feynman diagrams of the bremsstrahlung process with bremsstrahlung off the electron line.

3This process is also referred to as bremsstrahlung or the Bethe-Heitler process.

10



Figure 2.8: Feynman diagrams of anomalous single top production (left) via flavour changing neutral
current (FCNC) and SM single top production (right). w and ¢ denote the up and charm
quarks.

2.3.3 Beyond the Standard Model

Many Beyond the Standard Model (BSM) theories predict processes that would lead to ¢ +Pr events.
Usually these involve the production of a heavy particle that produces some invisible particle in its
decay chain and, additionally, either an isolated lepton is produced or it is the scattered electron that
assumes this role.

The anomalous single production of a top quark is discussed here. The diagram of this process is
shown on the left in Figure 2.8. The production cross section is proportional to the coupling /1%, in
a flavour changing neutral current (FCNC) process. The SM process of single top production has a
negligible cross section of less than 1 fb at HERA. One such diagram is shown on the right hand side
of the figure.

The interest in this BSM single top production was triggered by the observation of the H1 collabora-
tion of an excess of /+Pr events in the high Pff region, which is typical for this process. In addition, it
serves well to demonstrate that the single W boson from the top quark decay has a radically different
polarisation behaviour than those in the SM. This will be discussed in the next chapter.
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3 Single IV Boson Production at HERA

This chapter describes the theoretical aspects of the SM production of single W bosons in ep scattering
at HERA.! The calculation of the production cross section, the parametrisation of the WW~ vertex,
and the polarisation properties of the W boson are discussed.

3.1 Single W Boson Production in the Standard Model

In the SM there are two channels that contribute to single W boson production in ep scattering. These
are
ep — eWX (3.1)

and
ep — vWX. (3.2)

Here e is an electron, v a neutrino, W the quasi real, unstable W boson, and X the recoiling hadronic
system. The corresponding Feynman diagrams at parton level are shown in Figure 3.1.2 Diagram
(a) and (b) are the dominant diagrams due to the photon (v) and, in Diagram (a) only, quark (q)
propagators (Section 2.2). Diagram (c) involves the triple gauge boson couplings (TGC) WW+ and
WWZ. Diagrams (d) and (e) contain off-shell (non-resonant) W bosons and are needed to preserve
electromagnetic gauge invariance when considering the W boson decay to leptons [21].

3.2 Cross Section Calculation

The SM Leading Order (LO) W boson production cross section (o) is calculated within the EPVEC
generator framework [21], where use is made of the CTEQ4M [22] parametrisation of the proton
structure function and the ACFGP [23] parametrisation of that of the photon.

The main difficulty in the calculation is the regularisation of the fermion pole from Diagram 3.1 (a),
since close to the pole, QCD corrections become large. Poles can occur in three configurations, as is
explained in Figure 3.2, and the fermion pole in Diagram 3.1 (a) appears in a u-channel configuration.

Close to the pole, the photon is quasi on-shell, Q2 ~ 0, and fluctuates into a ¢G pair. The W boson
is produced via the standard Drell-Yan process [24], where one quark originates from the photon’s ¢q
pair and the other from the proton. The applied strategy to calculate the total cross section is to split
the phase space into two regions, which have to be matched carefully to avoid double-counting

do

T (3.3)

Ucut
ow = o (Ju] > Ueur) +/ d|ul

where
u=(pg—aw)*, (3.4)

"When anomalous non-SM couplings are discussed, it is assumed that all other parameters have their SM values.
2The diagrams involving antiquarks are implied.
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Figure 3.1: Feynman diagrams for the process ep — eW X with the W decay: W — ff'.
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Figure 3.2: Schematic of processes with a propagating particle (dotted internal line) in a s-channel
(left) t-channel (middle) or u-channel (right) configuration.

Figure 3.3: Feynman diagrams contributing to vq — Wq' in the Weizsdcker- Williams approzimation.

and p,; and gy are the four momenta of the incoming quark and the W boson, respectively. Far away
from the pole where u > .y (DIS regime) no large QCD contributions are expected and the cross
section is calculated using the matrix elements for the complete process including the W boson decay
to leptons. For the region u < e the photon is nearly on-shell, which facilitates the use of the
Weizsicker-Williams approximation (WWA) [25, 26] where only the matrix element for vg — Wq' is
considered, thus ignoring the W boson decay. The only three diagrams that contribute are shown in
Figure 3.3.

In the integration over the phase space for u < ey, both a divergent and finite term appear. The
finite term describes the direct photoproduction contributions from Diagrams (b)-(e) in Figure 3.1.
The divergent term contains the u-channel pole as a singularity and represents the single W boson
production at small values of u. This term can be substituted by a photon distribution function, which
eliminates the singularity and at the same time includes higher order QCD corrections by solving the
LO inhomogeneous Altarelli-Parisi equation for the parton content of the photon [27].

The LO EPVEC calculations are reweighed on an event-by-event basis [28]. The procedure employs
analytical NLO calculations [29, 30] for the resolved photoproduction regime, which represents the
largest contribution to the total cross section. The reweighing is done as a function of the differential
distributions of the transverse momentum P:IF/V and rapidity yy of the W boson [31]. This is possible
since the NLO corrections are moderate and hardly affect the shapes of the distributions, as can be
seen from the predominantly flat distributions in Figure 3.4, where the applied weights as a function
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Figure 3.4: Applied event weights as a function of the transverse momentum PQW and rapidity yw of
the W boson.

of P}/V and yy are shown. Only at low P}/V the corrections are sizeable. This is where the resolved
photoproduction component dominates and the corrections have the largest impact. Contrary to what
one might expect, the reweighing procedure leads to a reduction of the total LO EPVEC cross section.
This is due to the different approaches for separating the photoproduction and DIS regimes in the
calculations employed by EPVEC and the authors of Refs. [29, 30]. The latter use Q2 for this, whereas
in EPVEC the separation is based on the u-channel momentum transfer (Equation (3.3)). The EPVEC
LO calculations are 20% larger than the LO calculations in Refs. [29, 30] and the distributions get
reweighed only moderately when the NLO determined weights from Refs. [29, 30] are applied.

After proper reweighing, the EPVEC results are brought to within 10% of the NLO calculations,
reducing the total theoretical uncertainty to about 15%.

3.3 The WW~ Vertex

The Triple Gauge Boson Coupling (TGC) at parton level is shown in Diagram 3.1 (c). The Z boson
exchange diagram with the WW Z coupling is suppressed by the large mass of the Z boson and no
sensitivity to this coupling is expected. The tensor structure of the WW+~ vertex allows for four free

16
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Figure 3.5: The predicted total production cross section for single W bosons (with the subsequent decay
W — (v) as a function of  (left) and X (right) for the full phase space P# (continuous
line) and PX> 12 GeV (dotted line). One parameter is allowed to vary at the time while
all other parameters are fized to their SM values.

effective parameters that are conveniently described by the effective Lagrangian [32]

Lwwy = —ie { <W;VW“AV - W;EAVWMV)

A
FRWIW, FR 4 e W] WEFA +
w

+&WJWVFW+ML2W§MW5F”A}. (3.5)
w

Here W), denotes the W™ field and A, is the photon field. WH = gFWY —g"WH, FF = gAY — ¥ AH,
and F),, = %EW,,UF”". e is the unit charge. In the SM, the four coupling parameters have the following
values

R
Il
A
P
Il
(a]

A =0, (3.6)

The first term (in parentheses) in the effective Lagrangian (3.5) represents the electromagnetic
coupling U(1)gy of the photon to the electric charge of the W boson. It is important to note that
the second term (k) is an explicit consequence of the non-Abelian SU(2)w @ U(1)y symmetry of the

SM. The coupling parameters x (k) and A (A) are related to the magnetic (electric) dipole moment

17



pw (dw) and the electric (magnetic) quadrupole moment Qs (Qw) of the W+

iy = QMLW(UHHA), (3.7)
Qw = —MLVQV(E—A), (3.8)
dy = MZW <&+X>, (3.9)
Qw = _Miév (R—X). (3.10)

In this thesis, limits are set on the parameters x and A. All other parameters are assumed to have
their SM values. Instead of x, the parameter

de=r—1 (3.11)

will be used, such that any non-zero value for dk is a deviation from the SM.

The main contribution to ep — eW X arises from Diagram (a) in Figure 3.1 due to the u-channel
pole. These events have in general small values of the transverse momentum of the recoiling hadronic
system Pfﬂ( . Since the WW+ vertex does not enter this diagram, an enhanced sensitivity to anomalous
values of dk and A is expected at larger values of Pj)f . This is shown in Figure 3.5, where the predicted
dependence of the W boson production cross section o on the parameters dx and A in the complete
phase space is compared to that at PJTet> 12 GeV.3

3.4 Decay Channels and Event Topology

The leptonic and hadronic W boson decay channels W — g and W — fv, account together for ~ 99%
of all decays. The measured branching ratios [33] are shown in Table 3.4.

In the leptonic decay W — 7 + v the tau (7) is not stable. The branching ratio for the decay
T —e/u+vis ~ 36%. W boson production events with subsequent 7 decay W — 7 (— e/u+v) +v
are in practice indistinguishable from ep — eW (— e/u + v) X and contribute to ¢ +Pr events. In the
case of the hadronic 7 decay 7 — ¢@’, the CC background makes the analysis problematic [34]. The
identification of the hadronic W boson decay mode W — qq’ is extremely difficult due to the large
photoproduction background [35] and is not considered in this thesis.

In case of the leptonic decay W — e/u + v, the final state has a very clear detector signature.
A convenient detection phase space for single W boson production at H1 can be defined where the
lepton has Pr> 10 GeV and a polar angle 5° < 6 < 140°. In addition, the distance between the lepton
and any jet in the event, DI, should be at least one unit in 7 — ¢ space and the missing transverse
momentum in the event, Pr, is required to be larger than 12 GeV.* The fraction of the total W boson
production cross section in this detection phase space is 0.820.

Various distributions of kinematic quantities as generated by EPVEC are shown in Figures 3.6-3.9
in both the full phase space, as well as in the detection phase space. As is shown in Figures 3.6
and 3.7, both leptons originating from the W boson decay have the hard Pr spectrum peaking around

SP%Q ' is the generated Pr of the quark from which the W boson radiated and can readily be compared to the recon-
structed quantity Py .

4The detection phase space is also determined by the detector geometry and the kinematics of SM background processes.
See Section 6.3.
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‘ W* decay modes Fraction Confidence Level ‘

L+ v (10.80 £0.09) %

etnu (10.75+0.13) %

Wty (10.57 £0.15) %

Tty (11.25 +0.20) %

hadrons (67.60 +0.27) %

Tty < 8-107° 95%
Dfy <13-1073 95%
X (334 + 2.6)%

cs 31 +13 — 11

invisible (14 + 28)%

Table 3.1: Measured values for the branching ratios (Fractions) of the W boson decay modes [33].

40 GeV (roughly half the W boson mass). The undetected neutrino therefore leads to large Pr in the
event. A single isolated high Pr lepton is observed in the detector.” The Pr and 6 distributions of the
recoiling hadronic system in the event are shown in Figure 3.8. The hadronic system has typically low
Pr and the proton remnant escapes down the beam-pipe (photoproduction). Above P%et: 80 GeV
the contribution to the total cross section is negligible. The Py and 6 of the W boson itself are shown
in Figure 3.9. The Pr spectrum is very similar to that of the recoiling hadronic system and peaks at
low values. Though the heavier W boson is generated much more forwardly than the jet.

3.5 W Boson Polarisation Fractions

The W boson is a vector particle in the SM and can have three different polarisations 1,-1, and 0,
corresponding to the W boson spin, aligned, opposite, and orthogonal to the momentum direction,
respectively. The W boson is said to be right (left) handed, if its polarisation is 1 (-1). When the
polarisation is 0 the W boson is said to be longitudinally polarised. The fraction of the total production
cross section, represented by W bosons with a particular polarisation is called a polarisation fraction.
The measurement of the W boson polarisation fractions at HERA makes use of the W boson decay
angle 6* in the decay W — e/u+ 1.5 The decay angle #* is defined as the angle between the W boson
momentum direction in the laboratory frame and that of the charged decay lepton in the W boson
rest frame. For the left handed polarisation fraction F_, the longitudinal fraction Fy and the right
handed fraction F, =1 — F_ — F,, the cos §* distributions for W bosons are given by [32]

dO’W 3 2
1-F_—Fy)-=-(1 0*
dcos 0* ( b) 8( +cos ")
3 ,
+ Fo-Z(l—COSQH)
3 *\2
+ F_- 3 (1 —cosf*)". (3.12)

In the decay of W~ bosons, the charged decay leptons are the antiparticles of those in the W™ decay.
As a result, both the produced neutrino and the charged lepton will have opposite handedness due

®In approximately 25% of the cases, the scattered electron is also observed in the detector.
%The contribution from the decay W — 7 (— e/p + v) + v is not included.
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Figure 3.7: Pr and 0 distributions of the neutrino in the decay W — Lv from the EPVEC generator
in the full phase space (continuous line) and in the detection phase space (dotted line).
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Figure 3.9: Pr and 6 distributions of the W boson in the process ep — eW X from the EPVEC gen-
erator in the full phase space (continuous line) and in the detection phase space (dotted
line).
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Figure 3.10: The qpcos 8" distributions of the W boson in the process ep — eW X from the EPVEC
generator in all phase space (continuous line) and in detection phase space (dotted line).

to the V-A structure of the coupling. Conservation of angular momentum implies therefore that the
cos §* distribution of left handed W~ bosons is identical to that of right handed W bosons and vice
versa. To allow for the combination of events containing W™ and W™~ bosons, cos 6* is weighed with
the sign of the lepton charge ¢, = +1.

| bin: 1 | 2 | 3 [ 4 | 5 | 6 |
| Cor.Fac. | -0.053 | -0.005 | 0.007 | 0.027 | 0.031 | 0.107 |

Table 3.2: Correction factors (Cor.Fac) per bin to apply to the differential single W boson cross section
as a function of qg cos 0* to account for the contribution from off-shell W bosons. Estimated
with EPVEC. The statistical error on these numbers in each bin is < 1%.

The gy cos 8* distributions in both the full phase space and the detection phase space are shown in
Figure 3.10. Since the W boson direction of flight is mainly forward, as can be seen from Figure 3.9,
the charged leptons, which are emitted with cos §*~ —1, are prone to escape detection. The differential
cross section for given W polarisation can be obtained by projecting the events containing a W onto
the moments (1 + cos 9*)2 and (1 — cos? 9*). This is done by weighing each event with the expectation

values 3 (142 cos 6% + cos? %) and 2 — 5 cos? §* for the respective moment [32].

The W bosons from the Feynman diagrams 3.1 (f)-(g) are off-shell. For this reason their polarisation
behaviour is not expected to be described by Equation (3.12). The effect of such events on the g, cos 0*
distribution, is illustrated on the right hand side of Figure 3.11 and is quantified in Table 3.2. The
values in the table are used to correct the data. In the figure, the polarisation fractions in SM W
boson production are compared to those of another process, where W bosons are generated via single
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Figure 3.11: Left: Normalised do /dcos 0* for each W™ polarisation. Right: EPVEC generated q, cos 0*
distribution (for on- and off-shell W bosons) vs. the SM theoretical prediction for on-shell
W’s normalised to EPVEC. Also shown for ANOTOP using on-shell W bosons only.

ON-SHELL ONLY ON- AND OFF-SHELL
Fraction EPVEC ANOTOP EPVEC ANOTOP
F 0.611£0.010 | 0.375+£0.008 | 0.645+0.008 | 0.373 £ 0.007
Fy 0.1724+0.011 | 0.410+0.012 | 0.124 £ 0.009 | 0.409 £ 0.010
Fy 0.217+£0.006 | 0.21440.007 | 0.231£0.005 | 0.218 + 0.006

Table 3.3: The polarisation fractions for the SM (EPVEC) and anomalous single top (ANOTOP)
calculated for on-shell W bosons only (left two columns) and for both on- and off-shell W
bosons (right two columns). The errors are statistical.

top production in the ANOTOP [36] framework (Section 2.3.3).” Table 3.3 shows the results for on-
shell W bosons only, and for both on and off-shell W bosons. The ANOTOP values are significantly
different from those of the SM. This is due to the different production mechanisms involved and
demonstrates that the polarisation behaviour of the W boson provides a probe for the underlying
production mechanism. Deviating values of the W boson polarisation fractions thus not only indicate
new physics, but also allow to assess its nature.

A qualitative understanding of why single W bosons at HERA are predominantly left handed
can be obtained by deriving approximate forms of the ep — eW*X production amplitudes in the
Weizsicker-Williams approximation (WWA) [13]. As mentioned above, in the WWA the W boson
decay is ignored. The quark masses are also ignored, which are therefore always left handed due to
the V-A structure of the Wqq coupling.

