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Kurzfassung

Eine Suche nach der Produktion einzelner Top-Quarks durch flavor-andernde
neutrale Strome in ep-Kollisionen wird vorgestellt. Die Suche ist motiviert durch
die Beobachtung von Ereignissen mit dem H1-Detektor, die ein isoliertes Lepton
sowie einen hohen fehlenden und einen hohen hadronischen Transversalimpuls
aufweisen. Die Haufigkeit und Topologie dieser Ereignisse ist mit Standardmod-
ellprozessen nur schwer in Einklang zu bringen. Das Ziel dieser Arbeit ist eine
umfassende Suche nach der Produktion von Top-Quarks. Zerfille des Top-Quarks
in ein b - Quark und ein W Boson werden sowohl fiir leptonische als auch fiir
hadronische Zerfallsmoden des W-Bosons untersucht. Die Trennung des Top-
Signals vom Standardmodelluntergrund erfolgt mittels einer multivariaten Anal-
yse. Die gesamten mit dem HI-Experiment aufgenommenen HERA I Daten,
entsprechend einer integrierten Luminositit von 118 pb~!, werden untersucht.
Als Resultat dieser Analyse wird gefunden, dafl ein Teil der beobachteten Lep-
tonereignisse kinematisch deutlich besser zu Top-Produktion als zu Standard-
modellprozessen pafit. Anomale Top-Produktion miifite auch an einer Erhéhung
der beobachten Ereignisrate mit hadronischen W-Zerfillen sichtbar sein. Es
wird keine signifikante Abweichung vom Standardmodelluntergrund beobachtet.
Die Kombination aller Zerfallskanile in einer Likelihoodanpassung ergibt einen
Wirkungquerschnitt fiir die Produktion einzelner Top-Quarks von 0.31731% pb
bei /s = 320 GeV. Diese Kombination liefert eine deutlich bessere Beschreibung
der Daten als das Standardmodell alleine. Aufgrund der momentan noch kleinen
Anzahl von Top-Kandidaten wird auch eine Ausschlufigrenze fiir den Wirkungs-
querschnitt der Top-Produktion und fiir die Stiarke der flavor-andernden Kop-
plung ermittelt. Fiir die fuy-Kopplungskonstante ergibt sich s, < 0.25 mit
95% CL. Dieses Resultat verbessert die existierenden Ausschlufigrenzen anderer
Experimente bei LEP und am TeVatron.

Abstract

A search for single top quark production mediated by flavor changing neutral cur-
rents in ep collisions is presented. The search is motivated by the observation of
events with an isolated lepton, missing transverse momentum and large hadronic
transverse momentum in the H1 detector. The rate and topology of these events
is found to be unlikely for Standard Model processes. The goal of this thesis is
a comprehensive search for top quarks. Decays of top quarks in a b-quark and
a W boson are searched for in both the leptonic and the hadronic decay modes
of the W. The top signal is discriminated from Standard Model background
processes in a multi-variate analysis. The full HERA T data set taken with the
H1 detector is used, corresponding to an integrated luminosity of 118 pb~!. As
a result of this analysis, it is found that a part of the observed lepton events
is kinematically more consistent with top production than with Standard Model
processes. Anomalous top production should also be visible as an increased event
rate for hadronic W decays. No significant deviation from the Standard Model
background is observed. The combination of all decay channels in a likelihood fit
yields a cross-section for single top production of 0.311“8:%2 pb at /s = 320 GeV.
This combination gives a much better description of the data than the Stan-
dard Model alone. Due to the presently small number of top candidates, also
an exclusion limit is set on the single top production cross-section and the fla-
vor changing neutral current coupling. An upper limit on the tuy-coupling of
Kuy < 0.25 at 95% CL is established, which extends into a region of parameter
space not excluded by other experiments at LEP and TeVatron.
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Chapter 1

Introduction

Over the last four decades, experiments at colliders with high energies have made
major contributions to particle physics. At the highest energies available at the time,
new fundamental particles have been discovered. In the 1970’s, charm- and beauty-
flavored particles were produced and detected in electron-positron collisions for the
first time. 1983 was marked by the discovery of the electroweak gauge bosons W=
and Z° in proton-antiproton collisions. The latest landmark discovery was made in
1994, when the heaviest elementary particle known to date, the top quark, was found
in proton-antiproton collisions.

On the theoretical side, this period of particle discoveries was accompanied by the
development and elaboration of the so-called Standard Model (SM) of particle physics.
In this model, the basic constituents of matter, leptons and quarks, interact via the
exchange of gauge bosons: photons, W=, Z° bosons and the gluons, representing the
electroweak and strong forces, respectively. The Standard Model has been extremely
successful in describing all experimental data up to this day (except for the neutrino
masses, which are now known to be non-zero). Still it is generally believed that it
cannot be the ultimate theory of particle physics. The many free parameters of this
theory, coupling constants and masses, are considered as rather annoying in a funda-
mental theory. The belief that the Standard Model is just an effective theory, valid
only at the experimental energies accessible today, is widespread. At higher energies
it may have to be replaced by a theory with higher degrees of symmetry and less free
parameters.

The top quark with its extremely large mass of about 175 GeV (more than 30
times heavier than the second heaviest quark, the beauty quark with 4.5 GeV) could
play a crucial role for the discovery of new physics at large energy scales. In several
proposed extensions to the Standard Model, signs of new physics are expected first
in the top sector. Up to now only about 100 top quarks have been observed at the
TeVatron proton-antiproton collider. The observation of top quarks at other existing
collider experiments would be a surprise because the predicted Standard Model rates
for single top production are negligibly small. Production mechanisms beyond the
Standard Model would therefore have to be involved in order to observe top quarks.

The HERA collider at DESY in Hamburg is the only existing electron-proton col-
lider to date. With its center-of-mass energy of 320 GeV, it is one of the few facilities in
the world on the high energy frontier of particle physics. The available center-of-mass
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energy is kinematically sufficient for the production of single top quarks. Single top
production might be possible in flavor changing neutral current (FCNC) interactions,
where an up or charm quark coming from the proton is converted into a top quark
by interaction with a photon or Z° boson emitted from the electron. In the Standard
Model, FCNC processes proceed only at loop level, and thus are strongly suppressed.
However, several interesting extensions of the Standard Model would allow a detectable
rate for single top production in FCNC interactions. Top production at HERA leads
to spectacular experimental signatures from top quark decays. The top quark decays
almost always into a beauty quark and a real W+ boson. This W+ boson decays lep-
tonically into e*v, , pTv,, 77, or hadronically into q¢’. For the leptonic W decay
channel, an isolated lepton with high transverse momentum is expected in the detector.
The escaping neutrino would cause a large missing momentum in the detector. It is
very exciting that candidate events with this signature have been observed. They will
be discussed in detail in this thesis.

The subject of this thesis is the investigation of single top quark production at
HERA as seen in the H1 detector. All W boson decay channels mentioned above,
except the tau channel, are investigated separately. Methods for the suppression of
Standard Model background mimicking signatures of top quark decays are developed
and applied, using multi-variate techniques. The obtained results are evaluated on
a statistical basis, exploiting the different shapes of discriminating observables. The
probability of a contribution from single top production in the data is studied.

Preliminary results of this single top analysis have been reported in [1, 2].

This thesis is organized as follows:

e Chapter 2 gives a theoretical overview of single top production within and be-
yond the Standard Model. Also relevant Standard Model background processes
are introduced.

e Chapter 3 introduces the H1 experiment and the HERA collider.

e Chapter 4 presents preparatory steps of the data analysis. A general data pre-
selection ensuring a reasonable data quality for all later selection steps is per-
formed.

e Chapter 5 explains the identification of leptons and hadronic jets in the H1 de-
tector.

e Chapters 6 and 7 constitute the main part of the data analysis. The single top
search in the semi-leptonic and the hadronic decay channels of the top quark are
discussed. These chapters describe the complete event selection. A focus lies on
maximizing the sensitivity to a possible top signal, e.g. by using a likelihood
analysis.

e Chapter 8 presents the statistical evaluation of the likelihood analysis. The re-
sults are compared to single top searches at other experiments.

e Chapter 9 summarizes the results and gives an outlook.

e The appendix gives supportive information for different analysis steps and con-
tains graphical displays of interesting data events.



Chapter 2

Theoretical Overview

In this chapter, the theoretical foundations for the single top analysis are presented. In
the first part, some properties of the top quark and the production of single top quarks
at HERA within and beyond the Standard Model are discussed. In the second part,
all relevant background processes to single top production are introduced. Finally, the
Monte Carlo generators used to simulate signal and background processes are presented.

2.1 Introduction to Single Top Production

Since its discovery in pp collisions at the TeVatron in 1994 [3, 4], the top quark has
attracted considerable attention both from the theoretical and the experimental point
of view. There are several reasons for this. The top quark is the heaviest of all
elementary particles observed until today. The currently most precise determination of
the top mass is 174.3 4+ 5.1 GeV' [5], measured directly in decays of pair-produced top
quarks at the TeVatron. Due to the large top mass close to the electroweak symmetry
breaking (EWSB) scale, the properties of the top quark could reveal information on the
nature of EWSB, address questions in flavor physics or provide insight to new physics
originating at a higher mass scale. Another consequence of its large mass is that the top
quark decays rapidly (7 ~ 107%* s) before hadronization takes place and top-flavored
meson states can form. Hence the top quark allows a determination of the properties
of the quark itself, which is not possible for any of the lighter quarks. For instance,
spin correlations in top decays t — bW can be studied without any disturbances from
fragmentation. It is widely believed that deviations from the Standard Model might
be first observed in the top sector.

The production of t pairs is at present only possible at the TeVatron with its large
center-of-mass energy of 1.8 TeV. However, the center-of-mass energies of the HERA
and LEP colliders lie above the top production threshold and would thus kinematically
allow the production of single top quarks. However, the expected rates for single top
production in the Standard Model are extremely low. The single top cross-section in
eTe™ collisions at LEP was estimated to be of the order O(10™*) fb [74] and thus totally
negligible. At the TeVatron, the single top cross-section is 1.7 pb (0.7 pb) for W-gluon

'Natural units are used throughout this thesis (c = 1, = 1). As a result, energies and momenta
are given in GeV.
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fusion (IW*) processes [6], but still not large enough to be sensitive with the currently
accumulated luminosity.

(a)

(b) () . .

~ e e
. _
\\/ ve ¢ \/ Ve
‘\ W+ \\\W+
\ —t
t W
ds F t
——<—— b u,c
b

Figure 2.1: Example diagrams for Standard Model single top production at HERA.
(a) Charged current process with the W coupling to a light down-type quark (d, s)
in the proton, (b) charged current process involving a b-quark, (c¢) flavor changing
neutral current process at loop-level (penguin).

In electron-proton collisions at HERA, single top quarks could be produced via W

exchange (charged current) or via photon or Z exchange (neutral current) according
to the diagrams in figure 2.1.

e Charged current top production at HERA:

Two possible diagrams for single top production via W exchange at HERA are
shown in figure 2.1 (a) and (b). The cross-sections for these charged current
processes were estimated using the CompHEP [8] program. The cross-section for
process (a) is of the order O(1072 fb) for the couplings of the W to either a d- or a
s-quark in the proton. It is suppressed by the respective CKM matrix elements,
since a transition between a quark in the first or second generation (d- or s-
quark) to the third generation (¢-quark) is involved. Process (b), which involves
a b-quark, has a significantly larger cross-section, since the CKM matrix element
|Vip| is approximately one. It is of the order O(1 fb), which is however still too
small to produce an observable rate of top events. Altogether, the production of
~ 0.1 single top event is expected in the data collected with the H1l-experiment
so far.

Neutral current top production at HERA:

In order to produce a top quark via exchange of a neutral gauge boson, the
neutral current would have to induce a change of flavor of the struck quark in the
proton (u — t or ¢ — t). In the Standard Model, processes with flavor changing
neutral currents (FCNC) can only arise via higher order radiative corrections,
and are highly suppressed. Hence FCNC top production in the Standard Model
is negligible. An example diagram for such a process at loop-level is shown in
figure 2.1 (c).

Due to the large suppression in the Standard Model, single top production offers a

high sensitivity to new physics. An observation of single top quarks would unambigu-
ously signal the presence of new physics.
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To allow for single top production beyond the Standard Model, an enhancement
of FCNC interactions would be needed. Flavor changing neutral current interactions
can be described by using a model-independent effective Lagrangian. This effective
Lagrangian contains operators in an expansion series in powers of 1/A, where A denotes
the characteristic mass scale for the new interactions [9, 10]. The effective Lagrangian
is added to the Standard Model Lagrangian:

et
AT

where L, L5, ... are Lagrangian’s containing new interactions with operators of di-
mension five, six, ... .

L=Lsy+Leg =L+ —L1+ E2+..., (21)

In this thesis, the most general effective Lagrangian, proposed in [9], is considered
which describes tree-level FCNC top quark interactions involving electroweak bosons.
It can be written as follows:

£eff = Z Z'GZU fo—ﬂyqy/f»y’UUAu (22)
U=u,c
g - 1 .
+ mt [’Yu(UZ,U — aZ,U’)/5) + ZXUlwq KZ,U UZ" +h.c. : (23)

where 0, = (i/2) [v*,7"], Ow is the Weinberg angle, ¢ the four-momentum of the ex-
changed boson, e and g denote the gauge couplings relative to the gauge groups with
U(1) and SU(2) symmetries respectively, ey denotes the electric charge of up-type
quarks, A" and Z* the fields of the photon and Z boson. The scale up to which the
effective theory is assumed to hold is given by the parameter A. By convention, A is set
to the mass of the top quark (A = m;). The FCNC couplings of the top quark are the
magnetic couplings k., ;7 (Kz) to an up-type quark U = u, ¢ and a photon (Z boson)
and the vector (axial vector) couplings vz (azy) to an up-type quark U = u, ¢ and a
Z boson.

The above Lagrangian could be the effective, low-energy theory of a more funda-
mental theory. Examples of theories extending the Standard Model and leading to
enhanced FCNC top interactions are :

e Models with dynamical symmetry breaking:

Models with dynamical breaking of certain symmetries can lead to an enhance-
ment of FCNC couplings [11]. When the electroweak symmetry is dynamically
broken, providing a dynamical mechanism for the mass generation, non-diagonal
(vector) couplings to the Z naturally appear. Couplings to massless bosons might
also be generated, for example in models where the mass hierarchy arises from
the breaking of a larger symmetry, e.g. SU(3);,xSU(3)g. This was considered
in [12], where the possibility of anomalous single top production at HERA was
first pointed out.

e Two-(Multi-)Higgs-Doublet models:
In model with two or more Higgs doublets, FCNC couplings can occur at tree-
level [14]. An example diagram is shown in 2.2 (a) with couplings of a flavor
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changing Higgs boson to a c-quark and to a u-quark or a top quark. This diagram
thus represents an effective FCNC coupling.

e Supersymmetry:

New couplings of sparticles to Standard Model particles can produce effective
FCNC couplings. In the Minimal Supersymmetric Standard Model (MSSM),
the enhancements of FCNC couplings are probably not large enough to allow an
observation of single top production [9]. In supersymmetric models with R-parity
violation, some enhancement might be possible [15, 16]. An example is shown in
figure 2.2 (b), where the effective FCNC coupling arises via a product of R-parity
violating couplings A}, x A, of a slepton (i'" generation) to Standard Model
quarks (k' generation) and to an up or top quark.

e Models with exotic quarks:
Exotic quark singlets appear in many grand unified and string theories [17].
Single top production can be enhanced by mixing with these singlet quarks. If
the exotic quarks are heavy, no new particles would be observed in top decays, if
their masses lie above the top threshold (the same argument holds of course for
supersymmetric particles or any other new heavy particles).

(b)

) u
A i1k

Figure 2.2: Example diagrams of processes with effective FCNC couplings. These
effective couplings can for instance be produced by exchange of a flavor changing
Higgs boson (a) or exchange of a slepton (b).

The enhancement of FCNC couplings can experimentally be tested by studying the
production rate or the decay branching ratios of top quarks. For example, the CDF
Collaboration searched for rare top decays into a light quark and a photon or Z boson
and set the following exclusion limits at 95% CL [18]:

BR(t — uy) + BR(t — ¢) < 3.2% (2.4)
BR(t — uZ) + BR(t — ¢Z) < 33% (2.5)

This limit can be compared to the size of the branching ratios for t — ¢V (V =, Z)
predicted by the above mentioned models, as given in table 2.1. These estimates give
an impression of the enhancement of flavor changing neutral current couplings expected
in various theoretical models. Branching ratios up to about 1% seem to be possible in
some theories.
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Theoretical Model BR(t — cV)
Standard Model ~ 10713 — 10712
Two-Higgs-Doublet Models | ~ 107 — 1078
Supersymmetry ~107°—-10"%
Multi-Higgs-Doublet Models | ~ 1076 —107°
Singlet Quarks ~ 1072
Dynamical EWSB ~ 1072

Table 2.1: Estimates of the branching ratios for decays t — ¢V (V = v, Z) in different
models with flavor changing neutral current interactions [9].

2.2 FCNC Top Production at HERA

With a sizeable FCNC coupling, single top production at HERA may proceed in a
process as shown in figure 2.3. The top search in this analysis does not rely on any
assumptions concerning the underlying theory and a priori allows all flavor changing
couplings to be present.

Top quarks could be produced by transforming an up-type quark (u,c) in the proton
into a top quark via photon exchange with an anomalous coupling x,. In diagram 2.3
only a coupling to the photon is shown, but also a coupling to the Z boson is possible.
Before we further discuss the characteristics of this process, it is useful to give a brief
introduction to the kinematics of ep scattering.

(a) (b)

Figure 2.3: (a) Feynman diagram of FCNC top production at HERA with an anoma-
lous coupling k., of the top quark to an u- or c-quark and a photon. In (b) the same
diagram is shown, but labeled with the corresponding momentum four-vectors of
the particles.
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2.2.1 Kinematics of ep Scattering

The following four-vectors are used for the different particles involved in the scattering
process (see figure 2.3 (b)):

e k: incoming electron e
e k': outgoing electron €’ (neutrino v,)
e P: incoming proton p
e ¢: exchanged gauge boson v, Z (W)

The center-of-mass energy of the electron-proton system (neglecting the electron and
proton masses) is given by:

Vs = \/(k + P)? =~ \/4E3Ep = 320 (300) GeV at HERA . (2.6)
The four-momentum transfer in the ep scattering is:
q=k—Fk". (2.7)

The following set of lorentz-invariant variables is commonly used to describe the kine-
matics of ep scattering:

Q = —¢ (2.8)
2

v = 2%(] (2.9)
P

y = P—Z. (2.10)

The quantity Q? is the negative four-momentum transfer squared and corresponds to
the virtuality of the exchanged gauge boson. The quantities x and y are the dimen-
sionless Bjgrken scaling variables, that take on values between 0 and 1. The scaling
variable z is the fractional momentum of the proton that the struck quark in the proton
carries. The scaling variable y corresponds to the relative energy transfer to the proton
in its rest frame, i.e. the inelasticity of the scattering process.

The kinematic variables z,y, Q?, s are connected with each other according to the
following relation:

Q* = 1ys . (2.11)

Hence for a given center-of-mass energy /s, the kinematics of deep inelastic scattering
is uniquely determined by only two variables.

2.2.2 Kinematics of Top Production at HERA

We now come back to the discussion of the process in figure 2.3 (a). In single top
production via a flavor changing neutral current, the contribution from Z exchange
in the t-channel is suppressed due to the large mass of the propagator. Hence the



2.2 FCNC Topr PropucTIiON AT HERA 9

cross-section is dominated by photon exchange. The anomalous magnetic and vector
couplings to the Z boson are neglected in the following.

In order to produce the large top quark mass? of 175 GeV, the quark that interacts
with the exchanged boson must carry a large momentum fraction xP. Also the electron
must give away a large fraction of its energy. The center-of-mass energy of the photon-
quark system, v/, has to be greater than the top quark mass:

Vs = J/zys ~ \J4zyE°E, > 175 GeV = zy > 0.3 . (2.12)

As a result, both z and y must have values above 0.3. Figure 2.4 shows distributions
of the kinematical variables Q?,x,y for generated single top events. For these large
values of x (corresponding to quark momenta above ~ 280 GeV), the contribution from
sea quarks is very small. The sensitivity of HERA is naturally much higher for the
coupling Ky, than for x., due to the larger u-valence-quark density compared to the
c-quark density at large x. Therefore only single top production involving a coupling
to the u-quark is considered here. Also the charge conjugate anti-top production in a
v — @ fusion process is strongly suppressed (by roughly a factor of 80 [8, 13]). It is thus
shown that HERA has the largest sensitivity for the coupling of the top quark to an
u-quark and a photon (k, = Ky ).
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Figure 2.4: Kinematic distributions of generated single top events from FCNC top
production at HERA.

2.2.3 Cross-Section

The calculation of the cross-section for the FCNC process presented in figure 2.3 was
carried out using the CompHEP [8, 13] program. For a fixed value of the coupling
strength of 4, = 0.1, the single top cross-section at /s = 320 GeV is:

o(et — etX, /s = 320 GeV) = 0.093 pb . (2.13)

This result includes next-to-leading order (NLO) corrections from a recent calculation
published in [19], which increases the leading order cross-section by 25%. Figure 2.5

2Throughout this analysis, a central value for the top quark mass of 175 GeV is assumed.
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shows the total cross-section obtained by the NLO calculation as a function of the
ep center-of-mass energy and as a function of the top mass. A strong dependence of
the cross-section on /s and m; is seen. A variation of m; by +5% causes about 20%
uncertainty in the total cross-section. The 7% increase in /s from 300 GeV to 320 GeV
(the two center-of-mass energies used at HERA between 1994 and 2000) leads to a 45%
increase of the total cross-section.
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Figure 2.5: Born, one-loop, and Born+one-loop cross-section for the FCNC single
top production as a function of the center-of-mass energy (a) and the top quark
mass (b). The cross-section calculation uses the top mass as scale and a value of
Ky = 0.1. Due to different conventions in the definition of the Lagrangian (and
thus in k4, ), the absolute values of the cross-section cannot directly be compared
to the result in equation 2.13. Taken from [19].

2.2.4 Top Quark Decays

In the Standard Model, the top quark decays almost to 100% into a b-quark and a W
boson. The W boson decays either leptonically (/W — f1;) or hadronically (W — ¢q').
The branching ratios of the top quark decays thus correspond to those of the W decays.
They are summarized in table 2.2.

Decay mode | Branching ratio
W — ev, 10.7 %
W — pv, 10.6 %
W — v, 10.7 %
W — qq 68.0 %

Table 2.2: Branching ratios of the top quark and the W boson decays [5].
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The signatures of top quark decays in the semi-leptonic decay channel (t — bl1y)
are a hadronic jet from the b-quark with high transverse momentum, a lepton and
substantial missing transverse momentum due to the undetectable neutrino. In the
hadronic decay channel (t — bgq’), three quark-jets with high transverse momentum
are expected.

2.3 Standard Model Background Processes

The main background for single top quark decays with subsequent leptonic decay of
the W boson (¢t — bW — bly,) are processes that have a charged lepton® or a neutrino
in the final state. For hadronic decays of the W (¢t — bW — bqq’), processes which
produce at least three energetic hadronic jets contribute to the background. All Stan-
dard Model processes that might lead to top-like final state topologies are discussed in
the following, starting with the main background sources in the semi-leptonic channel.

2.3.1 W Production

The dominant Standard Model process for the semi-leptonic decay channel of the top
quark is the production of real W bosons. They can be produced in the processes:

etp — e XWE and etp -0 XWE

whereby the cross-section for the second process is an order of magnitude smaller
compared to the first. Figure 2.6 shows a typical leading order diagram for Standard
Model W production at HERA. Here a quark from the proton is scattered on the
electron via photon or Z exchange, and in addition a W boson is radiated from the
quark line. The radiation of an on-shell W from the quark is suppressed by the large
mass of the W, therefore the cross-section for W production® is very small. The total
cross-section amounts to 1.1 (1.3) pb [20] for electron-proton center-of-mass energies of
300 (320) GeV, which corresponds to the production of roughly 100 W bosons in the
currently available data at H1. The process is dominated by the exchange of low-Q?
photons. The beam electron is scattered into the main detector in about 25% of events.

To calculate the full process ep — e X W, seven diagrams must be taken into account
in the leading order. They are shown in figure 2.8. Diagrams (a), (b) and (e) give the
largest contribution to the amplitude. Diagram (e) contains a triple gauge boson
coupling. In diagrams (c) and (d), the real W is radiated from the electron line. Their
contribution is small due to the suppression by the two W propagators. Diagrams (f)
and (g) contain off-shell W’s and are needed to ensure gauge invariance.

The experimental signatures of W production with subsequent decay W — /v are a
lepton with high transverse momentum and a substantial amount of missing transverse
momentum due to the neutrino, which cannot be detected. In decays W — qq', two

3For simplicity, charged leptons are in the following referred to only as ”leptons” £, in contrast to
neutrinos v.

“In this thesis, the term "W production” is frequently used as a short form for ”Standard Model
W production”, which does not include the production of real W bosons in top decays.
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Figure 2.6: One of the dominant leading order diagrams for Standard Model W pro-
duction at HERA.

hadronic jets are observed. In addition to the lepton and neutrino or the two jets, the
struck quark from the proton can be seen as hadronic jet in the detector. This jet and
the W decay products are expected to be well separated from each other, since they
come from two different vertices in the diagram shown in figure 2.6.

The transverse momentum spectrum of the scattered quark falls off steeply, because
W production is dominated by low momentum transfers and the radiation of the W
boson does in general not lead to a large transverse momentum of the quark. For
decays W — lv, this is the main distinction between the signatures of W and single
top production, since the transverse momentum distribution of the b-quark from the

top decay has a Jacobian peak at mé—_miﬁ‘ﬁ ~ 69 GeV (see figure 2.7).
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Figure 2.7: Generated transverse momentum distribution of the scattered u/d-quark
in simulated W production events compared to the b-quark from simulated top
decays.
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Figure 2.8: Leading order diagrams for W production in the process eq — eq'lv.
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2.3.2 Lepton-Pair Production

The production of lepton pairs at HERA is mainly possible through photon-photon
interactions. A quasi-real photon radiated from the electron interacts with a photon
radiated from the proton. The two photons then produce a lepton—anti-lepton pair,
ep — elT¢~X. The dominant diagram for this process is shown in figure 2.9. The
total photon-photon cross-section is large, but falls off very steeply with the transverse
momenta of the produced leptons (< Py 7).

e e
g-l-
, =
p
X

Figure 2.9: Dominant diagram for lepton pair production in photon-photon colli-
sions.

The signatures of photon-photon collisions are in general two leptons with opposite
charges. However, it can happen that only one lepton is detected, for instance if
the other lepton is lost in the beam pipe. This is not unusual, since the polar angle
distributions of the produced leptons have maxima for large and small polar angles, i.e.
in the backward and forward regions. However, due to the steeply falling transverse
momentum spectrum of the produced leptons, the background from photon-photon
collisions for large lepton transverse momenta is rather small.

The interaction on the proton vertex can be elastic or inelastic. For inelastic pro-
cesses, an additional hadronic jet (X) formed by the scattered quark can be seen in
the forward region of the calorimeter. For high momentum transfers on the electron
side, the scattered electron is observed in the main detector.

2.3.3 Deep Inelastic Scattering

Electron-proton scattering via the exchange of a gauge boson, that has a virtuality large
enough to resolve the substructure of the proton, is called Deep Inelastic Scattering
(DIS). This is the case for momentum transfers Q? ~ 1 GeV?, corresponding to a
spatial resolution of ~ 10~'m. If the exchange boson is a photon or a Z, one speaks
of neutral current (NC) DIS, if a W* is exchanged, one calls it charged current (CC)
DIS:

NC :  ep—eX (2.14)
CC : ep—rX. (2.15)



2.3 STANDARD MODEL BACKGROUND PROCESSES 15

Here X denotes the hadronic final state in the event. Figure 2.10 shows an illustration
of a general DIS process.

elv
e /
v.Z° I W*
spectator jet
> O——=

scattered parton jet

Figure 2.10: Tllustration of deep inelastic electron-proton scattering.

In the Quark-Parton-Model, deep inelastic scattering is described as elastic scatter-
ing of the electron off a point-like constituent in the proton, a so-called parton. The
partons are interpreted as the quarks in the proton. The struck quark is scattered into
the detector. It fragments and forms a well-collimated jet. The remaining quarks, that
do not participate in the hard scattering process, are called spectator quarks. They
form the proton remnant (or spectator jet). The proton remnant usually disappears in
the beam pipe, but can also be visible in the very forward region of the detector.

At HERA energies, photon exchange dominates the ep scattering cross-section. Z and W
exchange contributes only at large O, because the cross-section is suppressed by the
large Z and W masses:

oZwH @
0-(7) Q2 + M%wi

The double differential cross-sections for neutral and charged current DIS with re-
spect to x and Q? are given by:

(2.16)

NC cross-section:

Q®oyc (eFp)  4ma?

dzd@?  zQ*

YaF+ (1= )R Fy(l - D] (2.17)
CC cross-section:

d2O'CC (eip) . G%w ( MI%V

2
—JF (W) 2 4 (1 — ) 1-Y F} 2.1
dzdQ? 2 M3V+Q2> {‘M 1+ -y BFyd-g)eh] - (218)
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Here « is the fine structure constant, GGr the Fermi constant, and F}, Fy, F3 denote the
proton structure functions. In the Quark-Parton-Model, F; and F; can be expressed as
sum of the quark and anti-quark densities in the proton, and Fj as difference between
the quark and anti-quark densities.