The effective Lagrangian (3.5) leads to cross section formulas for the single W boson production

"All generators are discussed in Section 4.4.
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and decay process, including the anomalous WW+ coupling. In the WWA, with the polarisation

amplitudes denoted by M one can write

AW )

MMJ\W = \/_A)w)\wv (3.13)

\/5 sin Oy SM2

where the polarisations A can be +.-, or 0. Furthermore, 3 =1 — M2 ii7/8, Ow is the Weinberg mixing
angle, and § denotes the square of the v¢ invariant mass. With all couplings set to their SM values,

the reduced amplitudes Ay, in the vq centre of mass frame are for the W= production

2M?2 cos £ M2 2 cos 2
= 32 LUANES)) 2 ___ 42 n(1 1 2
A i [ A }1—&4/0059 (eg )< T3 )1—|—Cos@’
A+ = 0,
“470 — 07
2M5V 1—cos® 0 2 ]\42 1—cos@ @
_ = 1 .14
A+ :F[ s }1—chos@ +(€q:F )ﬁW s 1+cos@ (3.14)
1+ cos© @ 2 ©
= 2——— ¢ 1 —
At T By coso +(eq$ )ﬁWCOSQ’
My 1—|—cos@ eqF1l] . ©
A = 2V2 [ ! sin -, 3.15
0 V3 [1-Bweos®  f (3.15)

where e, is the charge of the incoming quark in units of e and © is the scattering angle of the W
boson with respect to the incoming photon direction. Gy is defined as:

§— M3
Bw = ——F. (3.16)
S+ MI%V

Since at HERA the W bosons are produced at threshold § ~ M I%V [13], cos ® ~ —1, shown on the
left hand side of Figure 3.12. Therefore A__ and A, _, in Eq. 3.14, become dominant due to their

poles at cos ©® = 1. This explains why the W bosons are predominantly left handed at HERA.
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4 HERA and the H1 detector

4.1 The HERA storage ring

The Hadron Elektron Ring Anlage (HERA) at the Deutsches Electron Synchrotron (DESY) is located
in Hamburg, Germany. The construction started in 1984 and the first data was recorded in 1992.
Figure 4.1 shows the facility. HERA accelerates protons and electrons in two vacuum beam-pipes over
a length of 6.3 km. The protons are brought to collision head-on with the electrons at two points
along the ring, inside the H1 and ZEUS hermetic detectors. The two other experiments, HERMES [37]
and HERA-B [38], use only one of the beams. The protons start as negative hydrogen ions and are
injected via a proton linear accelerator into PETRA. There they are further accelerated to an energy
of 40 GeV and injected into HERA. They reach an energy E, = 820 GeV (in the years 1994-1997) or
920 GeV (1998-2007). The electrons or positrons follow much the same scheme. They start off in a
linear accelerator. Then they are accelerated further in PETRA and finally injected into HERA where
they reach an energy FE, = 27.5 GeV. The available centre-of-mass energy of the ep collisions is thus

V5~ \/AE.E, = \/4-27.5 - 820 (920) = 300 (320) GeV. (4.1)

The particles are accelerated by a RF voltage. The wells of low potential, caused by the RF voltage
along the beam-pipe, are called ‘buckets’, which contain colliding bunches of electrons and protons.
210 buckets can be filled with bunches of electrons or protons. Consecutively filled buckets collide the
bunches at a time interval of 96 ns. Usually some buckets contain only an electron or a proton bunch.
These are called ‘pilot bunches’, which are used to monitor beam-gas interactions.

The total number of collisions at the bunch crossing is determined by the ‘luminosity’ L, which is
the proportionality factor between the interaction rate dN/dt and the cross section o

AN
— =1L-o 4.2
o o (4.2)

Therefore the total number of events depends on the integrated luminosity [ Ldt. The cross section
o has the dimension of length squared and is usually specified in barn (b), whereby 1 b = 10728 m?2.
Accordingly, the integrated luminosity is measured in units of inverse barn.

In 1992, HERA started operation with electrons. In July 1994 positrons were used instead of elec-
trons. Since then only in 1998 and 2004/2005 electrons were used. The period 1994-2000 is called
the HERA T period. The HERA II period, 2002-2007, started after a major upgrade of HERA [39]
where also the detectors underwent major upgrade programmes. A significant increase of the lumi-
nosity was obtained by installing new (quadrupole super conducting) magnets. In the last months of
operation, the proton beam energy was lowered in order to measure F, (Section 2.2) resulting in a
lower luminosity. This can be seen from Figure 4.2 where the data taken by H1 since 1992 is shown.
Additionally, spin rotators were installed allowing for longitudinal polarisation of the beam electrons
and positrons.
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Figure 4.1: The HERA collider with the main HERA storage ring (right) and the pre-accelerator fa-
cility (enlarged left).

4.2 The H1 Detector

The H1 detector is designed to measure the complete final state of HERA ep processes, which contain
charged electrons and muons, neutral photons and many charged and uncharged hadrons, mostly
pions. Many subdetectors are required to meet the challenge to detect this variety of particles. This
section presents the subdetectors that are most relevant to this analysis. The H1 detector, shown in
Figure 4.3, is described in detail in Ref. [5].

The Cartesian coordinate system at H1 is defined as follows: the origin is placed at the nominal
ep interaction point. The positive z-axis points in the direction of flight of the protons. The positive
y-axis points upwards and the positive x-axis points toward the HERA centre. The polar angle 6 is
defined with respect to the positive z-axis and the azimuthal angle ¢ is defined with respect to the
positive x-axis. The x-y plane is referred to as the transverse or azimuthal plane.

Since the protons carry more energy than the electrons in the ep collisions, most of the final state
particles are found in the forward region (with positive z-coordinates) of the detector. The H1 detector
is designed correspondingly.

4.2.1 Tracking

The H1 tracking system is displayed in Figure 4.4. It is referred to as the ‘inner’ tracking system
because it is completely contained within the magnetic field of 1.16 Tesla of the central part of the
super conducting coil. The ‘outer’ tracking system, also called the muon system, is described later
in this chapter. The angular coverage of the inner trackers is 7° < 6 < 165°. Drift chambers and
proportional chambers are used to track the path of charged particles, which are forced along curved
trajectories by the magnetic field. The radius of the trajectory in the transverse is proportional to the
particle’s transverse momentum and inversely proportional to its charge.
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Figure 4.2: Recorded luminosity by H1 as a function of the days of running since the data taking
operation started. The vast increase of luminosity after the upgrade of HERA I to HERA
11 and the large increase of e"p data in the HERA II data set are clearly visible.
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Figure 4.3: The HI1 detector and its major components. The protons come from the right and the
leptons from the left. They are brought to collision in the interaction point, inside the
central tracking chambers [2].
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Figure 4.4: Left: The HI1 inner tracking system. The electromagnetic and hadronic parts of the
SPACAL are also shown. They are located at the right of the CTD. Right: Transverse
view of the CTD. The wires in the CJCs are strung parallel to the z-axis and are shown
as dots.

The system is divided in the central track detector (CTD) and forward track detector (FTD). In
the center near the interaction point are the central and backward silicon trackers (CST and BST).
Additional tracking information is provided by the backward drift chamber (BDC). During the upgrade
a new forward silicon tracker was installed for better tracking close to the interaction point.

The Central Track Detector

The CTD covers the angular range 15° < 6 < 165°. A transverse view is provided in the right plot of
Figure 4.4. Since the HERA II upgrade, silicon detectors are located close to the interaction point at
5 to 10 cm. These are used for measuring the primary vertex and better track measurement.

The large central jet chambers (CJC1 and CJC2) are the main components of the inner tracking
system. Their angular coverage is 10° < 6 < 170°. Their wires are strung parallel to the z-axis and
allow for measuring the hit coordinates of a charged particle with a resolution of 0.170 mm in the
transverse plane and 2.2 cm in the z-direction. From the curved trajectory of charged particles the
transverse momentum can be determined with a resolution o p,./Pr = 0.005 © 0.015 GeV~! [40].

The central inner (CIZ) and central outer (COZ) z-chambers surround the inner half of the CJC.
Their wires are strung in the r — ¢ plane, concentrically around the beam axis, allowing for an accurate
measurement of the z-coordinate. The Central Inner Proportional Chamber (CIP) and Central Outer
Proportional (COP) are multi-wired proportional chambers (MWPC). For HERA II they were replaced
by the ‘CIP2k’, an improved version of the CIP. They surround, like the z-chambers, the inner half of
the CJC with an angular coverage of 11° < 6§ < 169°. The MWPCs have a high wire density with a
small drift time allowing for fast triggering.
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Figure 4.5: Schematic longitudinal view of the LAr. Shown is only one of the two symmetric halves.
The interaction point is marked with IP.

The Forward Track Detector

The forward track detector (FTD) consists of a set of drift chambers with wires strung perpendicular
to the beam axis. The angular region covered by the FTD is 5° < 6 < 25°. The FTD was rebuilt
for HERA II to include five new drift chambers. The Forward MWPCs, used for fast triggering, are
placed between the drift chambers. The design resolution for the FTD is op/P? = 0.003 GeV. The
angular resolution is 1 mrad[41].

4.2.2 Calorimetry

The main calorimeters are the liquid argon (LAr) and the spagetti calorimeter (SPACAL). Both consist
of an electromagnetic (EMC) and hadronic (HAC) part.

The LAr, schematically shown in Figure 4.5, is a non-compensating calorimeter. It covers the polar
region 4° < 0 < 154° and all of the azimuthal region. It is divided along the beam axis in eight wheels,
each of which is segmented in ¢ into eight identical stacks or octants. The inner part of each wheel
is part of the electromagnetic calorimeter and the outer part is part of the hadronic calorimeter. The
stainless steel (epoxy-glass fiber) sampling plates in the hadronic (electromagnetic) calorimeter are
shown as thin lines in the wheel segments and are 5 to 8 interaction (20 to 30 radiation) lengths thick
A traversing particle principally interacts with the sampling material invoking a shower of secondary
electrons creating ionisation in the narrow gaps of liquid argon. The ionisation electrons drifting in
the electric field provide the signal from readout cells inserted between the sampling plates to obtain
high granularity.

The electromagnetic energy resolution, as measured with a test beam, is op/E = 12%/\/@ & 1%
and for hadronic showers og/E = 50%/vVE @ 2%. In addition, the timing information from the LAr
is used to check whether the energy deposits correspond to the bunch crossing time T. Particles that
punched through the calorimeter are detected by the tail catcher on the inside of the iron return yoke
(instrumented iron).

The SPACAL is a led-scintillator spagetti calorimeter, located in the rear (Figure 4.4). It covers the
angular region 153° < 0 < 177.5° and it provides fast signal response time and an energy resolution of
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og/E < 10% (electromagnetic). The angular resolution is less then 1 mrad. Its main function is to
catch the scattered electron in low Q2 analyses.

4.2.3 Time of Flight System

The rate of events from non-ep processes is much higher than that of ep processes and is mostly related
to the proton beam. About 75% of these processes occur outside a narrow time window around the
bunch crossing time Tj. Information from the time of flight system, ToF, is used to reduce non-ep
background contributions by measuring the event timing relative to Ty. The ToF system is comprised
of three seperate scintillators located close to the beam and the ‘Veto Wall’, located behind the iron
yoke to detect Halo muons. Additionally, timing information from the SPACAL is used.

4.2.4 Luminosity Monitoring System

The luminosity delivered by HERA at H1 is measured by observing the rate of bremsstrahlung events
ep — epy of which the cross section is well known. The photons are measured by the Electron Tagger
and the Photon Detector, both of which are Cherenkov calorimeters. The design accuracy on the
luminosity measurement is 1.5-2%. The preliminary systematic uncertainty used in this work on the
luminosity is 4%.

4.2.5 Muon Detectors

Muons are minimum ionising particles and as such they pass through the calorimeter depositing only
little energy. They are detected by the forward muon detector (FMD) and the central muon detector
(CMD or ‘instrumented iron’), which cover the angular ranges of 3° < # < 17° and 5° < 6 < 175°,
respectively. The CMD has a poor momentum measurement resolution and serves mainly as a muon
tagger. Muons in the central region are therefore measured by the CTD. Tracks from the FTD or
CTD are referred to as ‘inner tracks’ while tracks from the muon system are called ‘outer tracks’. The
FMD measures the muon momentum with a resolution of op/P = 0.24 — 0.36 for P =5 — 200 GeV.

4.2.6 Triggering

The variety of physics processes in ep collisions covers a wide range of event rates. It extends from
non-ep beam-gas interactions at ~50 kHz and cosmic muons at 700 Hz, via photoproduction in ep
scattering with a cross section of several ub and a rate of 20-30 Hz, towards the single W boson
production process, expected to occur a few times a week. With the total event rate of ~50 kHz,
a four-step triggering system is employed that reduces this to a data logging rate of 10-25 Hz. The
first level trigger, L1, consists of hardware triggers, the output of which is combined into so called
subtriggers. Subtriggers can be prescaled if the event rate of the corresponding processes are too large.
If a subtrigger has prescale factor n, only every n'" event for which this subtrigger fires is accepted.
Most triggers for the high Pr analyses, however, are not prescaled. The L1 output event rate is 1 kHz.
The second trigger level, L2, starts the readout. It makes use of topological information of the event
and reduces the event rate to less than 200 Hz. The third trigger level L3, starts the event building.
The computing power for the L3 trigger was upgraded for HERA II. The level three trigger makes
decisions based on detailed tracking information and reduces the event rate further to 50 Hz. The
fourth level trigger, L4, runs on a farm and receives the raw data of the full event as a basis for its
decision making algorithms. This allows for online trigger selections with the full intrinsic detector
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resolution. The output is stored on tape for off-line analysis at an event rate of 10-25 events per
second.

4.3 Detector Simulation and Analysis Software

The detector is simulated with the HISIM program, in the GEANT framework [42]. The reconstruction
of the simulated events proceeds in the same way as for the data. The output is stored in BOS (Bank
Object Storage) format from which all information can be accessed during off-line analysis. The
analysis platform used in this thesis is based on HIOO (H1 Object Oriented) [43], which is the H1
software, written in C++, operating in a ROOT [44] environment.

4.4 Monte Carlo Generators

As mentioned in Section 3.2, the signal contribution from single W bosons is calculated with the LO
EPVEC generator in a NLO reweighing scheme (Section 3.2). This generator is also used to calculate
the contributions from Z boson production, albeit without any NLO corrections. To calculate the DIS
and diffractive contributions from NC and CC events to {4+ events, the LO generators RAPGAP [45]
and DJANGO [46] are used.! The LO generator GRAPE [47] is used to calculate contributions from
Lepton Pair (LL) processes. Contributions from electron (muon/tau) pair production are abbreviated
in this work by EE (MM/TT). When only the total contribution from lepton pair production is
given, the abbreviation LL is used. The small background contributions to ¢ + Pr events coming
from bremsstrahlung are included in this work using the generator WABGEN [48]. The elastic case,
were the outgoing hadronic final state X consists merely of the proton p is included in the WABGEN
calculations. The abbreviation used in the figures for this process is EG (from ‘e-gamma’). Calculations
for the anomalous single top production process via FCNC are done with the generator ANOTOP [36],
where the LO matrix elements are obtained from the CompHEP program [49].

!The choice of the generator depends on the available statistics and the description of the data. Both can differ per
dataset.
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5 Particle ldentification and Event Reconstruction

Reconstructing the full event final state from the detector output commences with identifying isolated
electrons and muons. The non-isolated leptons are assumed to originate from hadronic decays and are
included in the hadronic final state (HFS). Tracks are combined with clusters to reconstruct charged
hadron candidate particles and the remaining energy is attributed to neutral hadrons. The identified
hadronic final state particles are combined into jets after which the energy scale of electrons and
hadrons is calibrated. The fully reconstructed and calibrated event final state is used to determine
global topological event variables.

5.1 Track Reconstruction

The measurement points in the Central Track Detector (CTD) are fit to a helix hypothesis and the
obtained parameters are used to reconstruct the kinematics of the charged particle. In addition, a
track can be fit to the beam spot in the transverse plane, improving the precision of the momentum
measurement. The track segments are required to originate from a vertex, which is determined from
the common point of origin of the largest part of all track segments in the CJC. Tracks are classified as
‘good’” when the requirements listed in Table 5.1 are satisfied. The charge of the particle is determined
from the curvature of the track.

Pirack 1> 70 MeV

DCA | < 2/sinf'"ak cm

Restart < 50 cm

Riength | > 5 cm (> 10 cm if gtrack < 150°)

Table 5.1: Track requirements for ‘good’ tracks. DCA is the distance of closest approach to the vertex
in the transverse plane, Rgiar 1S the track radius at its start and the track length is denoted

by Rlength-

5.2 Electron ldentification

Compact and isolated energy clusters of cells in the LAr are identified with electromagnetic particles.
The energy deposition in each cluster must be larger than 2 GeV of which at least 90% must be
found inside the LAr and at least 50% in the electromagnetic part of it. Neighbouring clusters can
be merged to the primary electron cluster by defining the electron ‘envelope’ as a cone of 7.5° around
the vertex-cluster axis. This axis connects the event vertex and the cluster bary-centre in a straight
line and starts at 1 m from the event vertex and is truncated at the end of the first hadronic layer.
The clusters are merged if more than 50% of their energy is inside the electron envelope.
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An electron is identified when 98% of the total cluster energy is located within a cone with radius
0.25 in n — ¢ space around the vertex-cluster axis. A fraction of 95% is allowed if the hadronic energy
in the isolation cone is less then 300 MeV. The four vector of the electron is defined by the cluster’s
energy and location. The resulting electron must have Pr> 3 GeV and an energy > 5 GeV and the
cluster must have at least three cells. A track is ‘linked’ to the cluster when the distance of closest
approach of the track to the cluster bary-center is less than 12 cm. The track linking efficiency is
better than 97%. Latter is determined from the ratio between two samples of NC events where in one
sample a linked track is required for the electron in the event and in the other not. The closest linked
track to the cluster is associated to the electron. The polar angle ¢ is known to 3 mrad in the LAr
and 1 mrad in the SPACAL. The azimuthal angle ¢© has an uncertainty of 1 mrad [50]. The electron
is isolated against hadrons if 95% of the electron energy is found in a cone of radius 0.5 in 7 — ¢ space
around the vertex-cluster axis.

For electrons in the SPACAL a different algorithm is used. The energy deposit should be larger
than 5 GeV and the radius of the cluster, which is attributed to the electron, should be smaller than
4 cm.

5.3 Electromagnetic Energy Calibration

The energies and angles of isolated electrons are measured in the Liquid Argon Calorimeter (LAr). The
angular measurement from LAr clusters is adjusted with respect to the angular measurement of the
internally aligned CTD. In order to do this, high @2 NC events are used where the scattered electron
traverses both the central tracking system and the LAr. The electromagnetic energy calibration
procedure is described in [51] and only briefly discussed here. Clusters consist of cells in which
the energy deposit is larger than the threshold (noise) value of 300 MeV. The cell is defined to be
electromagnetic or hadronic, depending on whether the dominant contribution of the cell energy is
found in the electromagnetic or hadronic part of the calorimeter. The energy scale of the clusters
is corrected for the non-compensating nature of the calorimeter and for dead material. The LAr is
calibrated using the so-called ‘NC DIS at high @2’ method and done for each data taking period. The
procedure uses NC DIS events of which the kinematics are over-constrained. The momentum of the
scattered electron and the jet are balanced in the azimuthal plane and the incoming (beam) energies
are precisely known. As a result the measured values for the angle of the scattered electron 6. and
that of the hadronic system ~; can be used to calculate the electron energy E'p 4 in the ‘Double Angle
Method’
2F, sinyy,

Epa = 5.1
DA™ Sinq, + sinf, — sin (v + 6e)’ (5-1)

which is used to calibrate the measured value. The resulting accuracy on the energy scale is 1% in
the central and 2% in the forward region, depending on the statistical precision of the data.

5.4 Muon ldentification

The Central Muon Detector (CMD) and the Forward Muon Detector (FMD) measure outer tracks
that can be linked to inner tracks from the central jet chambers. The minimum ionising muons create
characteristic signals in the calorimeter along the muon trajectory, which can be detected. In order of
decreasing quality, five muon types are distinguished:

1. An inner and outer track are linked.
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2. As Grade 1 muons, but with less strict linking requirements.

3. An inner track is matched to a track segment or energy deposit in the instrumented iron.
4. A muon signature is detected in the calorimeter.

5. Only an outer track is present.

The muon is isolated against hadrons when the LAr energy in a cylinder around the extrapolated
muon track is less than 8 GeV. The cylinder has a radius of 35 cm in the electromagnetic part of the
LAr and a radius of 75 cm in the hadronic part. The track, associated to the muon, must be isolated
from all ‘good’ tracks in the event (Section 5.1) by at least 0.5 in n — ¢ space. The over-all muon
finding efficiency is greater than 90%. The uncertainty on the finding efficiency is 15% in the forward
region 5° < # < 15 and 5% in the region 6#> 15° [52].

5.5 Reconstruction of the Hadronic Final State

The Hadronic Final State (HFS) is defined as the total of all final state particles, excluding identified
isolated leptons. The HFS particles are reconstructed using the Hadroo2 algorithm [53]. The energy
of a HFS particle is determined from the curvature of its track or from the energy deposition in the
calorimeter. A calibration is only applied to HFS particles reconstructed using the calorimeter, as
the particles reconstructed using track information are already at the right energy scale. Once the
electromagnetic energy measurement from the LAr (EMC) is established, it is used to calibrate the
hadronic energy scale using an intrinsically balanced NC DIS sample where the electromagnetic energy
equals the hadronic energy.

For the reconstruction of jets, an inclusive k7 clustering algorithm is used [54] that combines un-
calibrated final state particles into jets. The jet polar angle, 63, is known to 5 mrad for #i¢< 20°
and 10 mrad elsewhere and the azimuthal angle ¢ has an uncertainty of 1 mrad [55]. The jets have
a minimum Pr of 2 GeV and are reconstructed in the angular range 5° < 6 < 170° and have a jet
radius Rjey < 0.1 in 7 — ¢ space. The jet energy scale is known to 2% in the LAr (§°*< 155°) and to
7% in the SPACAL for jets with Pr}etz 8 GeV. The uncertainty on the energy scale for jets with lower
Pr is 5% [56].

5.6 List of Observables in the Event

This section summarises all relevant kinematic quantities in the event, which are referred to throughout
this thesis.

e 0! Lepton polar angle as measured by the calorimeter.

e D¥t Minimum distance between a lepton (£) and a jet in the event in n — ¢ space

Dt = \/(W = jet)? + (B¢ — Pjet)?- (5-2)

e I — Py Energy and longitudinal momentum balance of the final state.
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dmiss 1The imbalance of energy and longitudinal momentum in the final state
5miss = 2E1b - (E - PZ)7 (53)
where Ej is the energy of the incoming beam electron.

A¢y_x Acoplanarity, defined as the opening angle between the isolated lepton, ¢, and the re-
coiling hadronic system, X, in the transverse plane.

My Transverse mass in the event, obtained by projecting the Pr of the isolated lepton and Pr
onto the transverse plane Mp = \/(|P%| + L}?’T|)2 — (P% —i—PT)z.

Pr Missing transverse momentum in the event. Calculated using all reconstructed particles (rec)
in the event P = —Pr rec.

Pff Transverse momentum of the hadronic system X.

Pfalo Uncalibrated total transverse calorimetric energy. The trigger decision is based on this
quantity. In this analysis, only events with P:ﬁa1°> 12 GeV are considered due to the low trigger
efficiency at lower transverse momentum. It is calculated using the HFS particles after the jet
finding procedure. In the case of an isolated minimum ionising muon in the event, P%alO:P% .

PIQ Lepton transverse momentum as measured by the calorimeter.

Q? Virtuality of the event. The negative invariant mass of the exchange boson. It is calculated
with the ‘electron method’ [57], where the electron is the scattered electron

Q* = 4E,E, cos (0°/2) . (5.4)
Here, Ej is the energy of the incoming (beam) electron and E the scattered electron with polar

angle 6°.

og Charge significance, a measure for the accuracy of the measurement of the curvature x of a

track
_ x]

Q=1 (5.5)

where dk is the uncertainty on x.

Vap/Vp ‘Vratio’, a measure of the azimuthal balance in the event where

VOL,,:—ZM for Py -Pp; <0 (5.6)
T pX !
(]
PX . Pr; e
V,= Z% for PX-Pr;>0 (5.7)
7

Vap and V, are the transverse energy flow anti-parallel and parallel to ]572( . The sum is over
the Pr components of all particles in the final state using the energy deposits in the clusters
only. Processes containing particles that are not detected generally have small values of Vg, /V),.
Vap/Vp is known to 2% in this analysis [11].

¢ Defined analogously as Q?, but the electron is assumed to come from the W boson decay. For
NC events, ( is identical to Q2, but for W boson production events it behaves differently and is
used to separate between these processes [11].



6 Event Selection

This chapter describes the analysis event selection. The first part explains the preselection that is used
to obtain a good quality physics sample from the collected data. Then the selection of events with an
energetic isolated electron (e) or muon (u) and large missing transverse momentum (r) is presented.
These events are referred to as ¢ + Pr events. The previously by H1 reported ‘excess’ of observed
events over the SM prediction in the region of phase space where Pj)f > 25 GeV is discussed [11]. More
details on the full ¢ 4+ Pr analysis can be found in Ref. [20].

6.1 General Data Preselection

6.1.1 Run Selection

The data taking during a HERA ‘fill’ (defined by the time during which a proton beam is present)
consists of a series of ‘(H1) runs’ for which the luminosity is individually measured. The detector
status is rather stable during a run but may differ between runs.

The runs are preselected here mainly by High Voltage (HV) requirements of subdetectors, which
means not only that those subdetectors were operating during the run, but also the relevant read-
out branches were in operation. This is required for the following detectors: Central Jet Chambers
(CJC), liquid argon calorimeter (LAr), spaghetti calorimeter SPACAL, time-of-flight system (ToF),
Luminosity system, and Central Proportional Chambers.

6.1.2 Event Vertex Position

The event vertex reconstruction was discussed in Section 5.1. To ensure reliable event reconstruction,
the z-coordinate of the primary event vertex must lie between -40 and 100 cm. The opening of the
forward region up to z = 100 cm allows to keep ep events with low track multiplicity. In such events,
the vertex can be falsely reconstructed due to, for example, a nuclear interaction in the event, but an
isolated electron can still be reconstructed reliably.

6.1.3 Triggers

The events in the analysis are triggered by the LAr based triggers. These were originally developed
to trigger NC and CC events [51]. The LAr trigger elements are based on either an imbalance in the
energy deposits indicating Pr or large compact electromagnetic energy deposits indicating energetic
electrons. The LAr trigger efficiency for electrons with Pr> 10 GeV is 2 98%. In the case of a
i ~+Pr event, no large energy deposits in the LAr are expected from the minimally ionising muon and
the trigger signals are due to the hadronic system, similar as in CC events. The efficiency of the LAr
triggers for such event topologies is simulated using ‘pseudo CC’ events, which are formed using a large
sample of NC events, from which all information regarding the scattered electron is removed [58]. The
events are reconstructed again and the CC selection (including the trigger requirements) is applied.
The reselected events are reweighed by the ratio of the theoretical CC and NC cross sections. The

37



- .
| S
>. 0.8~ —i—
> 08F
S T
S I
'GO.G—
& [
“ oal CC Trigger
F
0.2:—
0:||||I||||I||||I||||I||||I||||I||||I||||
0 10 20 30 40 50 60 70 80

PX (GeV) Efficiency = 78.45 %

Figure 6.1: Applied LAr trigger efficiences in the muon channel.

selection efficiency of the resulting sample allows to determine the CC trigger efficiency ecc. The
uncertainty on the latter is estimated at 30% of the inefficiency (1 — ec¢). In the analysis, all MC
events are weighed with the obtained trigger efficiencies. Figure 6.1 shows the applied weights for
muon events as a function of Pff. Only events with Pfﬂ( > 12 GeV are considered, since at lower
values, the trigger is both not efficient and not well understood. For increasing values of PF}(, the
energy, deposited in the calorimeter, increases and a larger trigger efficiency is obtained.

6.1.4 Non-ep Background Rejection

As mentioned in Section 4.2.6, the rate of genuine ep processes at H1 is of the order 10 Hz whereas the
background, mainly due to beam-gas interactions, exceeds 50 kHz. The main sources of the latter are
halo particles, which come from interactions between the proton beam with the beam-pipe wall or gas
molecules inside the beam-pipe, and cosmic muons, which are produced by highly ionising particles
that penetrate the earth’s atmosphere. Most of this non-ep background is suppressed by using timing
information from the ToF system. A smaller part is rejected by the vertex requirements. For the
rejection of the remaining part, a sophisticated set of non-ep background finder algorithms [59] is
developed, which uses topological knowledge of a number of possible non-ep processes. Some of the
algorithms are, however, sensitive to single W boson production and cannot be used for this analysis.
To determine which background rejection algorithms can be used, the complete analysis chain is run
with transparent background finders using simulated events from EPVEC. A 1% inefficiency is used
as typical threshold to ignore certain algorithms, the result is shown in Figure 6.2.
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analysis.

6.2 Data Sets and Luminosities

The data sample that is used in the present analyses has been accumulated during the full HERA
programme and corresponds to an integrated luminosity of 481 pb~!. The various data taking periods
and the respective centre-of-mass energies are given in Table 6.1. The HERA T data is taken in the
period 1994-2000 and the HERA II data in 2003-2007. Between 1994 and 1997, the proton beam
energy was 820 GeV resulting in a centre-of-mass energy /s = 300 GeV as opposed to /s = 318 GeV
for the other data taking periods. The resulting different production cross sections of all processes are

taken into account.

Period Interaction /s (GeV) [L (pb ')
1994 - 1997 etp 300 37.7
1998 - 1999 e p 318 13.9
1999 - 2000 etp 318 68.8
2003 - 2004 etp 318 54.3
2004 - 2006 e p 318 172.2
2006 - 2007 etp 318 134.0
Total 481.4

Table 6.1: Data sets used in this analysis.

The columns show from left to right: Running period,

collision type (e*p), centre of mass energy /s, and integrated luminosity JL.
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6.3 Selection of ¢ +’r Events

A summary of the selection criteria is given by Table 6.2. The detection phase space, already mentioned
in Section 3.4, is defined by the cuts on P&, ¢, Di®t and Pr. The isolated lepton candidate should
have Pfi> 10 GeV and be observed in the polar angle region 5° < #¢ < 140°. Dt should be larger
than 1 in n — ¢ space and Pff should be larger than 12 GeV. The upper limit on 6¢ rejects much of
the NC background, while keeping as much signal as possible [20]. The lower limit on 6 is enforced
by the detector acceptance (Chapter 4). The isolation of the lepton from jets is required to ensure
that the lepton is not part of a jet.

Selection of the Isolated Lepton

In the search for events with an isolated electron and large Pr, or e + Pr events, at least one electron
should be present, isolated against hadrons (Section 5.2). The highest Pr such electron in the event
is the ‘isolated lepton’. Latter is assumed to come from the W boson decay, since this is most likely
in the SM. Any second electron in the event, ordered in decreasing Pr, is assumed to be the scattered
electron. No more than 3% of the total electron energy should be outside a cone of radius 1 in n — ¢
space around the electron and at least 95% of the cluster energy should be found in the electromagnetic
part of the LAr. Central linked tracks must be ‘good’ tracks (Section 5.1) and be separated from all
other vertex fitted tracks in the event by at least 0.5 in  — ¢ space. If there is no linked good track
in the forward region, there must be both a linked non-vertex fitted track and another vertex fitted
track with a distance of closest approach DCA<90 cm. Requiring the presence of a track reduces
contributions from radiative photons.

In the muon channel, there must be precisely one muon in the event, which is isolated against
hadrons. This muon must be of grade 1,2,3, or 5 (Section 5.4) and its distance to the nearest jet must
be at least 1 in  — ¢ space.

Topological Cuts for ep Background Rejection

Besides the phase space selection criteria, further cuts to suppress SM background are applied on
variables which are sensitive to the presence of high-energy undetected particles in the event: The
azimuthal balance of the event, Vg,/V,, the difference in azimuthal angle between the lepton and
the hadronic system, A¢y_x, and the longitudinal momentum imbalance, dpyiss. Additionally, muon
events are required to have a minimum PF}( , in order to select events with large Pj‘lalo for which a higher
trigger efficiency is expected (Section 6.1.3), since for p+Pr events P%alof:Pff . For e +Pr events this
problem does not arise, because the electron deposits at least 10 GeV in the calorimeter, for which the
calorimeter trigger is very efficient and well understood. Electron events with low values of Pfalo are
required to have large CZQ, to reject NC events. Electron events must not contain any isolated muons
to ensure that the two lepton channels are mutually exclusive.