Kinematic Reconstruction

As already mentioned in section 2.2.1, the complete kinematics of ep scattering can
be described with only two variables for a fixed value of \/s. Neutral current events
are over-constrained, since the measurements of the electron and hadron energies and
polar angles yield four variables. In charged current events, only the two variables of
the hadronic final state can be measured. There are different methods to reconstruct
the kinematic variables z, y, Q?, for instance:

e FElectron method: The kinematic variables are determined from the energy (FE.)
and the polar angle (6,) of the scattered electron:

0 E, 2
Q* = 4E°E,cos <5> y Ye=1——=(1—cos(fe)) , z.= Qe . (2.19)

B Yes

e Hadron method (Jacquet-Blondel-method): The kinematic variables are recon-

structed using the energy and the polar angle of the hadronic final state. First

some quantities of the hadronic final state are introduced (the index A runs over
all hadronic final state particles):

2

(E—Ppa = Y .(En—P.p) , Ppi= J (zh: Pm,h>2 + (zh: Py,h> (2.20)

h
Oha E—P)ya
tan( th> = % : (2.21)
T
One obtains for the kinematic variables:
(E B PZ)had 2 (P%ad)Q %B
_ T J = /B 2.22

A detailed description of further reconstruction methods can be found in [21]. The
double angle (DA) method still deserves mentioning, since it is used for the energy
calibration of the calorimeters in section 5.2.3. It uses the angles of the electron and
the hadronic final state and is to first order independent of the calorimetric energy
measurements.

The signatures of deep inelastic scattering are an electron and a jet for neutral
current interactions and a jet with missing transverse momentum in the event for
charged current interactions. The electron in neutral current events together with
missing momentum caused for instance by fluctuations in the energy measurement can
fake the signature of a W boson in the detector. Since the cross-section for neutral
current DIS is large, it is a non-negligible background for top and W production. Also
charged current events are important, since they already have a neutrino in the event.
An additional lepton signature can be produced by misidentification of a hadron or
photon as a lepton. However, as discussed before, the charged current cross-section is
much smaller than the neutral current cross-section.
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2.3.4 Photoproduction

Photoproduction (yp) is defined as interactions where the momentum transfer is ap-
proximately zero (Q* =~ 0) and the exchanged photon is quasi-real. The scattered
electron barely changes its direction and is lost in the beam pipe. At HERA, photo-
production and deep inelastic scattering can only be distinguished by the fact that the
scattered electron is or is not detected. For value Q* > 2 GeV, the electron can be
seen in the main detector. If the electron is detected in the electron tagger, Q? lies in
the interval:

107® GeV? < Q% < 0.01 GeV? . (2.23)

Photoproduction is the dominant process at HERA. It has a total cross-section of
~ 150 pb. The largest part of the cross-section comes from soft (low-energetic) inter-
actions. However, also particles with high transverse momenta (Pr) may be produced
in photoproduction, allowing perturbative QCD calculations to be made using the high
Pr as a hard scale for the process.

Equivalent Photon Approximation

In the limit Q% — 0, ep scattering can be reduced to a photon-proton interaction. The
variable y then obtains a simple meaning. According to equation 2.19, y becomes:

E. E,
y%l—ﬁ:E—g, (224)

e

i.e. it is the fraction of the electron energy that the photon carries into the hard
subprocess. The ep cross-section can be factorized into the photon-proton cross-section
and a term describing the flux of radiated photons:

dZUep _ dZF’Y(ya QZ)

_ : 2.2
dydQ? ~  dya@z O™ (2.25)

where F,(y, Q?) denotes the photon flux. This factorization is called Equivalent Photon
Approximation. The photon flux contains a transverse component, Ff , and a longitu-
dinal component Ff While real photons can only be transversally polarized, virtual
photons can also be longitudinally polarized. As in photoproduction the exchanged
photons are almost real, the longitudinal polarization state can be neglected. The
photon flux is then given by the Weizsdcker- Williams-Approzimation (WWA):

Py, Q") PP «a
dyd@?> ~ dydQ? 21y (Q?

(1 +(1-y)?- 2"232) . (2.26)

Hard Photoproduction

The large center-of-mass energy at HERA allows hard interactions of real photons with
the partons in the proton. These hard processes produce collimated jets of particles
with large transverse momenta in the final state. There are two different classes of
hard interactions, the so-called direct and resolved processes:
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(a) (b) (c)

Figure 2.11: Feynman diagrams for different photoproduction processes in leading
order: (a) QCD Compton process (direct), (b) boson-gluon-fusion (direct), and (c)
resolved photon process.

e Direct Processes: The photon couples as a point-like particle to a parton in the
proton. Direct processes in leading order of the strong coupling constant O(a)
are the QCD Compton process and the boson-gluon-fusion (see figure 2.11 (a) and (b)).

e Resolved Processes: The photon does not interact as a point-like particle, but
fluctuates into an unbound quark pair or a vector meson and then interacts
strongly with a parton in the proton. One can say that the inner hadronic
structure of the photon is resolved, and a parton from the photon scatters on a
parton from the proton. An example diagram is shown in figure 2.11 (c). If the
photon fluctuates into a vector meson, one speaks of Vector Meson Dominance
(VMD), if it fluctuates into a quark-anti-quark pair and interacts before a meson
could be formed, it is called an anomalous resolved process.

In analogy to the definition of x in DIS as the fraction of the proton momentum
that the quark carries, a quantity z., is introduced, which is the fraction of the photon
momentum that the parton from the photon carries. Direct processes are therefore
characterized by z., ~ 1, while resolved processes have x, < 1 and hence carry less en-
ergy into the scattering process. The partons from the photon, that do not participate
in the hard interaction, fragment into a hadronic photon remnant, which can be found
in the backward region of the detector.

2.3.5 Multi-Jet Production

The main background to single top production in the hadronic channel is due to QCD
multi-jet production in photoproduction and neutral current DIS. The production of
three or more jets proceeds through radiation of additional hard gluons and thus in-
volves higher order QCD processes. Three-jet production is a process of order O(a?) in
the strong coupling constant. Since currently no simulation including higher orders in
s is available, such processes are approximated using a parton shower approach in the
so-called leading logarithmic approximation. This leading-log approximation is based
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on the DGLAP [22] evolution equations. Two example diagrams for 3-jet production
with initial and final state gluon radiation (parton showering) are shown in figure 2.12.

() (b)

Figure 2.12: Example Feynman diagrams for 3-jet production with a gluon radiated
in the initial state (a) or in the final state (b).

2.4 Monte Carlo Generators

This section is concerned with the simulation of all the processes discussed in the
previous sections. A simulation of both signal and background processes for the single
top analysis is performed. At the first stage of the Monte Carlo simulation, events are
generated on the parton level. Then they are converted into observable particles. These
particle are then put through a full simulation of the detector response. The detector
simulation is explained in section 3.4. In the following, all Monte Carlo generators used
in this analysis are discussed.

FCNC Single Top Production (ANOTOP)

The simulation of the single top signal relies on the event generator ANOTOP. It uses
the matrix elements of the full 2—4 process e4+q — e+t —e+b+W — e+b+ f+ f'.
The matrix elements were obtained with the CompHEP [8] program. The use of the full
matrix elements allows a proper description of angular distributions for the top quark
decays. The numerical integration of the amplitudes and the generation of events
according to the differential cross-section is performed with the BASES/SPRING [23]
package. The MRST LO parton densities are used for the proton structure [24]. The
parton densities are evaluated at the top mass scale in analogy to the leptoproduction
of heavy quarks. Higher order QCD corrections are simulated using the leading-log
parton shower approach. Parton showers in both the initial and the final state are
simulated.
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W Production (EPVEC)

The most important Standard Model background in the semi-leptonic channel is the
production of real W bosons with subsequent leptonic decay. The production of elec-
troweak vector bosons (W and Z) is modeled with the EPVEC [25] event generator.
It includes all leading order diagrams for W production presented in figure 2.8.

Lepton-Pair Production (LPAIR)

The production of lepton pairs in photon-photon collisions, where one photon comes
from the electron and the other from the proton, is simulated using the LPAIR [26]
generator. Both elastic and quasi-elastic processes (Q? < 4 GeV?), as well as inelastic
processes (Q% > 4 GeV?) are generated.

NC and CC DIS (RAPGAP, DJANGO)

To estimate the background contribution from neutral current DIS for both the semi-
leptonic and the hadronic channels, the generator RAPGAP [27] is used. DIS Events
are generated for Q? > 4 GeV2. To simulate the multi-jet topologies relevant for
the hadronic channel of the top analysis, higher order QCD corrections are imple-
mented as parton showers. For some control studies, also the generator DJANGO is
used. The background from charged current DIS is simulated with the DJANGO [28]
event generator, which includes first order QED radiative corrections. The simula-
tion of real bremsstrahlung photons is included based on HERACLES [29]. QCD
radiation is treated according to the Color Dipole Model [30] and implemented us-
ing ARTIADNE [31]. The generation of the hadronic final state is based on the string
fragmentation model [32].

Photoproduction (PYTHIA)

The main background in the hadronic channel is 3-jet photoproduction. Both direct
and resolved photoproduction is modeled with the PYTHIA [33] generator (more pre-
cisely, not only photoproduction events, but all low-Q? events up to Q% = 4 GeV? have
been generated with PYTHIA). It relies on the first order QCD matrix elements and
uses leading-log parton showers to simulate higher orders. The hadronization of the
outgoing partons is performed using the Lund-String-Model [32]. Both light and heavy
quark flavors are generated. The GRV LO (GRV-G LO) parton densities [34] are used
for the proton (photon) structure. PYTHIA is run in the photon-proton mode. In
order to simulate the photon flux using the Weizsacker-Williams-Approximation, the
PYTHIA generator is interfaced to IJRAY [35]. Since only the 2 — 2 process is imple-
mented and higher orders are only approximated, PYTHIA is not able to describe the
absolute 3-jet cross-section. Therefore the prediction from PYTHIA is scaled to the
observed number of data events (see section 7.1).



Chapter 3

The H1 Experiment at HERA

This chapter gives an overview of the H1 experiment at the HERA! collider. The H1
detector is described with a focus on the components most relevant for the presented
measurements.

3.1 The HERA Collider

HERA is the worldwide only electron proton collider. The HERA accelerator ring has
a circumference of 6.4 km and is situated in a tunnel about 10-15 m below the surface
at the DESY? laboratory in Hamburg, Germany. It consists of two storage rings, one
for positrons or electrons®, and one for protons.

Figure 3.1 shows the HERA collider facility with the main accelerator ring and
the various pre-accelerators. After several accumulation and acceleration steps, the
electrons and protons are injected in opposite directions into the HERA storage ring,
where they are accelerated to their final energy. Bending magnets in the curved sections
of the ring force the particles on a ’circular’ orbit. Since the particles are accelerated
by an RF voltage, there are no continuous beams but bunches of particles. Electrons
and protons are stored in up to 220 bunches with 10'° to 10'! particles each. The time
interval between two consecutive bunches is 96 ns, corresponding to a bunch crossing
frequency of 10.4 MHz.

During the data taking period 1994-97, HERA was operated with positrons (e™) of
final energy F, = 27.5 GeV and protons of final energy E, = 820 GeV. In 1998, the
proton energy was increased to F, = 920 GeV and HERA was running with electrons
(e7). Since mid of 1999 until the shutdown in fall 2000, HERA was again operated
with positrons. The available center-of-mass energy of the ep collisions is thus:

Vs ~ \JAEYE, ~ 320 (300) GeV  for E, = 920 (820) GeV . (3.1)

The electron and proton beams are brought to collisions in two interaction regions
in the North Hall and the South Hall of the HERA ring. Around these interaction

!Hadron-Elektron-Ring-Anlage

2Deutsches Elektronen-Synchrotron

3the term electron will be used from now on referring to both electrons and positrons, irrespectively
of their electric charge. Distinction will be made explicit when required.
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Figure 3.1: The HERA collider facility with the main HERA stor-

age ring (right) and an enlarged view of the pre-accelerator system
(left).

regions the H1 and ZEUS detectors were installed. There are two more experiments,
the fixed target experiments HERA-B and HERMES, which use only one of the beams.
The HERA-B experiment investigates the production of heavy flavor quarks (Charm,
Beauty) from interactions of the proton beam halo with a wire target. The HERMES
experiment measures collisions of the longitudinally polarized electron beam with po-
larized Hy, D or He gas targets to study the spin structure of the nucleon.

A very important ingredient for the derivation of a cross-section is the luminosity L.

It is the proportionality factor which connects the interaction rate dN/dt and the cross
section o:

dN
=I- 2
p o (3.2)

Thus the total number of events in a scattering reaction depends on the integrated
luminosity L = [ £ dt. The cross section has the dimension of length squared; usually
it is specified in barn ([1 b=10"2® m?]). Accordingly, the integrated luminosity is
measured in inverse barn.

HERA is currently starting a phase of operation at higher luminosity. In September
2000, HERA operation was shut down to carry out a major luminosity upgrade of
the HERA machine and the collider experiments. New super-conducting quadrupole
magnets were inserted close to the H1 and ZEUS interaction regions. The goal is to

achieve an increase in luminosity by a factor of five. Also the detectors have undergone
major upgrade programmes.

3.2 The H1 Detector

The H1 detector is designed to measure the complete final state in HERA ep collisions.
This final state typically consists of many particles of various species, e.g. electrons,
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muons, photons and neutral and charged hadrons (mostly pions). The particles are
often produced in jets with high particle densities. The requirement to measure all
these particles is met by the complex detector design as shown in fig. 3.2 The huge
H1 apparatus fills out a volume of ~ 1800 m* and weighs about 2800 tons. It covers
almost the complete solid angle of 47 with some unavoidable losses due to the feed
through of the beam pipe. The design of the H1 detector resembles the typical layout
of modern collider detectors. Starting from inside to outside the following components
are installed:

e A system of central and forward tracking chambers arranged around the beam
pipe is used to measure trajectories and momenta of charged particles.

e The tracking system is surrounded by electromagnetic and hadronic calorimeters.
They measure positions and energies of neutral and charged particles and identify
electrons and hadrons.

e Outside the hadronic calorimeter a super-conducting coil provides a homogenous
magnetic field parallel to the beam axis. This allows to measure the momenta of
charged particles in the plane perpendicular to the beam axis with the tracking
system.

e The outermost part of the detector is formed by a system of chambers for iden-
tifying muons and measuring their trajectories.

Because of the non-equal beam energies the detector design is asymmetric with respect
to the beam axis. In the hemisphere around the proton direction, denoted as 'forward
region’, the H1 detector is equipped with higher granularity than in the ’backward
region’, e.g. in the calorimeters. A more detailed description of the H1 detector can
be found in [36, 37].

In the following we will discuss in more detail the detector components most relevant
for this analysis.

3.2.1 H1 Coordinate System

In this thesis we will naturally use detector coordinates. The cartesian coordinate
system of the H1 detector is defined as follows: Its origin is placed at the nominal ep
interaction point, situated at the geometrical center of the central tracking chambers
(see figure 3.2). The z-axis points in the proton flight direction, the y-axis points
upwards and the z-axis points towards the HERA ring center. The z — y plane is
referred to as the transverse plane. The polar angle # is defined with respect to the
positive z-axis, the azimuthal angle ¢ with respect to the positive x-axis.

For ultra-relativistic particles, the pseudorapidity n is often used instead of #. It is

defined as:
n=—ln (tan (g))

and transforms linearly under Lorentz boosts along the z-axis.



3 THE H1 EXPERIMENT AT HERA

24

-

€¢iw%1.,

>
=)
<
j@F O
£ &
5}
j=]ep]
- D
N\ 5= EEETx
R/ TEERE
N / bwlm.mm.w
B\ % E£Z2E5% 4%
E~%Ir anrlc
=] \&& heoadet
;l.l/t.m.l.. Cmtcrﬁa
TURONE nunmar%
cEocCc gy o
= W usuarmy
TR EEEESEE

HERA Experiment H1

FIEEEEEE]
[ [ || || || —

N
= A

/ ,/4\&\\‘\\\

/o,./’//

hadronic LAr calorimeter (stainless steel)

superconducting solenoid
compensating magnet

electromagnetic LAr calorimeter (lead)
He cooling

central tracking chambers
forward tracking chambers

beam pipe

// EEEEEER
(D]

Detector.

Figure 3.2: The H1

3.2.2 Calorimetry

The Liquid Argon Calorimeter System

The Liquid Argon Calorimeter (Liquid—Argon LAr) is the most important detector for

measuring the energies of the final state particles from ep interactions.

It covers an

angular range of 4° < # < 154°. The calorimeter is housed in a single cryostat inside



3.2 THE H1 DETECTOR 25

the superconducting coil. The latter fact ensures that particles originating from ep
interactions traverse only little amount of dead material before entering the calorimeter.

The advantages of LAr calorimetry, as exploited in this detector, are stability,
simple electronic calibration, good homogeneity and fine segmentation. This allows an
accurate determination of energy and direction of the scattered electron and a precise
measurement of the energy flow of the hadronic final state. In the following an overview
of the H1 LAr calorimeter system is presented, for details see [38].

Figure 3.3 shows a longitudinal section of the H1 LAr calorimeter. The calorimeter
is segmented along the z-direction into an 8 wheel self-supporting structure (starting
backward BBE, CB1, CB2, CB3, FB1, FB2, OF, IF). Each wheel is further divided
in the azimuthal direction into eight identical units, the so-called octants. Figure 3.4
shows a transverse section of one calorimeter wheel in the central region (CB).

From inside to outside the LAr calorimeter is built up of absorber plates interleaved
with LAr interspaces. In the inner part the electromagnetic section is located, where
lead is used as absorber material with a total thickness of about 20 (30) radiation
lengths in the central (forward) region. In the outer part the hadronic section is
situated, where steel is used as absorber material. The total hadronic absorption
length is about 5 A in the central and 8 A in the forward area. The orientation of
the absorber plates was chosen such that the angle of incidence of particles originating
from the ep interaction point is always larger than 45 degrees. This ensures that the
energy resolution is independent of the particle direction.
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Figure 3.3: Longitudinal section of the Liquid Argon Calorimeter.

The basic transverse granularity of the electromagnetic readout cells is about 3 cm.
In BBE, CB1 and CB2 the cell sizes are roughly doubled. Longitudinally the number
of segments increases from three (barrel region) to six (forward region).

In the hadronic part of the LAr calorimeter the number of segments increases
from four (barrel region) to six (forward region). The fine granularity allows for a
precise spatial measurement of electromagnetically interacting objects and an effective
separation of electron and pions.

The H1 LAr calorimeter is non-compensating and the response ratio of electrons and
pions is at 10 GeV about 1.35. Due to the 7y fluctuations the response to hadrons has a
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Figure 3.4: Transverse section of the Liquid Argon Calorimeter.

significant non-Gaussian contribution at larger energies which deteriorates the energy
resolution. This can be improved by using a software energy weighting technique which
was first applied in the CDHF experiment. The H1 LAr calorimeter was designed such
that the fine granularity allows to identify the large high density energy deposits due
to the primary electromagnetic component in the jet and due to the my component in
the hadronic showers. The response of the electromagnetic and hadronic component, is
equalized and hereby the 7y fluctuations are reduced.

The energy resolution of electromagnetically and hadronically interacting particles
was determined in test beam measurements [39],[40] and results in

AE/E=15% | \/E/GeV® 1%
for electrons and
AE/E=70% | \/E/GeV &2 %

for pions.

The SPACAL Calorimeter

The SPACAL Calorimeter provides calorimetric information in the backward region,
where it covers the range 155° < # < 178°. Tts main task is to measure the scattered
electron in low @2 DIS events (1 < Q* < 150 GeV?).

The SPACAL is a scintillating fibre ’spaghetti’ calorimeter with lead absorbers.
Incident particles develop into a shower in the lead. Charged shower particles cause
the fibres to scintillate and the light is transported to photomultipliers, where it is
collected.

The SPACAL consists of two parts, an inner electromagnetic section and an outer
hadronic section. The electromagnetic section is 28 radiation lengths deep. It con-
tains cells of transverse size (40.5 mm)?, which ensures a good position resolution. In
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total 1192 channels are read out. The energy resolution, as obtained in test beam

measurements, is

op _ (T1£02)% (1.0 + 0.1)%. (3-3)

E \/ E/GeV

In the relevant energy range for the scattered electron (= 8 — 30 GeV), the absolute
energy scale is known with a precision of better than 1%. The hadronic section of the
calorimeter is made up of cells with transverse size (119 mm)?. In total 136 channels
are read out. The total length of the electromagnetic and hadronic section corresponds
to two interaction lengths.

The SPACAL signals are read out with an excellent time resolution of 1 ns, which
is exploited in the first level trigger of the experiment (see below) to reject background
events.

3.2.3 The Inner Tracking System

The inner tracking system measures the trajectories of charged particles. By combining
all detector signals originating from the same particle, the polar and azimuthal angles
as well as the extrapolated zy- and z-position of the track at the ep-interaction point
are determined. The high spatial resolution allows to detect secondary vertices of
decaying particles, e.g. K? and A decays.

The superconducting magnet solenoid, surrounding the tracking system and the
LAr calorimeter, creates a homogenous magnetic field of about 1.15 Tesla parallel to the
z-axis. In this field charged particles are forced on curved tracks with a radius r ~ pr
in the xy-plane, where pr is the transverse momentum. This relation is exploited to
determine pr from the measurement of r.

The inner tracking chambers can be subdivided into three subsystems, as illustrated
in figure 3.5. Integrated into the system are layers of proportional chambers. These are
used for triggering events with tracks and for a fast determination of the z-coordinate
of the interaction point.

Central Tracking Chambers

Figure 3.6 shows a transverse section of the H1 central tracking chambers.
Covering in total the angular region 25° < 6 < 155°, they consist of the following
interleaved layers of roughly cylindrical shaped detectors around the beam pipe:

e Central silicon tracker (CST) consisting of two detector layers.

e Inner and outer multi-wire proportional chambers (CIP and COP), each consist-
ing of two detector layers.

e Inner and outer large drift chambers (CJC1 and CJC2), with 24 and 32 signal
wires respectively.

e Inner and outer z—drift chambers (CIZ and COZ), each equipped with four signal
wire planes.
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Figure 3.5: Longitudinal section of the H1 tracking system (1995 the back-
ward electromagnetic calorimeter BEMC was replaced by the SPACAL).

The most important subsystems are the two jet chambers CJC1 and CJC2, denoted
as CJC. In the CJC the wires are strung parallel to the z-axis. The wire signal induced
by a charged particle allows to measure the r—¢—coordinate of the particle with a
precision of ~ 170 pum. The z—coordinate of the particle is measured by comparing the
collected charge on the two ends of the wire, resulting in a rather coarse resolution of
0, &~ 35 mm. A much better precision of o, &~ 400 pum is achieved with the z—chambers
CIZ and COZ, where the wires are strung perpendicular to the z—axis. The innermost
H1 central tracking detector is the central silicon tracker CST. It can measure up to two
points of the track’s trajectory very accurately. This allows to determine the track’s
position at the ep-interaction point with such precision, that one obtains sensitivity
to decays from long-lived heavy flavor hadrons (containing a charm or beauty quark).
Table 3.1 summarizes the achieved hit resolutions of the different central tracking
detectors.

06 mm] | 0, [mm]
CST 0.0012 0.0025
CJC1/CIC2 0.170 35
Clz 28 0.4
COZ 58 0.4

Table 3.1: Spatial resolutions of the H1 central tracking chambers.
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Figure 3.6: Transverse section through the tracking system.

For tracks passing through all layers of the CJC an effective momentum resolution
has been obtained of

U;pT) ~ 0.01 - pr(GeV). (3.4)

Forward Tracking Chambers

The forward tracker consists of three identical super-modules, covering the angular
region 7° < f < 25°. Each super-module contains three planes of planar drift chambers,
a multi wire proportional chamber, a transition radiation detector and a radial drift
chamber. Subsequent planar drift chamber planes are rotated by 60°.

3.2.4 The Muon System

The H1 muon system is divided into the Central Muon Detector which consists of
the iron return yoke instrumented with limited streamer tubes, and the Forward Muon
Detector. The main purpose of these detectors is to identify tracks from muon particles
and to measure their direction. Due to large amounts of material in front of and inside
the muon detectors, the muons suffer from large multiple scattering, which does only
allow for a rough measurement of the muon momenta.



30 3 THE H1 EXPERIMENT AT HERA

Central Muon Detector

The Central Muon Detector (“Instrumented Iron”) covers the angular region 5° < 6 <
171° and allows to detect muons with an energy greater than about 1.5 GeV. It consists
of ten iron layers, each 7.5 cm thick, interleaved with limited streamer tubes. Both
at the inside and the outside of the iron three streamer tube layers are attached in
addition. The signal wires in the streamer tubes enable to measure the muon position
perpendicular to the wires with a resolution of about 3 to 4 mm. Five of the layers
are equipped with strip electrodes running perpendicular to the wires. This allows to
measure the muon position parallel to the wires with an accuracy of about 10 to 15
mm. Single layer efficiencies of about 80% are reached. The Central Muon Detector
is subdivided into four subdetectors (forward end cap, forward and backward barrel
and backward end cap), covering different polar angular regions and with different
orientations of wires and strips. Because of limited geometrical acceptance, e.g. due
to support structures, the muon reconstruction efficiency is limited to about 90%.

The instrumented iron in addition serves as a “Tail Catcher” calorimeter to measure
hadronic energy leaking from the LAr and SPACAL calorimeters. For this purpose pad
electrodes with analogue readout are used, which are glued on the limited streamer
tubes in eleven layers.

Forward Muon Detector

The forward muon detector complements the H1 Muon System in the forward direction.

It is situated between 6.4 m and 9.4 m forward of the nominal ep interaction vertex
and covers polar angles 4° < 0 < 17°. It consists of six double layers of drift chambers,
three on either side of the toroid magnet providing a field of roughly 1.6 Tesla. Only
muons with momenta of at least 5 GeV will reach and pass through this detector and
thus can be detected.

3.2.5 Time-of-Flight Detectors

The Time-of-Flight detectors are vital for the rejection of non-ep interactions. A major
source of such interactions are the so-called beam-gas and beam-wall events, where
protons interact with the residual gas inside the beam pipe or with the beam pipe
wall. Such background events are decorrelated in time and space with the desired ep
interactions, which occur at the precisely known electron proton bunch crossing times.
The Time-of-Flight detectors consist of several large scintillator counters located at
various places around the H1 detector. Non-ep background is rejected by requiring
that the arrival time of particles in the scintillators is inside a time window as defined
from the electron-proton bunch crossing times.

3.2.6 Luminosity System

At H1 the luminosity is measured with the Bethe-Heitler process [41] (ep — €'yp).
The cross section of this reaction is large and well known. The measurement consists
of counting the Bethe-Heitler event rate and then using equation 3.2 to determine the
luminosity.
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The luminosity system of the H1 experiment consists of two segmented crystal
Cherenkov counters. One is the electron tagger at zgr = —33.4 m, the other the
photon tagger at zpp = —102.9 m.

The electron tagger is located directly beneath the electron beam pipe and accounts
for the scattered electron from the Bethe—Heitler process. The photon leaves the up-
wards bent proton beam pipe and hits the photon tagger. Electrons and photons are
identified in coincidence. The background is restricted requiring that the energy sum
Egr + Epp has to be in the range of the electron beam energy F.,.

In addition to the luminosity measurement the luminosity system is also used to
identify photoproduction events (Q? < 0.01 GeV?) and DIS events with additional
bremsstrahlung of the incoming electron (ISR).

3.3 Trigger and Data Acquisition

The HI1 trigger has to distinguish between ep interactions and background reactions
during data acquisition. The rate of non-empty events, i.e. with significant detector
signals, is about 100 kHz. It is completely dominated by background processes such as
beam-wall events. The trigger has to reject these events while retaining the desired ep
interactions. Finally the event rate must be reduced to ~ 10 Hz that can be stored on
tape.

The trigger system consists of four levels (L1 to L4). The first level trigger provides
a decision whether an event should be kept or not within 2.5 us. An event is kept if
one of 128 subtriggers has fired. These subtriggers are logical combinations of trigger
elements, which are signals provided by the individual subdetector components. In
the second and third trigger levels, the signals of the different components can be
topologically connected. The fourth trigger level performs a fast reconstruction of the
whole detector information to verify the decision of the previous levels.

The events that are accepted by trigger level four (L4) are written to tape. To
obtain a further reduction of the data, the events are classified in different physical
event classes after a delay of some hours (offline). This classification is also called
trigger level five (L5). It is based on the complete reconstruction of the detector
information. The so classified events are written to tape (production output tape
POT) with all details of the reconstruction and to disk (data summary tape DST) in
a reduced format. For the present analysis the data are used in the DST format.

Triggering of Events in the Single Top Analysis

The triggering of events that are studied in this analysis uses mainly information from
the Liquid Argon Calorimeter. To trigger events in the semi-leptonic decay channel, the
five subtriggers developed in the H1 analysis of neutral and charged current DIS [45]
are used (subtriggers ST67,75,66,71,77). They are mainly based on the following two
trigger elements. The LAr-electron trigger element signals a high electromagnetic en-
ergy deposit in a trigger “tower” of the Liquid Argon Calorimeter pointing towards the
event vertex, as caused by an electron from a W decay. For electron energies above
11 GeV, the trigger efficiency exceeds 99% [45]. The LAr-ETmiss trigger element sig-
nals an imbalance of transverse energy measured in the Liquid Argon Calorimeter, as



32 3 THE H1 EXPERIMENT AT HERA

caused by an energetic neutrino from a W decay. The efficiency for events with miss-
ing calorimetric transverse momentum, P is 98% when Pf¥° > 25 GeV and 50%
when Pg¥e = 12 [45]. In order to increase the efficiency for events with muons, also
muon triggers are exploited, which signal a pattern consistent with a minimum ionizing
particle in the muon system in coincidence with tracks in the tracking detector. The
muon triggers have a rather low efficiency of 35% (9%) for muons with polar angles
6, > 35° (0, < 35°) [54]. In the hadronic decay channel, events are expected to have
a large amount of hadronic energy in the calorimeter. For the high transverse energies
required for the events studied in this analysis, they are triggered based on the amount
of transverse energy in the the Liquid Argon Calorimeter with an efficiency of close to
100%.