The ¢+ Pr Data Sample

42 electron and 16 muon events are selected with these selection criteria. The total sample contains
58 events where 57.4 4 7.3 are expected by the SM. As an illustration, three ‘event displays’ are shown
in Figures 6.3-6.5 in longitudinal (left) and transverse (right) view of the H1 detector. The tracks are
shown as well as the energy deposits in the calorimeters. Figure 6.3 shows an event with no hadronic
activity and a single energetic isolated electron with Pp= 47 GeV. The Pr in the event is 47 GeV.
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‘ Variable H Electron Muon

6° 50 <0< 140° 5° <6< 140°
P% > 10 GeV > 10 GeV
Diet >1 > 1
Pr > 12 GeV > 12 GeV
Pgalo > 12 GeV > 12 GeV
PX - > 12 GeV
Dtrack > 0.5 for §¢> 45° > 0.5

2 > 5000 GeV? for Pglo< 25 GeV

Vap/Vp < 0.5 (< 0.15for P < 25GeV) < 0.5 (< 0.15for P§lo < 25GeV)
Agp_x < 160° < 170°
#isolated 0 1

Omiss > 5 GeVTt _

‘  In the case of exactly one isolated electron candidate in the event with the same charge as the beam. ‘

Table 6.2: Topological selection requirements for the electron and muon channels in the search for
{ +Pr events. The cuts on 6°, Pfi, D¢ and Pr define the detection phase space.

.JY

Figure 6.3: Display of an event with an isolated electron and Pr. The measured electron Pr is 47 GeV
and Pr=47 GeV. Recorded with the H1 detector in the HERA II e*p data.

This is a candidate event for W boson production via photoproduction in which case the scattered
electron escapes down the beam-pipe and so does the proton remnant. Only the charged W boson
decay lepton is found in the detector and the missing neutrino causes the large momentum imbalance.
Figure 6.4 shows an event containing an energetic isolated muon with Pr= 38 GeV and a prominent
jet of 24.7 GeV. The Pr in the event is 51 GeV. This is a candidate event for single W boson production
via DIS. A similar event is shown in Figure 6.5.

For each event in the ¢ + Pr data sample, the kinematic quantities Pr, 6, P%(, and Pr, are recon-
structed. The corresponding distributions in the electron and muon channel are shown in Figure 6.6.
The data are compared to the expected sum-total of the SM signal and background contributions. For
the calculations of the contributions of each of these processes, including the theoretical uncertainties,
the Monte Carlo (MC) generators, presented in Section 4.4, are employed. The data distributions
agree with the expectation in shape and number, which means that the physics processes and the cor-
responding detector response are well understood. The largest contribution to the sample comes from
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Z

Figure 6.4: Display of an event with an isolated muon, Prand a prominent jet. The measured muon
Pr is 38 GeV, Pr= 51 GeV, and Pfﬂ( =24.7 GeV. Recorded with the H1 detector in the
HERA II e*p data.

H

L -

z

Figure 6.5: Display of an event with an isolated muon, Prand a prominent jet. The measured muon
Pris 51 GeV,Pr=39 GeV, and Pfﬂ( =48 GeV. Recorded with the H1 detector in the HERA
1l e~ p data.

the signal processes, dominated by W boson production. The corresponding sample purity, defined
as the fraction of signal events in the total sample, is ~ 75% in both lepton channels. The signal to
noise quality estimator S/v/N = 9.5. In the electron channel, the largest background contribution
comes from CC events (17%). Contributions from NC, including bremsstrahlung (EG) is 8% and the
lepton pair processes contribute 6%. The largest background in the muon channel comes also from CC
processes contributing 10%. The only other significant background process in this channel is Lepton
Pair Production (LL), contributing 8%.

The P# and the transverse mass (Mr) distributions of the combined lepton channels are shown in
Figure 6.7. The data follows the peak in the M7 distribution, typical for the W boson signal. This
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Figure 6.6: Distributions in the electron (top two rows) and muon (bottom two rows) channels. For

each are shown: Top left: Pr of the isolated lepton. Top right: 0 of the isolated lepton.
Bottom left: P%(. Bottom right: Pr. The data are denoted by the points and the statistical
uncertainty by the bars. The contributions to the total sample from data and SM processes
are explained in the legends, with the following SM processes: W boson production (Epvec),
NC (NC), CC (CC), bremsstrahlung (EG), and pair production of electrons (EE), muons
(MM), and taus (TT). The total uncertainty is the quadratic sum of the statistical and
systematic uncertainties and is denoted by the filled areas on the total MC histogram where
the lighter region denotes the statistical uncertainty.
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Figure 6.7: Distributions of the total {+Pr data sample in the electron and muon channel in Pff (left)

and My (right). The contributions from the data and SM processes to the total sample
are given in the legend on the right where the following SM processes are included: W
boson production (Epvec), NC (NC), CC (CC), bremsstrahlung (EG), and pair production
of electrons (EE), muons (MM), and taus (TT).

Rates ffx(:;p) H1 Data SM exp SM sig SM bg
T
AllPE 10 9.46 £ 1.27 | 755+ 1.18 | 1.91 £ 041
P¥ > 25 9 4.46 £0.62 | 3.59 £ 0.56 | 0.87 + 0.25
X €+ .
Rates E}To%(inp) H1 Data SM exp SM sig SM bg
AllPX 13 6.63 + 1.00 | 5.74 £ 0.95 | 0.89 £+ 0.19
P > 25 8 3.92 +0.59 | 3.45+ 0.56 | 0.47 £+ 0.10
Rates ffxie;p) H1 Data SM exp SM sig SM bg
X<
AllPX 20 18.56 + 2.27 | 12.48 +1.94 | 6.08 £ 1.04
P > 25 0 0.00 + 0.00 | 0.00 + 0.00 | 0.00 £+ 0.00
‘ Ratesffjap) ‘ H1 Data ‘ SM exp SM sig ‘ SM bg ‘
AllPX 43 34.64 £ 4.36 | 25.77 £ 4.00 | 8.88 + 1.50
P > 25 17 838+ 1.15 | 7.04 +1.10 | 1.34 +£ 0.30

Table 6.3: Event yields of the { +Pr data sample in the e*p data in the electron (top row) and muon
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channels (middle row) as well as for both channels combined (bottom row). The systematic
uncertainties are also shown. The event yields are shown for the complete sample (All PiX)
as well as at high P (PX> 25 GeV). The SM signal (SM sig) comprises single W boson
production and also Z boson production in the case of the invisible decay Z — vv. The
contributions from SM backgrounds (SM bg) are also shown.



peak is caused by the mass of the W boson, retained in the invariant mass of the observed lepton
and the missing momentum. The peak cannot be explained without the signal MC and is a clear
indication of single W boson production.

Discussion of the Excess

The first event observed at HERA that could be attributed to W boson production, was reported by
H1 in 1994 [60] in 4 pb~! of e*p data. The kinematic properties of this event are not typical for the
SM, and the probability to find it was only 0.03. In 1998 the H1 collaboration published a paper on
‘Events with an isolated lepton and large missing transverse energy’, using 37 pb~—! of eTp data, in
which an excess of events with respect to the SM expectation was announced [61]. Three events were
atypical for the SM. One year later, ZEUS published its findings in turn, using 47.7 pb~! of data, but
could not confirm the excess [62]. In 2003, H1 had analysed 105 pb~! of etp data, improved their
background rejection algorithms, and extended the search to a larger phase space. At wa(> 25 GeV,
10 events were observed, where 2.92 + 0.49 were expected by the SM [11]. The probability for the
SM expectation to fluctuate to this number of events or more is 0.0015, corresponding to an excess of
3.00.

The official current preliminary status of the H1 ¢ +Pr data sample [63] was presented at [64]. At
high Pj)w(, 21 events are observed where 8.9 + 1.5 are expected in 294 pb~'of e*p data, which is still a
3.00 excess. The e”p data sample is in agreement with the SM.

Due to reanalysis and reprocessing of the data, the kinematic properties of each event are subject
to minor changes. As a result of this, events can migrate in or out of the data sample, even when the
same kinematic cuts are employed. By this mechanism, 2 new events have come in and 6 events have
migrated out of the combined data sample at Pr> 25 GeV, relative to the preliminary sample. The
current eTp data sample, used in this work, is tabulated in Table 6.3. The probability for the SM
expectation of 8.38 4+ 1.15 to fluctuate to the observed 17 events or more is 0.010, corresponding to a
2.30 excess. This is still an arguable excess and its origin is unfortunately not cleared after HERA TI.

However, the excess manifests itself in a limited region of phase space and only in the eTp data set.
The over-all agreement with the SM is good with 58 observed events where 57.4 4+ 7.3 are expected,
and with the description presented in Figures 6.6, 6.7 and Table 6.3. The predominance of the signal
in the expectation and the observed event yield open the way to the cross section measurements, which
are presented in the next chapter.
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7 Cross Section Measurements

In this chapter the determination of the production cross section of events with an energetic isolated
electron (e) or muon (u) and large missing transverse momentum (¢ + Pr events) and the differential
{ +Pr cross section as a function of P7* (doy,p, /dP;'), are presented along with the measurement of
the single W boson production cross section (o).

7.1 Cross Section Extraction Method

For the cross section determination the following formula is used:

Ndata - Né‘gdc NMC
o= W with A= e (7.1)
LA NMC

where Ngqiq is the number of data events, Nb]‘;fc is the Monte Carlo (MC) estimate of the number of
background events, and L is the integrated data luminosity. A is the acceptance, defined as the ratio

of the number of reconstructed events NMC in the MC sample and the total number of generated

MC rec
events Noe, .

As mentioned in Section 6.3, there is no measurement in the muon channel for the region Pj)f <12
GeV. Therefore, the derived cross section for Pff < 12 GeV in the electron channel is used for the
muon channel in that region under the assumption of lepton universality. The total combined cross
section, oyt 1S determined as follows:

X X
PX>12  PX>12

PX<12
Otot = Oe¢ + oy T

+(1+f)0'e s (72)
where the subscript (e or p) denotes the lepton channel and the superscript denotes the region of
phase space determined by Pff . f is determined from MC simulation as the ratio of generated W
boson production cross sections in the muon and electron channel at PF}( < 12 GeV

Iu, (7.3)

Oe

f

The value of f is 0.89 £ 0.05 (systematic uncertainties are discussed in Section 7.5). This value for f
implies that the cross section in the electron channel is larger than that in the muon channel in the
region Pff < 12 GeV. This is due to extra contributions in the electron channel that are not present
in the muon channel. These comprise Z — vv events and single W boson production events in which
the scattered electron plays the role of the isolated lepton.

7.2 Measurement of the ¢ + P Cross Section

The ¢ +Pr cross section is defined by the production rate of events with an isolated electron or muon
and large missing transverse momentum in the detection phase space (Section 6.3) shown in Table 7.1.
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Pf > 10 GeV

50 < 0 < 140°
Djet < 1 in 1 — ¢ space

PT> 12 GeV

Table 7.1: The detection phase space.

The ¢ + Pr cross section is determined by employing Equation (7.1) in which NV g,‘g,? is the number of

MC events generated in the detection phase space.

The two contributions to the SM signal are single W and Z boson production. The latter contributes
only in the electron channel via the decay Z — vi. The ¢ + Pr data sample obtained in the previous
chapter is evaluated in the three separate regions of phase space from Equation (7.2). This is tabulated
in Table 7.2.

‘ Rateséi?;) ‘ H1 Data ‘ SM exp ‘ SM sig ‘ SM bg ‘
| epxs1n | 19 | 17.524£2.29 | 12.47£1.95 | 5.06+1.11 |
| ppxsi | 16 | 11.80£1.73 | 9.58+£1.58 | 2.224+0.49 |
| epx<in | 23 [ 28.07+£3.54 [ 20.31£3.16 | 7.76+1.41 |
| |

58 [ 57.39+7.32 [ 42.364+6.58 | 15.03£2.86 |

J

Table 7.2: Event yields obtained for the £ +Pr cross section measurement in the separate regions of
phase space. Also shown are the contributions from the SM signal (SM sig) and background
(SM bg) with systematic errors. The row marked with [ contains the total yield.

For a meaningful cross section measurement, the migration of events in and out of the phase space
has to be limited. An example of a possible migration is an event containing an isolated lepton
with Pr= 9.9 GeV. Due to the limited detection precision, the lepton can be reconstructed with
Pr=10.1 GeV and enter the data sample. A measure for the amount of migrations in a data sample
is provided by the variables ‘stability’ and ‘purity’. The values of each should not be much less than
~ 30% [51, 65]. They are defined as

NMC

gen-rec

NMC >

gen

Stability =

P .t _ Né\gnqrrec 7 4

urity = TNIIC (7.4)

where ‘gen’ and ‘rec’ refer to ‘generated’ and ‘reconstructed’ respectively. Ng]‘gn(irec is the number

of events both generated and reconstructed in the detection phase space. In order to remove the
dependency on the acceptance, only reconstructed events are considered in (7.4).

The acceptance and purity are evaluated for each of the three regions of phase space and are
tabulated in Table 7.3. It can be seen that all the acceptances are comparable. All purities are 99%
if migrations within the detection phase space are ignored. This means that there is little inward
migration of events that were generated outside the detection phase space. From the last row in
Table 7.3, it can be seen that in the electron channel the purities in the separate regions of phase
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ELEC MUON
PX<12 GeV PF>12 GeV | PX> 12 GeV

Acceptance 0.556 0.523 0.499
Purity Ph.Sp 0.994 0.988 0.985
Purity PX 0.988 0.919 0.963

Table 7.3: Acceptance and Purities for the three regions of phase space in the calculation of the { +Prp
cros section. For the purities in the row ‘Purity Ph.Sp’, the migrations within the detection
phase space are ignored. This is not the case for the purities presented in the last row
‘Purity PIX 0,

space, Pff < 12 and P%(> 12 GeV, are smaller than the purity in the full phase space. This can only
be due to events, which migrate within the detection phase space. The region Pj)w( < 12 GeV represents
a larger phase space and is less affected by this. Considering the lower limit for the purity of ~ 30%,
the over-all effect of these migrations can savely be ignored.

Applying Equation (7.1) together with Equation (7.2) results in the derived ¢ + Pr cross section

Opypy = 0.24 £0.05 (stat) £ 0.04 (sys) pb, (7.5)
which is in good agreement with the SM prediction
o = 0.26 + 0.04 (th.sys) pb. (7.6)

All results are tabulated in Table 7.4. Agreement with the SM is observed in both lepton channels
and both regions of phase space.

aéej;,p) (fb) ‘ Measured + stat - sys ‘ SM +th sys ‘

Lot

| eP;>12 | 58.3+ 184+ 87] 522+ 78|
| mpxs12 | 626+ 182+ 87 ] 435+ 6.5 |
| epx<in | 64.3+203+11.0 [ 857+ 128 |
| |

[

Table 7.4: Derived values for the £ +Pr cross section with statistical (stat) and systematic (sys) un-
certainties, shown in the separate regions of phase space compared to the SM expectation
with the theoretical uncertainty (th.sys) from the EPVEC generator. The row marked with
[ contains the total £ +Pr cross section and SM expectation.

2425+ 46.3+£37.1 | 257.7+ 38.6 |

7.3 Measurement of the ¢ + Pr Differential Cross Section

The differential ¢ 4+ Pr cross section is measured in four bins as a function of the hadronic transverse
momentum P# and is obtained by applying Equation (7.1) together with Equation (7.2) in each bin
of Pff and subsequently dividing by the bin width. Bin center corrections are found to have an effect
< 1% in each bin and are not applied. From Figure 7.1 and Table 7.5 it can be seen that the data
yield is well described by the MC prediction in all bins.
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Figure 7.1: The data yield (points) with statistical uncertainty (bars) in bins of PX compared to the
SM ezpectation (open histogram). The shaded inner regions around the open histogram line
denote the statistical uncertainty of the MC and the darker regions denote the statistical

and systematic uncertainties added in quadrature.

The contributions from data and SM

processes are explained in the legend (right), where the following SM processes are included:
single W boson production (Epvec), NC (NC), CC (CC), bremsstrahlung (EG), and pair
production of electrons (EE), muons (MM), and taus (TT).

Ratesﬁf;p) H1 Data | SM exp SM sig SM bg
0— 12 23 28.07+3.54 | 20.31+3.16 | 7.76 £1.41
12 — 25 17 13.37£1.75 | 10.29+£1.61 | 3.09£+0.57
25 — 40 10 9.57+1.24 7.124+1.11 | 2.454+0.49
40 — 80 8 6.08+£0.84 4.50+£0.70 | 1.58+0.43

Table 7.5: Fvent yields in bins oij)f compared to the SM expectation. Also shown are the contributions
from the SM signal (SM sig) and background (SM bg) with systematic errors.
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Figure 7.2: Stability (left) and purity (right) for each bin in P for the electron (dotted line) and muon
channel (solid line). Calculated with reconstructed events from EPVEC.