3.4 Detector Simulation

Section 2.4 introduced the Monte Carlo simulations of the ep physics processes studied
in this thesis. The discussion ended at the so-called generator level. At this level,
all generated final state particles are available as four-vectors, describing the particle
momenta. To allow for comparisons with “real” events, the measurement process
with the H1 detector must be simulated for these particles. The first step of this
detector simulation is the tracking of the generated particles through the detector. A
GEANT [42]-based application is used. This step includes the tracking in the magnetic
field, secondary particle generation and shower development. In the next step, the
response of the active detector parts, e.g. sense wires, is simulated, resulting in an
output very similar to that for “real” events. Finally the trigger response is simulated.
The events produced in this way are fed through the same reconstruction software as
the data.



Chapter 4

(General Data Pre-Selection

The analysis presented in this thesis uses the full HERA I data set taken in the years
1994-2000. Before a selection of events according to physics points of view can be
carried out, it must be assured that only events are selected, for which the detector was
fully operational. In addition, background events that were not produced in electron-
proton collisions must be rejected. The criteria used in this general data pre-selection
are summarized in this section. Since top quarks are searched for in three different
decay channels (t — bev, t — buv, t — bqq'), no common pre-selection for all
channels can be performed.

4.1 Run Selection and Detector Status

The periods of data taking at HERA are divided into so-called ”luminosity fills”, which
are defined by one filling of electrons in the HERA ring. Each luminosity fill is again
divided into different ”runs”, which last up to two hours. The detector conditions dur-
ing one run are rather stable, but may vary within one luminosity fill. Only runs with
stable detector and triggering conditions, classified as ”Good” or ”Medium” quality
runs are used in this analysis.

In order to assure a good measurement of the events, the subdetectors necessary for
the analysis must be fully operational. Therefore the status of all detector components
is monitored. To guarantee operational readiness, nominal high-voltage values and
functioning readout are required for the following components:

e Liquid Argon Calorimeter

SPACAL

Central Jet Chambers (CJC1 and CJC2)

Central Proportional Chambers (CIP and COP)

e Luminosity system

Time of flight system (TOF)

33
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The calorimeters, in particular the Liquid Argon Calorimeter, are indispensable for this
analysis. The central tracking chambers are needed for the determination of the elec-
tron proton interaction vertex and a reliable track measurement of charged particles,
while the central proportional chambers are essential for the triggering. The operation
of the luminosity system allows the determination of the data luminosity.

4.2 Event Vertex

An electron proton interaction vertex, the so-called primary vertex, is required for
each event. To reconstruct the vertex, both central and forward tracks are used. The
z-position of the vertex must lie within

—40 cm < Zyertex < 100 cm (4.1)

around the nominal interaction point. This requirement ensures a reliable measurement,
of the event within the detector acceptance. In addition, it rejects events that do not
come from ep interactions, which will be discussed in more detail in section 4.4.

4.3 Data Sets and Luminosities

All HERA T data collected from 1994 until the shutdown in 2000 are exploited to search
for top quarks. The different data sets together with their integrated luminosities,
center-of-mass energies and charge of the beam electron are specified in table 4.1.

Data Sets | 1994-1997 | 1998-1999 | 1999-2000
Beam etp e p e*p

NG 300 GeV | 320 GeV | 320 GeV

L=/[Ldt|37.0pb ! | 13.6pb ! | 67.8pb!

Table 4.1: Summary of the data sets used in this thesis.

With the above mentioned run selection and detector status requirements, the an-
alyzed data sample corresponds to a total integrated luminosity of
Lyt = 118.4 £1.8 pb™". (4.2)

The accuracy of the luminosity measurement is estimated to be 1.5%.

4.4 Non-ep Background Rejection

The rate of events produced in ep collisions is substantially smaller than the rate due
to non-ep interactions. The majority of these interactions is rejected by the Time-of-
Flight system described in section 3.2.5. A large part is also removed by the vertex



4.4 NON-ep BACKGROUND REJECTION 35

requirements. Still, it is essential to reach an effective suppression of the remaining non-
ep background recorded with the H1 detector. The main background sources are muons
from cosmic rays or beam-halo muons. The latter originate from the decays of charged
pions produced in beam-gas and beam-wall events. These muons cause tracks in the
tracking system or produce showers in the calorimeter, which can be misidentified
as electrons or hadrons. Halo muons traverse the detector in horizontal direction,
cosmic muons mainly in vertical direction. Beam-gas and beam-wall interactions do
not only cause significant background, when a halo muon is produced, but also when
other secondary particles are scattered into the H1 detector. The following cuts and
background finders are used to reject non-ep background:

e Timing: The timing of the event determined from the drift time in the Central
Jet Chamber (to(C'JC)) must be consistent with the time of the bunch crossing.

e Topological background finders: A standard set of background finders, im-
plemented in the program package QBGFMAR [43], is used to reject topologies
typical for cosmic or halo muons by searching for long and narrow signatures in
combinations of different detector components (Instrumented Iron, Liquid Argon
Calorimeter, CJC, SPACAL).

e Cut on E — Pz: If all particles produced in an ep collision are detected and
correctly measured, the total £ — Py in the event must have a value of twice the
incoming electron energy (E?):

E—-P,=E,—P.,+E—P), =2E. (4.3)

Values of up to ~ 75 GeV can be due to fluctuations in the energy measurement.
Much larger values can only be produced by energetic non-ep interactions or by
an ”overlay” of more than one interactions in the recorded event. Therefore an
upper cut on the visible £ — Py is applied:

(E = P,)yis < 75 GeV . (4.4)

After applying all the above cuts, the non-ep background is suppressed to a negligible
level. In the final data selections, this is further verified by a visual scan of all candidates
events.






Chapter 5

Lepton Identification and Hadronic
Reconstruction

The search for top quark decays presented in this thesis depends on a good particle
identification and a reliable measurement of hadronic energies. For the semi-leptonic
decay channel, an excellent identification of electrons and muons from W decays is
essential. It is described in the first part of this chapter. The second part is concerned
with the reconstruction of the hadronic final state, the jet finding, and the calibration
of hadronic energies.

5.1 Lepton Identification

5.1.1 Electron Candidates

The identification of electrons is based on the electron finding algorithm QESCAT [44]
used as standard in H1. Electrons are searched for in the Liquid Argon Calorimeter and
the SPACAL. Electrons found in the backward region in the SPACAL are candidates
for the scattered beam electron. In this analysis, they are only used to constrain
the kinematics of top events at high momentum transfers in the semi-leptonic decay
channel. Since top production proceeds at large y, i.e. the scattered beam electron loses
a large fraction of its initial energy, the minimum energy required for electron candidate
is chosen to be 2 GeV. Electrons from W decays have high transverse momenta and
are expected to be found in the Liquid Argon Calorimeter. The following discussion
will concentrate on electrons in the Liquid Argon Calorimeter

Electron candidates are identified by the presence of a compact cluster of energy in
the electromagnetic part of the Liquid Argon Calorimeter. Detector regions that allow
no reliable measurement of the electron candidate, such as ¢- and z-cracks between
calorimeter modules, are excluded by applying fiducial cuts. The energy cluster must
be associated with a track having a distance of closest approach ! of less than 12 cm.
The requirement of an associated track serves as discrimination between electrons and

!The distance of closest approach (DCA) is defined as the perpendicular distance between the
center of gravity of the energy cluster and the tangent to the extrapolated track at its impact point
on the calorimeter front.
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photons, since an electron-photon separation based purely on calorimetric information
is not possible.

The polar and azimuthal angles (6., ¢.) of the electron are determined from the
center of gravity of the electromagnetic cluster and the reconstructed primary vertex.
The electron energy (E,) is determined from the cluster energy and is calibrated using
the standard procedure developed in [45]. The calibration constants were determined
separately for each calorimeter wheel, using neutral current DIS events, kinematically
reconstructed with two different methods (DA- and w-method). Since the statistics of
neutral current events in the forward region of the detector is low, also elastic QED
Compton events and events from vy — ete™ were used. The mean fractional energy
shift from the absolute electromagnetic energy scale obtained with this calibration is
shown in figure 5.1. The systematic uncertainty on the energy scale quoted in [45] is
represented by the shaded error band. In this analysis, electrons from top or W decays
are expected mainly in the forward region, and an overall systematic uncertainty on
the electromagnetic energy scale of 3% is assumed.
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Figure 5.1: The mean fractional energy shift § E./E, from the absolute energy scale
obtained by two different reconstruction methods (DA-method, w-method). The
error band shows the systematic uncertainty on the energy scale. Taken from [45].

A sample of neutral current events (data taken in the year 2000) has been used
to study the efficiencies of the electron finding and the cluster-track association. To
determine the electron finding efficiency, a monitor sample is defined by using an inde-
pendent electron identification algorithm based on a cone jet finder [46]. Electrons are
identified as purely electromagnetic jets with exactly one isolated track, that matches
the momentum measured in the calorimeter. Details can be found in [47]. The electron
finding efficiency is defined as the fraction of monitor electrons which are identified by
QESCAT. As shown in the lower plot of figure 5.2 it is found to be 98% up to largest
values of the electron energy. It agrees well with the simulation within ~ 2%. A cluster-
track efficiency can be defined by using a superset of electrons identified by only using
the QESCAT finder. The efficiency is computed as the fraction of the QESCAT elec-
trons for which a matched track is found with distance of closest approach to the cluster
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of less than 12 cm. As can be seen in figure 5.2 in the upper plot, the cluster-track
efficiency in the data is ~ 96%. It is about 2-3% lower than in the Monte Carlo sim-
ulation (DJANGO). In the very forward region (6, < 20°), the efficiency to find an
associated track is much smaller. In this region, however, the neutral current statistics
is very low. The small discrepancies between data and Monte Carlo simulation seen
for the electron identification and the cluster-track association are taken into account
as systematic uncertainties in the electron channel of the top search.
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Figure 5.2: Cluster-track efficiency (upper plot) and electron finding efficiency (lower
plot) as determined for electrons in the Liquid Argon Calorimeter.

5.1.2 Muon Candidates

As minimal ionizing particles, muons penetrate the whole detector and generally de-
posit only little energy in the calorimeter. They are measured as tracks in the in-
ner tracking chambers and identified by their tracks in the dedicated muon detectors.
Muons leave signatures in the following detector components (depending on their polar
angle):

e Central/Forward inner tracking system
e Liquid Argon Calorimeter
e Instrumented Iron

e Forward Muon Detector
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Muon candidates are accepted if they have an inner track and a muon signature in
the Instrumented Iron, or if they are measured in the Forward Muon Detector. Their
transverse momentum must be larger than 1 GeV. If the muon candidate is not asso-
ciated with a forward muon track, it must have an inner track linked to either a track
in the Iron or associated with an energy deposit in the Iron within a cone of radius 0.5
around the track. The momentum of the muon is determined from the measurement
of the track curvature in the inner tracking system. If a forward muon track exists, the
momentum measurement, in the Forward Muon Detector is used. For polar angles be-
low 12.5°, muons with only a signature in the Instrumented Iron are rejected, because
hits in this region can be produced by scattering in the beam pipe.

In this analysis, only muons that are isolated with respect to other particles are
searched for. Therefore they must have less than 8 GeV of energy in the Liquid Argon
Calorimeter within a cone of radius 0.5 around the muon track. Further isolation
requirements are applied later in the selection of events with W bosons. With these
selection criteria, muons are identified with an efficiency of ~ 90% (~ 70%) in the
central (forward region) of the detector. The systematic uncertainty on the muon
identification efficiency is about 5%.

5.2 Hadronic Final State Reconstruction

The hadronic final state is defined as the sum of all hadronic particles measured in the
detector. The reconstruction of the hadronic final state can be done in different ways,
for instance using only calorimeter clusters, since hadronic energy is predominantly
measured in the Liquid Argon Calorimeter. However, if only clusters are used, the
measured hadronic energy tends to be underestimated. Two reasons for this are:

1. Noise cuts are applied to reduce the effect of electronic noise in the calorimeter
cells. These cuts also remove a fraction of real hadronic energy in low-energetic
clusters.

2. Before particles reach the calorimeter, they can lose some of their energy due to
interactions with dead material in the detector.

The reliability of the hadronic final state reconstruction can be improved by combining
information from the calorimeter and the inner tracking chambers, as discussed in the
following section.

5.2.1 Combination of Tracks and Clusters

The momentum measurement of the central tracking system is superior to the calori-
metric measurement for charged particles with low momenta. Therefore it is useful to
combine tracking information with calorimetric information to reconstruct the hadronic
final state. With increasing momentum, the momentum measurement of charge par-
ticles with the tracking system deteriorates, whereas the calorimetric measurement
improves. For this reason, only tracks with a transverse momentum below 2 GeV are
considered, that are reconstructed in the Central Jet Chamber. The combination of
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tracks and clusters is performed by the algorithm FSCOMB, developed in [48], which
meticulously avoids double counting of energies using the following prescription:

e Well-measured central tracks, that are constrained to the primary vertex, are
extrapolated to the calorimeter front face.

e All energy deposits in the electromagnetic (hadronic) calorimeter within a cylin-
der of radius 25 (50) cm around the impact point of the track are summed up
and assigned to the track.

e In case the energy in the cylinder exceeds the track momentum, the calorimetric
energy is used and the track is discarded.

e In case the energy in the cylinder is smaller than the track momentum, the track is
taken and the corresponding calorimetric energy is neglected. Therefore clusters
are removed one after another, in the order of increasing distance to the track
impact point, until their energy equals the track energy.

e Low-momentum tracks that do not reach the calorimeter due to their large cur-
vature are also used.

All remaining tracks and clusters form the so-called combined objects. A reconstruction
of the hadronic final state with these combined objects improves the hadronic energy
resolution and reduces the uncertainty on the energy scale, as shown for instance in [49].

5.2.2 Jet Algorithm

Quarks from heavy particle decays or partons emerging from the hard scattering process
cannot directly be observed in the detector. Since they carry non-zero color charge, they
fragment into collimated showers of hadrons, called jets. In principle, a jet comprises
the information about the kinematics of the initial quark or gluon. However, due to the
production of many low-energetic hadrons in the hadronization process, the jet does not
exactly reflect the kinematics of the quark or gluon. A number of jet algorithms have
been developed in order to minimize the effects of this long-distance hadronization.

In this thesis, jets are reconstructed using the longitudinally invariant kr algo-
rithm [50, 51]. The variables used to characterize each jet are chosen with regard
to the invariance under boosts along the beam axis. They are the transverse energy
Er = E sin(f), the azimuthal angle ¢, and the pseudorapidity n = —In(tan(%)).

The kr algorithm starts with a list of objects (”protojets’), which in our case are
the combined objects defined in the previous section 5.2.1. These protojets are grouped
together in the following recursive procedure to form the final jets:

e For each protojet, a separation to the beam axis is defied as:

d; = E}; . (5.1)

e A separation between protojets is defined for each pair of protojets:
R?,

d;j = min(E};, E7 ) - R

(5.2)
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where R;; = \/(77Z — ;)% + (¢ — ¢;)? is the distance between protojet i and j in
the n — ¢ plane, and R is a fixed separation parameter (cone radius) chosen to
be equal one.

e The smallest of all d; and d;; is labeled d,,;j,.

e If d,,i, is one of the d;;, the protojets 7 and j are merged into a new protojet k
with:

Ery = Eri+ Er;,
me = (Erini + Er;n;)/Erg , .
or = (Eri¢i + Er;0;)/Ery - (5.5)

o If d,,;, is one of the d;, the protojet 7 is not merged with another protojet. It is
removed from the list of protojets and added to the final list of jets.

This procedure is repeated until all objects are associated with a jet. The jets which are
formed last are the ones with highest Ep (since d; = E7;) and thus the most relevant
ones in the search for top quark decays. In this analysis, jets are required to have a
minimum transverse momentum of 4 GeV.

5.2.3 Hadronic Calibration

Due to detector effects, caused by imperfections or inhomogeneities of different parts
of the calorimeter, and due to an unprecise knowledge of the correct hadronic energy
scale, the energies of jets and of the hadronic final state need to be corrected.

A calibration of the hadronic energy scale is performed using the absolute calibra-
tion method developed in [52]. The main principle of the method is to impose the
transverse momentum balance between the electron and the hadronic final state in
neutral current events as correction to the measured hadronic energies. A high Q?
neutral current sample with one identified electron and exactly one jet is used.

The quantities used in the calibration procedure are the transverse momentum and
polar angle of the hadronic final state:

Ppod — J (zh: th>2 + (Z P;)2 : (5.6)

h
Ohad Yu(E— P,
tan( 5 ): h P , (5.7)

where the index h runs over all hadronic final state particles, and the polar angle of
the jet:

: (E—P,);
tan (%) = % ; (5.8)
T

where the index 7 runs over all hadronic final state particles belonging to the jet.
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As a comparison, the hadronic transverse momentum in neutral current events can
also be calculated with the double angle method, using the polar angle of the hadronic
final state and the electron:

PP = e : (5.9)

The Pr-balance is calculated as the ratio of the measured hadronic transverse momen-
tum and the transverse momentum calculated with the double angle method:

p%ad
Prpa = Pz (5.10)
T

The calibration is carried out in two steps. First a relative calibration between data
and Monte Carlo simulation is performed. In the second step, an absolute calibration
of the hadronic energy is achieved.

e Relative Calibration:
Data and Monte Carlo are compared in different regions of the jet polar angle,
O;er (i.e. for the different calorimeter wheels), using the ratio:

(PT,bal)Data

(Pryu) O (5.11)

This Pr-balance ratio is used to correct for detector effects, that lead to different
descriptions of hadronic energies in the data and the Monte Carlo simulation.

e Absolute Calibration:
As a second step, an absolute hadronic energy scale is reached by shifting the
Pr-balance to one. This is done for data and Monte Carlo separately, taking
the transverse momentum calculated with the double angle method as reference.
The correction factors are again determined for each calorimeter wheel and as a
function of PP4.

Selection of neutral current sample

1 electron with P > 10 GeV
1 jet with 00 > 7°
Phad /Pg > 0.35
P&/ PRA > 0.88 (suppresses events with ISR)
E — P, > 42 GeV (suppresses events with ISR)

Table 5.1: Selection criteria for a sample of neutral current events used to check the
hadronic energy calibration, as proposed in [52].

The calibration is carried out separately for the data taken between 1994-1997 and
1998-2000. It has been checked using a large sample of neutral current events defined
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by the cuts in table 5.1, as proposed in [52]. Figure 5.3 shows the improved resolution
after the calibration and the shift of the underestimated hadronic energy scale to the
correct value. The Pp-balance as a function of P24 is shown for data and Monte
Carlo. A good agreement is seen. An unceratinty of 4% on the hadronic energy scale
is quoted, which is found to be a conservative choice.
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Figure 5.3: The Py balance Pi*/PP4 is shown for data and Monte Carlo before
and after the calibration of the hadronic energy scale (upper plots). The lower plot
shows the Pr balance as a function of PP,



Chapter 6

Top Search in the Semi-Leptonic
Decay Channel

In this chapter, the search for single top quark production in the semi-leptonic decay
channel, i.e. for decays t — bW — blv,, is presented. It is motivated by the observation
of events with a high-Pr lepton and missing transverse momentum in the H1 detector.
This topology suggests the presence of a W boson in the event. Since W bosons
also emerge from top decays, the selection of events containing a W serves as basis
for the top analysis and is discussed first. A main emphasis is put on the kinematic
reconstruction of top quark decays, for instance the reconstruction of the neutrino
kinematics, as well as on the choice of observables that can be used to separate a
potential top signal from Standard Model processes. The selection of top candidates is
performed using both a simple cut-based analysis and a more refined likelihood analysis.
Different analysis techniques are applied and compared to each other to maximize the
sensitivity to the top signal. The optimized reconstruction and selection techniques
presented in this chapter serve also as preparation for the analysis of the data expected
from upgraded HERA II in the next years.

6.1 “Isolated Leptons” at HERA

In the data collected between 1994 and 1997, the H1 experiment recorded six events
with a high-Pr lepton, clearly isolated from other particles in the detector (therefore
the name “isolated lepton”), and substantial missing transverse momentum in the
event [54]. In one of these events, the high-Pr lepton is an electron, in the other five
events they are muons. The observed event topology is so striking, that the first event
etp — ut X observed in 1994 was worth a publication of its own [53]. Various processes
within and beyond the Standard Model have been discussed as possible origin. As an
example, lepton flavor violating processes were studied, which lead to a conversion of
the incoming electron into a muon. However, the missing transverse momentum in
the event could not be explained. The most probable Standard Model interpretation
is the production of a real W boson with subsequent leptonic decay, as introduced
in section 2.3.1. The missing transverse momentum is then attributed to the neutrino
emerging from the W decay. Three of the five events, however, exhibit a large transverse

45
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momentum of the hadronic final state, which is an improbable kinematic property for
W production. One of these beautiful events is shown in figure 6.1.

In the following years between 1998 and 2000, more isolated lepton events have
been observed. Again some of these events possess an unexpectedly high transverse
momentum of the hadronic final state. A large hadronic transverse momentum together
with a W in the event is the typical topology for top decays with subsequent leptonic
decay of the W. One goal of this analysis is to study whether the observed isolated
lepton events are more compatible with W production or with the production of single
top quarks.

Run 186729 Event 702 Class: 4 56 789 10 16 19 24 25 28 Date 22/10/2002

Neutrino

T

Muon

£[Gev] (DCLU)

Figure 6.1: Event with a high-Pr muon (P4 = 5117 GeV), identified by its track
in the muon system, and a large missing transverse momentum (Pm$ = 28 GeV/).
The missing transverse momentum becomes obvious as acoplanarity between the
muon and the hadronic final state in the transverse plane. This event has a large
hadronic transverse momentum of 67 GeV.

6.2 Isolated Lepton Selection and 1 Production

The selection of events containing W bosons (called “W selection” in the following)
serves as basis for the search for top quark decays t — bW — blv, presented in this
thesis. At first a pre-selection of events with an isolated lepton and missing transverse
momentum is carried out. After the pre-selection, cuts are applied to separate W
production from backgrounds due to other Standard Model processes.
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6.2.1 Pre-Selection

A pre-selection of isolated lepton events is carried out to obtain a data sample of
manageable size for the final W selection and the top analysis. The following variables
are used:

e 0, : the polar angle of the lepton.

o Pf = ,/(P!)?+ (P!)?: the transverse momentum of the lepton.

o Pf = \/(Eh Pl?2 + (32, Pr)?* the transverse momentum of the hadronic final
state (the index h runs over all particles in the hadronic final state).

o Ppilo — \/(Zl Pp)? + (3; Pi)?: the total transverse momentum measured in the

calorimeter (the index i runs over all energy deposits in the calorimeter). It is
also referred to as the calorimetric missing transverse momentum.

® Dyraer, : the distance in the pseudorapidity-azimuth (n — ¢) plane between the
lepton and the closest track not associated to the lepton. It is defined by:

Dtrack: = \/(77@ - ntrack:)Z + (d)é - ¢track:)2- (61)

® Dj. : the distance in the n — ¢ plane between the lepton and the closest jet,
defined in analogy to equation 6.1.

Kinematic Cuts

The pre-selection criteria common to both the electronic and muonic decays of the
W are the presence of a lepton (an electron or a muon identified as described in
section 5.1.1 or 5.1.2) with transverse momentum Pf > 10 GeV in the polar angle
range 5° < #, < 145°. In addition, a missing calorimetric transverse momentum
Pglo > 12 GeV is required as a sign of a high-Pr neutrino that escaped detection.
Even though Pf*° is measured only in the calorimeter, it is also used to pre-select
events with missing transverse momentum in the muon channel, where the real missing
Pr can differ from P§*°, because muons deposits only little energy in the calorimeter.
However, applying the cut on P§*° ensures an efficient triggering of W candidate events
in both channels.

The kinematic criteria mentioned above represent safe requirements for the selection
of W bosons, since the transverse momentum spectra of the decay lepton and the decay
neutrino have Jacobian peaks at ~40 GeV, i.e. half the value of the W mass. Their
polar angle distribution has its maximum in the forward direction close to ~15°.

Isolation of the Lepton

An additional pre-selection requirement is the spatial isolation of the lepton candidate
in the detector. Asking for lepton isolation removes a large amount of background with
fake leptons or with leptons in or close to a jet. To ensure the isolation of electron
candidates, the amount of energy deposited in a region close to the electron cluster is
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restricted. Therefore all energy deposits in a cone of radius one around the direction
of the electron candidate are summed up and compared to the energy of the electron
cluster itself. Electron candidates are accepted as isolated if the hadronic energy around
the electron cluster does not exceed 3% of the electron energy, i.e. % < 1.03.

In the muon channel, a minimum distance in 7 — ¢ of the muon track with respect
to other tracks and with respect to jets is required. The isolation cuts for muons are
Dyroer > 0.5 and Djet > 1.0.

6.2.2 Backgrounds to W Production

There are two different types of background that can mimic a leptonic W decay:

e Background with real lepton and fake missing Pr:

The first type of background events contains a true lepton, but a fake missing
transverse momentum. For example, this can be the case for neutral current DIS
and lepton-pair production in photon-photon collisions. The fake transverse mo-
mentum is either due to fluctuations in the hadronic or electromagnetic energy
measurements or due to large energy losses outside of the calorimeter accep-
tance. Also semi-leptonic heavy flavor decays produce real leptons. However, the
transverse momentum of these leptons is low compared to W decays.

e Background with real missing Pr and fake lepton:
The second type of background has a true missing transverse momentum, at-
tributed to a neutrino, but a falsely identified lepton. This can be the case for
charged current DIS, where either a radiated photon or a hadron, which deposits
a compact cluster of energy in the electromagnetic calorimeter, e.g. m° — 7, is
misidentified as an electron.

The process with the largest total cross-section at HERA is photoproduction. How-
ever, for photoproduction events both a fake lepton and fake missing Pr is in general
needed to mimic W production. Hence the background contribution from photopro-
duction is rather small. Also non-ep background events such as interactions of cosmic
or halo muons can cause a missing transverse momentum, they are however already
suppressed using the topological background finders and cuts described in section 4.4.

Event Yields of the Pre-Selection

The pre-selection criteria for the electron channel yield 3063 data events compared to a
total Standard Model expectation of 3165.8 events. At this stage, the Standard Model
expectation is dominated to ~ 98% by neutral current DIS. The remaining background
from other processes is due to charged current DIS, electron-pair production and pho-
toproduction to about equal parts. The expectation for W production amounts to only
12.5 events.

The main background to W production in the electron channel is neutral cur-
rent DIS. The missing transverse momentum comes from energy losses or fluctuations
in the energy measurement. These lead to a tail in the P& distribution up to values
of 25-30 GeV. It is a priori not clear, how well the detector simulation describes these
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effects. In figure 6.2, the Pg*° distribution for a study sample of neutral current DIS
events is shown. The comparison of the data with the Monte Carlo prediction from
DJANGO shows that for large values of Pf¥°, the data undershoot the prediction.
However, the data are reasonably well described within about 30%, which reflects the
size of the uncertainty on the background prediction for this analysis.

In ep collisions, the yield for events containing a muon in the final state is naturally
much lower than for electrons. Therefore the W selection in the muon channel already
starts on the basis of only a few events and a much smaller Standard Model expectation.
The dominant Standard Model process that produces muons at HERA is the pair
production in photon-photon interactions, as explained in section 2.3.2. Muons from
heavy flavor decays have relatively small transverse momenta, and the cut Py > 10 GeV
as well as the isolation cuts already eliminate most of these events. Neutral Current
DIS and photoproduction with falsely identified muons give some small contribution
to the background. Charged Current DIS is negligible. The pre-selected muon sample
contains 31 data events in agreement with the expectation of 26.5 events. The W
contribution amounts to 4.0 events.
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Figure 6.2: Distribution of the missing transverse momentum measured in the
calorimeter for a study sample of data events from neutral current DIS compared
to the Monte Carlo prediction from DJANGO. In the lower plot, the ratio of the
observed data and the Monte Carlo prediction is shown.
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Control Distributions

Kinematic distributions of the pre-selected data samples and the Monte Carlo sam-
ples of the Standard Model background processes are presented in figure 6.3 for the
electron channel and in figure 6.4 for the muon channel. The Monte Carlo simulations
are normalized according to the integrated luminosity of the data. The dark shaded
histogram corresponds to W production. The main background process, i.e. neutral
current DIS in the electron channel and muon-pair production in the muon channel,
is shown as open histogram. The other background processes are summed up and are
represented by the hatched histogram. The data are display as black dots with error
bars representing the statistical errors.

For each channel, distributions of the transverse momentum and polar angle of the
lepton as well as the transverse momenta P and P are shown. The data and
Monte Carlo distributions are in agreement within the error band shown for the total
Standard Model expectation. The presented error corresponds to the quadratic sum
of the systematic errors assumed for the W expectation and for the expectation of
the other Standard Model processes. An error of 30% is given to the W prediction
modeled by EPVEC. It is taken from the cross-section calculation in [25]. As for the
background processes, control distributions for events with P above 12 GeV were
studied in [55] using data samples specifically enriched for each of the Standard Model
backgrounds. A 30% error is deduced for these processes from the agreement between
data and Monte Carlo distributions. For neutral current DIS, this error is consistent
with the result obtained from the study shown in figure 6.2.

6.2.3 Selection of Events with W Bosons

Starting from the pre-selected isolated lepton sample, an optimized set of kinematic
cuts, which has been developed in [55, 56], is used to discriminate a potential W signal
from other Standard Model processes. A number of kinematic quantities are calculated
for each event, which are either sensitive to undetected energetic particles or exploit
some other kinematic property that has a good discrimination power to reject non-W
background. These quantities are defined as follows:

e Piss : the total missing transverse momentum, reconstructed from all detected
final state particles, including muons. The presence of a muon in the event, which
in general deposits only a small fraction of its energy in the calorimeter, causes
Pmiss to differ from Pgale.

e (E—P,)yis =X E;(1—cos 6;), where the index 7 runs over all detected final state
particles. If no energy is lost in the event, the visible £ — P, equals twice the
energy of the incoming electron: (E — P,)y;s = 2E? = 55 GeV. By definition, this
quantity is insensitive to energy losses in proton direction (positive z-direction).
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Figure 6.3: Control distributions of the pre-selected data and Monte Carlo samples
in the electron channel. (a) The transverse momentum of the electron, (b) the polar
angle of the electron, (c) the calorimetric missing transverse momentum in the event,
and (d) the transverse momentum of the hadronic final state X.
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Figure 6.5: Illustration of the quantity F — P, and the acoplanarity A¢(¢, X).

e Ap({—X) : the azimuthal angle between the lepton and the hadronic final state.
It corresponds to the acoplanarity of the event in the transverse plane.

e (? = 4E,E%0s?(0,/2), where E, denotes the energy of the lepton. If the lepton
is the scattered beam electron, (7 is equal to the momentum transfer Q2.

° VVL: : a measure of the azimuthal balance in the event. It is defined as the ratio of
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Figure 6.4: Control distributions of the pre-selected data and Monte Carlo samples
in the muon channel. (a) The transverse momentum of the muon, (b) the polar
angle of the muon, (c) the calorimetric missing transverse momentum in the event,

and

(d) the transverse momentum of the hadronic final state X.

the anti-parallel to parallel components of the calorimetric transverse momentum
with respect to the direction of the hadronic transverse momentum.

Pr, - PX S "
V, = Z % over all energy deposits ¢ with Pr; - PX¥ >0 (6.2)
i T
ﬁTi . P;X . . . =4 X
Vop = — Y —2=—— over all energy deposits : with Pr; - P; < 0(6.3)

This quantity was developed in the H1 analysis of neutral and charged current
DIS at high Q2 [45].

W Selection Cuts in the Electron Channel

After

the pre-selection of isolated electron events, the expectation from W production

is about a factor of 250 below the one from neutral current DIS. As a first step to

reach

a reasonable signal to background ratio, the neutral current contribution needs
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to be drastically reduced. This is achieved with a set of 7 Anti-NC cuts” that exploit
the following characteristics of neutral current DIS (ep — eX):

1. A¢(¢{ — X) : Due to transverse momentum conservation, the scattered electron
and the hadronic final state generally form an angle of 180° in azimuth. If the
missing transverse momentum in the event is due to fluctuations in the energy
measurement, it will point either along the direction of the hadronic system or
the electron. In this case, the angle A¢(¢ — X) still tends to be close to 180°.
Events with a real neutrino from a W decay exhibit a flat distribution. A cut
Ag¢(¢ — X) < 160° is applied to suppress neutral current DIS.

2. (F'— P,)yis : The distribution of the visible F — P, for neutral current DIS peaks
at 55 GeV. Energies lost in the very forward direction cause in general only a
small decrease in the measured (E — P,),;s. Decays W — (v naturally have much
smaller values due to the neutrino. Therefore only events with £ — P, < 50 GeV
are selected. This cut is only applied if the electron candidate has the same
charge as the incoming beam electron.

3. (% : If the scattered electron is misinterpreted as electron from the W decay, the
quantity ¢? is identical to the momentum transfer Q. The neutral current cross-
section falls off steeply with @?. Thus neutral current events generally have small
values of (2, while leptonic W decays produce large values. A two-dimensional cut
is applied on (2 as a function of the calorimetric missing transverse momentum.
For Pgo < 25 GeV, ¢? is required to be above 5000 GeV?2. For Pfle > 25 GeV,
the expectation from neutral current DIS is already quite low and no cut on ¢?
is imposed.

The cuts dedicated to reduce the neutral current DIS background are summarized in
table 6.1 and are indicated as dashed lines in the corresponding distributions in fig-
ure 6.6. In the data, 31 events remain for 32.4 expected. The contribution from W
production amounts to 9.3 events.

After imposing the ” Anti-NC cuts”, neutral current DIS is still the largest back-
ground contribution. However, also charged current DIS and photoproduction are now
relevant. In a second step, further cuts are applied to reduce the remaining background:

1. Electron isolation with respect to tracks and jets: In addition to the calorimetric
electron isolation used in the pre-selection, the same isolation criteria as used for
the muons are also found to be useful for electrons. In charged current DIS and
photoproduction events, the electron candidate is in general falsely identified. If
a hadron is misidentified as electron, there are often other tracks or hadronic
activity close to the electron candidate, leading to low values of Dyy4er Or Djey.
This can be seen in figure 6.7 (a) and (b). Also radiative charged current events
with a converted photon (y — eTe™), misinterpreted as a single electron in
the electromagnetic calorimeter, cause small values of Dy.qk. To remove these
backgrounds, a minimum distance to the closest track, Dy.q.x > 0.5, and to the
closest jet, Dj., > 1.0, are required as additional isolation criteria. Since particle
showers can be produced in interactions of the electron with the end cap of the
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Events
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Figure 6.6: Distributions of the observables used to reduce the background from
neutral current DIS in the pre-selected electron sample. The values of the applied
”Anti-NC cuts” are indicated as dashed lines. The cut ¢2 > 5000 GeV? is only
applied for Pgolo < 25,

Central Jet Chamber or dead material in the forward region of the detector, the
cut on Dy,q. is only applied for 6, > 45°.

Azimuthal balance % The quantity % can be interpreted as the fraction of
energy in the direction of the calorimetric missing transverse momentum. Events
from neutral current DIS and photoproduction tend to have large values of ‘”’

Events in which the missing momentum is due to high-Pr particles that dep051t
no or only little energy in the calorimeter, such as neutrinos or muons, have low
values of V‘”’. A two-dimensional cut is applied as a function of the electron

transverse momenturm Pr. 1t is illustrated in figure 6.7.

After all selection cuts, W production dominates the Standard Model expectation.

The W contribution amounts to 70%. The overall efficiency for the selection of events
W — ev is estimated with the EPVEC generator to be 40%. The final results of the
W selection in the electron channel are presented together with the results in the muon
channel, which is discussed in the following section.
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Pre-selection Anti-NC cuts Further background suppression
5° < 60, < 145° Ag(e — X) < 160° Dyraer. > 0.5
P& > 10 GeV || (E — P,)yis < 50 GeV Dje > 1.0
Pglo 5 12 GeV ¢2 > 5000 GeV? <05
for Pgale < 25 (< 0.15 for P& < 25 GeV)
Beene < 1.03

Table 6.1: Summary of the cuts used to select decays W — ev. The pre-selection
criteria for the electron channel are shown in the first column. The second column
shows the cuts for the suppression of neutral current DIS. The third column contains
the additional cuts to reject the remaining Standard Model background.

W Selection Cuts in the Muon Channel

In the muon channel, the main emphasis must be put on the reduction of muon-pair
production in photon-photon collisions. A set of cuts similar to the ones used in the
electron channel is exploited to enhance the W component relative to the background
processes. These cuts are listed in table 6.2 and are discussed below:

1. Number of isolated muons: Muons from photon-photon collisions are often pro-
duced in backward or in forward direction. Hence one of the two muons frequently
disappears in the beam pipe and escapes detection. Events in which both muons
are detected are removed by asking for only one isolated muon. The isolation
condition for the second muon is essential, since events with muons in or close to
a jet, for instance from semi-leptonic decays of a b-quark, should of course not
be rejected.

2. A¢(p— X) : In inelastic muon-pair production, where one muon is lost in the
beam pipe, the angle between the detected muon and the hadronic final state is
usually 180°. A cut A¢(p— X) < 170° thus efficiently suppresses photon-photon
events. Also other Standard Model backgrounds are significantly reduced by this
cut.

3. Pf#ss . As mentioned earlier, the real missing transverse momentum in events
with muons differs from the calorimetric missing transverse momentum, P,
Therefore events with P > 12 GeV can still be balanced in transverse mo-
mentum, if the muon Pp-measurement in the tracker is taken into account. Such
events are rejected by requiring also Pr*¢ to be above 12 GeV.

4. P#¥ : In contrast to the electron channel, the background contribution becomes
less and less important towards higher values of P;. The peak in the first bin
of the P7 distribution in figure 6.8 corresponds to elastic muon-pair production,
i.e. events in which the proton stays intact and no or only little hadronic final
state is visible. To remove these elastic events, a cut at 12 GeV is imposed on
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Figure 6.7: Distributions of the observables used to further reduce non-W back-
ground in the electron channel after the neutral current suppression is applied. The
cuts are indicated as dashed lines in the one-dimensional histograms (a) and (b) and
as solid lines in the correlation plots (d) and (e).

PX. Since for muon events the P£° requirement acts effectively as a cut on the
hadronic transverse momentum, the additional cut on PX causes no significant
loss of W efficiency.

5. Yer. Corresponding to the electron channel, a two-dimensional cut is applied

Vo

. v, . .
on the azimuthal balance 3 as a function of P to reduce the remaining
p
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background from neutral current DIS and photoproduction. It is illustrated in
figures 6.8 (f) and (g).

Pre-selection Background suppression
5% < 0, < 145° Ap(p— X) < 170°
PF > 10 GeV P¥ > 12 GeV
Pfle > 12 GeV Priss > 12 GeV
Dyrger > 0.5 # isolated p =1
Djer > 1.0 <05
(< 0.15 for Pgale < 25 GeV)

Table 6.2: Summary of the pre-selection in the muon channel and the cuts used to
reject non-W background.

This muon selection results in a W contribution of close to 90%. The overall
efficiency of selecting W’s is ~ 15%. For large values of the hadronic transverse mo-
mentum (P > 25 GeV), approximately the same W efficiency of ~ 40% is reached in
the electron and in the muon channel.

Results of the W Selection

The final event yields of the W selection in both channels are summarized in tables 6.3
and 6.4. They are presented for different ranges of the hadronic transverse momentum.
The contributions from W production and from all other Standard Model processes
are also given separately.

In figures 6.9 (a) and (c), the transverse mass distributions of the lepton-neutrino
system are shown. The transverse mass is defined as the invariant mass of the two
(massless) vectors obtained by projecting the lepton and neutrino momenta onto the
transverse plane:

2t = (1B + | Pris))’ = (Bt + Ppiss)” (64)

The transverse momentum of the hypothetical neutrino from the W decay corresponds
to the missing transverse momentum in the event. The M distributions of the data
events are compatible with a Jacobian peak close to the W mass for both channels, as
expected from the W simulation. This result nicely supports the W hypothesis of the
observed events.

As can be seen from the PX spectra in figures 6.9 (b) and (d) and the event
numbers in tables 6.3 and 6.4 , there is a clear excess of data events for large values
of P#X, observed in both the electron and muon channels. Combining both channels
for PX > 25 GeV, eleven isolated lepton events are observed for 3.67 + 0.96 expected.
The following section discusses the degree of agreement between the observed P#
constellation and the P spectra predicted by the Standard Model.
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Figure 6.8: Distributions of the observables used to suppress non-W background for
the pre-selected muon sample. The cuts are indicated as dashed lines in the one-
dimensional histograms (a)-(d) and as solid lines in the correlation plots (f) and (g).



6.3 How LIKELY IS THE EXCESS AT HIGH Pj7?

99

(a)

@ Electrons e Data94-00
< B SMwith error
°>’ 10 ] NC

L CC+yy+1p

10 .
200
ev
M;™ (GeV)

(c)
@ Muons e  Data94-00
c B SMwith error
Q10 O w
] NC + CC +1yp

M (GeV)

—~

b)

Events

Events

Electrons

0
P, (GeV)

Figure 6.9: Final distributions of the transverse mass M# and the hadronic trans-
verse momentum after the W selection.

Electrons Data 94-00 | SM expectation W prod. | Other processes
0 < P¥ <12 GeV 5 7.43 + 1.67 5.01 + 1.50 2.42 + 0.73
12 < P < 25 GeV 1 2.18 + 0.50 1.53 4+ 0.46 0.65 £+ 0.20
25 < Pjf < 40 GeV 2 1.15 £ 0.30 0.95 £ 0.29 0.19 £+ 0.06
P# > 40 GeV 3 0.73 £ 0.18 0.57 £ 0.17 0.16 £ 0.05
Total 11 11.48 + 2.63 8.06 + 2.42 3.42 + 1.03

Table 6.3: The final event yields obtained with the W selection in the electron channel.
The event numbers of the data and the Monte Carlo expectations are given for different
ranges of the hadronic transverse momentum Pj.

6.3 How Likely is the Excess at high P;?

The compatibility between the observed and expected PX spectra for the W selection
is evaluated by computing a confidence level for the hypothesis that only Standard
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Muons Data 94-00 | SM expectation W prod. | Other processes
12 < P < 25 GeV 2 1.21 £ 0.31 1.03 £ 0.31 0.18 + 0.05
25 < P < 40 GeV 3 1.06 £+ 0.28 0.94 + 0.28 0.13 + 0.04
P# > 40 GeV 3 0.73 £ 0.20 0.67 £ 0.20 0.06 £ 0.02
Total 8 2.99 4+ 0.80 2.63 + 0.79 0.37 £ 0.11

Table 6.4: The final event yields obtained with the W selection in the muon channel.
The event numbers of the data and the Monte Carlo expectations are given for different
ranges of the hadronic transverse momentum Pj.

Model processes account for the observed events (background-only hypothesis, where
background means Standard Model in this case). In the following, the principles of
this confidence level calculation are explained step by step. At first, the observed P#
spectra are used without systematic uncertainties. Later the confidence level calcu-
lation is repeated taking the uncertainty on the predicted Standard Model rate into
account.

Construction of an Estimator Distribution

As generally done in confidence level computations, an estimator (or test statistic) F' is
introduced to quantify the background-ness of each real and simulated event. It must
be a monotonous function. As estimator, the hadronic transverse momentum Pj is
chosen. If n events are observed in the experiment, the estimators Fj, for the single
events are added to form an ensemble estimator F"

n n
F=3% Fe=3 (P (6.5)
k=1 k=1
The probability distribution of the estimator F' for an experiment with a fixed number
of events needs to be constructed. The normalized P# spectrum corresponds to the
probability density function of F' for an experiment with one event, p;(F) . If there
are n events in the experiment, the joint probability density function p,(F') can be
obtained by iterative integration. As an example, for n = 2 the resulting probability
density function py(F') is the convolution of p; (F) with itself:

po(F) = //pl(Fl)pl(F2)5(F _F\ — R)dF.dF, . (6.6)
For n events this can be generalized as:
pu(F) :// 11 (n(Fo)dF) 6(F ~ Y ) - (6.7)
k=1 k=1

Since we know the expected number of events from the Standard Model simulations,
we are now interested in the probability to observe a certain value of F', if the expected
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number of events is b. This is achieved by weighting each joint probability density
function p, (F') with the Poisson probability to observe n events, if b events are expected:

() =3 e 0 pulF). (65)
Technically, p,(F') is computed using two different approaches [58]:

1. Toy Monte Carlo Experiments:
A large number of toy Monte Carlo experiments are generated. For each event k
in a toy experiment, a value of the estimator Fj, is randomly chosen according to
the Pj distribution. The number of events in each experiment is generated from a
Poisson distribution with a mean corresponding to the number of expected events.
With the generation of 10000 of these toy experiments, a good approximation of
the ensemble estimator distribution p,(F') is reached.

2. FFT Method:
Using a method derived in [57], the distribution p,(F) can be calculated an-
alytically if the probability density function p;(F’) for a single event is given.
The analytic calculation is based on Fourier transformation. The function p,(G)
denotes the Fourier transform of p,,(F). Then the Fourier transform of a convo-
lution of functions, such as equation 6.7, can be expressed as a product of the

Fourier transforms of the functions themselves [57]. Thus p,(G) can easily be
expressed as a power of p;(G):

n

(G = (n(@))". (6.9)

This leads to the following relation for the ensemble estimator distribution:

5T - S ey 620
— @), (6.11)

The application of the inverse Fourier transformation yields p,(F"). The transfor-
mations are performed using a numerical Fast Fourier Transform (FFT).

The ensemble estimator distributions p,(F) for the electron and muon channels are
shown in figure 6.10(a) and (b). The results obtained with the FFT method (solid his-
togram) and the Monte Carlo experiments (dashed histogram) are in good agreement.
The precision of the Monte Carlo method is limited by the number of generated toy
experiments. Statistical fluctuations are clearly visible for large values of F'. The FFT
method has a higher precision and is less time-consuming compared to the generation
of a large number of toy experiments.
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Confidence Level Computation

The confidence level for the background-only hypothesis, denoted by CL; in the fol-
lowing, can now easily be obtain by integration of the ensemble estimator distributions
pp(F). The confidence level CL, is defined as the probability that the value of the
estimator F' for the Standard Model processes is less than the value observed in the
data, Fyp,:

Fobs
CL,,:/O py(F)dF . (6.12)

As a result, the number 1 — CL,; corresponds to the probability that the observed data
are described by the Standard Model.

The integration is performed for the electron channel and the muon channel sepa-
rately, and the resulting numbers for 1 — CL, are given in table 6.5. The probability of
the background-only hypothesis in the electron channel is 11.0 %, in the muon channel
it is 1.1 - 1073. The much lower probability in the muon channel is due to the fact
that the three muon events with highest hadronic transverse momenta have values of
P2 in the range 50 — 70 GeV, while the electron events with highest P have lower
values between 40 — 50 GeV (see figure 6.9). In addition, the overall event yield in the
electron channel is in agreement with the expectation, whereas the number of muon
events lies above the expectation already from P& > 12 GeV on.

Combination of Electron and Muon Channels

The combination of the electron and muon channels is achieved by adding the Py
distributions of both channels. The estimator distribution and the confidence level are
then evaluated for the combined P spectrum. The ensemble estimator distribution
pp(F) for the combination is shown in figure 6.10 (c¢). The value of the integral over this
distribution as a function of the upper integration limit Fyy, is presented in figure (d).
The value of F,, which is really observed in the data, and the corresponding confidence
level 1 — CL, are marked by dashed lines. The probability that the combined electron
and muon data are described by the Standard Model is 1.4 - 1073, neglecting systematic
uncertainties.

Results with Systematic Uncertainties

The systematic errors are dominated by the theoretical uncertainty of 30% on the
W expectation and the other Standard Model processes. Therefore the systematic
uncertainties are taken into account by simply scaling up the normalization of the P;¥
distributions according to the systematic uncertainties quoted in tables 6.3 and 6.4.
The probability of the background-only hypothesis for the combination of electrons and
muons increases from 1.4 - 1073 without systematics to 9.7 - 1073 with systematics.
This probability is low enough to think seriously about adding a signal contribution
beyond the Standard Model. One possible signal is single top production.
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Figure 6.10: The ensemble estimator distributions, p,(F), for the electron channel
(a) and the muon channel (b). The solid black histogram is calculated with the FFT-
method, the dashed histogram with the Monte Carlo method. The combination
of both channels yields distribution (¢). In (d), the integral over this combined
estimator distribution is plotted as a function of the upper integration limit, F;.
It corresponds to the probability of the background-only hypothesis 1 — CL;. The
confidence level CL, is illustrated as hatched area in (a)-(c). The dashed lines
correspond to the values observed in the data.

Results for P > 25 GeV

For comparison. the above described confidence level calculation has been repeated
using only the part of the P spectrum above 25 GeV. The confidence level is thus
more concentrated on the region where the excess is observed. The results for the
probability of the background-only hypothesis are also given in table 6.5.

6.4 Kinematic Reconstruction of Top Decays

A promising possibility to interpret the isolated lepton excess at high P is the produc-
tion and decay of single top quarks. As discussed in detail in the theoretical overview
in section 2.1, the Standard Model cross-section for top production at HERA is ex-
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1—-CL,
Full PYX spectrum | w/o systematics with systematics
Electrons 11% 23%
Muons 1.1-10°3 4.5 +1073
Electrons and Muons 1.4-10°3 9.7-1073
PX > 25 GeV
Electrons 4.5% 8.7%
Muons 3.1-10°3 9.1-10°3
Electrons and Muons 7.4-1074 4.0 1073

Table 6.5: The probabilities 1 — CL, that the observed data are described by the
Standard Model. The confidence level calculations are carried out with and without
consideration of systematic uncertainties. The results are shown for the full PX spec-
trum and after a cut PX > 25 GeV.

tremely small and can be neglected. Single top production might, however, proceed
through a flavor changing neutral current process with an anomalous tu~y-vertex. The
top quark decays to approximately 100% into a b-quark and a W boson (¢t — bWW). The
b-quark is detected as hadronic jet in the calorimeter. As a result of the huge top mass,
this b-jet acquires a large transverse momentum. This could explain why the excess of
lepton events is situated at high P7. If the W emerging from the top decay undergoes
a leptonic decay (W — fv), only the lepton is directly measured in the detector, while
the neutrino escapes detection. As a first step to obtain the full information about the
top decay, it is therefore necessary to find a way to reconstruct the kinematics of the
undetected neutrino.

Figure 6.11: Feynman diagram of FCNC single top production at HERA with sub-
sequent decay t — bW ™ — blTy,.
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6.4.1 Reconstruction of the Neutrino

The transverse momentum of a top quark produced in a process as shown in dia-
gram 6.11 is generally very small and is neglected in the following. Under the assump-
tion that there is only one neutrino in the event, the transverse momentum vector of the
neutrino can then be reconstructed using the missing transverse momentum measured
in the detector.

Py = ppies (6.13)

As regards the longitudinal momentum of the neutrino, two cases are treated sepa-
rately:

o Tagged events: An event is called "tagged”, if the momentum transfer Q? is
sufficiently large that the scattered beam electron is detected within the accep-
tance range of the H1 detector. This is the case for 30% of events from single
top production (and for 25% of events from Standard Model W production) .
In the muon channel, this means that the event contains an identified electron,
and in the electron channel the event contains an additional electron. As single
top production proceeds mostly at high values of y, the energy of the scattered
electron is in general quite small. The electron with lowest transverse momentum
is assumed to be the scattered electron. According to the top simulation, this
assumption is correct in 95% of all tagged events. Since the scattered electron is
measured in the main detector, the conservation of the total F — P, in the event
can be used to obtained the £ — P, of the neutrino via the relation:

(B — Py), = 55 GeV — (E — P,)yis - (6.14)

Now the complete neutrino kinematics is known. In the data, this method can
be applied for three of the eighteen isolated lepton events that pass the W selec-
tion. The lepton-neutrino invariant masses My, of these three tagged data events
are compatible with a W interpretation (M, = 73%7, 79713 and 86%] GeV).
The My, distribution obtained for simulated top events are presented in fig-
ure 6.12. The muon-neutrino mass distribution is significantly broader than the
electron-neutrino mass as a result of the larger uncertainty on the momentum
measurement of high-Pr muon tracks.

e Untagged events: Events are called "untagged”, if the scattered beam electron
is not detected. Therefore its longitudinal momentum is unknown and the con-
straint on £ — P, cannot be applied. Instead, another kinematic constraint can
be exploited to reconstruct the full neutrino kinematics. A constraint on the
invariant mass of the lepton-neutrino system (W mass constraint) is imposed:

My, = \/(E; + B,)? — (§e + f,)? = My = 80.4 GeV . (6.15)

The W mass constraint represents a quadratic equation in the neutrino energy
and momentum and hence yields two possible solutions for (E — Py),. As illus-
trated in figure 6.13, one of the solutions corresponds to a backward neutrino, the
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Figure 6.12: Distribution of the reconstructed lepton-neutrino invariant mass for
simulated top events (t — bW — blv) with a tagged electron. The lines are Gaussian

fits

to the cores of the mass distributions.

Figure 6.13: Illustration of the two possible solutions for the neutrino momentum
obtained from a W mass constraint, if the transverse momentum of the neutrino is
known.

other to a forward neutrino relative to the lepton direction. The two solutions
will in the following be named vj,,q and vg,q.

Reconstruction efficiency:

For events that do not contain a W boson, it may happen that equation 6.15
has no real solutions. The obtained solutions are then complex conjugate. Due
to measurement errors, this can also happen for events that do have a "W boson.
In the case of complex conjugate solutions, the imaginary part of the solution is
neglected, in order not to lose the event. If a solution for (F — Py), happens to
be negative, it is rejected as being unphysical.

The W mass constraint for untagged events has a neutrino reconstruction effi-
ciency of 99% in the electron channel and 89% in the muon channel. The loss of
efficiency is due to unphysical values of (F — Py),, i.e. negative solutions. Since
the reconstruction efficiency in the electron channel is close to optimal, the lower
efficiency in the muon channel can only be a result of the larger uncertainty on
the measurement of the muon track momentum compared to the calorimetric
energy measurement of the electron.
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In order to increase the neutrino reconstruction efficiency for muon events, a
variation of the muon transverse momentum is carried out according to the un-
certainty given by the measurement of the track curvature. The curvature is
proportional to the inverse momentum of the track. A variation of Pi; within 20

is performed:

(@)wmd = o +ux- 5<P—:’ﬁ> with = € {0.1,0.2,...,2.0} . (6.16)

If this variation yields real solutions of the W mass constraint, the event kine-
matics are recomputed according to the changed muon transverse momentum.
For the case that real solutions exist for several values of the variation parameter
x, the solution corresponding to the smallest absolute value of x is taken. The
neutrino reconstruction efficiency in the muon channel is thus increased to 95%.
As can be seen for simulated top events in figure 6.14, the fraction of events with
unphysical negative solutions for (F — Pyz), is decreased and a better agreement
between the reconstructed and generated (E — Py), is reached. In addition, also
an improvement of the P* measurement in the event, and hence the transverse
momentum of the neutrino, is achieved by this variation. It confirms that the
variation of the muon Pr indeed yields an improved reconstruction of the event
kinematics in top events.

Choice of the correct solution:

In 12% (7%) of untagged electron (muon) events, the W mass constraint yields
complex conjugate solutions for (£ — Pz),. As mentioned before, the imaginary
part of the solution is neglected in this case yielding a unique value of (E — Py),.
If two solutions exist, however, a prescription to resolve the ambiguity needs to
be given. The aim of such a prescription is to choose the solution for which the
reconstructed neutrino kinematically best matches the top hypothesis.

For the top decay t — blv,, a natural choice would be to choose the solution that
yields an invariant mass of the system lepton-neutrino-hadrons closest to the top
mass. The quality of this prescription is tested with simulated top events. The
distance in the n— ¢ plane between the reconstructed and the generated neutrino,
D(Vree — Vgen), is used to decide if the choice is correct. Using the “closest to the
top mass prescription”, the neutrino which best matches the generated neutrino is
chosen in 76% (72%) of untagged electron (muon) events that have two solutions.

Some improvement can be reached by exploiting the correlation between the
lepton and the neutrino polar angles in top decays. Figure 6.15 shows that for
certain regions of the lepton polar angle, one of the two solutions v,q and vyq
is more likely than the other. The difference D (vhwa — Vgen) — D(Viwd — Vgen) 18
used to decide which of the solution is better (i.e. yields a reconstructed neutrino
that lies closer to the generated neutrino):

<0 : Uy better solution

>0 : Vpyq better solution . (6.17)

D (l/bwd — Vgen) - D (Vfwd — Vgen) {

For small lepton polar angles, the backward neutrino is the most likely and vice
versa. Therefore the choice ”closest to the top mass” needs only be taken for
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Figure 6.14: Monte Carlo distributions of the reconstructed (F — Pz), and P} for
top events in the muon channel. The distributions are shown before and after a
variation of the muon track momentum as described by equation 6.16. For events
with two solutions for (E — Py),,, one solution is chosen according to the prescription
in table 6.6.

intermediate values of the lepton polar angle. The polar angles that are used to
define this intermediate region were optimized to obtain the best match between
the generated and the reconstructed neutrino. This leads to the prescription
presented in table 6.6. The percentage of correct choices is now improved to 83%
(78%) in the electron (muon) channel.

Polar angle range Chosen Solution
0, < 18° Vbwd
18° < 0, < 40° My, jers closest to top mass
0, > 40° Vfwd

Table 6.6: Optimized prescription to choose the correct solution for the neutrino kine-
matics in untagged single top events.
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Figure 6.15: Difference of the distances between the generated and the reconstructed
neutrino for the two possible neutrino choices (V4,4 and vy,q) as a function of the
electron polar angle 6., shown for untagged simulated top events (¢ — bev,). Values
on the ordinate less than zero mean that 1,4 is closer to the generated neutrino
than v, and vice versa. The two vertical lines define the regions of 6., where 1,4
(left), vfyq (right), or the neutrino with M,_,_je;s closest to 175 GeV (in between)
is the best choice.

Distributions of the reconstructed (E — P,), for all tagged and untagged simulated
top events are presented in figure 6.16. The distributions for the choice of the forward,
the backward and the best-choice neutrino are shown in comparison to the generated
neutrino. A good agreement is seen in the electron channel, and also a reasonable
agreement could be reached in the muon channel. The tail towards high values of
(E — P,), is due to muons with an unprecise measurement of the track momentum.

6.4.2 Reconstruction of the b-Jet and the Top Mass

In most of the cases, the fragmentation products of the b-quark form a well-collimated
hadronic jet in the calorimeter. However, gluons radiated from the b-quark can produce
additional jets with lower energy. These final state parton showers should be included
in the kinematic reconstruction of the quark. In both the ANOTOP generator for single
top production and the event generators for the Standard Model processes, final state
parton showers are implemented in the leading-log approximation. Three possibilities
to reconstruct the the b-quark have been studied, using:

1. The highest-Pr jet
2. The sum of all jets in the event (P} > 4 GeV, no 7;¢-cut)

3. The complete hadronic final state X .

Figure 6.17 shows the energy of the reconstructed b-quark, Fjy, for the three possibilities
given above in comparison to the generated energy.
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Figure 6.16: Monte Carlo distributions of the reconstructed (E — P,), for the back-
ward, the forward, and the best-choice neutrino obtained from a W mass constraint
in simulated top events. The reconstructed distributions (solid histograms) are com-
pared to the generated distributions (dashed histograms) in the electron channel
(left) and the muon channel (right).

The best choice is obviously the sum of all jets in the event. Using only the highest-
Pr jet does not take parton showering into account and thus tends to underestimate
the energy of the b-quark. The energy of the complete hadronic final state X is shifted
towards higher values compared to the generated b-quark energy, mainly due to energy
deposits of the proton remnant in the very forward region of the calorimeter.
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The top mass can now be calculated as the invariant mass of the lepton, the neu-
trino, and all jets. Distributions of the top mass obtained for simulated top events
are presented in figure 6.18. The mass resolutions taken from Gaussian fits to the
My_y—_jets distributions are 14.7 GeV for the electron channel and 19.7 GeV for the
muon channel. Due to deviations from ideal Gaussians in the tails, only the Gaussian
cores of the distributions are used in the fit.