The stability and purity for the bins in PF}( are shown in Figure 7.2. The choice of bins in Pff is
retained from the HERA I publication [11] for consistency. There are four bins ranging from 0 to
80 GeV separated at 12, 25 and 40 GeV, respectively. The signal contribution at Pj)f >80 GeV is
negligible, as can be expected from Figure 3.8, and is not considered.

The acceptances per bin in the electron and muon channels are shown in figure 7.3. There is no
acceptance in the muon channel due to the cut on Pj‘lalozP%(. Due to the LAr triggers (Section 6.1.3),
the acceptance in the muon channel increases with increasing PIX . It rises to about 60%, which is
larger than in the electron channel where the over-all cuts are more strict, as enforced by the larger
SM background.

The derived differential cross section as a function of Pj)ﬂ( is well described by the MC prediction
and is shown in Figure 7.4 and tabulated in Table 7.6.

7.4 Measurement of the Single 1/ Boson Production Cross Section

The production of ¢ + Pr events can be interpreted as single W boson production as mentioned
before. The single W boson production cross section (o) is determined by using Equation (7.1) and
Equation (7.2). In this case the branching ratio for the decay W — e/u/7 (— e/u + v)+v is employed.
N, é‘gno is the total number of generated events containing a W boson in the full phase space (electron

channel) or at P> 12 GeV (muon channel). The small SM contribution to NMC from Z boson

rec
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Figure 7.3: Acceptances in the electron (left) and muon (right) channels in bins of Pj)f calculated using
reconstructed events from EPVEC. The error bars denote the statistical error.
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sum of the statistical and systematic uncertainties in quadrature.

The measurement is

compared to the SM prediction (open histogram), which has a 15% theoretical uncertainty

(hatched).



opip. (€5P)
ddj,# : (GfebV) Measured +stat + sys | SM *thsys
0 — 12 10.13+3.20£1.75 | 13.50£ 2.02
12 — 25 5.35+£1.59+0.73 | 3.72+ 0.56
25 — 40 2.06 £ 0.87+£0.32 1.92+ 0.29
40 — 80 0.63+0.28+0.09 | 045+ 0.07

Table 7.6: Derived values for the differential (+Pr cross section in bins of Pff with statistical (stat) and
systematic (sys) uncertainties, compared to the SM prediction with the theoretical systematic
uncertainty (th.sys).

‘ Rates W (¢*p) ‘ H1 Data ‘ SM exp ‘ SM sig ‘ SM bg ‘
| epxs1n | 19 [ 17.524£2.20 [ 11.66£1.82 | 5.86+1.12 |
| kpxsi | 16 | 11.80£1.73 | 9.57+£1.58 [ 2.23+0.49 |
| epx<in | 23 | 28.07£3.37 | 18.91£2.94 [ 9.17+1.44 |
| |

J

Table 7.7: Fvent yields for the single W boson production in the separate regions of phase space com-
pared to the SM expectation (SM exp), which is shown with the systematic uncertainty. Also
shown are the SM signal (SM sig) and background (SM bg) contributions with the systematic
uncertainties. The row marked with [ denotes the total yield.

58 | 57.39%£7.04 | 40.14£6.24 | 17.26£2.90 |

production is considered here a background process. The resulting small difference in the number
of SM signal and background events can be obtained by comparing Tables 7.2 and 7.7. The derived
values for the single W boson production cross section in both lepton channels and regions of phase
space are presented in Table 7.8. These results in the electron and muon channel at Pj)f > 12 GeV are
consistent with lepton universality. The total single W boson production cross section is determined
at

ow = 1.23 £ 0.25 (stat) + 0.13 (sys) pb, (7.7)

which is in good agreement with the SM prediction
o = 1.31 +0.20 (th.sys) pb. (7.8)

This is the first significant determination of the W boson production cross section at HERA.

7.5 Treatment of Systematic and Statistical Uncertainties

Table 7.9 summarises all sources of systematic uncertainty. They were introduced in Chapter 5. For
the cross section measurements, only those are taken into account that have an estimated effect on
the total signal yield larger than 1%. Table 7.10 tabulates the resulting systematic uncertainties for
the ¢ +Pr cross section. For the single W boson production cross section these numbers are identical
for all practical purposes, except that no model uncertainty is applied.

The largest systematic contribution stems from the model dependence. This enters the calcula-
tions via the uncertainty on the acceptance and the relative production cross sections in the electron
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‘ a‘(,f,ip) (fb) ‘ Measured + stat + sys ‘ SM + thsys ‘
|
|
|

epxs12 | 284.9+ 953+ 330 | 2529+ 379 |

fpxsi2 | 359.0+ 1044+ 339 [ 2495+ 374 |

epxcis | 2028 £101.9+ 37.6 | 4002+ 60.0 |
|

[

Table 7.8: Derived values for the single W boson production cross section in the separate regions of
phase space for the electron (e) and muon (u) channels with statistical (stat) and system-
atic (sys) uncertainties, compared to the SM expectation with the theoretical systematic
uncertainty (th.sys). The row marked with [ denotes the total combined cross section.

1231.7 £248.6£129.2 | 1305.8+ 195.9 |

and muon channels, expressed by the factor f in Equation (7.3). A 10% model dependence on the
acceptance is applied to stay as model independent as possible. Latter is estimated [11] using two
further generators, which produce single W bosons with different kinematic distributions from those of
EPVEC. The used generators are an implementation of W boson production within PYTHIA [66] and
ANOTOP (Section 4.4). The systematic uncertainty on f is estimated using ANOTOP. The EPVEC
value is 0.891 4+ 0.006 and the ANOTOP value is 0.90 + 0.04, where the uncertainties are determined
by statistics only. The EPVEC central value of 0.89 is taken and the uncertainty set at 0.05.

The total theoretical uncertainty on the derived contributions of the SM background processes enters
the derivation of the cross section via the estimated number of background events in Equation (7.1).
This represents the second largest source of systematic uncertainty and is denoted by ‘Theory’ in
Table 7.10.

Statistical Uncertainty on the Combined Cross Sections

The total cross section is calculated from the three terms in Equation (7.2). The statistical uncer-
tainties between terms are added in quadrature. Since the same data is used for the cross section
measurement in both the electron and muon channel at low Pj)f , the statistical uncertainties of these
terms are added linearly

(dgig?gl)Q = (daitﬁipu)Q + (dazt?}m>12)2 +(1+/)d fsztfifpx>12)2- (7.9)

-~

linear addition

Systematic Uncertainty on the Combined Cross Sections

The total systematic uncertainty is obtained by adding in quadrature the systematic uncertainties of
each considered systematic ¢

up (dn 2 up (dn up (dn up (dn 2
<dat£§1 )) = Z <d‘7i51(3;p;3>12 + d"iﬁg%;)pu +(1+f) d"z’féw3<12) . (7.10)

i
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Source | HERA 1 | HERA II

LAr: Pro <8GeV 5%
Biet LAr: Prie >8GeV 2%
Spacal: ™%
LAr : z<20cm 0.7% LAr : z<20cm 1.0%
z LAr :20 z<100 cm  1.5% LAr :20 z<100 cm 2.0%
€ LAr : 100 <zcm 3.0% LAr : 100 <zcm 3.0%
Spacal: 0.5% Spacal: 0.5%
9 Ot < 207 : 5 mrad
JET Ojet > 20° : 10 mrad
ge LAr: 3 mrad
Spacal: 1 mrad
@° 1 mrad
Vap/ Vs 0.02%
Pl 5%
o+ 3 mrad
o 1 mrad
piet 1 mrad
p ID 5% if 0, > 12.5° else 15%
elec ID 2%
L 4%
Track/Clus Linking 3%
Trigger 2% @ 30%(1 — ecc)

Table 7.9: All systematic uncertainties, which are taken into account shown for HERA I and HERA
II for the jet energy E®, electron energy E€, jet polar angle 67¢, electron polar angle
6¢,electron azimuthal angle ¢¢, vratio Vu,/V,, muon PrPyr, muon azimuth angle ¢*, jet
azimuth angle ¢'®*, muon identification efficiency pu ID, electron identification efficiency
elec ID, integrated luminosity L, track cluster linking efficiency Track/Clus Linking, and
trigger efficiency Trigger, where ecc is the trigger efficiency estimated from pseudo CC

constants.
| Systematic ‘ % ‘
Trigger 3.24
Trk/Clus Lnk 3.48
Elec ID 2.21
@ ID 1.90
Theory 7.39
Lumi 4.00
Model 11.28

Table 7.10: Systematic uncertainties on the derived ¢ +Pr cross section in percent.
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8 Measurement of the W~ Vertex

In this chapter the measurement of the WW+ vertex is presented. A likelihood method is employed
to extract limits on the parameters dx and A that govern the triple boson coupling WW+~. The ¢ +Pr
data sample with a SM single W boson interpretation is used. !

8.1 Likelihood Fit

As discussed in Section 3.3, the effective Lagrangian (3.5) describes the possible production of single
W bosons through couplings, parametrised by the variables x and A. The SM values are kK = 1 and
A = 0. Instead of x, the parameter

de=r—1 (8.1)

will be used, such that any non-zero value for dk is a deviation from the SM.

The sensitivity of the total single W boson production cross section oy to anomalous values of dk
and A (Figure 3.5) facilitates the use of the ‘counting’ experiment to compare the observed (counted)
number of events N to the expected number of events N, a function of ds and A. This allows to
set limits on their possible anomalous values. The expected number of events N, can be written as

Neap (dk, \) = BL Aow (dk, X) + Npg. (8.2)

Here, B is the branching ratio in the decay W — e/u/7(— e/u+v) + v. The luminosity £, the
acceptance A, the expected number of background events N4, and ow (dk, A), the predicted cross
section as a function of dk and A, are known only with finite precision, which will affect the limits. In
the following, this is included and will be discussed explicitely in Section 8.4.

A likelihood function L is introduced as the Poisson probability density of observing N, data
events for given dk and A

O
LNobs‘(dliv)‘) = NObS! ’ (83)

where Nz, is a function of dr and X as expressed in Equation (8.2). Of interest for the measurement,

however, is the probability to observe N, as a function of dx and A, given the outcome Ny of the

counting experiment. In a Bayesian approach [33], this is the ‘posterior probability densitiy’
P _ Il (n.) Pl

(dﬁv}\)INobs - PN :

obs

(8.4)

Here, P(gy ) is the prior probability to observe any pair (dx, \); it ‘reflects the experimentor’s degree
of believe before carrying out the measurement’, cite taken from ref. [33]. In this case, a constant
probability density to observe P4 y) is assumed on the domain D

—7< drv <17,
—7T< A <T. (8.5)

"'With the possible exception of non-SM values for dx and .
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Plix,») is assumed 0 elsewhere. This domain must contain all values of dx and A, for which there
exists a non-vanishing probability to agree with the result of the counting experiment. Furthermore,
it is required that fD P4 nyd (dk)d\ = 1. The choice for the domain boundaries is inspired by the
measured single W boson production cross section (previous chapter) and the dependence of the
predicted cross section on dk and A (Figure 3.5). In Equation (8.4), Py, is the prior probability
density to observe N, events. Using the law of total probability this can be expressed as

Py,,. = /LNObS(d/i,)\) * Pla,nyd (dr) dA, (8.6)

which, together with Equation (8.4), finally leads to the posterior probability density

L, (drn) - Plde,n)
Py drk, \) = obl (A, ’ : 8.7
e e (08 ) oy Py A (@) aX =

As discussed in Section 3.3, the PF}( spectrum is expected to have larger sensitivity to anomalous
values of dk and A at higher PX (P#> 12 GeV). A priori, this gain (Figure 3.5) is not expected to
be cancelled by the expected loss of statistical precision (see also Table 8.1). To confirm this, the
measurement is presented here in both the full phase space and in the region Pj)w( > 12 GeV.

8.2 Limits Extraction

Single Parameter Limits

The extraction of the single parameter limits on dx and A commences by performing the likelihood
fit (8.7) where one parameter is allowed to vary while the other is fixed to its SM value, and vice
versa. The resulting probability distributions Pgx x—0)|n,,, and P(ax=0,))|N,,.» are shown in Figure 8.1
for both the full phase space and for Pj)w(> 12 GeV.

The probability distribution for P(g. x—o)n,,, displays two peaks. The reason for this is that the
measured cross section oh® intersects the theoretical curve oy at two points (see also Figure 3.5)
resulting in two values for dx, which are favoured by the outcome of the counting measurement. For
Plak=0))|N,,, this is also the case, although, only at Pj)w(> 12 GeV. When the lower Pff events are
included in the measurement, only one value for A is statistically favoured. This can be understood
by observing that a%ata in the full phase space is smaller than the SM expectation (at dk= 0 and

A = 0), whereas for the region PF}(> 12 GeV, it is larger, as is shown in Table 8.1. For the same

| Region | ohata | o3 (dr =0,A=0) |
P >0 |1.23240.280 | 1.306 £  0.196
PX >12 | 0.64440.156 | 0.502+  0.075

Table 8.1: Derived values for the measured oy (a@,“t“ ) in pb together with the total uncertainty in
the full phase space (Pf«(> 0 GeV) and in the region of phase space where PF}( > 12 GeV.
Also shown are the SM expectations aﬁ,M (dk = 0,\ = 0) with the theoretical uncertainties.
The total uncertainty on Ug/at“ 1s calculated by adding in quadrature the total statistical
uncertainty (added in quadrature among bins) and the total systematic uncertainty (added

linearly among bins).
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Figure 8.1: P x—0)|N,,. (left) and Pg.—o )N, (Tight) for all phase space (dotted) and for the region
P& > 12 GeV (continuous).

reason, P(gx  =0)|N,,, 1S shifted toward larger absolute values for dx in the region P> 12 GeV. Also
in this region, the two peaks in P4, x—0)|n,,, are steeper and higher than in the full phase space, which
implies stricter limits. For P4,—g x)n,,,, the situation is different. At higher Pff , the degeneracy sets
in and leads to a lessened probability density around A = 0.

All this can be quantified by using the Confidence Level (CL) as a function of either parameter,
represented by x, in

CL(x)= / P (') da'. (8.8)
P(z')>P(x)

This definition of the CL is chosen such, that in the integral over z, the points with highest probability
are always included (maximum likelihood). The 95% CL single parameter limits can now be obtained
by using Equation (8.7) in Equation (8.8), and identifying the parameter values for which C'L < 0.95.
The results are displayed in Table 8.2. The limits on dx are indeed much better for the measurement
at Pfﬂ(> 12 GeV. A decrease of 25% is observed for the total 95% CL region Adki + Adks. The
corresponding limits for A are slightly better as well.

‘ 95% CL ‘ dlﬂ ‘ Adlﬂ ‘ dlﬁg ‘ Adlﬁg ‘ A ‘ AN ‘
All Pff -4.82 ..-2.02 | 280 |-1.96.. 1.08 | 3.04 |-3.05.. 3.05 | 6.10
P%( >121-490. -272 | 218 |-0.75.. 146 | 2.21 |-2.93 .. 2.94 | 5.87

Table 8.2: 95% CL single parameter limits for the parameters dx and A for the measurement in the full
phase space (all Pj)f) and that in the region Pff> 12 GeV. The subscripts 1 and 2 denote
the disjoint regions in dr. The length of the individual regions is denoted by Adk and AM.
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Limits in the two Parameter Fit

The limits in two dimensions are obtained by performing the likelihood fit of Equation (8.7), whereby
both dk and A are allowed to vary. The confidence level is defined using again Equation (8.8), where
the one-dimensional dependence on z is replaced by the two-dimensional dependence on dx and A.
The resulting 68% and 95% CL regions are shown in Figure 8.2. Note again the decrease of the 95%
CL region when the events at Pff < 12 GeV are not used.

Confidence Level . Confidence Level L
< 6 - Y..SM . < 6 - Y..SV 0.9
4f —o8 af 0.8
N —0.7 B —0.7
2¢ 06 2t {06
oF —05 oF —05
oF —0.4 oF —0.4
L —0.3 L —0.3
-4F 0.2 41 ; 0.2
of P; >0 GeV o1 s P; > 12 GeV o1

‘—6‘“—4‘“-2”‘0‘”2‘”4‘”6‘ 0 ‘—6‘“—4‘“-2”‘0‘”2‘”4‘”6‘ 0

Figure 8.2: 68% and 95% CL regions on dk and X for the full phase space (left) and for Pj)w(> 12 GeV
(right). The SM prediction is also shown (triangle).