(a)
Highest-P jet All jets Hadronic system X
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Figure 6.17: Monte Carlo distributions of the generated and reconstructed b-quark
energies in simulated top events. Three different possibilities of the b-quark recon-
struction are compared to each other: (a) highest-Pyr jet, (b) sum of all jets, (c) the
full hadronic final state X.
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Figure 6.18: Monte Carlo distributions of the invariant mass of the system lepton-
neutrino-jets for top decays in the electron channel (a) and the muon channel (b).
The mass resolutions are obtained from Gaussian fits (solid lines) to the cores of the

distributions.

Table 6.7 gives the reconstructed values of the transverse momentum P2 and the
invariant mass My_,_je;s for the W candidate events with high hadronic transverse
momentum (P4 > 25 GeV). It should be remarked that no data event in the W
selection was lost in the neutrino reconstruction. If two solutions for the neutrino
kinematics exist, there are of course also two solutions for the mass M;_,_jes. All
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solutions for the mass are shown together with the corresponding total £ — P, =
(E — P,)yis + (EF — P,), in the event. The best-choice solution, chosen according to
the prescription in table 6.6, is underlined. The errors quoted for the masses are
obtained event by event from Gaussian variations of the lepton and hadron kinematics
within +10 according to the resolutions of the hadronic and electromagnetic energy
measurements (0(Epea) = 0.7/v/Ehaa » 0(Fem) = 0.15/y/FEepn) and the error of the
track Pr-measurement.

Two of the events have a tagged electron and hence the reconstructed mass is
unique. For comparison, also the values obtained with the untagged method are com-
puted for these two events, pretending the scattered beam electron is not identified.
For the tagged e™ event, one of the untagged solutions is perfectly consistent with the
tagged solution. For the tagged p~ event, both masses computed with the W mass
constraint are lower than for the tagged solution. The reason for this is that for the
tagged solution, the reconstructed muon-neutrino invariant mass is about 6 GeV higher
than the nominal W mass used in the mass constraint. However, both methods are
consistent within the quoted mass errors.

Untagged solution v, | Untagged solution v, | Tagged solution
Lepton | Pi™ | My jus  E—=P. | Myy jus E—P. | My, jus My

(GeV) | (GeV) (GeV) (GeV) (GeV) (GeV)  (GeV)
et 27 187 *1% 65 144 12 40 - -
et 43 155 *1 62 135 ¢ 21 - -
et 47 375 118 371 16878 55 168 11 79 12
et 48 160 ¢ 30 160 *% 30 - -
wt 26 112 5 37 113 3 32 - -
w 27 146 9, 47 13678 38 15918 8615
m 27 123 *15 43 147 *22 33 - -
pwt 55 | 274 *i3 153 172 38 - -
W 64 164 9 60 169 1} 51 - -
wt 72 210 *17 61 176 9, 25 - -

Table 6.7: Kinematics of the isolated lepton events at high hadronic transverse mo-
mentum (PA" > 25 GeV). Both untagged solutions of the 1V mass constraint are given
for the mass My_,_jets and the total E — Py = (E — Pyz)yis + (E — Pz),. In two events,
the scattered beam electron is detected. For these events, the tagged method can be
applied and the invariant mass of the lepton-neutrino system, My,, is computed. The
chosen solution for the invariant mass is underlined.



6.5 OBSERVABLES TO DISCRIMINATE ToP AND W PRODUCTION 73

6.5 Observables to Discriminate Top and W Pro-
duction

This section is concerned with the separation of the single top signal from Standard
Model background processes. The largest background in the search for single top
production at HERA is Standard Model W production. It should be noted that in
contrast to the discussion of the W selection in section 6.2, W production is now no
longer considered as signal, but as background process to top production. The current
upper limits on single top production from experiments at LEP and the TeVatron
correspond to a cross-section of O(1 pb). It is of the same order as the cross-section
for Standard Model W production. In this section, different observables are studied
to characterize top decays and achieve an efficient separation of the top signal and the
background from W production.

6.5.1 Choice of Observables

The relevant degrees of freedom in a top decay are illustrated in figure 6.19. In figure (a)
all particles are shown after a boost into the rest frame of the top quark, in (b) all
particles are boosted into the rest frame of the W. The kinematics of top decays can
be described by four observables, if the azimuthal angles of the top and the W decay
are neglected. These four observables are the top mass, an angle for the decay ¢t — bW,
the W mass, and an angle for the decay W — (v.

(a) (b)

Top rest frame W rest frame

Figure 6.19: Tllustrations of the top quark and W boson decays as viewed in the
rest frame of the top (a) and the W (b).

e Top Decay Angle:
The top decay angle is chosen as the angle between the b-quark in the top rest
frame and the direction of the top quark in the laboratory frame. It is denoted by
7. Since top quarks are mainly produced with negligible transverse momentum,
the top direction in the laboratory frame is to a good approximation the z-axis.
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The top decay angle is strongly correlated to the transverse momentum of the
b-quark:

P~ (P2)* =~ Ef sin(6}), (6.18)

where the star denotes quantities in the top rest frame. The distribution of 8
is shown in figure 6.20 (a) for generated and for reconstructed top events in
comparison with reconstructed events from the W simulation. Only events that
pass the W selection are shown.

Since top quarks produced in vy-exchange are unpolarized, there is no preferred
direction for the emission of the b-quark in the top rest frame. The top decays
isotropically. Therefore the cosine of the decay angle, cos(f}), is expected to be
flat. The observed slight deviations from a flat distribution are due to deficiencies
in the neutrino reconstruction and the cuts applied in the W selection. Good
agreement is seen between the generated and reconstructed top events. For Stan-
dard Model W production, cos(¢}) exhibits sharp peaks close to -1 and 1. These
peaks correspond to small values of the hadronic transverse momenta P%ets, as
expected for most events from W production.

e W Decay Angle:

As for the W decay angle, the angle between the lepton and the direction of
the W boson is chosen. In the top rest frame, it corresponds to the angle x} of
figure 6.19 (a). The thus defined angle still includes the boost of the W, which is
determined by the top mass. It is more favorable to eliminate the contribution
from the boost of the W by boosting the lepton and the neutrino four-vectors
from the top rest frame into the W rest frame. The decay angle obtained in
the W rest frame is denoted by 65, as illustrated in figure 6.19 (b). It is the
angle between the lepton in the W rest frame and the W direction in the top rest
frame.

Figure 6.20 shows a good agreement between the generated and reconstructed
W decay angle for top events. The shape of the 6}, distribution for top events
is a consequence of a specific mixture of two possible W helicity states in top
quark decays and the V—A structure of the electroweak theory. A more detailed
discussion can be found in in appendix B and in [59, 60]. As for the discrimination
between top and W production, this angle has only a rather small separation
power.

A set of reconstructed observables is now chosen to separate a possible top signal
from the W background, keeping in mind that the degrees of freedom in top decays
is four (neglecting azimuthal angles). In semi-leptonic top decays, as discussed in this
chapter, the mass of the W cannot be exploited, since a W mass constraint is needed
to reconstruct the neutrino kinematics. This reduces the degrees of freedom by one. As
mentioned before, the top mass is approximated by the invariant mass of the lepton-
neutrino-jets system. Instead of the top decay angle, the transverse momentum of all
jets, P is used, which corresponds to the transverse momentum of the b-quark and
is directly measured in the detector.
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Figure 6.20: Monte Carlo distributions of the cosine of the top decay angle, 67, in
the top rest frame (a) and the W decay angle, 63, in the W rest frame (b). The
distributions are shown for generated (dashed) and reconstructed (solid) top events
in the electron channel compared to reconstructed events from the simulation of W
production (hatched). All distributions are normalized to unity.

The three observables used for the discrimination of top and W production are
then:

1. Pi* the transverse momentum of all jets
2. Mj_,_jets, the invariant mass of the lepton-neutrino-jets system (top mass)
3. 0y, the W decay angle in the W rest frame .

Distributions of these observables are shown in figure 6.21 for the data and the
simulation of W production and other Standard Model processes. The histograms are
normalized according to the integrated luminosity of the data. The top simulation is
arbitrarily normalized to match the W expectation. The positions of the data events
are marked with arrows. Concerning the separation of top and W production, one sees:

e For top events, the reconstructed P%ets distributions peak at ~ 65-70 GeV. The
expected Jacobian peak for the transverse momentum of the b-quark from a top
decay lies at 69 GeV. In contrast, events from W production and other Standard
Model processes have mainly small values of Pi"*.

e The invariant mass My, _j.:s has a large separation power. Several of the isolated
lepton events have masses that are compatible with the top mass distribution. It
must be said, however, that the masses for all but one event lie below 175 GeV.

e The cosine of the W decay angle 0}, gives only some small additional contribution
to the discrimination against W production. The Standard Model processes other
than W production are situated mainly at values close to -1 or 1. They make
up about 30% of the background in the electron channel and 12% in the muon
channel.
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Figure 6.21: Distributions of the three discriminating observables used to separate
single top production from Standard Model W production (left: electron channel,
right: muon channel). The top simulation is arbitrarily normalized to the expecta-
tion from W production. The positions of the data events are marked by arrows. A
number above the arrow indicates the number of data events in the corresponding
bin of the distribution.
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Figure 6.22: Correlations of the discriminating observables in the electron channel
for the simulated top signal (upper plots (a)-(c)) and the simulated W background
(lower plots (d)-(f)).
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Figure 6.23: Correlations of the discriminating observables in the muon channel
for the simulated top signal (upper plots (a)-(c)) and the simulated W background
(lower plots (d)-(f)).
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Correlations

The correlations between the discriminating observables are shown in figures 6.22
and 6.23 for the simulated top signal (upper plots) and the Standard Model W back-
ground (lower plots). As expected, the W decay angle shows no correlation to either
of the other two observables for the signal and the background simulations. The mass
and the transverse momentum are clearly correlated. A large hadronic transverse mo-
mentum corresponds in general to a large invariant mass My, jes. In plot 6.22 (d),
a band of events is visible at very small values of P}, It is due to events from W
production, in which the quark is not scattered into the detector. Because of the cut
P7¥ > 12 GeV applied in the W selection for muonic decays, this band is not visible in

the corresponding plot for the muon channel.

6.5.2 Possibility of b-Quark Identification

The tagging of b-quarks is a mighty tool to identify top quark decays. A b-quark
identification exploits the lifetime, mass, or semi-leptonic decay modes of b-quarks.
Due to their long lifetime, b-quarks produce secondary decay vertices, which can be
reconstructed with a silicon tracker. At H1, only a central silicon tracker (CST) was
available before 2001. The b quarks from top decays, however, are found in the forward
region most of the times, and thus outside of the CST acceptance. The large mass of
the b-quark should manifest itself in a large mass of the hadronic jet measured in the
detector. For the jet mass, no efficient separation from lighter quarks was seen. As
for the semi-leptonic decay modes of the b-quark, only in about 10% of all b-decays a
muon is produced, which can then be identified. Due to small identification efficiencies,
an identification of b-quarks has not been used in this analysis. It might however be
feasible with higher data statistics in the future.

6.5.3 Shape Analysis

As can be seen from the discriminating observables in figure 6.21, some data events
fit kinematically better to single top production than to W production. Besides the
observed discrepancies in the event rates between data and Standard Model prediction,
it is interesting to see whether the agreement of the distributions in shape can be
improved by adding a contribution from top production to the Standard Model.

To test only the shapes of the distributions, the total Standard Model background
is normalized to the number of data events. The agreement in shape is checked by
studying integrated distributions of the discriminating observables. Therefore, the
PI" and Mj_,_jus distributions are integrated bin by bin starting from the right
("signal-like”) side. The leftmost bin of the integrated distribution hence gives the
total number of data events.

The resulting integrated distributions are shown on in figures 6.24 and 6.25 for the
electron and muon channels (left sides). It can be seen that the shapes of the P and
My_y_jets distributions are not well-described by the Standard Model.

In order to see if an additional contribution from single top production improves
the agreement in shape, the sum of the Standard Model background and the top signal
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is now normalized to the number of data events. Thereby the absolute normalization of
the top contribution is chosen to best fit the observed data, as will be derived later in
section 8.1. The resulting integrated distributions are presented in figures 6.24 and 6.25
(right sides). For both channels, the additional contribution from single top production
gives a clearly better description of the transverse momentum and mass distributions
in shape, in particular at large values of P{" and My, jes-
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Figure 6.24: Integrated distributions of P%ets and Me_,_jets in the electron channel.
On the left side, the sum of W production and other Standard Model backgrounds
is normalized to the data. On the right side, an additional contribution from top
production is taken into account. The fraction of top events is chosen to best fit the
observed data (see section 8.1).
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Figure 6.25: Integrated distributions of P:,’;ets and M,,_,_jes in the muon channel.
On the left side, the sum of W production and other Standard Model backgrounds
is normalized to the data. On the right side, an additional contribution from top
production is taken into account. The relative fraction of top events is chosen to
best fit the observed data (see section 8.1).

6.6 Cut-Based Search for Top Quarks

To enhance a potential single top signal relative to the Standard Model background,
both a cut-based and a more refined likelihood analysis are carried out. In this section,
the straight-forward approach of applying one-dimensional cuts in the discriminating
observables is pursued. The values of the cuts are chosen to reject a large fraction of
the background whilst maintaining a high efficiency of about 40% for top production.
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6.6.1 Definition of the Cuts

In the selection of top events, cuts are imposed on the transverse momentum sum of
the jets, P4, and the mass My_y_jets- The shape of the W decay angular distribution
does not allow an efficient cut to separate top from W production. It does show a nice
separation from other Standard Model processes, which lie at values of cos(#};,) close
to -1 and 1, but these events have mainly low hadronic transverse momenta. They
are already drastically reduced by the other two cuts on P& and My jets. For this
reason, no cut is applied on the W decay angle.

Cut on the Charge of the Lepton

So far the charge of the lepton has not been taken into consideration. At HERA, events
from single top production contain only positively charged leptons. As explained in
the theoretical overview in section 2.2.2, the production of anti-top quarks, which
would produce negatively charged leptons in the decay chain t — bW~ — biil™, is
strongly suppressed because the # distribution in the proton is much softer that the u
distribution. For this reason, events with negatively charged leptons should be removed
when selecting top events.

In order not to lose a potential top candidate due to a poor charge measurement,
only leptons with a well-measured negative charge are rejected. Therefore only tracks
that are reconstructed within the acceptance of the central tracking system (20° <
Otrack < 160°) are used for the charge determination. The transverse track lengths of
forward tracks are too short to allow a reliable charge measurement. In addition, the
significance of the charge measurement is taken into account. The charge of a track
is determined from the track curvature s in the magnetic field of the solenoid. The
significance of the charge determination is given by the ratio of the curvature and the
error on its measurement, 7-. It is plotted in figure 6.26 (a) for lepton tracks from
top decays and in (b) for tracks from W= decays. The cut indicated by a dashed line
rejects all negative charges measured with an accuracy of at least 2o.

As can be seen in figure 6.26 (a), only a negligible fraction of top events is removed
by this cut. The <= ! distribution for Standard Model W production shows two peaks.
The right peak belongs to W™ production, the left peak to W~ production. The
production of negative WW’s makes up ~ 40% of the total W cross-section at HERA.
In about 50% of these W~ — /¢ v events, the lepton lies within the acceptance of
the Central Jet Chambers. Altogether, the cut on the lepton charge reduces the W
background by 20%. The other Standard Model processes are reduced by 30-40%.

A summary of the top selection cuts is given in table 6.8. The same cuts are used
for the electron and the muon channels.

6.6.2 Systematic Uncertainties and Results

Before the final results of the cut-based selection of top candidates is presented, the
effect of systematic uncertainties is discussed. Various systematic uncertainties can

! According to the sign convention of the curvature, a negative curvature corresponds to a positive
charge and vice versa. Hence the quantity defined as 37 is greater (less) than zero for tracks with

positive (negative) charge
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Figure 6.26: The significance of the charge determination of lepton tracks for (a)
simulated top production and (b) simulated Standard Model W= production. Posi-
tively charged tracks have values of 5% above zero, negatively charged tracks below
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rated. The cut on the lepton charge applied in the top analysis is indicated as a
dashed line.

Top selection cuts
Transverse momentum P > 30 GeV
Mass My—y—jers > 140 GeV
Lepton charge Qe = +1 for % > 2 and 20° < #, < 160°

Table 6.8: Definition of the cuts used in the cut-based top selection.

have an impact on the results of the top selection. These uncertainties originate either
from an imperfect understanding of the detector, for instance the knowledge of the
absolute calibration of energies measured in the calorimeter, or theoretical calculations
for the processes implemented in the Monte Carlo generators. The following uncorre-
lated systematic error sources have been studied:

Experimental Systematic Uncertainties

e Lepton measurement: The electromagnetic energy scale is given a 3% uncertainty.
The muon energy scale is given a 5% uncertainty. The measurement of the lepton
angles is attributed an uncertainty of 3 mrad for the polar angle §, and 1 mrad
for the more precisely measured azimuthal angle ¢,.

e Hadron measurement: The hadronic energy scale has a 4% error. The measure-
ment of the jet angles are attributed an uncertainty of 20 mrad for 6;.;; and ¢ ;.
This uncertainty has been checked with a standard selection of neutral current
DIS events by comparison of the measured inclusive hadron polar angle with the
angle predicted from the energy and the polar angle of the electron (“electron
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method”). The result of this comparison is presented in figure 6.27. For the top
analysis, mainly the forward-to-central region, roughly between 10° and 70°, is of
interest. An uncertainty of 20 mrad (= 1.1°) seems to be a conservative choice.

o Lepton identification: The efficiency of the electron identification is assigned an
uncertainty of 2%. The uncertainty on the association of a track to the electron
cluster is 3%. The muon identification is assigned an uncertainty of 5%.

o Trigger efficiency: The uncertainty on the trigger efficiency in the muon channel
varies from 16% at lowest PX to 4% for P > 40 GeV [45]. The trigger efficiency
in the electron channel is ~ 100%, no uncertainty is assumed.

e Luminosity measurement: The accuracy of the luminosity determination is 1.5%.

Table 6.9 summarizes the experimental systematic uncertainties on the expected event
yield after the top selection. The quadratic sum of all uncertainties gives a total
experimental systematic uncertainty of 6% for electron events and 8% for muon events.

Experimental ANgy/Nsy after top cuts
systematic Electrons Muons
Leptonic energy scale | + 3% + 4%
6 lepton + 2% + 1%
¢ lepton + 0.5% + 0.5%
Hadronic energy scale | + 2% + 2%
6 hadron + 2% + 2%
¢ hadron + 1% + 1%
Trigger efficiency + 0% + 2%
Lepton identification + 4% + 5%
Luminosity + 1.5% + 1.5%
Total + 6% + 8%

Table 6.9: Effect of the experimental systematic uncertainties on the Standard Model
expectation, Ng,, for the cut-based top selection.

Uncertainties on the Predicted Rates for Standard Model Processes

e W production: An error of 30% percent is quoted in [25] for the calculation of
the W production cross-section used in EPVEC. It is mainly due to uncertainties
on the scale used for the calculation and the uncertainty in the photon parton
distributions.

e Other Standard Model processes: As already mentioned, an uncertainty of 30%
is estimated in [55] for the background rates of neutral current DIS, charged cur-
rent DIS, and photon-photon interactions modeled by the generators RAPGAP,
DJANGO, and LPAIR.
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Figure 6.27: The difference Af of the reconstructed inclusive hadron polar angle
and the polar angle of the hadron calculated using the measurements of the electron
energy and polar angle (”electron-method”) in a standard selection of neutral current

DIS events. The A@ distribution is shown for data and Monte Carlo simulation
(DJANGO).

The uncertainties of the Monte Carlo predictions are large compared to the total ex-
perimental uncertainty and thus dominate the systematics.

Results

After the cut-based top selection, three electron events and two muon events are found
as top candidates. The Standard Model expectations with systematic uncertainties are
given in table 6.10. The combined result for both channels yields five top candidates
in the data for a Standard Model expectation of 1.61 £+ 0.42 events. The data show
therefore an excess of events selected as top candidates. The efficiencies of the top
selection are obtained with the ANOTOP generator. They are 40% in the electron
channel and 42% in the muon channel.

Top selection Data 94-00 | SM expectation | SM W prod. | Top efficiency
Electrons 3 0.78 £ 0.20 0.68 + 0.20 40%
Muons 2 0.83 + 0.22 0.74 £ 0.22 42%
Electrons and muons 5 1.61 + 0.42 1.42 + 0.42 41%

Table 6.10: The observed and expected event yields after all top selection cuts.

6.7 Likelihood Discriminator

In this section, a multivariate likelihood method is discussed, which provides an alter-
native to the simple application of one-dimensional cuts. It should allow to improve
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the signal and background separation and takes into account correlations between the
different discriminating observables.

In a likelihood analysis, a single discriminator distribution is constructed by com-
bining the information from the discriminating observables in an optimal way. In
contrast to the cut-based analysis, the likelihood analysis exploits the full distributions
of the input observables. Distributions which show only moderate differences in shape
for the signal and background processes (e.g. the angular distribution in figure 6.21),
and thus do not allow an effective one-dimensional cut without losing too much sig-
nal efficiency, can still give some additional contribution to the signal and background
separation in a likelihood analysis. In the following two sections, the principles of the
likelihood methods used in this thesis are explained. The results and performance of
their application to semi-leptonic top decays are presented in section 6.7.3.

6.7.1 Likelihood Method

In a likelihood analysis, a decision is taken to classify an event as signal or back-
ground candidate on the basis of a single discriminator L. The measurements of n ob-
servables x; in one event are combined in an n-dimensional vector of measurements
x = (1,...,%,). The likelihood discriminator is then defined as:

Psignal(x)
Psignal(x) + Pbkg (X)

L= (6.19)

where Pyignq(x)d"2 and Pyy(x)d"z are the probabilities to produce measurements x
in a volume element d"x for a signal and background event, respectively.

By definition, the likelihood discriminator can take on values in the range 0 < L < 1.
Signal events tend to have values close to one, while background events tend to be close
to zero. The exact limits zero and one are only reached for values of x, for which one
of the probability densities vanishes:

0 (6.20)

L:{ 0 & Psignal(x):
=0

1 & P(,k,g(X)

In the standard likelihood method, the joint probability density P(x) for both sig-
nal and background events are approximated by the product of the one-dimensional
probability density functions p;(z;) for each single observable:

n

P(x) = [] pi(ai) - (6.21)

i=1
Technically, the probability densities functions p;(z;) correspond to the normalized
distributions (histograms) of the discriminating observables x; for the signal and back-
ground Monte Carlo samples. For strongly correlated observables, equation 6.21 can



86 6 TOP SEARCH IN THE SEMI-LEPTONIC DECAY CHANNEL

be a poor approximation. The factorization is only correct, if the observables are un-
correlated or follow Gaussian distributions. The standard method thus neglects any
correlations between the observables.

Review of Some Statistical Quantities

The definitions of a few statistical quantities, that are used in the following discussion
of the treatment of correlations, are briefly reviewed.

The function f(x) is the probability density of a continuous random variable z. The
probability of finding z in the interval [z;x + dx] is given by f(z)dz.

The expectation value of the random variable x is then defined as:
E(r) == /_Z of(2)dz . (6.22)
The variance of x corresponds to the mean deviation of x from its expectation value:
var(z) = o? = [ Z(x _ #)dz . (6.23)

The covariance of two random variables x; and y; is a measure of the dependence
between z; and y;:

COV(.’L’Z', .'L’j) =04 = /_o;(.'L’Z - fl)(.'L’] - .f])fl(.'l,’z)f](il,’])dl’zdl’] . (624)

The above definitions can be generalized for n variables. The covariance can then be
written in form of a n X n matrix:

0'% g2 ... O1p
2
0921 gy ... O2p
(0ij) = S : (6.25)
Ont Op2 ... O'TZL
Finally, the correlation coefficients are defined as:
O'Z'j
T yi) = pii = —2- 6.26
(i, yi) = piy e (6.26)

which can be combined in a correlation matriz (p;;) in analogy to 6.25.

6.7.2 Approximation of Correlations

For strongly correlated observables, the approximation of the probability densities
Pyig(x) and Py,(x) according to equation 6.21 artificially shifts events towards very
low or very high values of the likelihood. False peaks close to L = 0 and L = 1 are
created. These erroneous peaks disappear if the correlations are properly taken into
account and the correct probability densities are used.
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A modification of the standard likelihood method was developed in [61] (PTC-
method ?) to obtain an improved description of the joint probability density P(x) by
taking correlations into account.

The observables x; are transformed to Gaussian distributed variables y;. The
joint probability density for y = (y1,...,y,) can then be well approximated by an
n-dimensional Gaussian distribution:

]_ 1., Ty —1
G(v) = V|TY2 ey VY 6.27
%)= gy IV (6.27)
where V' denotes the n x n covariance matrix (o;;) of the y;, and |V its determinant.

The following monotonic mapping is used for the parameter transformation of the
observables x; — y;:

yi(x;) = V2 exf 1(2F (x;) — 1) . (6.28)

Here erf~! denotes the inverse error function and F(z;) the cumulative distribution
function, defined by:

T
Fla;) = / p(z!)dz . (6.29)
— 00

After this transformation, the y; follow Gaussian distributions of mean zero and vari-
ance one. As a result, the covariances o;; of the variables y; are equal to their correlation
coefficients p;;. The approximation of the n-dimensional probability density for y by
the n-dimensional Gaussian G(y) is not necessarily exact, since only the projections
of this distribution onto each variable axis are Gaussian. However, it is a much better
approximation than provided by the standard method.

In the PTC-method, a discriminator L' is constructed in analogy to equation 6.19,
but using the improved probability density P’(x), which are obtain by transforming
G(y) back into the x-space:

Plx) = Gy) Y = G(y) [ 2

n
dnx i=1

o= Gy) H p(““_’) , (6.30)

where the functions g(y;) are one-dimensional unit Gaussians of mean zero. The im-

proved probability density can be related to the product probability density P(x), as
used in equation 6.21 for the standard method, by a correction factor ¢(x):

n

P'(x) = ¢(x)P(x) = c(x) [ pi(2:) - (6.31)

=1

The correction factor is equal to the ratio of the n-dimensional Gaussian G(y) and the
product of the n one-dimensional unit Gaussians g(y;):

c(x) = ,LGL()) = |V| /2 e 2y (VTI-Dy (I = identity matrix) . (6.32)
i=1 \Yi

2PTC stands for Projection Transformation Correlation.
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A detailed derivation of this relation and of the parameter transformation can be found
for instance in [62].

Since the correlations between the observables x; are in general different for signal
and background events, a set of transformations z; — y; and x; — z; is needed to
calculate Py, (x) and Py (x), respectively. The improved likelihood discriminator is

signal

then defined by:

fignat(X)
I — signal ) 6.33
slignal(x) + Pblkg (X) ( )

6.7.3 Performance and Results

The improved likelihood method is applied to the single top analysis in the semi-
leptonic channel, and its performance is tested. The distributions of all three discrimi-
nating observables x; (i = 1,2, 3) in figure 6.21 serve as input to the likelihood analysis.
Since only the shapes of these input distributions are of relevance for the construction
of the likelihood discriminator, they are normalized to unity to obtain the probability
densities p(z;).

To achieve the best discrimination between single top and Standard Model W pro-
duction, the likelihood discriminator is constructed using the probability distributions
of the top signal and the W background only. It is thus designed to test the W hypoth-
esis versus the top hypothesis. The other Standard Model processes are interpreted as
additional small contribution, that may be classified either as more W-like or as more
top-like.

At first, no cut on the lepton charge is imposed. Although only positive charges
are expected from single top production, it is instructive to see how the events with
negative leptons are kinematically classified in the likelihood analysis.

Treatment of Correlations (Application of the PTC-Method)

To avoid a possible bias in the likelihood analysis, two statistically independent Monte
Carlo samples for each process are used in the generation of the likelihood discrimina-
tor L. Therefore each Monte Carlo sample is split up in two subsamples of equal size.
The first subsample is used to calculate the probability densities P'(x), i.e. to compute
the covariance matrices and the parameter transformations. The second subsample is
then used to obtain the distribution of L according to equation 6.33.

The Gaussian transformed variables y; for the signal and z; for the background
(1 = 1,2,3) are presented in appendix C. Fits to their distributions show that they
agree well with Gaussians of mean zero and standard deviation one. The deviations
from these ideal values are smaller than ~ 4% for the mean and the standard deviation.
Hence the covariance matrices of the transformed observables y; and z; are to a good
approximation equal to their correlation matrices. The covariance matrices are used to
approximate the joint probability density by a three-dimensional Gaussian distribution
(see equation 6.27). The accuracy of the description of the correlations with the PTC-
method can be checked by comparison of the correlation matrices before and after the
transformation to Gaussian distributed variables. All correlation matrices are given in
appendix C. Overall, a good agreement of the correlations for the untransformed and
transformed observables is seen in the signal and background Monte Carlo samples.
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The obtained likelihood discriminator L is presented in figure 6.28 for both the
standard method (left) and the PTC-method (right). In these plots, all likelihood dis-
tributions are normalized to unity in order to visualize the separation. The additional
background from other Standard Model processes has not yet been added. Since the
standard method disregards any correlations, erroneous peaks appear at zero (one) for
the signal (background) Monte Carlo. The improved likelihood distributions show that
the approximation of correlations with the PTC-method reduces these false peaks and
restores the true value of the likelihood.
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Figure 6.28: The likelihood discriminators obtained with the standard method (left)
and the PTC-method (right) for Monte Carlo events from single top and W produc-
tion. Upper plots: electron channel, lower plots: muon channel. All distributions
are normalized to unity.