8.3 Results

The measurement at PF}( > 12 GeV has a larger sensitivity to the coupling parameters dx and A. The
95% CL single parameter limits are

—49< dv < -27, (8.9)
—08< dx < 1.5, (8.10)
—29< A < 29 (8.11)

The 68% and 95% CL regions in two dimensions are shown in the right plot of Figure 8.2. The
corresponding 95% CL two dimensional limits are

—50< dr < 1.3,
—42< X < 38 (8.12)

All results are in agreement with the SM expectation dk= A = 0. A comparison with other collider
experiments is given in Chapter 10.
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| Source | P >0 GeV | P >12 GeV | 0 (%) |
L 481.4 +19.3 | 481.4 £+ 19.3
A 0.258 + 0.01 | 0.356 + 0.01
Npg 17.26 £ 3.45 8.09 + 1.62 20
ow Uw(d/ﬁ}, )\) Uw(dlﬁ, A) 15

4
4

Table 8.3: The systematic uncertainties in the WW~ analysis for the luminosity L, acceptance A,
and the number of background events Ny,. The predicted single W boson production cross
section ow (dk, \) varies, depending on dk and A. The values are shown for the full phase
space Pf«(> 0 GeV and for Pff> 12 GeV. The last column contains the relative error & of
each source of systematic uncertainty in percent (%).

8.4 Systematic Uncertainties

The sources of systematic uncertainties are the luminosity £, the acceptance A, the expected number
of background events N4, and ow (dk, A), the predicted total single W boson production cross section
as a function of drk and A. They enter the calculation via Ny, (Equation (8.2)). They are presumed
uncorrelated and to be distributed around their mean values according to a Gaussian distribution.
Under these assumptions they can be integrated out of the probability (8.7)

Nsou’rces

Plan NNy = Plar )Ny, (T15--2) H /gz () da;, (8.13)
i—1

where the z are the systematic sources with mean < x > and standard deviation o, and

1 7(x—<x>)2
N e 2% . (8.14)
x

The systematic uncertainties are tabulated in Table 8.3. £ is known to 4% (Section 4.2.4). The central
value of A is assumed to be constant for different values of dx and A\. A 4% systematic uncertainty
on A arises from the uncertainties on the trigger, track/cluster linking, and lepton identification
efficiencies (Table 7.10). The systematic uncertainty on Ny, also includes these, but is dominated by
the theoretical uncertainties introduced by the MC generators. The uncertainty on oy (dk, A) is the
15% theoretical uncertainty from the EPVEC generator (Section 3.2).

The effect of each source of systematic uncertainty is studied and is tabulated in Table 8.4. The
dominant systematic uncertainty is the theoretical systematic uncertainty on oys. The uncertainties
on Ny, and A must be partly correlated, since both underly the uncertainties on the trigger simulation,
track/cluster linking and lepton identification efficiencies. However, the demonstrated small effect of
the uncertainty on N, allowes this to be safely neglected.

Finally, Figure 8.3 shows the smearing effect on Py, x—o)n,,, and P(ae—0,\)|N,,,, Which results from
incorporating the systematic uncertainties. The measurement is dominated by the statistical uncer-

g(r) =

tainty.
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| Source | dky | A (dky) | dko | A(dks) | A | AN |

None -4.59 .. -3.00 1.59 -0.55 .. 1.15 1.70 -2.55 .. 2,56 | 5.11
L -4.61 .. -2.94 1.67 -0.56 .. 1.16 1.72 -2.58 .. 2,59 | 5.17
Npg -4.62 .. -2.87 1.75 -0.62 .. 1.18 1.80 -2.58 .. 2.60 | 5.18

A -4.61 .. -2.93 1.68 -0.56 .. 1.18 1.74 -2.58 .. 2.60 | 5.18
ow(dr, \) | -4.84 .. -2.79 2.05 -0.70 .. 1.40 2.10 -2.86 .. 2.90 | 5.76
All -4.90 .. -2.72 2.18 -0.75 .. 1.46 2.21 -2.93 .. 2.94 | 5.87

Table 8.4: The 95% CL single parameter limits for dr and X, the size of the corresponding regions
(A (dr) and AX), shown for the cases where no systematic uncertainties are included

(None), only one is included (L, Npg, A or ow(dk,\)), and all are included (All).

8 1E 8 1E
§ 0.9§ § 0.9§
’IO-I\ 0.8§ ---- Not smeared g 0.8§ ---- Not smeared
< 0.7 n 0.7
é O.6§ — Smeared é O.6§ — Smeared
Q. 051 0 051
0.4F 0.4F
03[ 03[
020 020
0.1 0.1
0L Lol oEle L L s

6 4 2 0 2 4 6

dk A

Figure 8.3: Pgua—0)|N,,, (left) and Pae—on)n,,, (Tight) for the cases where the systematic uncertain-
ties are ignored (not smeared) and included (smeared).
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O Measurement of the W Boson Polarisation
Fractions

In this chapter the measurement of the W boson polarisation fractions is presented. Since the po-
larisation dependent observables depend on the charge of the W boson, the selection of events with
an energetic electron or muon and large missing transverse momentum, or ¢ + P events, is further
restricted to events for which a reliable measurement of the charge of the isolated lepton exists. The
reconstruction of the W boson rest frame is performed and the W boson differential cross section as
a function of the decay angle 6* is derived and used to extract the W boson polarisation fractions. In
the last section, the evaluation of the systematic uncertainties on this measurement is presented.

9.1 W Boson Reconstruction

The main difficulty consists in the reconstruction of the undetected neutrino. When the event’s Q2 is
large enough, the scattered electron can be detected. In this case the neutrino v is the only missing
particle and the event is said to be ‘tagged’. If the scattered electron escapes down the beam-pipe, the
event is ‘untagged’. Tagged and untagged events are treated differently in the reconstruction process.

Tagged Events

When the event is tagged (~ 25% of all events), it can be completely reconstructed. The transverse
momentum components of the neutrino (v), Py and Py, are determined by the missing Pr in the
event using

2 2
Pr=+/(Py)" + (Py)". (9.1)
The longitudinal component P,, can be calculated using E — P, conservation:

(E — PZ)initial E,-FE,—P,,—P,. =2F,, (9.2)
(E - Pz)ﬁnal = (E - PZ)measured + (E - PZ)V ’ (93)

where E,, P,, E, and P, are the scalar energies and momenta of the incoming proton and electron,
respectively. Equating (9.2) with (9.3) leads to

(E - Pz)y = 2E. — (E - Pz) (9'4)

measured *

The protons and electrons are assumed massless, hence P2 = 0 = E? = P2, The four vector of the
W boson can be obtained by adding the four vectors of the isolated lepton and the reconstructed
neutrino.
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Untagged Events

In ~ 75% of the cases the scattered electron escapes down the beam-pipe and Equation (9.4) cannot
be applied. For these ‘untagged’ events a W boson mass constraint is imposed to reconstruct the
neutrino kinematics assuming a W boson in the event

M2 = (P,+P)*~2P, P, (9.5)

where ¢ and v refer to the lepton and neutrino from the W boson decay. Both are assumed massless.
Equation (9.5) can be written as a parabolic equation in z = (E — P,),,

— )2
(E+QLZW+E%g)g%:G?. (9.6)

This allows to express £ and P} as:

B = (x+(P1’f)2/x), (9.7)

pP¥ = —(Pp/x—zx). (9.8)

N =N =

Together with Equation (9.5) this leads to a quadratic equation in the (E — Pyz) of the neutrino

az’® +bx + ¢ =0, (9.9)
where
a = E'- P,
b = —2(PYPL+ PYP) — M,
c:(%f@Kfﬁ, (9.10)

with solutions
—b+ b2 — 4ac

2a

When a solution corresponds to a negative energy, it is considered unphysical and will not be used.

T1,2 = (9.11)

Event Classification

Depending on the applied procedure to reconstruct the W boson, an event classification can be defined

I The event is tagged.
The MC predicts that 18% of the electron and 24% of the muon events are tagged. This difference
is due to the absence of 1 +PPr events with PX < 12 GeV resulting in a larger rate of DIS events
in this sample, for which the scattered electron is more likely to be detected.

Figure 9.1 (left) shows the reconstructed W boson mass for tagged MC events fit with a Gauss
distribution. The W boson mass peaks around 80 GeV as expected. The worse resolution in the
muon channel reflects the poorer muon momentum measurement.
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Constant 0.1148 + 0.0027 Constant 0.1374 + 0.0049
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Figure 9.1: The reconstructed W boson mass for tagged events generated with EPVEC in the electron
(left) and muon (right) channels. A Gaussian is fit through the distributions to obtain a
qualitative measure of the width and average value. The distributions are mormalised to
one.

Figure 9.2: Schematical representation of two different neutrinos satisfying the W mass constraint in
the event.

IT Untagged event with complex solutions.
In 7% of the cases, the reconstructed events from EPVEC yield a complex solution to Equa-
tion (9.11). This is a result of fluctuations in the hadronic final state. For these events the
imaginary part is ignored.

IIT Untagged event with only one physical solution.
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v

Due to the large mass of the W boson, it does not happen that Equation (9.11) yields exactly
one physical solution.

Untagged event with two physical solutions.

Mostly there are two possible solutions for a neutrino to satisfy Equation (9.11). The ‘For-
ward’ (‘Backward’) solution is defined as the solution for which the corresponding reconstructed
neutrino has the larger (smaller) P,. The corresponding neutrinos are called the ‘forward’ or
‘backward’ neutrinos. This is schematically shown in Figure 9.2. The strategy to choose the
proper solution is based on the polar angle of the isolated lepton in the event #¢. From figure 9.3
(top) it can be seen that the distance of the forward neutrino to the generated neutrino (D gy p)

o -
150 | W— Iy
L ELEC GEN
100 |+ EPVEC Dan4
m 55
05 0 5 4 6 8
D(Vewp = Vern) IN -0
=
150 | W= Iy
g ELEC GEN
100 EPVEC D304
50 |- Fwd
- Bwd 3
0/ 5 0 5 10

DewpPewp INN-0

Figure 9.3: Top: Distance in n — ¢ of the reconstructed forward neutrino to the generated neutrino in
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the decay W — v correlated with the polar angle of the isolated lepton in the event 6°.
Bottom: Correlation of Dpwp — Dpwp with 8¢, where Dpwp (Dpwp) is the distance in
1N — ¢ of the forward (backward) solution with the generated neutrino.

decreases for decreasing #¢. This suggests that the choice can be based on the value of ¢. To
analyse which value for #¢ is optimal, #¢ is correlated with Dpwp — Dewp, see Figure 9.3
(bottom). Negative values for Dpywp — Dpwp mean that the forward neutrino is closest to the
generated neutrino. It is found that the success rate is optimal when the forward solution is
chosen for 6> 35°.

Another strategy that is investigated makes use of the value of the total £ — Pz in the event
using either the forward or backward neutrino solution. The solution resulting in a value of
E — Py closest to 55 GeV, corresponds to the best solution.

The success rates of both methods are shown in Table 9.1. The best reconstruction is obtained



Decision | Succes Rate (%)

method ELEC MUON
0y 0.78 0.84
E—-P, 0.77 0.80

Table 9.1: Success rates in percent for choosing the proper neutrino solution for case IV events in
the W boson reconstruction. Shown for the decision method where the choice is based on
the isolated lepton’s polar angle 6%, and for the method that uses the total E — Py of the
reconstructed event.
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Case ‘ Description

0 All events
Tagged
Complex
One solution

Figure 9.4: Top: the occurence of each case in the W boson recon-
struction for data (points) and MC' (open histograms)
in the electron (left) and muon (middle) channels.
The colour coding is explained (right) and a remain-
der of what each case means is provided in the table

Two solu‘tlons (lower left).
No solutions

T W N =

by using #¢, which is the applied strategy in this work.

V Untagged with no physical solutions.
When the energies of both the forward and backward neutrino solutions are negative, there is
no physical solution. When this occurs, the event rejected.

As shown in Figure 9.4, the rates of the above defined cases in the W boson reconstruction is well
described by the MC. In both lepton channels, most events deliver two physical solutions for the
neutrino (case IV). Tagged events (case I) and events with a complex solution (case II) occur less
frequently.

For all ¢ + Pr events in the electron channel, a W boson rest frame can be reconstructed. In the
muon channel, three events do not yield a physical neutrino. Therefore the W boson rest-frame cannot
be reconstructed and these events are lost for the analysis.
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Figure 9.5: Quality of the reconstruction of qgcos0* in the electron (top two rows) and the muon
channels (lower two rows). In the first and third row the resolution for cases 1,2, and
4 fit with a Gaussian are shown. In the second and fourth row the generated (gen) and
reconstructed (rec) distributions for qgcos0* are shown. All distributions are normalised.
The error bars denote the statistical uncertainty.
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Reconstruction of 6*

Once the W boson rest frame is reconstructed, the cos 6* is extracted. Here 6* is the angle between
the W boson three momentum in the laboratory frame and that of the charged decay lepton in the
W boson rest frame. The quality of the reconstruction is presented in Figure 9.5 for the electron and
muon channels. The ¢, cos 8* distributions for Case I and Case IV events show the expected shape
with the larger contributions at low values of g, cos 8%, representing the predominantly left handed W
bosons. The gy cos 6* is reconstructed with a resolution better than 0.1 in the cases I and IV in both
lepton channels. In the electron channel an undershoot around gy cos8*= 0 is observed. These are
spill-over events that are reconstructed as Case II events. This is not observed in the muon channel,
which can only be due to the low Pff events for which the reconstruction of the hadronic final state is
worse. The reconstruction of these Case II events is, however, still acceptable, with a resolution ~0.2.

9.2 Charge Measurement

The charge identification is important for the measurement of the W boson polarisation fractions,
since cos 0* is weighed with the sign of the lepton charge ¢y = +1. A measure for the reliability of the
charge measurement is provided by the ‘charge significance’

_ Il

0= (9.12)

where & is the track curvature and dk is the uncertainty on k. Tracks from high Pr particles can lead
to small values of og, in which case there is a significant probability that the sign of the curvature is
wrongly measured, resulting in the misidentification of the particle’s charge.

To test the charge identification for high Pr particles, a standard high Q2 NC sample with a purity
of practically 100% is used. In addition to the NC selection cuts (described in Section A-1), the
electrons are required to have Pr> 10 GeV and the Pr as measured from the associated electron
track (P#ak) must match the calorimetric measurement (P$1°) with 1/Pack — 1/pPsalo < (.04, This
assures that both the track and the cluster can be attributed to the same electron [67]. This cut is
also applied in the data sample, which will be used for the polarisation fractions.

In NC events (Section 2.3.2), the identified electron can only be the scattered electron and must
have the same charge as the electron beam. Figure 9.6 shows the distribution of o¢, weighed with
Q°QP®™ for the high @2 NC sample in the regions of 6, < 20°, 20° < 6, < 45°, and 45° < 6, < 140°.
Events for which the charge of the electron Q¢ differs from that of the electron beam QP®*™ are called
‘wrong charge’ events and have negative values for QcQpeam0q- In the region 8. < 20°, the charge
is misidentified in 25% of the events, therefore, this region is not further considered. For the region
20° < 6. < 45°, where most of the ¢ + Pr events are concentrated, about 1.5% wrong-charge events
are observed, while in the region 45° < 6. < 140°, the wrong-charge events correspond to a negligible
fraction of the total number of events (> 2-10°). A cut o< 1 is applied, which reduces the charge
misidentification rate to less than 0.5% in the region 20° < 6, < 45°. In this region, the selection
efficiency of this cut is 98.9% in the NC data sample, well described by the MC within 1%.

The wrong-charge o¢ distribution for reconstructed EPVEC events is shown in Figure 9.7 for both
lepton channels. Here, o¢ is weighed with the charge of the generated W boson Q%[e,n and that of the
reconstructed isolated lepton in the event @)y, with ¢ = e or y. Similar charge misidentification rates
are obtained for EPVEC as for the NC MC. The predicted selection efficiency for the cut o< 1 is
97%. This is smaller than in the NC sample, which is attributed to the higher Pr tracks involved.
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Figure 9.6: The charge significance og weighed with the beam charge Qpeam and the electron charge
Q. for a high Q*> NC data sample in the regions where the electron angle 0. < 20° (left),
20° < 6, < 45° (middle), and 45° < 0. < 140° (right). Only the region with small values
for og (< 6) is shown.
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Figure 9.7: The charge significance o¢ weighed with the charge of the reconstructed electron Q. (left) or
muon Q,, (right) and with that of the generated W boson in the event Q" for reconstructed
EPVEC events (where only the decay W — e/p + v is considered) before cutting on oq.
Only the region with small values for og (< 5) is shown.

The effect of this cut on the current data sample is shown in Figure 9.8, where o is displayed in
the range 0 <og< 5 for both . < 20° and 6. > 20°, after successfully reconstructing the W boson
rest-frame and applying the Pr matching criterion. In the forward region no events are kept and in
the central region, one event is lost.
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Figure 9.8: 0g for 0 <og< 5 in the forward (left) and central (right) regions for the data sample after
successfully reconstructing the W boson rest-frame and applying the Pr matching criterion.
The legend on the right contains the colour coding for all included processes: NC (NC),
CC (CC), lepton pair production (LL), bremsstrahlung (EG), and single W and Z boson
production (Epvec).