In figure (b) for the electron channel, a slight rise is still visible for large values
of L, even after applying the PTC-method. Though very small in absolute size, it is
interesting to see where it comes from. It has been checked that this rise is not due
to a insufficient description of the correlations. Instead, it is an effect of the specific
shapes of the discriminating distributions in the electron channel. Since no cut on
PX is applied in the W selection for electron events, the normalized PJ** and mass
distributions exhibit long tails, which correspond already to a very small background
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probabilities in the regions where the top signal peaks. Hence background events in
these regions tend to have values of L close to one. The slight rise can thus be considered
as an effect of the large kinematic range of the observables PA"* and Me_y_jers- It has
been studied that applying a cut P& > 12 GeV also in the electron channel would
cause this effect to disappear. A discriminator distribution similar to the one in the
muon channel would be obtained.

Results without Cut on the Charge of the Lepton

Figure 6.29 shows the likelihood spectra of the Monte Carlo simulations compared
to the observed data events. The additional background contributions from non-W
processes is now included. The Standard Model background is normalized according
to the luminosity of the analyzed data. The top simulation is arbitrarily normalized
to the expectation from W production. The total event numbers seen in the likelihood
distributions correspond to the ones obtained with the W selection, reduced by the
number of events lost in the neutrino reconstruction, i.e. events for which no physical
solution of the W mass constraint is found. The event numbers are given in tables 6.12
and 6.13.

Looking at the likelihood distributions, it is obvious that in both channels the data
contain a fraction of events that has more W-like kinematics and another fraction with
clearly more top-like kinematics.

In the electron channel, four events are observed in a region where the top hypothesis
is favored to the W hypothesis. The other seven electron events at lower likelihood
are consistent with the W hypothesis. Their number is slightly lower than the total
Standard Model expectation of 11.23 + 2.58 events (7.96 £+ 2.39 from W production).
Considering the statistical and systematic uncertainties, it corresponds to an agreement,
on the 1.1 o level. Two data events contain an electron with a well-measured negative
charge (as marked in the likelihood distribution). These two events are consistent with
the 2.40 events expected from Standard Model processes for negative charges.

In the muon channel, three data events are observed in the top-like region of the
likelihood. In contrast to the electron channel, the other five more W-like muon events
overshoot the total Standard Model expectation of 2.83 £ 0.76 (2.49 £ 0.75 from W
production). Due to the large statistical error, this overshoot also corresponds to a 1 o
deviation only. Amongst the observed muon events, there are two with a well-measured
negative charge for 0.69 expected. It should be noted that one of these two events lies
at L = 0.80. Kinematically it thus fits better to the top hypothesis.

Results with Cut on the Charge of the Lepton

Since only positive leptons are expected from top production at HERA, the likelihood
analysis is carried out a second time. This time all events with negative lepton charges
are removed by applying the cut defined in table 6.8.

The resulting distributions of the discriminating observables are very similar to
the ones in figure 6.21 without any cut on the lepton charge. For completeness they
are shown in appendix D. Since the spectra of the discriminating observables are
only subject to marginal changes, also the shapes of the likelihood discriminators have
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Figure 6.29: The likelihood discriminators obtained with the PTC-method without
cut on the lepton charge. The electron and muon events with well-measured neg-
ative lepton charges (> 20) are marked. The top simulation is normalized to the
expectation from W production.

changed only slightly. The improved likelihood distributions are shown in figures 6.30
and 6.31 for the electron and muon channels. The event yields after the cut on the
lepton charge can be found in table 6.12 for electron events and table 6.13 for muon
events. As mentioned earlier, the W background is reduced by 20% and the other
Standard Model backgrounds by 30 —40%, without any significant loss of top efficiency.

The rejection of events with a negatively charged lepton removes two W-like data
events in the electron channel. In the muon channel, also two events are cut, but at
significantly higher likelihood values.

In the electron channel, the likelihood distribution after the cut on the lepton charge
still shows four events in the data with high likelihood L. The electron event at highest
L is a tagged event, i.e. it contains the scattered beam electron in the Liquid Argon
Calorimeter, and thus allows a direct measurement of the lepton-neutrino invariant
mass. It is measured as 79712 GeV and is thus perfectly consistent with the 7/ mass.

In the muon channel, two events remain at high L. They are situated directly in the
maximum of the single top likelihood distribution and have very top-like kinematics.
Their invariant masses M, , jers are 1725 GeV and 17677, GeV. In addition, one
of these events has a muon in the jet, measured in the forward muon system (see
figure A.8 in appendix A), which increases the probability that this jet comes from a
heavy quark. In about 10% of b-quark decays, a muon in or close to the hadronic jet
is expected.

Comparison to Cut-Based Analysis

A way to compare the performance of the likelihood to the cut-based analysis is im-
posing a cut on the likelihood discriminator that yields the same top efficiency as the
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cut-based selection. In the electron channel, this cut is L = 0.70, in the muon channel,
where the phase space is already much more restricted due to the cut P# > 12 GeV,
it is L = 0.40. The resulting event yields are shown in tables 6.12 and 6.13 and com-
pared to the one obtained with the top cuts. In the electron channel, the performances
of the likelihood cut and the top cuts are almost identical. In the muon channel, an
improvement of ~ 10% in the background reduction is achieved.

In contrast to the cut-based analysis exploiting several one-dimensional cuts, the
likelihood discriminator allows an easy optimization of the cut to maximize the signal
sensitivity. As a measure of the sensitivity of a cut on the likelihood, the ratio of the
signal expectation and the square root of the background expectation, Ngjs, can be
used. Since the normalization of the top signal is unknown, the top efficiency, €, is
used instead. Hence the ratio €, over /Ngys defines the sensitivity of the cut. This
sensitivity is plotted as a function of the top efficiency in figures 6.30 and 6.31 (c).

In the electron channel, no maximum of the sensitivity curve is reached before the
last bin of the likelihood. The optimal cut is found to be L > 0.95, which leaves a top
efficiency of 24%, and removes all data candidates. In the muon channel, the sensitivity
curve reaches its maximum for a top efficiency of 29%, corresponding to a cut L > 0.75.
Two data events remain. The event rates can again be seen in tables 6.12 and 6.13.

Later in the statistical evaluation of the likelihood analysis (section 8.1), the sig-
nal fraction in the data will be obtained in a maximum likelihood fit exploiting the
full likelihood spectrum. The likelihood discriminator is ideally suited for such a fit,
because it contains the combined information of all discriminating observables in one
distribution.

Confidence Level for Background-Only Hypothesis

As is done in section 6.3, a confidence level for the background-only hypothesis (i.e.
assuming only Standard Model processes to be present) is now computed using the
background likelihood spectrum instead of the PX spectrum. The results obtained
for the confidence level 1 — CL;, are presented in table 6.11. Systematic uncertainties
are again included by scaling up the background normalization according to the size
of the total systematic uncertainty. Since the event numbers have changed compared
to section 6.3, mainly because of the cut on the lepton charge, the confidence level
calculation using only the P# spectrum has also been performed another time and is
compared to the one using the likelihood spectrum.

In the electron channel, the likelihood spectrum yields smaller probabilities for the
Standard Model to describe the data than the P spectrum. In the muon channel,
it is the other way around. However, the fact that the value of 1 — CL; in the muon
channel is larger for the likelihood spectrum than for the P spectrum, does not
mean that it has a worse separation power than the PX spectrum, since the signal
distribution is not taken into account here. It was shown in the previous section
that the likelihood discriminator gives a better separation of signal and background.
Comparing the confidence level for the muon channel to the one obtained in section 6.3,
one sees that the value of 1 — CL, increases from 4.5 - 1073 to 1.9%, because the cut
on the lepton charge eliminates two events at high P7. Hence the background-only
hypothesis for the muon channel is a little more likely in the top analysis than in the
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1 — CL, (Likelihood) | 1 — CLy (P spectrum)
w/o syst. with syst. | w/o syst.  with syst.

Electrons 2.4% 5.6% 5.2% 11.9%
Muons 3.4% 6.3% 0.7% 1.9%
Electrons and Muons 0.4% 1.6% 0.3% 1.3%

Table 6.11: Probability 1 — CL; of the background-only hypothesis. The confidence
level calculations are shown for the likelihood spectrum and the P; spectrum after the
cut on the lepton charge. Results are given with and without inclusion of systematic
uncertainties.

analysis of all isolated muon events.

6.8 Summary

The selection of isolated lepton events and candidates for W boson production shows
an excess of electron and muon events at high hadronic transverse momenta. The
distribution of the lepton-neutrino transverse mass indicates that these events may
indeed all contain "W bosons. The probability for the Standard Model to describe the
electron and muon excess at high P; was evaluated and found to be 9.7-1073 (4.0-1073)
for the full P spectrum (P > 25 GeV), including all systematic uncertainties.

As a possible interpretation in terms of new physics, the anomalous production of
single top quarks has been studied in the semi-leptonic decay channel. After recon-
structing the full event kinematics, five top candidates (three electrons and two muons)
are selected in a cut-based analysis for a background expectation of 1.61 + 0.42 events.

A nice way of improving and visualizing the separation between the top signal
and Standard Model W production is achieved in a likelihood analysis. It serves
as a test of the top hypothesis versus the W hypothesis and shows that the data
contain a fraction of events that favors the W hypothesis, and another fraction of
events that favors the top hypothesis. The most top-like electron event has invariant
masses My, jers = 168 GeV and My, = 79 GeV. The two top candidates in the muon
channel have invariant masses M;_,_je;s of 172 GeV and 176 GeV, respectively.

The probability that the Standard Model describes the data excess is again eval-
uated for the likelihood spectrum of the Standard Model background, after rejection
of events with negative charge of the lepton. Now the probability amounts to 1.6%,
including systematic uncertainties.
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Electrons Data 94-00 | SM expectation | SM W prod. | Top efficiency
W selection 11 11.48 + 2.63 8.06 + 2.42 50%
v reconstruction 11 11.23 + 2.58 7.96 + 2.39 49%
Cut on lepton charge 9 8.83 + 2.08 6.54 + 1.96 49%
Top cuts 3 0.78 + 0.20 0.68 £+ 0.20 40%
Cut L > 0.70 3 0.76 + 0.19 0.63 + 0.19 40%
Optim. cut L > 0.95 0 0.17 + 0.05 0.16 &= 0.05 24%

Table 6.12: Summary of the event yields in the electron channel for the different steps
of the top analysis. Beginning with the W selection, in the upper half of the table
the consecutive decrease of the event numbers for the neutrino reconstruction and the
cut on the lepton charge is presented. In the lower half of the table, the results of
the cut-based top selection are compared to the results obtained by using either a
likelihood cut with comparable top efficiency or the likelihood cut that optimizes the
signal sensitivity.

Muons Data 94-00 | SM expectation | SM W prod. | Top efficiency
W selection 8 2.99 4+ 0.80 2.63 + 0.79 50%
v reconstruction 8 2.83 + 0.76 2.49 £+ 0.75 47%
Cut on lepton charge 6 2.15 + 0.58 1.93 + 0.58 47%
Top cuts 2 0.83 & 0.22 0.74 £+ 0.22 42%
Cut L > 0.40 2 0.74 + 0.20 0.68 £ 0.20 42%
Optim. cut L > 0.75 2 0.28 & 0.08 0.26 & 0.08 29%

Table 6.13: Summary of the event yields in the muon channel for the different steps of
the top analysis. For further explanations see the caption of table 6.12.
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The dots on the curves
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Figure 6.31: The likelihood discriminator in the muon channel, obtained with the
PTC-method after imposing the cut on the muon charge. Events with negative
muon charge are removed. The top simulation is normalized to the expectation
from W production. In (b) the top efficiency, €, is shown as a function of the
remaining Standard Model background, Ngjs,. Plot (¢) shows a signal sensitivity
curve, evaluated for the likelihood discriminator in (a). The dots on the curves
correspond to the bin borders of the likelihood.



Chapter 7

Top Search in the Hadronic Decay
Channel

A search for single top production is also performed for top quark decays, where the
W decays hadronically. The decay cascade t — bW — bqq' typically yields events with
at least three high-Pr jets. The jets are expected mainly in the forward region of the
detector. In contrast to the semi-leptonic decay channel, where the Standard Model
rate is low, the background expectation in the hadronic channel is much higher because
QCD processes leading to multi-jet signatures have large cross-sections. These multi-jet
final states appear in higher orders of the strong coupling constant a,. Unfortunately,
the currently available QCD generators can only give approximate descriptions of these
higher order processes in the leading-log parton shower approximation.

As a first step, a pre-selection of events with at least three jets is carried out. In
this pre-selected event sample, the agreement between kinematic distributions of the
data and the QCD simulations is tested. For the top analysis, the phase space is
restricted to a region of high transverse momenta and events are required to contain a
candidate for the decay W — gq'. A set of variables is chosen to effectively separate
the top signal from the bulk of QCD events. In correspondence to the analysis in the
semi-leptonic decay channel, first a selection of top candidates using one-dimensional
cuts is accomplished. The selection is then refined in a likelihood analysis and the two
methods are compared to each other.

7.1 Pre-Selection of Multi-Jet Events

The search for multi-jet events is performed using an inclusive kr algorithm as described
in section 5.2.2. Only jets in the pseudorapidity range —0.5 < nje < 2.5 are selected.
The restricted n-range ensures that the jets are well-contained in the Liquid Argon
Calorimeter. In order to remove electrons that are mis-identified as hadronic jets, each
jet is required to either have an energy fraction in the electromagnetic calorimeter of
less than 90% of its total energy or a size in the n — ¢ plane larger than 0.1. These
criteria define the hadronic jets in each event.

97
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For the pre-selection of top candidates, only events with at least three hadronic
jets are selected that fulfill the transverse momentum criteria Pi™ > 25 GeV, Pi? >
20 GeV, P%et?’ > 15 GeV. The jets are ordered according to decreasing transverse
momentum. Additional jets are accepted if their transverse momenta are larger than
4 GeV. With these requirements, the pre-selected multi-jet sample contains 1473 data
events.

7.1.1 Standard Model Background and Background Normal-
ization

The main Standard Model background to hadronic top decays is the electro- and pho-
toproduction of high-Pr multi-jets. The photoproduction and low-Q? regime with
momentum transfers Q? < 4 GeV? is modeled with the PYTHIA generator. Neutral
current DIS events with momentum transfers Q?> > 4 GeV? are simulated with the
RAPGAP generator.

It is seen that the predicted multi-jet rates for the Standard Model background do
not agree with the data after normalization to the their integrated luminosity. This
difference is at the level of 30-40%, and it could be explained by the fact that the parton
shower approximation in the Monte Carlo simulations does not correctly describe next-
to-leading order corrections. The background simulations are therefore normalized to
the observed number of data events. It remains to be checked, if the shapes of kinematic
distributions are well described. The normalization factors are derived separately for
the different Q? regimes modeled by PYTHIA and by RAPGAP.

e Normalization of RAPGAP:

A subsample of multi-jet events that contain an electron candidate is selected.
Therefore, in addition to the multi-jet preselection, an electromagnetic cluster
with energy F,,, custer above 5 GeV and an associated track in the main detector
are required. The thus defined sample contains 372 data events. A nice example
event is presented in figure 7.1. The RAPGAP normalization is now derived from
the data in the polar angle region 50° < Oepm.ciuster < 165° of the electromagnetic
cluster, where the contribution from PYTHIA is completely negligible.

e Normalization of PYTHIA:
The normalization of the PYTHIA Monte Carlo is derived from a subsample of
events, in which no electron candidate is found. This sample contains 1101 data
events. Here, in turn, the contribution from RAPGAP is small.

Compared to a normalization according to the integrated luminosity of the data, the
normalization derived for RAPGAP (PYTHIA) corresponds to a scaling factor of 1.4
(1.29). Figure 7.2 shows the transverse momentum and polar angle distribution of
the electromagnetic cluster for the multi-jet subsample with an electron candidate. At
very large polar angles, the transition from the PYTHIA simulation to the RAPGAP
simulation at Q% = 4 GeV? is visible. For very small polar angles (forward region),
an accumulation of events can be seen. They are due to photons or hadrons that are
falsely identified as electron. In the case of photons, the required associated track
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originates from conversions in the dead material of the forward tracker or in the end
caps of the central jet chamber. These electron mis-identifications are seen to be well
described by the normalized Monte Carlo simulations.

Run 273538 Event 84727 Class: 4 57 8 11 13 15 19 22 23 25 27 28 29 Date 4/12/2002

E[Gev] (DCLU)

Figure 7.1: Pre-selected multi-jet event with tagged electron.
Pl — 47 45 42 GeV | P& =51 GeV.

7.1.2 Control Distributions

In figure 7.3, control distributions for the multi-jet pre-selection are presented. The
normalized PYTHIA and RAPGAP Monte Carlos now represent the Standard Model
QCD background. The z-vertex distribution of the data is seen to be well described
by the simulation. Also the E — P, distribution and the number of jets are well
described. Roughly 30% of the events contain more than three jets. The transverse
momentum distributions of the three highest- Pr jets are shown as well as the transverse
momentum of a possible fourth jet and the total transverse momentum measured in the
calorimeter, F%'. The shapes of all studied distributions are in reasonable agreement

with the simulation.

The displayed error band corresponds to a 15% uncertainty on the total Standard
Model expectation, as derived later in section 7.4.2. For now it should only give an
impression of the size of systematic uncertainties involved in the analysis of the hadronic
channel.
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Figure 7.2: Polar angle and transverse momentum of the electromagnetic cluster
in the pre-selected multi-jet events that contain an electron candidate. The polar
angle region used to derive the RAPGAP normalization is marked by arrows.

7.2 Selection of Events with High £ and a W Can-
didate

To enhance a possible top signal relative to the QCD background, the phase space is
further restricted to a region of higher jet transverse momenta. Moreover, candidate
events for top production are required to have the signature of a W boson in the event.

Transverse Momentum Requirements

The two highest-Pp jets must have transverse momenta Pi' > 40 GeV and PL* >
30 GeV. In top events, the two highest-Pr jets correspond to the b-quark and to the
quark from the W decay that is emitted in the direction of the W boost. The pre-
selection requirement for the third jet, P:,];et?’ > 15 GeV, is already quite harsh and is
not increased further. Due to the high top mass, a large amount of transverse energy
is expected in events from top production. Thus the total transverse energy F4' is
required to be above 110 GeV. The applied cuts are indicated as dashed lines in the
control distributions of figure 7.3.
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Figure 7.3: Control distributions of the multi-jet pre-selection.
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corresponds to a 15% uncertainty on the Standard Model distribution, represented
by the scaled PYTHIA (x1.29) and RAPGAP (x1.4) simulations. For the trans-
verse energy, F° and the transverse momenta of the jets also the top simulation
is shown as dashed histogram, normalized to the same area as the Standard Model
background. The dashed lines indicate the cuts used in the selection of high-FErp
multi-jet events.
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Figure 7.4: Control distributions of the multi-jet pre-selection representing the event
decomposition that is used to identify the b-jet and the two jets from the W decay.
The distributions are shown for both background and top simulations. The top
simulation is arbitrarily normalized to the same area as the Standard Model back-
ground. The dashed lines in (a) represent the mass window applied on the di-jet
mass closest to the W mass, M;]Vei"mb', in order to select events with a W candidate.
The results of a Gaussian fit to the M5 distribution for simulated top events
is shown in (b). Plots (c¢) and (d) show the transverse momentum and the index of
the candidate b-jet (index=1 means highest-Pr jet).

Event Decomposition to Identify the h-Quark and the W Decay Products

In contrast to the semi-leptonic decay channel, where the lepton is unambiguously
identified, it is not obvious for hadronic top decays, which of the jets correspond to
the q¢' pair from the W decay, and which to the b-quark. The three highest-Pr jets
are associated to the b-quark and to the hadronic decay of the W according to the
following procedure:

e The two jets with an invariant mass closest to the W mass are assigned to the

W decay products. The invariant mass of these two jets is denoted with M;]Vfgomb-.

e The remaining jet among the three highest-Pr jets is assigned to the b-quark
from the top decay.
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This hypothesis identifies the correct b-jet in about 70% of simulated top events. As
can be seen in figure 7.4, the results of this event decomposition is well described by
the Monte Carlo simulations. In top decays, the b-jet is found to be the jet with second
highest- Pr in most of the cases.

W Mass Requirement

As a sign of a W boson in the event, one of the invariant masses of the different di-jet
combinations must have a value close to the nominal W mass. To select events with
potential W candidates, a mass window is set around the mass of the di-jet combination
closest to the W mass:

65 GeV < M,y 7™ < 95 GeV. (7.1)

The mass resolution obtained for simulated top events is 7.4 GeV (see figure 7.4 (b)).
The width of the mass window corresponds to about twice the W mass resolution.

The selection of multi-jet events with high Fr and a W candidate yields 92 data
events for a Standard Model expectation of 92.4 events. The efficiency for single top
production is 42%. The expected contribution from Standard Model W production
amounts to only 4.0 events. Table 7.1 summarizes the event yields for the data and
the Standard Model expectations.

The normalization factors for the PYTHIA and RAPGAP Monte Carlos are again
checked after the high-E7 and W mass requirements, following the same strategy as
described for the pre-selection. The factors of 1.29 for PYTHIA and 1.4 for RAPGAP
are found to be also valid in this more restricted phase space. Distributions of the
transverse momenta and pseudorapidities of the jets are displayed in figure 7.5. Also
the distributions of a possible fourth jet are shown. The shapes of all distributions are
in agreement with the Standard Model prediction.

Hadronic channel Data 94-00 | SM || PYTHIA | RAPGAP | W prod. | €p
Multi-jet pre-selection 1473 normalized to data 10.0 54%
High-E7; and W cand. 92 92.4 68.7 19.8 4.0 42%

Table 7.1: Observed and predicted event yields for the multi-jet pre-selection and the
harsher selection of multi-jet events with high-Fr and a W candidate. PYTHIA is
scaled by 1.29, RAPGAP by 1.4.

7.3 Observables to Discriminate Top and QCD Back-
ground

The available kinematic degrees of freedom in top decays were discussed in section 6.5.1.
From the four degrees of freedom, neglecting the azimuthal angles of the top and W
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Figure 7.5: Distributions of the jet transverse momenta and pseudorapidities for
the selection of multi-jet events with high E7 and a W candidate. The error band
corresponds to a 15% uncertainty on the total Standard Model prediction. The
top simulation is arbitrarily normalized to the same area as the Standard Model
background.
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Figure 7.6: Distributions of the three observables used to discriminate the top signal
from the Standard Model background. The error band corresponds to a 15% uncer-
tainty on the total Standard Model expectation. The top simulation is arbitrarily
normalized to the same area as the Standard Model background.

decays, the W mass has already been exploited in the previous selection step. Thus
three observables remain. They are chosen corresponding to the semi-leptonic decay
channel:

1. Pim¢d "the transverse momentum of the candidate b-jet.
2. Mjes, the invariant mass of all selected jets in the event.

3. cos(#}y,), the W decay angle (see figure 6.19). It is defined as the angle between
the lower-Pr jet of the two jets assigned to the W decay in the W rest frame
and the direction of the W in the top rest frame. In the hadronic channel, no
distinction between the quark and the anti-quark jet emerging from the W decay
is possible. Since always the lower-Pr jet is used to define this angle, the angular
distribution differs from the one in figure 6.20 for the semi-leptonic channel.
A lower transverse momentum favors large angles between the jet and the W
direction, which leads to a depopulation of positive cos(65;,) values.

As can be seen in figure 7.6, all three observables exhibit a good discrimination
between the top signal and the QCD background. The P27¢"% distribution shows the
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Figure 7.7: Monte Carlo distributions of the invariant mass of the three highest-Pr
jets (a) and of all jets (b) for simulated top events. The lines correspond to Gaussian
fits to the cores of the mass distributions.

Jacobian at 69 GeV expected for top decays, while the QCD background exhibits a
steeply falling P2°"¢ spectrum. The angular distribution for QCD processes peaks
at larger angles than for top production. This is also reflected in the lower transverse
momentum of the third jet (see figure 7.5 (e)). As for the reconstruction of the top
mass, the 3-jet invariant mass, Miq3, and the invariant mass of all selected jets, Mje,,
are compared for simulated top events in figure 7.7. The 3-jet invariant mass peaks
at 172 GeV and exhibits a tail toward smaller masses. This tail is mainly due to the
neglecting of final state parton showers. It is therefore more favorable to reconstruct
the top mass as the mass of all selected jets. The Mj., distribution shows a peak at
the nominal top mass, a more Gaussian shape, and a slightly improved mass resolution
of 13.8 GeV.

The correlations of the three discriminating observables are displayed in figure 7.8.
As expected, the decay angle shows no significant correlation to the other two observ-
ables, while the transverse momentum of the candidate b-jet and the invariant mass of
the jets are clearly correlated.

7.4 Cut-Based Top Search

The final selection of top candidates in the hadronic channel is performed using both a
simple cut-based analysis and a likelihood analysis. In this section, the selection cuts
and the results of the cut-based analysis, as well as the effect of systematic uncertainties
are discussed.

7.4.1 Definition of the Cuts

Table 7.2 shows the top selection cuts imposed on the three discriminating observ-
ables. Due to the much larger background expectation from Standard Model processes,
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Figure 7.8: Correlations of the discriminating observables in the hadronic channel
for the simulations of the top signal (upper plots (a)-(c)) and the background from
photoproduction (lower plots (d)-(f)).

harsher cuts have to be applied compared to the semi-leptonic channel. The cut values
are designed to maintain an efficiency of 30% for top events.

Hadronic Channel Top selection cuts
Transverse momentum of b-candidate Preand 5 40 GeV
W decay angle cos(65,) > —0.75

Top mass window 150 GeV< Mg < 210 GeV

Table 7.2: Summary of the cuts used in the cut-based selection of hadronic top decays.

7.4.2 Systematic Uncertainties

Uncertainties on the experimental measurements as well as uncertainties on the the-
oretical predictions for multi-jet production can have an impact on the normalization
and the shape of the distributions used in the cut-based top selection. The theoretical
uncertainty on the Standard Model prediction should give and estimate of how well the
approximation of parton showers by the leading order PYTHIA model can simulate
for instance a 3-jet process (O(a?)).



108 7 TorP SEARCH IN THE HADRONIC DEcAY CHANNEL

Uncertainty on the Standard Model Prediction

Since the Monte Carlo simulations have been normalized to the data, the uncertainty
on the Standard Model normalization is given by the statistical uncertainty of the
data events. It is taken from the number of events in the sample, where the final
top selection is carried out, i.e. the high-Er sample with a W candidate. It contains
92 data events, an thus yields an uncertainty on the Standard Model normalization of
10%. At this stage one assumes of course that the data are dominated by Standard
Model background.

Figure 7.9 shows the data over Monte Carlo ratio for the distributions of the total
transverse energy, EX?" and the invariant mass M, for the high-E7 sample with a
W candidate. Both distributions show no significant slope within statistical uncertain-
ties. Thus no additional uncertainty is assumed for the shape of the Standard Model
distributions and the extrapolation into the signal region.

Studies of kinematic distributions for multi-jet production can be found in [63, 64,
65, 66]. For instance, the analysis of multi-jet distributions in photoproduction pub-
lished by the ZEUS Collaboration in [63] showed, that next-to-leading order correc-
tions, O(a?), cause a 30-40% increase of the leading order cross-section. This increase
is consistent with the normalization factors derived in this analysis. The shape of the
multi-jet invariant mass distribution was shown to be in good agreement with both the
O(a?) calculations and the prediction of the leading-log parton shower model PYTHIA.
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Figure 7.9: Ratio of the observed (DATA) and predicted (MC) number of events for
the distributions of the total transverse energy, FX', and the invariant mass Mo
in the selected sample of multi-jet events with high-E7 and a W candidate.

Experimental Systematic Uncertainties

The main experimental systematic uncertainty in the hadronic channel are due to the
uncertainties in the absolute hadronic energy calibration of the calorimeter and the
measurement of the polar angles of the jets. The uncertainties on the azimuthal angle of
the jets is found to be negligible. The large amount of calorimetric energy in the selected
multi-jet events assures that the events are triggered with an efficiency of ~ 100%.
The uncertainty resulting from trigger inefficiencies can therefore be neglected. The
uncertainty on the luminosity measurement is 1.5%.
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The effect of the experimental systematic uncertainties are evaluated through vari-
ation of the hadronic energy scale by + 4% and a simultaneous variation of all jet
polar angles by +20 mrad. The impact of these variations on the overall Monte Carlo
prediction is already included in the 10% normalization uncertainty discussed above.
Only the effect on the slope of the distributions must still be taken into account. There-
fore the change in overall normalization is effectively subtracted from the uncertainty
leaving only the contribution from the change in slope.

Experimental Systematic | § Ngps after top cuts (slope uncertainty)
Hadronic energy scale + 6%
Jet polar angles + 9%
Luminosity + 1.5%
Total + 11%

Table 7.3: Summary of the experimental systematic uncertainties in the hadronic chan-
nel. The total uncertainty is the quadratic sum of all experimental uncertainties.

The effect of the variation of the jet polar angles is relatively large. Besides mi-
grations of events in and out of the restricted 7;. range, a variation by £+ 20 mrad
for a forward jet with pseudorapidity 1. = 2.5 also corresponds to a change in its
transverse momentum of roughly 10%.

The normalization uncertainty and the uncorrelated experimental uncertainties are
added in quadrature. The resulting total systematic uncertainty is 15%.

7.4.3 Results

In the cut-based analysis, 18 data events are selected as top candidates. The observed
data events agree well with the Standard Model expectation of 20.2 + 3.0 events
(see table 7.4). The uncertainty of 3.0 events on the Standard Model expectation
corresponds to the 15% obtained above. Figure 7.10 (a) shows the distribution of the
invariant mass M., after all top selection cuts. The top simulation is normalized to
the same area as the background. No excess of events as a signal of top production
is observed. In plots (b) and (c) of figure 7.10 the full invariant mass spectrum can
be seen, i.e. without imposing the top mass window. In (b) the top Monte Carlo is
normalized to the number of events that would correspond to a potential top signal
in the semi-leptonic channel, as evaluated later in section 8.1. It is obvious that a
signal of this size would not be very significant in the hadronic channel. In plot (c),
however, the top normalization corresponds to the combined LEP limit on anomalous
top production [67]. It shows that the H1 top analysis is sensitive enough to improve
the exclusion limits obtained by other experiments.