% Data Welmu Wtau WZ cC NC LL
Cut e o e n e o e H e M e u e M
None 100 (42) 100 (16) 100 100 100 100 100 100 100 100 100 O 100 100
W 100 (42) 81 (13) 99 94 99 99 93 100 91 8 99 0 99 96
PAfateh 8 (36) 81 (13) 8 94 79 99 66 100 62 8 8 0 80 96
0, < 20° 52 (22) 62 (10) 59 76 50 81 51 64 20 8 67 0 49 70
og <1 50 (21) 62 (10) 57 75 50 81 50 64 18 5 66 0 48 68

Table 9.2: Cut flow in both lepton channels for data and MC. The numbers denote the percentage of
the initial ¢ +Pr sample (Chapter 6) that is left after applying the corresponding cut. For
the data, the number of events is shown in parentheses. The final sample is used to extract
the polarisation fractions.

9.3 Final Sample for the 1V Boson Polarisation Measurement

The final sample for the W boson polarisation measurement consists of 21 electron and 10 muon events
with an estimated over-all signal purity of 74%. Table 9.2 shows the cut flow in the selection of the
data and MC, starting from the ¢ + Ppr sample (Chapter 6). Three muon events are lost because the
W boson rest-frame could not be reconstructed. 6 events fail the matching requirement of the Pr’s
of tracks and clusters, which is only applied in the electron channel. Another 14 electron and 3 muon
events are lost to the forward region 6< 20°. One electron event is lost by requiring o> 1. The
yield as a function of gy cos 8* for the resulting final sample is well described by the MC, as is shown
in Figure 9.9 and Table 9.3. Events in the electron and muon channels, originating from the decay
W — 7 (— e/u+v) + v, are considered as background, since for these events the cos §* distributions
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Figure 9.9: The data yield (points) in bins of qp cos 0* compared to the SM expectation (open histogram,).
The shaded inner regions around the open histogram line denote the statistical uncertainty
and the darker regions the total uncertainty. The seperate SM contributions are also shown
with their explicit contributions in the legend on the right. These include the CC (CC), NC
and bremsstrahlung (NC), lepton pair production (LL) and the single W boson production
processes with the decay W — e/u+ v (Ev.elmu) and W — 7+ v (Ev.tau), and Z boson
production with the decay Z — vv (Ev.Z).

are not expected to be described by relation (3.12).

9.4 Extraction of the 1V Boson Polarisation Fractions

The measured gy cos 0* distribution is corrected for acceptance and detector effects, using the same
method as the one applied to determine the differential ¢ + Pr cross section as a function of PF}(
(Section 7.3). The stability and purity of the bins is shown in Figure 9.10. Both are critically low in
the last two bins, which means that the over-all reconstruction resolution of 0.2 (Figure 9.5) does not
allow for more bins. The acceptances are shown in Figure 9.11. In the electron channel, the selection
efficiency is pronounced in the center, due to contributions from events at low P (~P}'), whereas
in the muon channel it is flat.
The resulting differential cross section as a function of g, cos 8*, further referred to as doyw /d (g cos %),

is shown on the left hand side of Figure 9.12 and is tabulated in Table 9.4. No deviations from the
SM are observed. The corresponding integrated single W boson production cross section of

1.19 £+ 0.37 (stat) £+ 0.13 (sys) pb, (9.13)

is consistent with the previously derived value of oy = 1.23£0.25 (stat) 4+ 0.13 (sys) pb (Section 7.4).
As explained in Section 3.5, the off-shell W boson are not expected to follow the predicted polarisa-
tion behaviour of Equation (3.12). Therefore, the measured values of doy /d (g cos 8*) are multiplied
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Ratesgf;’;)a* H1 Data | SM exp SM sig SM bg
-1—--0.67 8 6.62+0.74 | 4.46+0.69 | 2.16£0.20
-0.67 —-0.33 4 7.154+0.91 | 5.63+0.87 | 1.524+0.18
-0.33— 0 5 5.13£0.69 | 4.40+£0.68 | 0.73+0.08
0— 0.33 7 4.62+0.63 | 3.934+0.61 | 0.70+0.11
0.33 — 0.67 3 4.61+0.61 | 3.824+0.59 | 0.794+0.09
0.67— 1.0 4 3.60£0.40 | 1.58 £0.25 | 2.03+0.30

Table 9.3: The data yield (points) in bins of qzcos0* compared to the SM prediction (SM exp). Also
shown are the separate SM signal (SM sig) and SM background (SM bg) contributions. The
errors denote the total uncertainty on the given numbers. The row marked with [ denotes
the total yield.
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Figure 9.10: Stability (left) and purity (right) for each bin in qycos0*. Calculated with reconstructed
events from EPVEC.

m(eip)(]‘b) Measured +stat £sys | SM *thsys

-1— -0.67 1312+ 900+£136 | 1144+ 172
-0.67 — -0.33 392+ 308+ 63 | 829+ 124
-0.33 — 0 602+ 338+ 42 | 628+ 94

0— 0.33 583+ 267+ 43 490 + 74
0.33 — 0.67 2924+ 208+ 23 428 + 64
0.67— 1.0 391+ 306+ 88 | 400+ 60

Table 9.4: Results for the differential cross section measurement as a function of qgcos0* shown with
the statistical (stat) and systematic (sys) uncertainty. Also shown is the SM prediction
(SM) with the theoretical systematic uncertainty (th sys).
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Figure 9.11: Acceptances in the electron (left) and muon (right) channels in bins of qp cos 6* estimated
with reconstructed events from EPVEC. The error bars indicate the statistical uncertainty.

by the correction-factors from Table 3.2 in each bin. The resulting distribution is fit to the model
defined in Equation (3.12). Since the data is binned, Equation (3.12) is integrated in each bin ¢, which
leads to a linear dependence of oy on Fy and F_

ow=A[1-Fo—F) ff+Fy-f2+F - f7], (9.14)

where A is an over-all normalisation parameter, which is kept free in the fit to avoid biasing among
bins. fi , f& and fi are defined as:

b;
L= / % (1 — cos® 6*) dcos 6%,
o
15 = / 3 (1 — cos 0*)? d cos 6%,
| by
o= / 1 (1 4 cos® 6*) dcos 6%, (9.15)

where a; (b;) is the lower (upper) edge of the i*” bin. The optimal values for the free parameters in
the fit are found using the MINUIT package [68], which uses a x? minimisation scheme (MIGRAD).
This means that for each pair F_ and Fy the quantity x2(F_, Fy) is determined:

Npins <5O_Pata —So (}71_7 FO)Theory> 2 (9 16)

2 F_Fy) = 1
X ( ) 0) Z];Il A(SO’?ata

where doPa% denotes the measured doyy/d(gecos®*) and §oThe™ (F_| Fy) denotes the predicted
dow /d (ggcos0*) as a function of F_ and Fy. AdoP?? denotes the total measurement uncertainty
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Figure 9.12: Left: Derived dow /d (qecos8*) (points). The dashes (bars) denote the statistical (total)

uncertainties. The EPVEC prediction (open histogram) is also shown, which has a 15%
theoretical uncertainty (hatched). The numerical values of the integrated cross section is
shown for the data (H1 integr.) and SM (SM) with corresponding uncertainties.
Right: Derived doywy /d (qe cos 6*) corrected for off-shell W bosons (points) with statistical
uncertainties (bars) together with the SM expectation (dashed) with theoretical uncertainty
(hatched) and the unscaled fit result (open histogram). The values from the fit for F_ and
Fy are shown with statistical errors corresponding to one standard deviation.

on doyy /d(ggcos0*). The minimal value of x? defines the optimal values for F_ and Fp in the fit.
In the extraction of F_ and Fy, MINUIT is called twice. In the first step the optimal value for A is
determined, which is 0.826 4+ 0.261. The large error estimate indicates that the fit is not sensitive to
the value of A. In the second iteration step, A is fixed and F_ and F{ are simultaneously extracted
while keeping both parameters free. The fit is shown on the right hand side of Figure 9.12 together
with the measured doywy /d (g cos 6*), corrected for off-shell W bosons. Even though the data point in
the first bin from the left is above the SM prediction, the fit is even lower. This is due to the point
in the second bin, which is below the expectation and the point in the fourth bin, which is measured
with better accuracy. Latter bin thus ‘pulls the fit’ and the obtained value for F'_ is lower than the
SM expectation. The correlation coefficient between F_ and Fj is -0.87 and the fit results are

F_ = 0.34 £0.49 (stat) + 0.04 — 0.05 (sys), (9.17)
Fo = 0.45+0.33 (stat) + 0.05 — 0.05 (sys). (9.18)

The systematic uncertainties are discussed explicitely in Section 9.5. The statistical uncertainties
correspond to one standard deviation, in the case of an unconstrained fit (39% CL). However, F_ and
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Fy are constrained to their physically allowed values, which define the domain

0< F_ <1,
0< Fy <1,
0< F_+F <L (9.19)

The determination of the true 68% and 95% confidence levels (CL) is calculated explicitly by renor-
malising the probability density inside the domain (9.19). The CL corresponding to the region inside
a contour of constant x? around the optimal values for the parameters is given by [69]

2

CL (2 = / C ) dx”, (9.20)

0

where f (X/ 2) is the probability density:

b HOE2) e
T =""Tam

(9.21)

with T' (x?) the Gamma function, defined as I' (# + 1) = z!. n corresponds to the number of free
parameters in the fit, which is 2 in this case.
Using Equation (9.20), the CL in the physically allowed region (9.19) can be expressed as:

2
. fQX f (X2 (F*aFO)) 71-(-F*a-FO) dX2
- 2 ’
Jom f O (P, Fo)) m (F-, Fo) dx®
where 7 (F_, Fp) is 0 if the pair F_ and Fp is outside the allowed region and 1 otherwise. x2, is any
value of x? for which CL (x2,,,) = 1.

The determination of the 68% and 95% CL contours is performed in three steps. First, the value of
x2 is evaluated using Equation (9.16) on a grid of 250 by 250 equidistant points covering the domain

CL (xX* (F-, Fy)) (9.22)

F.o o= [-1,2
Fy = [-2,2.5]. (9.23)

This domain must be large enough to fully contain the contour at y2mnac. This procedure provides
a method to cross-check the optimal values for F_ and Fj, as given by MINUIT (Equations (9.17)
and (9.18)). Indeed the results are fully consistent. In the second step, the resulting y? distribution
is used to construct a radial grid with 102 equi distant contours in x2. Y?max is determined as the
smallest value of x?2, for which the value of

1=102
> CLi (xi) = CLi1 (xi-1) = 0.999. (9.24)
=2

X% max is 13.72 and the corresponding contour is indeed fully contained in the domain of Equation (9.23).
The normalisation term in the denominator of Equation (9.22) is determined by performing the inte-
gration of Equation (9.24) again, taking into account the physical region for F_ and Fj

=102

Y (CLi(x}) = CLima (xi-)) - F (F-, Fy) (9.25)
=2

76



W Polarisations at HERA

TR
| ® HERA I+]l Data
YSM
i H Single Top
L v
0.5
68% CL ®
§ [ ]
L 95% CL

Figure 9.13: Measured values for F_ and Fy (point) with the 68% and 95% CL contours. Also shown
are the predicted values for the SM (triangle) and anomalous single top production via
FCNC (square).

where F(F_, Fy) is the fraction of the contour circomference within the physically allowed region.
The result of Integration (9.25) corresponds to a total probability of 0.4545 and the contours for
which integral Equation (9.25) first exceeds 68% and 95% of this number define the 68% and 95% CL
contours, respectively.

The result is shown in Figure 9.13 and is in good agreement with the SM. This measurement is
statistically limited and the result is also compatible with anomalous single top production via FCNC
within 68% CL (the polarisation fractions of this process were discussed in Section 3.5).

The single parameter limits on F_ and Fy are also extracted in fits where one parameter is fixed to
its SM value and the other is fit, and vice versa

F_ = 0.56+ 0.16 (stat) + 0.02 — 0.02 (sys), (9.26)
Fo = 0.14+ 0.23(stat) + 0.01 — 0.01 (sys), (9.27)
(9.28)

The MINUIT package is used for the error estimates. MINUIT gives symmetric errors because the fit
is performed without constraining F_ and Fj to their physical regions. The results are in agreement
with the SM.

Two cross-checks are performed, which give confidence about the stability of the fit results. All
results are cross-checked by MINUIT using HESSE [68] and are fully consistent. In addition, the two
parameter fits are also performed with F_ and F., and F and Fy as free parameters. The results
are fully consistent.
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ONE parameter fit TWO parameter fit

| Source | dFy? dFJ" | dF"" dF™ | | Source | dFy? dFJ" | dF'" dF™ |
Theory 0.006 0.006 | 0.001 0.001 Theory 0.022 0.022 | 0.013 0.013
Trigger 0.004 0.004 | 0.007 0.007 Trigger 0.020 0.019 | 0.018 0.019
Track/Clus Lnk | 0.004 0.004 | 0.007 0.007 Trk/Clus Lnk | 0.020 0.019 | 0.018 0.019
Elec ID 0.004 0.004 | 0.007 0.007 Elec ID 0.020 0.019 | 0.018 0.019
Muon ID 0.004 0.004 | 0.007 0.007 Muon ID 0.020 0.019 | 0.018 0.019
Bgnd anti-corr 0.006 0.006 | 0.009 0.009 Bgnd anti-corr | 0.022 0.022 | 0.022 0.022
Charge - 0.008 - 0.005 Charge - 0.005 - 0.003
On-/Off-shell < 1% On/Off-shell < 1%

| Total | 0.012  0.014 | 0.017 0.017 | | Total [ 0.051  0.049 | 0.044 0.046 |

Table 9.5: Systematic uncertainties on the W boson polarisation fractions F_ and Fy in the single
parameter (left) and two parameter (right) fits. Starting from the top: Theory, Trig-
ger, Track/Cluster linking, electron identification, muon identification, Background anti-
correlated, the uncertainty on the correction for off-shell W bosons (negligible), and the
systematic uncertainty on the charge identification, which is asymmetric.

9.5 Systematic Uncertainties

The systematic uncertainties on F_ and Fj are determined as follows: doyy /d (g cos 6*) is re-evaluated
after shifting each systematic by +1 standard deviation

Osys (9.29)

in each bin. The result is fit to the model (relation 3.12) extracting the shifted values F'"P and F"
for Fy and F_. Here F"P — F°¢ > 0 and FI" — ['° < 0 where F° denotes the measured central values
for F_ and Fy. The quoted uncertainties are defined as

dF:lp (dn) _ ‘FEP (dn) F,‘
dF @) ‘ Fe @) Fo(- (9.30)

The systematic uncertainties in the efficiencies of the trigger, track cluster linking, electron and muon
identification are similar and therefore evaluated only once. They were established in the differential
cross section measurement as a function of P& (Chapter 7). This is also true for the combined
theoretical uncertainty on the calculations from the MC generators. The effect of the systematic
uncertainties on the shape of doy /d (gecos8*) from uncertainties on the background estimates and
charge misidentification are discussed separately below. The results are summarised in Table 9.5.

SM Background

Fluctuations in the SM background estimates can distort the shape of dow /d (g, cosf*) and are
expected to have an additional systematic effect on the fit result. This is estimated below, using the
distributions for gy cos 68*, which are shown in Figure 9.14 for the so-called ‘enriched’ control samples
(the applied cuts are described in Appendix A-1). Each sample omits certain kinematic cuts with
respect to the final sample to select one background process. The data is taken in the years 2003-2005
and corresponds to an integrated luminosity of 169 pb~.
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As shown in the figure, the NC enriched sample is described within the quoted 30%. A minor effect
on the shape of the g, cos 8* distribution can be seen due to a slight underestimation in the outer bins
and overestimation in the center bins.

The CC enriched sample in the electron channel is overestimated. These events are concentrated in
the forward region and it is difficult to collect statistics.

The CC enriched sample in the muon channel is well described by the MC. The CC events are
concentrated in the most outer bins, thus the systematic uncertainty on the production cross section
affects the measurement of F_ and Fj.

The lepton pair (LL) enriched sample is reasonably described by the MC. As in the case for the CC
enriched sample, largest contributions occur in the outer most bins and have potentially a systematic
effect on the shape.

For the ‘background anti-correlated’ entry in Table 9.5 it is assumed that the background estimation
is wrong by ~30% in such a way that it affects the shape of doy /d (g, cos 6*) rather than the yield.
In the procedure to determine the systematic uncertainties on F_ and Fjy, each bin is assigned a value
for the standard deviation ogys (Equation (9.29)), ranging from +5% of the total yield in the first bin
to -5% of that in the last bin and vice versa.