The compatibility between both channels and the derivation of an exclusion limit on
the cross-section for anomalous top production will be discussed in detail in chapter 8.
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Figure 7.10: (a): The M,y distribution after the cut-based top selection in the
hadronic channel. The error band corresponds to a 15% error on the total Standard
Model expectation. The top simulation is arbitrarily normalized to the same area
as the Standard Model background. (b) and (c): The full Mj., distribution after
the cut-based top selection without imposing the top mass window. Here the top
simulation is added to the Standard Model histogram. In (b) the top simulation is
normalized according to a top interpretation of the isolated lepton excess seen in
H1. The top normalization in (c) represents the current limit on the anomalous top
production cross-section obtained by the LEP collaboration.

7.5 Likelihood Discriminator

The likelihood method described in section 6.7.2 is applied to combine the discrimi-
nating observables in a single likelihood discriminator and improve the sensitivity of
the top selection. The three observables in figure 7.6 serve as input to the likelihood
analysis. In contrast to the semi-leptonic channel, where the top hypothesis was tested
versus the W hypothesis as dominant background, the background in the hadronic
channel comes mainly from non-W processes. All background processes are combined
and the combination is used for the construction of the likelihood discriminator. Hence
in the hadronic likelihood analysis, the top hypothesis is tested versus the combined
Standard Model hypothesis.
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7.5.1 Application of the Likelihood Method

Correlations between the observables are again taken into account by using the PTC-
method described in section 6.7.2. The distributions of the Gaussian transformed
observables for the signal and background samples are displayed in appendix C. The
deviations of the mean (standard deviation) of the obtained Gaussian distributions
from zero (one) are less than 8% (3%). The correlations matrices of the observables
before and after the Gaussian transformations are also shown.

The resulting likelihood discriminator is presented in figure 7.11. To visualize the
separation between signal and background, the top simulation in normalized to the
same area as the total Standard Model background. The relative background con-
tributions from different Standard Model processes (photoproduction, neutral current
DIS, and W production) are shown as separate histograms. The PTC-method removes
the small erroneous peaks produced by the standard method at L = 0 for the signal
and at L = 1 for the background through a proper treatment of correlations, leading
to a higher purity for the signal.
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Figure 7.11: The likelihood discriminators obtained with the standard method (a)
and the PTC-method (b) for Monte Carlo events of the top signal and the QCD
background. The signal and total background distributions are normalized to unity.
The relative background contributions from photoproduction, neutral current DIS
and Standard Model W production are displayed as different hatching types (see
legend).

7.5.2 Results and Comparison to Cut-Based Analysis

The likelihood distributions of the data and the Monte Carlo simulations are compared
in figure 7.12. The data agree well with the likelihood distribution of the Standard
Model simulation, consistent with the result obtained in the cut-based analysis. The
top signal is again displayed with two different normalizations, one corresponding to
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Hadronic Channel Data 94-00 SM PYTHIA | RAPGAP | W prod. || €p
Top cuts 18 20.2 + 3.0 14.7 4.0 1.4 30%
Cut L > 0.60 18 18.0 +£ 2.7 12.6 4.2 1.2 30%
Optim. cut L > 0.80 9 794+ 1.2 5.4 1.8 0.7 21%

Table 7.4: Summary of the observed and predicted number of events for the cut-based
top analysis and for two different cuts on the likelihood discriminator L. The total
Standard Model expectation is shown with a systematic uncertainty of 15%. The
contributions from photoproduction, neutral current DIS and W production are shown
separately. For each selection, also the top efficiency, €, is given.

the excess in the semi-leptonic channel, the other corresponding to the current LEP
limit on anomalous top production.

The performance of the likelihood discriminator compared to the selection exploit-
ing a set of one-dimensional cuts is again studied by comparison of the Standard Model
expectation for the cut-based analysis with the expectation for a likelihood cut that
yields the same signal efficiency of 30%. As can be seen in table 7.4 and figure 7.12 (b),
a cut at L = 0.60 leaves a top efficiency of 30% and a background expectation of 18.0
events. It corresponds to a background reduction of ~ 10% compared to the cut-based
analysis.

The signal sensitivity of the likelihood discriminator, represented by a plot of the
ratio €, / v/ N as a function of €, is displayed in figure 7.12 (c¢). The most sensitive
likelihood cut is thus found to be at L = 0.80, corresponding to a top efficiency of 21%.
This optimized cut yields nine data events in agreement with the expectation of 7.9 +
1.2 events. The kinematic properties of the nine data events are shown in table 7.5.2.
One of these events is rejected by the cut-based analysis because of a too low transverse
momentum of the candidate b-jet. In the likelihood analysis, the low value of P&~ ig
compensated by values of cos(6};,) and Mj.s for which the Standard Model expectation
is low. Event displays of some of these top candidates can be found in appendix E.

As already mentioned in the discussion of the likelihood analysis in the semi-leptonic
channel, the likelihood discriminator is ideally suited to determine the top fraction in
the data using a maximume-likelihood fit. Such a fit and the statistical evaluation of
its results are presented in the following chapter.

Confidence Level for Background-Only Hypothesis

As done for the likelihood spectra in the semi-leptonic channel, a confidence level for the
background-only hypothesis is now computed for the hadronic channel. As estimator,
the likelihood discriminator in figure 7.12 (a) for the Standard Model background is
used. The results obtained for the confidence level 1 — CL, are:

1 — CLy = 64%130% . (7.2)

The systematic uncertainties are again evaluated by scaling up the background normal-
ization according to the size of the total systematic uncertainty (15%). As expected,
the data are in good agreement with the Standard Model.
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Likelihood L | PP | Mje, | M35 | cos(63y)
0.82 69.1 |170.8 | 71.2 -0.75
0.83 59.5 | 173.7| 80.7 -0.60
0.85 56.2 | 156.3 | 78.1 -0.03
0.85 21.3" | 180.3 | 90.4 -0.183
0.88 49.1 | 179.1| 68.2 -0.07
0.86 68.3 | 186.4 | 84.9 -0.75
0.94 61.2 | 186.3| 70.3 -0.30
0.94 62.8 | 181.0 | 69.8 0.09
0.95 68.1 |179.8 | 74.7 0.04

Table 7.5: Kinematics of the nine top candidates in the hadronic channel
that pass the optimized likelihood cut L > 0.8. The event marked with a
dagger T is rejected by the cut-based top selection defined in table 7.2.

7.6 Summary

The study of multi-jet distributions showed that the leading-log parton shower model
PYTHIA provides a good description of the kinematics of multi-jet events at high
transverse momenta. However, it fails to describe the overall normalization of the data.
The selection of top candidates is carried out on the basis of a multi-jet sample with high
total transverse energy and a candidate for the decay W — ¢¢’ in the event. Both a top
selection using one-dimensional cuts and a likelihood analysis showed good agreement
between the observed multi-jet events and the Standard Model prediction. No sign of
single top production could be found for hadronic decays of the W. However, due to
the large QCD background, the results in the hadronic channel are not in contradiction
with a possible top interpretation of the excess in the semi-leptonic channel. This will
be studied in more detail in the next chapter. Moreover, it was shown that the hadronic
channel has a large sensitivity to anomalous top production beyond the current limits
from other experiments.
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Figure 7.12: The likelihood discriminator L obtained with the PTC-method for the
data and the Monte Carlo simulation in the hadronic channel. The top simulation is
shown with two different normalizations. The full histogram is normalized according
to the top interpretation of the isolated lepton excess. The normalization of the open
dashed histogram represents the current limit on the anomalous top production
cross-section obtained by the LEP collaboration. Plot (b) shows the top efficiency,
€top, s a function of the Standard Model expectation, Ngys. Plot (c) represents the
signal sensitivity of the likelihood discriminator, defined as €,,/v/Nsas, as a function
of the top efficiency. The dots in (b) and (c) correspond to steps in L of size 0.05.



Chapter 8

Statistical Evaluation of the
Likelihood Analyses

In this chapter, a statistical evaluation of the likelihood spectra obtained in the analy-
ses of the the semi-leptonic and hadronic decay channels of the top quark are presented.
Under the assumption that anomalous single top production exists, the fraction of top
events in the data is determined using a maximum-likelihood fit to the discriminator
spectra. The compatibility of the different search channels and the probability of the
top interpretation are discussed. Due to the presently small number of top candidates,
exclusion limits are set on the single top production cross-section and the anomalous
coupling of the top quark to an up-quark and a photon. Finally, the results are com-
pared to single top searches carried out by other experiments.

8.1 Maximum-Likelihood Fit of the Top Signal

In searches for new physics, fits to spectra of kinematic observables or to discriminator
distributions, obtained in a likelihood analysis or with a neural network, have frequently
been used to extract signal fractions in the data. In this analysis, a maximum-likelihood
fit of the top contribution in the data is performed. It provides the maximal sensitivity
to the signal.

8.1.1 Description of the Maximum-Likelihood Fit

The likelihood discriminators shown in figures 8.1 are used as input for the maximum-
likelihood fit.

A likelihood function, L, is introduced as the product of Poisson probabilities of
observing nj data events in each bin £ of the discriminator spectrum:

Nbin /sz
E = kl:[l 67ukn—k! s (81)

where p = By + S is the sum of the signal Sy and expected background By, in bin k.

The signal normalization which best matches the data can be obtained by maximiz-
ing the likelihood function, or correspondingly by minimizing the negative log-likelihood

115
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Figure 8.1: Distributions of the likelihood discriminator spectra for the electron (a),
muon (b) and hadronic (c¢) channels. The simulated top signal is added to the
Standard Model background. It is normalized according the a maximum-likelihood
fit to the data. In (a) and (b), the background is normalized to the number of events
predicted by the Monte Carlo simulation. In (c), also the background normalization
is obtained from the fit to the data.

function —2 log(L). By using the factor 2, the log-likelihood function corresponds to
a x? function (in the Gaussian limit).

In order to express the log-likelihood as a function of the signal normalization, the
signal S in each bin is written as product of the overall signal normalization S and
the signal shape §; (i.e. the signal spectrum normalized to unity):

Sp =253 . (8.2)

If the data statistics is large enough, one can fit also the background normalization
as free parameter. The background By is then analogously written as By = B - by,
with the overall background normalization B and the background shape by, and the
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log-likelihood is minimized as a function of the two parameters S and B.

To allow an easy interpretation of the log-likelihood function, its minimum value is
subtracted, leading to:

—2 Alog(L) == —2 (log(L) — 10g(L)min) = AX* . (8.3)

If —2 Alog(L) is plotted as a function of S, the ordinate corresponds to the deviation
from the best fit value for S in terms of standard deviations squared (0?). The width
of this function at —2 Alog(L) = 1 corresponds to the statistical uncertainty in terms
of one standard deviation, dSs4, on the fitted number of signal events. The position
of its minimum is the best signal normalization, Sy;.

Conversion to Single Top Cross-Section

The fitted number of signal events in each channel is translated into a cross-section for
anomalous top production by dividing through the signal efficiency (e,), the decay
branching ratio (BR) and the integrated data luminosity (L) for each individual
channel. Since the analyzed data sets were recorded with two different ep center-of-
mass energies (1994-1997: /s = 300 GeV, 1998-2000: /s = 320 GeV), the obtained
cross-section is valid for an effective center-of-mass energy, /Scyy:

Oepp = olep — etX, \/Sep5) = % (8.4)

</l ’ /7 €top * BR - Ltot

It is then converted into a cross-section at /s = 320 GeV using the cross-section ratio
for \/g = 300 GeV and 320 GeV (0'300/0'320 = 068) [19]

. . Ltot
17068 - Lagy + Ly

o320 = o(ep — etX, /s = 320 GeV) = (8.5)

8.1.2 Results of the Maximum-Likelihood Fit

The maximum-likelihood fit is carried out for each of the three search channels. In this
section, the results of the fits are presented for the individual channels and for their
combinations. The inclusion of systematic errors is described and the compatibility
between the different channels is discussed.

Semi-Leptonic Channel

In the electron and muon channels, the background normalization is taken from the
Monte Carlo predictions for W production and the various other Standard Model
processes. Only the signal normalization is fitted as free parameter.

The log-likelihoods with respect to S are displayed in figure 8.2 for both channels.
Due to the small data statistics, they are asymmetric and the statistical uncertainties
are large. The maximum-likelihood fits yield Sy = 2.572% top events in the electron
channel and Sy = 2.377% top events in the muon channel. These very similar results
show a good agreement between the two channels in view of a top interpretation of the
isolated lepton excess. The cross-sections corresponding to the fitted numbers of signal
events are 0.45703 pb for the electron channel and 0.42705¢ pb for the muon channel.



118 8 STATISTICAL EVALUATION OF THE LIKELIHOOD ANALYSES

(a) (b)

ELECTRON CHANNEL MUON CHANNEL

g 4;‘-,:;‘;}‘E‘x‘a&””§," §4'i
Sasfp 4o gggrs;an rrrrrrrr £ S 3s5f
S NIELE
25 A ] ' 251
2t Vo 2|
1.5 i i 15|
I N B/ A R 1
] O R N R 05|

of M~ op M

okl b Ll okl b Ll

0 25 5 75 10 0 25 5 75 10
Signal events S Signal events S

Figure 8.2: The log-likelihood functions of the signal fit in the in the electron (a)
and muon (b) channels. They are shown as functions of the signal normalization.
The exact log-likelihoods (solid lines) are compared to approximations (dashed lines)
consisting of two half parabolas for each function (one on each side of the minimum).

Hadronic Channel

The larger number of data events in the hadronic channel allows also the background
normalization to be used as free fit parameter. A two-parameter fit of S and B is per-
formed. The maximum-likelihood fit to the discriminator spectrum yields By;, = 90.7+11%
background events and Sj; = 1.3 events from top production in the 92 selected
multi-jet events. The log-likelihood function is plotted in figure 8.3 (a). Within statis-
tical errors, the data are well compatible with the QCD background and thus consis-
tent with no top signal. The corresponding cross-section for single top production is
0.0510:3 pb.

Since the background normalization is used as free parameter, the width of the
log-likelihood function also includes the uncertainty on S resulting from the statistical
uncertainty on the background normalization B. Figure 8.3 (¢) shows the 1 o contour of
the log-likelihood as function of S and B and illustrates the increase of the uncertainty
on S due to the additional fit parameter.

As a test, also a one-parameter fit of S only is performed, using a fixed background
normalization of B = By;,. In figure 8.3 (b), the log-likelihood for this one-parameter fit
is compared to the two-parameter fit. The effect of the uncertainty on the background
normalization on the statistical error of S is obvious.

8.1.3 Inclusion of Systematic Errors

So far, the log-likelihood functions do not include any systematic uncertainties. To
allow for an inclusion of systematic errors, each log-likelihood function is approximated
by a function f(S) consisting of two half parabolas, one on each side of the minimum
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Figure 8.3: The log-likelihood functions of the signal+background fit in the hadronic
channel, shown as a function of the signal normalization S in (a) and (b) and as a
function of the signal and the background normalizations, S and B, in (c). Plots (b)
and (c) illustrate the different widths of the log-likelihoods obtained by performing
a one-parameter fit of the signal (B fixed) or a two-parameter fit of the signal and
background (B free). Plot (c¢) shows the 1 o contour of the two-parameter fit. The
central fit result is marked by a dot.

at S = Sfit:

for S > S
_ 2 (5S$at) fit
F(S) = (S — Sp) { el for S < Sy (8.6)
Here the half widths of the parabolas correspond to the upper and lower statistical
errors on the fitted signal events, §S5;,, and §S;,,. This ”two-parabola” approximation
represents a Gaussian approximation of the log-likelihood on both sides of its minimum,
but preserves its asymmetry.
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The functions f(S) are shown as dashed lines in figure 8.2 for the electron and muon
channels and in figure 8.3 for the hadronic channel. They provide good approximations
of the exact log-likelihood functions in the region relevant for the evaluation of this
analysis'. It is clear that for very large deviations of S from the minimum, these
approximations become poor.

Systematic uncertainties on the number of signal events S can now easily be in-
cluded by increasing the width of the approximated log-likelihood function according
to:

05% =085 D 0S54 - (8.7)

The effect of systematic uncertainties on the number of signal events obtained in
the maximume-likelihood fit is evaluated using the following procedure:

e Each quantity affected by a systematic uncertainty is randomly smeared around
its central value according to a Gaussian distribution with a width corresponding
to the systematic uncertainty (at least 200 variations per systematic are per-
formed).

e The full analysis is carried out under these changed conditions. New likelihood
discriminator spectra are obtained for the signal and the background. The data
events, whose kinematics are left unchanged, are reanalyzed in the modified like-
lihood spectra.

e The maximum-likelihood fit is performed as described above.

e Each smearing yields a fitted number of signal events. The width of their distri-
bution is obtained in a Gaussian fit and used as resulting uncertainty.

The distributions of the fitted numbers of signal events obtained by Gaussian smear-
ing can be found in appendix F for each systematic. The resulting uncertainties are
translated into uncertainties on the single top cross-section. They can be found in
table 8.1.

Figure 8.4 shows the effect of the systematic uncertainties on the log-likelihood
functions for each channel. It can be seen that the electron and muon channels are
completely dominated by statistics. The systematic errors are small compared to the
statistical errors. In the hadronic channel, the systematic errors are no more negligible
compared to the statistical error. However, it can be seen that the log-likelihood
function in the hadronic channel has the smallest width of all three channels (even
after inclusion of systematics). With the present data statistics it thus possesses the
largest sensitivity to the top signal, due to the large branching ratio for W — ¢q¢'.

Table 8.2 summarizes the fitted numbers of signal events and the corresponding
single top cross-sections for all three channels.

'In fact, to reach a good approximation of the log-likelihoods in the region corresponding to ~ 2 o,
the widths dS%,, of the two parabolas used in equation 8.6 are taken at —2 Alog(£) = 2.7 instead
of one. Moreover, this also guarantees a good approximation for the value of the log-likelihood later
needed to extract the 95% exclusion limit on single top production.
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Systematic Syst. error on single top cross-section, do320 syst
Electron channel Muon channel Hadronic channel

Leptonic energy scale + 0.03 pb + 0.02 pb -

f lepton + 0.02 pb + 0.01 pb -

¢ lepton + 0.02 pb + 0.01 pb -
Hadronic energy scale + 0.02 pb + 0.02 pb + 0.06 pb
f hadron + 0.02 pb + 0.03 pb + 0.11 pb

¢ hadron + 0.01 pb + 0.02 pb -

Trigger efficiency + 0.00 pb + 0.01 pb -

Background normalization + 0.10 pb + 0.06 pb included in 5032075,5@,5*

Total + 0.11 pb + 0.08 pb + 0.13 pb

Table 8.1: Effect of the experimental systematic uncertainties and the uncertainty of
the background normalization on the single top cross-section. The uncertainties of
the luminosity measurement and the lepton identification are included in the back-
ground normalization. T In the hadronic channel, the background normalization is
fitted, therefore its uncertainty is propagated into the statistical uncertainty on the
signal cross-section.

Max.-likelihood fit || S £ 65 | 0S5t | 0Ssyst || 0320 £ 00320 | 00320, 5tat | 00320 syst
Electron channel | 2.577% | ™22 | £0.6 || 0.457035 pb | T031 pb | £0.11 pb

Muon channel 23722\ 221 404 || 0.427055 pb | T05¢ pb | £0.08 pb
Hadronic channel || 1.375% | *85 | 4£3.7 || 0.057037 pb | T35 pb | £0.13 pb

Table 8.2: The number of signal events and the corresponding single top cross-section
at y/s = 320 GeV obtained by the maximum-likelihood fit. Statistical and systematic
uncertainties are shown separately. The total uncertainty d.S (dosa) is the quadratic
sum of the statistical and systematic uncertainties.

8.1.4 Combination of Channels

Because likelihoods can be multiplied, the different search channels can be combined
by adding their log-likelihood functions. Due to the different efficiencies and branching
ratios for each channel, the combined functions are shown with respect to the single top
cross-section. Their minima correspond to the best combined value of the cross-section
for single to production.

At first, the two lepton channels are combined. The log-likelihood for the combined
electron and muon channels is shown in figure 8.4 (d). In the following, this combination
is frequently referred to as the semi-leptonic channel. The width of the combined log-
likelihood is slightly smaller than for the hadronic channel, reflecting a higher sensitivity
of the combination. The combination of all three channels is shown in figure 8.5. The
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obtained values for the single top cross-sections in the semi-leptonic channel and for
all channels combined can be found in table 8.3.

Max.-likelihood fit 0320 £ 00320

Semi-leptonic channel (e + p) | 0.431552 pb
All channels 0.3175:1¢ pb

Table 8.3: The single top cross-section obtained by the maximum-likelihood fit for the
(combined) semi-leptonic channel and for the combination of all channels.

8.1.5 Compatibility of Semi-Leptonic and Hadronic Channels

As good agreement with the Standard Model is seen in the hadronic channel, whereas
some top candidates exist in the semi-leptonic channel, it is necessary to check the
level of compatibility between these two channels.

The compatibility is obtained by comparing the difference of the single top cross-
sections determined in the semi-leptonic and hadronic channels with respect to their
total uncertainties?. It can thus be evaluated as:

0320 (lep) — 0390 (had)
V(6050(1ep.))? + (6030 (had.))?

Compatibility = ~1.2. (8.8)

Here d035(lep) (8035 (had)) denote the total lower (upper) uncertainty on the single
top cross-section measured in the semi-leptonic (hadronic) channel. Compatibility is
seen at the 1.2 o level. This means that the semi-leptonic and the hadronic channel
are not in contradiction.

2Since the systematic errors in the semi-leptonic channel are small, correlations of experimental
systematic errors (e.g. the hadronic energy scale) between the different channels can be neglected.
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Figure 8.4: The log-likelihood functions of the signal fit in the electron (a), muon (b)
and hadronic (¢) channels, and for the combination of the electron and muon chan-
They are shown as functions of the single top cross-section. The inner
dashed lines correspond to the log-likelihoods neglecting systematic errors, the outer
solid lines represent the inclusion of systematic errors.

nels (d).
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Figure 8.5: The log-likelihood function obtained for the combination of all three
channels, shown as a function of the single top cross-section. The inner dashed
line corresponds to the log-likelihood neglecting systematic errors, the outer solid
line represents the inclusion of systematic uncertainties. The dashed-dotted line
indicates the point on the log-likelihood, that corresponds to a 95% (upper) exclusion
limit on the cross-section.

8.2 Probability of the Top Interpretation

In the previous chapters, confidence levels for the background-only hypothesis (CLy)
were computed for each channel. The value of 1 — CL; corresponds to the probability
that the Standard Model describes the observed data. Now the probability of the top
interpretation needs to be studied.

To find out how well the background together with the fitted signal contribution
describes the data, confidence levels for the signal+background hypothesis (CL;y;) are
computed for each channel. The value of the likelihood function 8.1 (which corresponds
to a total Poisson probability summed over all bins of the discriminator spectrum) is
used to determine the consistency between the signal+background and data distribu-
tions:

L= Tﬁ e~ (Sk+Bi) (57’“ + By)™ )

k=1

-~ (8.9)
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The value of L is evaluated for the following cases:

1. The signal+background distribution is normalized according to the central result
of the maximum-likelihood fit: S = Sy;; (B = Byit). The obtained value of L is
labeled L ;;.

2. Toy Monte Carlo experiments are generated by forcing each bin of the sig-
nal+background distribution to fluctuate around its central value according to a
Poisson probability. For each Monte Carlo experiment, a value of £ is obtained.

All toy Monte Carlo experiments that yield a likelihood £ smaller than Ly; are less
consistent with the data than the result of the maximum-likelihood fit. The probability
1 — CLgyy, defined as:

_ #f toy experiments with £ < Lp;

1 —=CLgypy =P(L< Lfy) = - , 8.10
i ( sit) # toy experiments ( )

can thus be considered as a measure of consistency between the fitted top+background
distribution and the data. The probabilities 1 — CL,, obtained for the different chan-
nels are given in table 8.4 and compared to the probabilities for the background-only
hypothesis.

In all three channels, the additional single top contribution is consistent with the
data. In the electron and muon channels, the signal+background hypothesis gives a
clearly better description of the data than the background-only hypothesis. Since in
the hadronic channel no significant top contribution is observed, the two hypotheses
have approximately the same probability.

In order to perform the confidence level computation for certain combinations of
channels, the corresponding value of the top cross-section obtained in the combined
log-likelihood is used to normalize the signal distribution. The sum in equation 8.9
now runs over all bins of the discriminator distributions in all channels. For the semi-
leptonic channel, the signal+background hypothesis shows the largest improvement
compared to the Standard Model alone, as expected. Also for the combination of
all channels, the signal+background hypothesis is found to be consistent with the
observation and gives an improved description of the data.

8.3 Exclusion Limit on Top Cross-Section and FCNC
Coupling

Because of the small number of top candidates, it is at present not yet possible to
make a definite statement, whether they originate from a Standard Model fluctuation
or indeed from top production. For this reason, also a limit is set on the cross-section
for anomalous single top production. The branching ¢ — bW is assumed to be 100%,
which represents a safe approximation considering the existing limits on radiative top
decays into ¢vy [18].

For the combination of all channels, the exclusion limit can directly be taken from
the log-likelihood function in figure 8.5. A one-sided (upper) bound at 95% confidence
level (CL) corresponds to a value of the log-likelihood of —2 Alog(L£) = 2.69 [5].
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1 —CLsyp || 1 = CLy w/o syst. | 1 — CL, with syst.
Electron channel 43% 2.4% 5.6%
Muon channel 33% 3.4% 6.3%
Hadronic channel 65% 64% 64%!
Semi-leptonic channel (e + ) 36% 0.4% 1.6%
All channels 34% 12% 16%

Table 8.4: Probabilities 1 — CLgy, for the signal+background hypothesis and 1 — CLy,
for the background-only hypothesis (with and without inclusion of systematic uncer-
tainties). T Since in the hadronic channel good agreement with the Standard Model is
seen, no value of 1 — CL; for a systematic change of the background normalization is
given.

Including systematic uncertainties, the resulting upper bound on the single top
cross-section at /s = 320 GeV is:

o(ep — etX,v/s =320 GeV) < 0.60 pb  at 95% CL . (8.11)

This cross-section limit can now be translated into an upper exclusion limit on the
coupling strength of the anomalous tuy magnetic coupling 3, giving:

Ky < 025 at 95% CL . (8.12)

Table 8.5 summarizes the exclusion limits obtained for the combination of all chan-
nels, as well as for the semi-leptonic and the hadronic channels alone. The strongest
limit comes from the hadronic channel. The limit from the semi-leptonic channel is of
course much weaker because of the observed data excess. The bounds obtained for x;,,
are also illustrated in figure 8.6. Since the single top cross-section strongly depends
on the top mass, my, the precision on its measured value needs to be considered. In
figure 8.6, the effect of a variation of m; by +5 GeV is displayed as error band on
the combined limit from all channels. It changes the cross-section by ~ 20% and thus
represents the largest systematic uncertainty.

3The single top cross-section in equation 2.13 is given for s, = 0.1. The coupling strength,
which corresponds to the cross-section limit obtained in this thesis, is derived by exploiting that the
cross-section scales with &7, .
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Exclusion limits at 95% CL || o320(t — etX) | Kpuy

Semi-Leptonic channel (e + p) <0.96 pb | <0.32
Hadronic channel < 0.51 pb < 0.23
All channels < 0.60 pb < 0.25

Table 8.5: . Exclusion limits at 95% CL on the single top cross-section at /s = 320 GeV
and the tuy-coupling.

N 1l i BEE \ \
= | Excluded by H1
i (Results of this thesis)
0.8 [ 1
- All Channels
] m,=175+5 GeV
0.6 | -
- 2 Semi-Leptonic Channel
(t > blv , I=e,w)
0.4 | 5 8
- :$ Hadronic Channel
1 7 (t—baa)
0.2 1 .
O I | 1 | 1 1 | 1 I | I
0 0.2 0.4 0.6 0.8 1

Figure 8.6: The exclusion limits (at 95% CL) on the anomalous tu7y-coupling ob-
tained with this analysis for the semi-leptonic channel, the hadronic channel and
the combination of all channels. For the latter, the effect of a variation of the top
mass is indicated as error band. The limits are shown in the vz — 4y, plane (vz; =
vector coupling of the top quark to a Z boson and a light quark, ;,, = magnetic
coupling of the top quark to a photon and an u-quark). The HERA experiments
are only sensitive to the tuy-coupling.
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- 7 H1 (this thesis -
0.8 | — ( Vuy ]

0.6 [ n
- Excluded by CDF .
0.4 =

0.2 N LEF Preliminary ]
- (m, =174 GeV) 1

Figure 8.7: .The current status of constraints on the anomalous magnetic coupling
of the top quark to a photon and a light quark (k, = Ky ,¢ = u,c) and on
the anomalous vector coupling of the top quark to a Z boson and a light quark
(vz = vz, ¢ = u,c). The exclusion limits from HERA, LEP and TeVatron are
shown. The HERA experiments (H1 and ZEUS) are only sensitive to the tuy-
coupling, for which they set the strongest limits.
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8.4 Comparison with Other Experiments

At present, there are three high energy physics facilities that provide a sufficiently
large center-of-mass energy for the production of top quarks. This section summarizes
the existing searches for single top quarks at the TeVatron and LEP colliders and the
other HERA collider experiment ZEUS. The current status of constraints on FCNC
couplings involving the top quark is presented in figure 8.7.

(a) HERA (b) LEP (c) TeVatron

u,c

Y. Z

Figure 8.8: Diagrams for FCNC single top production and decay at HERA, LEP,
and the TeVatron.

8.4.1 Single Top at TeVatron

The CDF collaboration at the TeVatron performed a search for radiative top decays
t = qgyand t — qZ (Z — ete ,utp”) in pp collisions at /s = 1.8 TeV. The
corresponding diagram is illustrated in figure 8.8 (c). In the Standard Model, branching
ratios of 107! or smaller are expected for these decays [18, 68]. The main background
to single top production at the TeVatron is ¢ production.