Off-Shell W bosons

In the procedure to determine the systematic uncertainties on F_ and Fy originating from the correc-
tion for off-shell W bosons, the statistical uncertainty on the correction factors from Table 3.3 is used
for ogys in each bin of dow /d (g, cos 0*). The effect is < 1% and is ignored.

Charge Misidentification

As discussed in Section 9.2, the charge misidentification in the final sample is well below 1%. A conser-
vative charge misidentification of 1% is assumed. To assess the impact of 1% charge misidentification
on the fit result, a MC sample is taken where g > 2. The charge misidentification in this sample
is ~ 0.10% at 95% CL. For a randomly chosen 1% of the events in this sample, the measured lepton
charge is multiplied with —1 (wrong charge). The effect is shown in Figure 9.15. The measured values
for doy /d (g cos 6*) in each bin are multiplied with the factors shown in the figure and the systematic
uncertainties for F_ and F{; are extracted.
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Figure 9.14: The gy cos 0* distribution in the enriched data control samples in the electron channel (top
row): NC (left) and CC (right) and in the muon channel (bottom row): CC (left) and LL
(right). The data (dots) are compared to the sum-total of the SM prediction.
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Figure 9.15: Arbitrarily scaled qgcos0* distribution (left) in a sample where og > 2 for which the
charge identification is ~ 100% (histogram with error bars) and in the same sample,
where an artificial charge misidentification of 1% is applied (open histogram without error
bars). The relative effect of the 1% charge misidentification per bin is presented in the
table (right).
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10 Discussion and Conclusions

10.1 Measurement of the ¢ + P Production Cross Section

The data sample collected in e®p collisions at HERA by the H1 experiment corresponding to an
integrated luminosity £ = 0.5 fb~! has been used to measure events with an isolated, energetic lepton
(electron or muon) with large transverse missing momentum (¢ + 7 events). In total 58 events are
selected for a SM prediction of 57.4+7.3. The prediction is dominated within the SM by the production
of single W bosons at the 75% level. In the eTp data set (295 pb~!) 43 events are found for a SM
prediction of 34.6 + 4.4 while in the e”p data set (186 pbfl) 15 events are found for a SM prediction
of 22.8. An excess of events above the SM expectation is observed in the eTp data set for events with
Pff > 25 GeV: 17 events are observed for a SM prediction of 8.4 + 1.2 corresponding to a 2.30 excess.
The total event sample is used to determine a model-independent production cross section for £ +Pp

events at HERA
oppy = 0.24 £0.05 (stat) £ 0.04 (sys) pb. (10.1)

This agrees with the SM prediction of 0.26 +0.04 pb, and is consistent with the previously published
HERA T result, which was based on a data sample of 118.3 pb~! [11].

The £ + JPr cross section has been measured differentially as a function of P# (Section 7.3). This
measurement (Table 10.1) is in agreement with the previously published result and has better precision.

ES
%(6 7 ( GfebV) Measured + stat + sys | SM *thsys
0 — 12 10.13+3.20£1.75 | 13.50£ 2.02
12 — 25 5.35+1.59+0.73 | 3.72£ 0.56
25 — 40 2.06 £ 0.87+0.32 192+ 0.29
40 — 80 0.63+£0.2840.09 | 045+ 0.07

Table 10.1: Derived values for the differential £ +IPr cross section in bins of PX with statistical (stat)
and systematic (sys) uncertainties, compared to the SM prediction with the theoretical
systematic uncertainty (th.sys).

10.2 Measurement of Single IV boson Production at HERA

The measurement of /+Pr events is also used to determine the first significant production cross section
for single W bosons at HERA

ow = 1.23 £ 0.25 (stat) + 0.13 (sys) pb, (10.2)

which is in good agreement with the SM expectation O"S/[I/\/[: 1.31 4 0.20 pb.!

'For completeness it should be noted that ZEUS quoted [62] a W boson production cross section using 47.7 pb™" of
HERA I data at /s = 300 GeV of ow = 0.9 + 1.0 — 0.7 (stat) & 0.2 (sys) pb using three events with an isolated

81



10.3 Measurement of the W~ Vertex

The single W boson production cross section at HERA is predicted to be sensitive to the W W+ vertex.
In particular to the anomalous couplings 1 + dx and A, which are investigated in the present work.
The investigation of these parameters, using an unbinned likelihood fit, was presented in Chapter 8.
The measurement was performed in the full phase space as well as at Pj)w( > 12 GeV. The measurement
in the latter region of phase space showed most sensitivity to dk and A. Fixing A to its SM value,
disjoint intervals are allowed for dx at 95% CL

—49<dk < =27 and -08<drk< L15. (10.3)
If dx is fixed to zero, the interval of the parameter A at 95% CL is
29 <A< 209 (10.4)
When both parameters are allowed to vary in the fit, the two dimensional 95% CL limits are

—50< ds < 1.3, (10.5)
—42< N < 38 (10.6)

The only published single parameter limits on dk and A at HERA were set by ZEUS [62]

—4.7< dk < 1.5
-32< A < 3.2 (10.7)

at 95% CL. The ZEUS limits result from the non-observation of any events above Pj)w( = 20 GeV
leading to an upper limit of the measured oy of 0.58 pb. In addition, the theoretical uncertainty on
the cross section calculation, was not taken into account [70], whereas in the current analysis, this is
the dominant uncertainty (Table 8.4).

The larger statistical accuracy for the current measurement yields a better limit on dr, despite the
degeneracy. Also for A, the limits presented here are stricter.

The present single parameter limits on dx and A are in agreement with both the ZEUS results and
the 95% CL from the four LEP experiments combined [71]

—0.042 < dr < 0.136,
—0.062 <X\ < 0.026. (10.8)

These results exclude the first allowed domain in (10.3).

10.4 Measurement of the 1/ Boson Polarisation Fractions

The measurement of the W boson polarisation fractions has been performed for the first time at
HERA. For the measurement, the W boson rest frame has been resconstructed and the cosine of the
charged lepton decay angle 6* was used, weighed with the lepton charge ¢y = £1 to be able to use
W bosons of both charges (Section 3.5). The single differential W boson production cross section
dow /d (qecos 0*) was derived and fit to the model of Equation (3.12) to extract the polarisation

electron in the final state. At this moment there are no recent ZEUS results available.
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fractions. The measurement of the W boson polarisation fractions F_ and Fy, for left handed and
longitudinally polarised W bosons, respectively, were obtained by fixing F_ to its SM value while
fitting Fp, and vice versa. The results are in agreement with the SM

F_ = 0.56 % 0.16 (stat) +0.02 — 0.02 (sys) SM: 0.61 % 0.01 (stat), (10.9)
Fy = 0.144 0.23(stat) +0.01 —0.01 (sys) SM: 0.17 £ 0.01 (stat). (10.10)
(10.11)

The two dimensional 68% and 95% CL regions were also extracted (Figure 9.13). This was done by
leaving both F_ and Fy free in the fit. The resulting y? distribution was renormalised considering
only the physical domain for /' and Fy. The measurement is statistically limited and the result is
also compatible with the predictions for W boson polarisation within a model of anomalous single top
production via FCNC.

The W boson polarisation fractions have not been measured before in ep scattering. Since the
polarisation properties of the W boson depend on the production mechanism, a direct comparison
with other measurements is not possible. However, measurements of the polarisation fractions have
been performed previously, using much the same method. Mentioned here are the measurements by
L3 and OPAL at LEP [72, 73] and by DO and CDF at the Tevatron [74, 75]. At the Tevatron the
large hadronic background makes the measurement difficult and typically 100 events are used from t¢
production, where the W boson is produced in the decay of the top quark. This is a direct test of the
top quark properties, whereas in the present analysis, the W boson properties in yqg — Wq’ collisions
are tested. The LEP experiments use 2000 to 4000 events, depending on which W boson production
processes and decay channels are included. Latter experiments establish the polarisation fractions at
the 10% level. Mentioned experiments do not observe deviations from the SM.

10.5 Outlook

The results presented in this work explore a new research domain related to the production of real W
bosons in ep collisions at HERA. Although statistically limited, significant measurements have been
performed for the first time and lead to unique tests of the SM. The measurements can be further
improved by combining H1 and ZEUS data and be used for further comparisons with BSM models.

83



84



APPENDIX

85



86



A-1 Samples

NC DIS

The assessment of the charge misidentification (Chapter 9) makes use of a NC DIS sample, using data
taken in the years 1999-2006, corresponding to an integrated luminosity of 296 pb~!. This sample
is required to satisfy all criteria of the general data preselection of Chapter 6. Further events are
selected, in which an identified electron is isolated against hadrons and has an energy E. > 15 GeV
and Pr> 10 GeV. Futhermore, the event’s Q2> 113 GeV? and y < 0.63 unless Q2 > 890 GeV?2.
Furthermore, the requierement that 35 < EF — Pz < 63 GeV must be satisfied. Finally, the track
associated to the electron must have a minimal distance of closest approach to the cluster of 12 cm.
The ep background is dominated by photoproduction and is estimated at the 0.1% level, see for
example Refs [10, 76].

Enriched Control Samples

The study of the description of each particular background, in the measurement of the W boson
polarisation fractions, makes use of ‘enriched’ samples (Section 9.5). These samples have the same
detection phase space definition in both lepton channels as the ¢ +Pr selection. Additionally, the cuts
described in Chapter 9, to select events from the ¢ 4+ Pr data sample for the polarisation fractions
measurement, are also applied. The additional cuts to select a particular background process are
described here. More details can be found in Ref. [20]. The data is taken in the years 2003-2005 and
correspond to an integrated luminosity of 169 pb~1.

¢ Electron Channel Neutral Current
In the detection phase space, the NC processes dominate. Cuts are applied to reduce, in partic-
ular, the CC component. Since in CC events the misidentified lepton is usually part of a jet, a
minimal distance of one unit in n — ¢ space is required between the isolated lepton and all jets
and other tracks in the event.

e Electron Channel Charged Current

The CC processes are selected by suppressing the dominant NC component. It is required that
¢ > 2500 GeV?, since for photoproduction processes @?= ¢, and a strong peaking at small values
of Q? is observed for the latter. Another significant amount of photoproduction is removed by
requiring Vg, /V,< 0.15. Events with genuine JPr generally have low values for Vg,/V,. Since
NC events are intrinsically balanced, the scattered electron and the jet are mostly back-to-
back. Therefore a cut on the opening angle in the transverse plane between these is applied
A¢y_x < 160°. Furthermore, it is required that £ — Pz< 50 GeV. This removes part of the NC
and LL components, which peak around d,;s = 0 GeV and fall off steeply above 5 GeV.

e Muon Channel Charged Current
The main cut applied in the muon channel to select CC events is done by requiering V,,/V, <
0.15. The events must contain at least one muon. Isolation criteria are not applied, since most
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misidentified muons form part of a hadronic jet and it is important that this is well understood.
In addition it is required that A¢,_x < 170°.

e Muon Channel Lepton Pair Similarly to the NC enriched selection, isolation cuts are applied
to suppress the CC component. In addition a cut is applied V,,/V, < 0.2.
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Summary

A key process in understanding the dynamics of the electroweak interactions in the Standard Model
(SM) is single W boson production. One of the most striking signatures of this process at HERA is the
observation of events with isolated leptons (electrons or muons) and missing transverse momentum,
or ‘0 + P’ events. In a data sample collected with the H1 detector corresponding to an integrated
luminosity of 481 pb~!, 58 such events are observed for a SM prediction of 57.4 + 7.3. The purity of
the H1 analysis in the signal, dominated within the SM by the W boson production, is at the 75%
level. This allowed for the determination of the model-independend production cross section for £ +Pr
events

opyp, = 0.24 £0.05 (stat) £ 0.04 (sys) pb, (1.1)

which is in agreement with the SM expectation of 0.26 + 0.04 pb. The measurement of ¢ + Pr events
is also used to determine the cross section for single W boson production at HERA

ow = 1.23 £ 0.25 (stat) + 0.13 (sys) pb, (1.2)

which is in good agreement with the SM expectation of 1.31 + 0.20 pb. This is the most precise
measurement of the single W boson production cross section to date in ep scattering.

The single W boson production cross section is sensitive to anomalous values of the coupling pa-
rameters dk and A that govern the WW+ coupling. The number of observed ¢ + PPr events are used
to extract limits on the possible anomalous values of dx and A, which have SM expectation values
dk = X\ = 0. The following 95% CL single parameter limits are obtained

—49<dk < =27 and —-08<dr< 1.5 (1.3)

and
—29<A< 20 (1.4)

No deviations from the SM are observed. Due to the limited statistics, these limits are not competitive
with the corresponding results obtained at LEP and the Tevatron.

The W boson is further studied using the charged lepton decay angle in the W boson rest frame.
The W boson polarisation fractions F_ and Fp, for left handed and longitudinally polarised W bosons,
respectively, were measured for the first time at HERA. The two-dimensional 68% and 95% CL regions
were extracted. In addition, F_ and Fj were measured in single parameter fits

F_ = 0.56 + 0.16 (stat) 4+ 0.02 — 0.02 (sys), (1.5)
Fy = 0.14+ 0.23(stat) 4+ 0.01 — 0.01 (sys),

which is consistent with the SM predictions F_= 0.61 £+ 0.01 and Fy= 0.17 4+ 0.01.
These measurements provide a unique test of the SM. The main uncertainty is due to statistics and
can be further improved in a future H1/ZEUS combined analysis.
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Samenvatting

Het proces waarbij een quasi reéel W boson geproduceerd wordt, speelt een grote rol in het begrijpen
van de elektrozwakke dynamica van het Standaard Model (SM). Een van de meest in het oog lopende
eigenschappen van W boson productie aan HERA is het optreden van detectorsignaturen (events),
waarbij een geisoleerd, hoog energetisch lepton (elektron of muon) wordt aangetroffen samen met een
significant missend momentum, afgekort ‘¢ + Pp’ events. HI1 heeft 58 ¢ + IPr events waargenomen,
tegen een SM voorspelling van 57.4 + 7.3, in een data sample overeenkomend met een geintegreerde
luminositeit van 481 pb~!. De dominante bijdrage aan dit sample, met meer dan 70%, is W boson
productie in het SM. Dit heeft het mogelijk gemaakt een significante modelonathankelijke meting te
doen van het productieproces van ¢ + Pr events aan HERA. De gemeten werkzame doorsnede van
¢+ Pr events is

oppy = 0.24 £0.05 (stat) £0.04 (sys) pb, (1.7)

hetgeen overeenkomt met de SM voorspelling van 0.26 + 0.04 pb. Hetzelfde sample is ook gebruikt
om de werkzame doorsnede van het productieproces van resonante W bosonen af te leiden

ow = 1.23 £ 0.25 (stat) + 0.13 (sys) pb, (1.8)

hetgeen consistent is met de SM verwachting 1.31 +0.20 pb. Dit is de eerste significante bepaling van
de werkzame doorsnede van de resonante productie van W bosonen in elektron-proton verstrooiing.

De werkzame doorsnede van W bosonen aan HERA is gevoelig voor anomale waarden van de
koppelingsparameters dk en A, welke de WW~ vertex parametriseren. De meting van ¢ + Pp events
heeft het mogelijk gemaakt limieten te zetten op mogelijke afwijkende waarden van dx en A. In het
geval dat slechts een parameter gevarieerd wordt en alle andere parameters hun SM waarden hebben,
zijn de volgende 95% CL limieten gevonden voor dk

—49<dk <—-27 en —-08<drk< 1.5 (1.9)

en
—29<A< 29 (1.10)

Geen afwijkingen van het SM zijn waargenomen. De meting is statistisch bepaald en concurrereert
daarom niet met de resultaten behaald aan LEP en de Tevatron.

Het W boson is tevens geanalyseerd waarbij gebruik gemaakt is van de vervalshoek van het geladen
vervalslepton in het rustsysteem van het W boson. De polarisatiefracties F'_ and Fpy, voor linkshandige
en longitudinaal gepolariseerde W bosonen, zijn hiermee voor het eerst gemeten aan HERA. Het 68%
en 95% CL gebied voor F_ and Fj zijn berekend. Tevens zijn F_ en Fy gemeten in fits waarbij een
parameter per keer is gevarieerd

F_ 0.56 + 0.16 (stat) 4 0.02 — 0.02 (sys), (1.11)
Fy = 0.14+ 0.23(stat) 4+ 0.01 — 0.02 (sys), (1.12)
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in overeenstemming met de SM voorspellingen F_= 0.61 £ 0.01 and Fy= 0.17 £+ 0.01.
Deze metingen verschaffen een unieke test van het SM. De statistische precisie bepaalt de mee-
tonzekerheid en kan verbeterd worden door in de toekomst de data van H1 en ZEUS te combineren.
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