The CDF collaboration reports one event in the ¢ — ¢y channel and one event
in the ¢ — ¢Z channel, both consistent with the background expectation. Exclusion
limits are obtained for the branchings BR(t — u7y)+ BR(t — ¢y) < 3.2% and BR(t —
uZ)+ BR(t — ¢Z) < 33% [18]. They can be translated into bounds on the anomalous
couplings k., < 0.42 and v, < 0.73 [67]. The limit on &, is valid for both tuvy- and
tey-couplings. Considering only the coupling to the u-quark, the CDF limit is much
weaker than the one obtained by H1.

Also the Standard Model electroweak production of single top quarks in W-gluon
fusion or W* processes has been searched for with the CDF and DO experiments [6, 7.
Assuming |Viy| = 1, the predicted cross-sections for Wg and W* are 1.7 pb [69] and
0.7 pb [70], respectively (compared to 5.1 pb for ¢¢ production [71]). Due to low signal
efficiencies, the CDF and D0 analyses of Run I data (~ 110 pb™") showed no sensitivity
to electroweak single top production. For TeVatron Run II, the signal might be within
reach.

8.4.2 Single Top at LEP

Single top production in association with a light quark (¢ = u, ¢) in the process ete™ —
tq(tq) (illustrated in figure 8.8 (b)) has actively been searched for at the LEP2 collider,
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since its center-of-mass energy exceeds the top production threshold. It corresponds to
the crossed process compared to diagram (a) relevant for HERA. Since e*e™ collisions
also provide sensitivity to anomalous tqgZ-couplings, the couplings to the photon (k)
and to the Z boson (vyz) have been investigated simultaneously.

The preliminary results of the four experiments using data with /s up to 209 GeV,
corresponding to an integrated luminosity of approximately 600 pb~! per experiment,
were combined in [67]. No evidence for single top production has been observed in
the final state bWWq with the W decaying leptonically or hadronically. The exclusion
limits obtained in this preliminary LEP combination are s, < 0.36 and v, < 0.31 at
95% CL for a top quark mass of m;=174 GeV (figure 8.7). These limits represent the
currently strongest constraints on the anomalous couplings from colliders other than
HERA. The ALEPH, 1.3, and OPAL collaborations have recently published their final
results in [72, 73, 74].

8.4.3 Isolated Leptons and Single Top at ZEUS

The ZEUS collaboration, the other HERA collider experiment besides H1, has also
carried out a search for isolated lepton events and single top production [75]. In the
hadronic channel, the analysis is similar to the cut-based analysis presented in this the-
sis, and the preliminary results of both experiments are consistent (see figure 8.9 (d)).

In the semi-leptonic channel, ZEUS carries out a more inclusive selection with a
larger expectation of non-W background (see figure 8.9 (a) and (b)) and a selection
dedicated to look for W bosons and top quarks at high P7 (see table 8.6). ZEUS
sees no excess of isolated lepton events above the Standard Model expectation. In
particular, they see no isolated electron or muon event with a hadronic transverse mo-
mentum P;¥ > 40 GeV. Even though extensive comparisons between both experiments
have been undertaken, e.g. restricting the phase space to reach comparable acceptances
for both analyses, the discrepancy in the yield of electron and muon events at high PZ
persists and remains a puzzle. Only HERA II data will be able to shed light on this
discrepancy and decide whether it comes from a statistical fluctuation or not.

The ZEUS collaboration has recently presented a search for isolated tau leptons [76].
In the tau channel, they report two candidates with large PX ~ 40 GeV for a low
Standard Model expectation (see figure 8.9 (c) and table 8.6). These two events possess
similar kinematic properties as the outstanding isolated electron and muon events
observed by H1. The extension of the H1 single top analysis to the tau channel is
currently in work.

ZEUS preliminary Electrons Muons Taus

e*p (130.5 pb71) obs. /exp. obs. /exp. obs. /exp.
PY > 25GeV | 1/1.14+0.06|1/1.29+ 0.16 | 2 /0.12 + 0.02
P¥ > 40 GeV |0/ 0.46 4+ 0.03 | 0/0.50 £ 0.08 | 1 /0.06 & 0.01

Table 8.6: Observed and expected event yields of the ZEUS isolated lepton analysis.
Numbers taken from [75, 76].
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A comparison of the H1 and ZEUS isolated lepton results for the combination of
electron, muon (and tau) channels is shown in table 8.7. On the basis of these numbers,
the compatibility between the two experiments has been evaluated for the following
two signal hypotheses:

1. No signal exists.

2. The signal lies between the H1 and ZEUS results (a mean signal of 4.4 events is
used, deduced from the sum of the H1 and ZEUS event numbers, without making
any assumptions on the nature of the signal).

For each experiment, a confidence level for the signal-+background hypothesis is com-
puted, which corresponds to the probability that the obtained result is consistent with
the signal+background expectation. The compatibility between the H1 and ZEUS
results is then evaluated as the probability that two measurements would give results
that are less consistent with the signal+background expectation than the H1 and ZEUS
results [77]. This probability is found to be ~ 2% in absence of a signal, and ~ 10%
for a mean signal.

Isolated Leptons | observed / expected
HI (e + p) 11 / 3.67+0.96
ZEUS (e 4+ p+ 1) 4 /2.55+0.24

Table 8.7: Comparison of the H1 and ZEUS results on isolated leptons at P > 25 GeV.

As for the single top cross-section and the tuvy-coupling, ZEUS reports the following
exclusion limits at 95%CL (tau channel not included):

o(ep — etX, /s =320 GeV) < 0.25 pb  and Ky, < 0.19.

These limits are stricter than the H1 limits due to the absence of top candidates in the
electron and muon channels. In the preliminary ZEUS results, systematic errors are
not yet taken into account.

8.4.4 Outlook for FCNC Single Top Production

The sensitivity of the HERA and TeVatron colliders to FCNC processes will signifi-
cantly increase with the large luminosities expected in the near future. Both TeVatron
Run IT and HERA 1T have started taking data.

The goal of HERA 1I is to collect an integrated luminosity of ~ 1 fb~! in five
years, which would suffice to either gather enough isolated lepton candidates to claim
a discovery or to improve the current exclusion limit on the FCNC coupling by roughly
a factor of three to xy,, < 0.07.

The search for radiative top decays t — ¢ in TeVatron Run ITa (2 fb~') has been
estimated to yield ku,, < 0.13 [78]. It will also allow a test of the FCNC coupling to
the gluon. After 2007, the LHC will be able to study all above mentioned anomalous
couplings of the top quark with much higher sensitivity.
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Figure 8.9: Preliminary results on isolated leptons and single top production ob-
tained by the ZEUS collaboration. Shown are the hadronic transverse momentum
distributions in the electron channel (a), muon channel (b), tau channel (c¢) and
the 3-jet mass distribution in the hadronic channel (d). In (c¢) and (d), the top
simulation is shown with arbitrary normalization. Taken from [75, 76].

8.5 Summary

For each analyzed decay channel of the top quark, a possible fraction of signal events
in the data is obtained in a maximum-likelihood fit. Single top cross-sections of
o320 = 0.4370%% (0.051027) pb are derived for the semi-leptonic (hadronic) channel.
The two results are found to be consistent within 1.2 o, taking statistical and system-
atic uncertainties into account. The additional contribution from single top production
to the Standard Model background, as obtained from the fit, significantly increases the
compatibility between data and simulation compared to the background-only hypothe-
sis. However, for the combination of all channels, the probability that the data are still
consistent with the Standard Model is still sizeable (16%). Therefore exclusion limits
are set on the single top cross-section (0390(ep — etX) < 0.60 pb) and the tu~y-coupling
(Kiuy < 0.25).
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The comparison with searches for FCNC top production at other experiments has
shown that:

1. the HERA experiments have a large sensitivity the FCNC single top produc-
tion via photon exchange, beyond the reach of other experiments at LEP and
TeVatron.

2. there is a discrepancy in the yields of isolated electron and muon events observed
by H1 and ZEUS. More data statistics will be needed to clarify this disagreement.
Since ZEUS sees no excess of events at high P, they set a stricter exclusion
limit on the cross-section for single top production. However, ZEUS observes
two candidates at high P in the tau channel. Comparing the results on isolated
leptons from H1 and ZEUS (including taus), they are found to be compatible
with a probability of ~ 2% (~ 10%) assuming no signal (a mean signal) .






Chapter 9

Summary and Outlook

In this thesis, a search for the production of single top quarks in ep collisions is pre-
sented. This search is motivated by the observation of outstanding events with an
isolated electron or muon and missing transverse momentum in the H1 detector. In
addition, some of these events possess an unexpectedly large hadronic transverse mo-
mentum P7X. The dominant Standard Model process that produces similar final states
is the production of real W bosons. However, the observed rate of the isolated lepton
events together with their kinematical properties, mainly their large hadronic trans-
verse momentum, make an interpretation as events from W production or other Stan-
dard Model processes unlikely.

The probability that the isolated electron and muon events are consistent with the
Standard Model is 9.7-1073 (4.0-1073) obtained from a confidence level computation
using the full PY¥-spectrum (only P7 > 25 GeV). Systematic uncertainties are taken
into account by scaling up the Standard Model prediction accordingly. These proba-
bilities are low enough to seriously consider processes beyond the Standard Model as
possible interpretation of the observed data candidates.

One interpretation is single top production. The predicted cross-section for Stan-
dard Model top production at HERA is of the order O(1 fb) and thus too small to
allow an observable rate of top events. However, in several extensions of the Standard
Model, flavor changing neutral current couplings can be considerably enhanced, which
would increase the production cross-section. In this analysis, a comprehensive search
for singly produced top quarks is carried out assuming a model with flavor changing
neutral current interactions involving a coupling of the top quark to a u-quark in the
proton and a photon. Top quark decays into a b-quark and a W boson are consid-
ered in both the leptonic and the hadronic decay modes of the W. The full HERA 1
data recorded with the H1 experiment, corresponding to an integrated luminosity of
118 pb !, are analyzed.

An optimized set of observables is used for the discrimination of the top signal and
the Standard Model background. In each decay channel, first a cut-based selection
of top candidates is carried out. In the semi-leptonic channel, this selection yields
five top candidates for a Standard Model expectation of 1.61 + 0.42 events. The
dominant background is W production. Obviously a part of the observed data events
fits kinematically better to single top production than to the Standard Model. Three of
the selected top candidates have invariant masses close to and compatible with the top

135
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mass (My_,_jers = 168711, 17271, 176™), GeV). In the hadronic channel, the cut-based
top selection yields 18 events for 20.2 + 3.0 events expected. Therefore no deviation
from the Standard Model is seen. In contrast to the semi-leptonic channel, the expected
background from QCD processes is however large.

In a second step, a likelihood analysis is carried out to maximize the sensitivity
to the signal. By constructing a likelihood discriminator, an improved signal and
background separation is reached. The discriminator spectra are used for a maximum-
likelihood fit of the signal normalization to the data. The results obtained in each
channel are evaluated on a statistical basis. The maximume-likelihood fit results in a
cross-section for single top production of 0.43%3-33 (0.057)37) pb for the combined semi-
leptonic channel (hadronic channel) at /s = 320 GeV. Both channels are compatible
within 1.2 ¢ taking statistical and systematic uncertainties into account. A combina-
tion of all three channels gives the combined single top cross-section of 0.31 *0-1¢ pb.
The compatibility of the fitted signal4+background distribution with the data has been
evaluated and compared to the compatibility with the background-only hypothesis.
The results presented in table 9.1 show that the signal+background fit gives a much
better description of the data than the Standard Model background alone.

1 —CLsyp || 1 = CLy w/o syst. | 1 — CL, with syst.

Semi-leptonic channel (e + ) 36% 0.4% 1.6%
All channels 34% 12% 16%

Table 9.1: Probabilities 1 — CLg,, for the signal+background hypothesis and 1 — CLy,
for the background-only hypothesis (with and without inclusion of systematic uncer-
tainties).

These result can be summarized by stating that the H1 data are best described
in rate and distributions by a combination of the Standard Model prediction with a
signal from new physics. Such a new signal could very well be single top production.
However, the number of observed top candidates is still small and the probability of a
Standard Model background fluctuation still sizeable. Hence the obtained results are
also translated into exclusion limits on the single top production cross-section and the
corresponding strength of the FCNC coupling. The obtained bounds at 95% CL are:

o(ep — etX, /s = 320 GeV) < 0.60 pb , Ky < 0.25 . (9.1)

A comparison with searches for single top production or rare top quark decays
carried out by other experiments shows that the HERA experiments have the largest
sensitivity to the anomalous tuvy-coupling and set the strongest limit. As opposed to
the H1 results, the ZEUS collaboration reports no excess of electron or muon events,
but sees two candidates at high P in the tau channel. Comparing the results of both
experiments for PX > 25 GeV assuming a mean signal rate, both experiments are
compatible with each other with a probability of ~ 10%. Assuming that no signal
exists, the compatibility decreases to ~ 2%.
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Outlook

Due to the small number of data events, the presented search for top quarks is domi-
nated by statistical uncertainties, in particular in the semi-leptonic channel. Therefore
more statistics is needed to be able to decide if the isolated lepton excess is only an
(unlikely) statistical fluctuation. HERA II is currently starting a phase of operation at
higher luminosity, aiming at collecting data corresponding to an integrated luminosity
of 1 fb~! in the next five years. This increase of the integrated luminosity by a factor
of ~ 10 should either turn the isolated lepton excess into a discovery or significantly
improve the limit on the FCNC coupling k4, (by roughly a factor of three to 0.07).

Besides higher statistics, also the following aspects will be relevant for the single
top analysis in the future:

e During the shutdown in 2001, various components of the H1 detector have been
upgraded or newly installed. The new forward tracker will hopefully allow an
improved tracking in the forward region, where most of the particles from top
decays are expected. Also a new silicon tracker (FST) was installed in the for-
ward region of the detector. Together with the central silicon tracker (CST), the
acceptance will be significantly increased. This may allow an efficient tagging of
b-quarks in top events.

e The single top analysis at H1 is currently being extended to include the tau
channel. Hadronic tau decays are identified as narrow jets with one or three
tracks in the detector. Tau candidates at high P, as the two candidates observed
by ZEUS, could nicely complement the observations in the electron and muon
channels.

e A next-to-leading order calculation for the W production cross-section in ep col-
lisions has recently been published [79]. It could unfortunately not be included
in this thesis. The calculated leading order cross-section corresponds within a
few percent to the prediction of the EPVEC generator, as used in this analysis.
The systematic uncertainty on the predicted cross-section is reduced from 30% to
15%, which would have some impact on the probabilities (including systematics)
evaluated in this thesis.

e Although single top production seems to kinematically fit quite well to the iso-
lated lepton excess, there are other interpretations that may be worthwhile to be
studied. One example is the production of stop quarks in supersymmetric models
with R-parity violation. A possible stop decay & — bW+ — dizutv, (assuming
the sbottom is lighter than the stop) would yield signatures similar to the ones
of the isolated lepton events.






Appendix A

Event Displays of Isolated Leptons
at High Hadronic Pp

This appendix contains event displays of all ten isolated lepton events selected as W
candidates that have a high hadronic transverse momentum (P.* > 25 GeV). First the
four electron events are presented in increasing order of P%ets, then the six muon events.
The five events selected in the cut-based top analysis are marked as top candidates.

Run 275991 Event 29613 Class: 4 56 7 8 11 19 20 25 28 Date 2/10/2002

€[Gev] (DCLU)

Figure A.1: W — e*v candidate.
Py =38 GeV , Ppiss =42 GeV , P =27 GeV , My_,_jers = 144 GeV.
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42@ Run 248207 Event 32134 Class: 4 56 7 8 11 19 25 28 Date 2/10/2002

€[Gev] (DCLU)

Figure A.2: W — e*v candidate. (top candidate)
¢ =32 GeV , Ppiss =44 GeV , Pi =43 GeV |, Mo_,_jess = 155 GeV.,

?@/ Run 252020 Event 30485 Class: 4 56 7 8 9 10 11 12 19 24 25 27 28 29 Date 22/10/2002

£[Gev] (DCLU)

Figure A.3: W — e*v candidate with tagged scattered electron. (top candidate)
e = 25 GeV , Ppiss = 40 GeV , Pi™" = 47 GeV , M, , jus = 168 GeV |
M., =79 GeV.
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”@; Run 268338 Event 70014 Class: 4 56 7 8 11 19 25 28 Date 22/10/2002

€[Gev] (DCLU)

Figure A.4: W — e*v candidate. (top candidate)
¢ =32 GeV , Ppiss = 67 GeV , Pi™ =48 GeV |, M,_,_jers = 160 GeV.

1) Run 195308 Event 16793 Class: 4 6 7 8 19 25 28 Date 22/10/2002
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Figure A.5: W — p*v candidate. .
Pl = 60115 GeV , PPiss = 31 GeV , Pi =26 GeV , M, , jos = 113 GeV.
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@@Q&) Run 188108 Event 5066 Class: 4 6 7 8 10 16 19 24 25 28 Date 2/10/2002

€[Gev] (DCLU)

Figure A.6: W — p~ v candidate with tagged scattered electron.
Pl = 4115 GeV | Ppiss = 45 GeV , P} = 27 GeV , M_,_joss = 159 GeV |
M, =79 GeV.

) Run 270132 Event 73115 Class: 4 6 7 8 11 19 25 28 Date 2/10/2002

£[Gev] (DCLU)

Figure A.7: W — pv candidate. The muon charge is undetermined.
Pl = 6473 GeV | PPiss =79 GeV , Pi" =27 GeV , M, , jos = 147 GeV.
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[ Run 266336 Event 4126 Closs: 4 56 7 8 10 11 15 16 19 22 24 25 28 Date 2/10/2002

€[Gev] (DCLU)

Figure A.8: W — p*v candidate with a second muon in the jet. (top candidate)
Pl =20%] GeV , Ppiss = 67 GeV , PI* =55 GeV , M,_,_jess = 172 GeV.

@@’Q\ Run 192227 Event 6208 Clgss: 4 56 7 8 9 10 12 16 19 23 24 25 28 Date 2/10/2002

£[Gev] (DCLU)

Figure A.9: W — p~ v candidate. .
P =73 GeV | PPiss = 22 GeV , Pi =64 GeV , M, , _jos = 169 GeV.
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) Run 186729 Event 702 Closs: 456 78 9 10 16 19 24 25 28 Date 22/10/2002
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Figure A.10: W — p*v candidate. (top candidate)
Pl = 51717 GeV | Ppiss = 28 GeV , PI™ =72 GeV , M, jus = 176 GeV.



Appendix B

Spin Correlations in Top Quark
Decays

In this chapter, the correlations between the spin of the top quark and the spin of the
W boson are discussed for top quark decays t — bW — blv.

The shape of the cos(6;,) distribution presented in figure 6.20 is a consequence of

a specific mixture of W helicities in top quark decays. To recall, the W decay angle

03, is defined as the angle between the lepton in the W rest frame and the W direction

in the top rest frame. As illustrated in B.1 (a) and (b), only two helicities states are

possible for W bosons emerging from top decays. The right-handed helicity state is
absent, while the left-handed and longitudinal helicity states occur in the ratio [59]:

I/Vleft : I/Vlong = 2MI%V : M7

top

~ 30% : 70%. (B.1)

The reason for this is the V-A structure of the electro-weak theory. Due to the V-A
coupling of the W to quarks and the negligible b-quark mass compared to its energy
obtained in the top decay, the left-handed chirality of the tbWW -vertex leads to a left-
handed helicity of the b-quark. When the W is emitted in the direction of the top
quark spin, angular momentum conservation tells us that the spin of the W has to be
perpendicular to the spin of the top and the b-quark (longitudinal W). Similarly, the
spin of the W has to point in the same direction as the spin of the top quark for a W
emitted in the opposite direction (left-handed ).

How is the W spin direction now related to the direction of the lepton? This
becomes clear by looking at figure B.1 (¢). Single top production at HERA yields
W bosons and thus positively charged leptons in the subsequent leptonic decays of
the W*. Due to the left-handedness of the neutrino, the positively charged lepton
must be emitted in the direction of the W spin. Therefore the contribution to cos(6};)
from left-handed TW’s is a term oc (1 — cos(f},))? and from longitudinal W’s a term
o sin?(#%,). The angular distribution has the following form:

dN

deos(@)) =0 11— cos(0))? + 0.7 - Ssin® (B, (B.2)

This equation is also valid for unpolarized top quarks, as implemented in the generator
ANOTOP. The cos(#},) distribution obtained for ANOTOP events on parton level
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B SPiN CORRELATIONS IN TOP QUARK DECAYS

is shown in figure B.2 together with the individual contributions expected from left-

handed and longitudinal WW's.

As a side remark, it should be mentioned that as a consequence of the lepton
direction with respect to the W spin and the two possible W helicities in top decays,
the transverse momentum of the neutrino in the top decay chain tends to be larger than
the transverse momentum of the lepton. The difference comes from the left-handed
W component. For left-handed W'’s, the lepton is emitted opposite to the direction
of motion of the W in the laboratory frame, while the neutrino is emitted in the W
direction, and thus obtains a larger transverse momentum than the electron.

(a)

WA

by

(b)

b A

W

(c)

€+ A

o

)

Vo y

Figure B.1: Tllustrations of the spin correlations in top decays (a) and (b) and in

W decays (c).
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Figure B.2: Distribution of the cosine of the W decay angle, 6y, for generated top
events (ANOTOP) on parton level. The angular distribution consists of a contri-
bution from left-handed W bosons and a contribution from longitudinal W bosons,
drawn as dashed and dashed-dotted lines.



Appendix C

Transformed Observables and
Correlation Matrices

In this appendix, the input variables for the likelihood analyses are shown after their
transformation to Gaussian distributed variables by the PTC-method. In addition, all
correlation (covariance) matrices of these variables are given for the top signal and the
background Monte Carlo samples before and after the transformation.
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C TRANSFORMED OBSERVABLES AND CORRELATION MATRICES

C.1 Electron Channel
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Figure C.1: Distributions of the Gaussian transformed variables y; for the top sig-
nal (upper plots) and z; for the background (lower plots). Gaussian fits to the
distributions are shown as solid lines.

Signal Sample

ij;ets Mefllfjets COS( ;;V)
P 1.00 0.61 -0.11
Mo y_jers | 0.61 1.00 -0.12
cos(63,) -0.10 -0.12 1.00

Table C.1: Correlation matrix of the untrans-
formed variables.

Background Sample

P%ets Me_y_jers | cos(6y)
Pt 1.00 0.64 -0.01
M,y jes | 0.64 1.00 -0.03
cos(B%,) | -0.01 -0.03 1.00

Table C.3: Correlation matrix of the untrans-
formed variables.

Y1 Y2 Y3
Y1 0.97 0.59 -0.11
Y 0.59 1.00 -0.12
Y3 -0.11 -0.12 0.99

Table C.2: Covariance matrix of the

transformed variables.

21 %) <3
21 0.98 0.63 -0.01
29 0.63 1.04 -0.02
23 -0.01 -0.02 1.00

Table C.4: Covariance matrix of the

transformed variables.
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C.2 Muon Channel

1] 900 E X’/ ndf 7262 | 21| A 900 E X’/ ndf 124 [ 21| @ 900 E X/ ndf 6.111 / 21
% 800 F Constant 578.3 % 800 F Constant 574.5 % 800 F Constant 575.6
S E Mean 0.3221E-01 | S E Mean 0.3243E-01 | S E Mean -0.1570E-01
Ll 700 F Sigma 09946 | L 700 E Sigma 1002 | W 700 F Sigma 0.9990
600 F 600 F 600 [
500 F 500 F 500 f
400 E 400 E 400 F
300 F 300 F 300 f
200 F 200 F 200 E
100 F 100 F 100 F
1S R S I E—— 1S S P B R o b [ R |
-2 0 2 -2 0 2 -2 0 2
Y1 Y2 Y3
€N 160 [ x*/ndf 1209 / 21| £ 160 | x*/ndf 3989 / 21| 9160 [ X’/ ndf 1358 / 21
% r Constant 111.1 % r Constant 112.5 % r Constant 114.1
S 140 | Mean 02102601 | > 140 [ Mean 01957601 | = 140 | Mean -0.2144E-01
(i1} o Sigma 1012 | W o Sigma 1007 | W o Sigma 0.9826
120 120 120
100 F 100 F 100 F
80 F 80 F 80
60 F 60 | 60 F
40 | 40 | 40 |
20 | 20 | 20 F
o B 1 o B L ) o EEE L 1)
-2 0 2 -2 0 2 -2 0 2
2 Z, Z3

Figure C.2: Distributions of the Gaussian transformed variables y; for the top sig-
nal (upper plots) and z; for the background (lower plots). Gaussian fits to the
distributions are shown as solid lines.

Signal Sample

ij;ets Mefllfjets COS( ;;V) Y1 Yo Y3
Pt 1.00 0.54 -0.13 n 1.06 0.56 -0.13
Me_y_jets 0.54 1.00 -0.05 Yo 0.56 1.03 -0.06
cos(65,) -0.13 -0.05 1.00 Y3 -0.13 -0.06 1.04
Table C.5: Correlation matrix of the untrans- Table C.6: Covariance matrix of the
formed variables. transformed variables.

Background Sample

Pj];ets Me_y_jets COS(Q;V) Z1 Z9 zZ3

P%ets 1.00 0.68 0.02 21 1.15 0.77 0.06

M.y jets 0.68 1.00 0.04 29 0.77 1.15 0.02

cos(6}y) 0.02 0.04 1.00 23 0.06 0.02 1.15
Table C.7: Correlation matrix of the untrans- Table C.8: Covariance matrix of the

formed variables. transformed variables.
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C TRANSFORMED OBSERVABLES AND CORRELATION MATRICES

C.3 Hadronic Channel
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Figure C.3: Distributions of the Gaussian transformed variables y; for the top signal
(upper plots) and z; for the photoproduction background (lower plots). Gaussian
fits to the distributions are shown as solid lines.

Signal Sample

P%Ets Mo _\)_jets cos(fyy)
Pets 1.00 0.53 0.07
Me_y_jors | 0.53 1.00 0.04
cos(63,) 0.07 0.04 1.00

Table C.9: Correlation matrix of the untrans-
formed variables.

Background Sample

P%ets Me_y_jers | cos(6y)
Pjets 1.00 0.60 0.05
M, y jes | 0.60 1.00 -0.16
cos(03;) 0.05 -0.16 1.00

Table C.11: Correlation matrix of the untrans-
formed variables.

Y1 Y2 Y3
Y1 1.02 0.53 0.07
Yo 0.53 1.01 0.04
Y3 0.07 0.04 1.10

Table C.10: Covariance matrix of the

transformed variables.

21 %) <3
21 0.91 0.51 0.02
29 0.51 0.83 -0.12
23 0.02 -0.12 0.93

Table C.12: Covariance matrix of the

transformed variables.




Appendix D

Discriminating Observables after
Cut on the Lepton Charge

This appendix shows the observables used to discriminate the top signal from W pro-
duction in the electron and muon channels, after rejecting all events that have a lepton
with well-measured negative charge (> 20).
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Figure D.1: Distributions of the three discriminating observables used to separate
single top production from Standard Model W production (left: electron channel,
right: muon channel). The distributions are shown after applying a cut on the
lepton charge, that rejects all events with well-measured negative leptons. The top
simulation is arbitrarily normalized to the expectation from W production. The
positions of the data events are marked by arrows. A number above the arrow
indicates the number of data events in the corresponding bin of the distribution.



Appendix E

Event Displays of Top Candidates
in the Hadronic Channel

This appendix presents event displays of selected multi-jet events that pass the top
selection.

Run 277152 Event 17273 Class: 4 5 7 11 19 25 28 29 Date 24/10/2002

I ’
s

£[Gev] (DCLU)

Figure E.1: t — bW — bgq' candidate.
PJ? =170,69,21 GeV , My = 171 GeV |, MV emb = 71 GeV.

153



154 E EVENT DisPLAYS OF ToP CANDIDATES IN THE HADRONIC CHANNEL

ﬂ>@g Run 271055 FEvent 119291 Class: 4 57 8 11 16 19 25 28 29 Date 24/10/2002

€[Gev] (DCLU)

Figure E.2: ¢ — bW — bgq' candidate.
P = 170,60,22 GeV |, Mjo, = 174 GeV |, MVcomb = 81 GeV.

jet

Q@( Run 272940 Event 46911 Class: 4 57 8 10 11 16 19 24 25 28 29 Date 24/10/2002

£[Gev] (DCLU)

Figure E.3: ¢t — bW — bgq' candidate.
P = 75 68,24 GeV |, Mo, = 186 GeV |, MVcomb = 85 GeV.

jet
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@@9 Run 278168 FEvent 147146 Class: 4 57 8 11 16 19 25 28 29 Date 24/10/2002

€[Gev] (DCLU)

Figure E.4: ¢ — bW — bgq' candidate.
P = 63,43,23 GeV |, Mo, = 181 GeV |, MVcomb = 70 GeV.

jet

@@ Run 274439 Event 64676 Class: 4 57 8 10 11 16 19 24 25 28 Date 24/10/2002

3
E
3
s
3
g
=

Figure E.5: ¢ — bW — bgq' candidate.
P — 68,42,36 GeV |, Mo, = 180 GeV |, MVcomb = 75 GeV.

jet



Appendix F

Study of Systematic Uncertainties
for the Signal Fit

In this appendix, the distributions of the fitted numbers of top signal events are shown
after a Gaussian smearing of the different quantities affected with a systematic un-
certainty. Each distribution contains (at least) 200 entries. The uncertainty on the
number of signal events is obtained by applying Gaussian fits to these distributions.
The results of the fits are shown.

F.1 Hadronic Channel
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Figure F.1: Systematic uncertainty on the number of signal events due to different
experimental uncertainties in the hadronic channel.
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F.2 ELECTRON CHANNEL
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F.2 Electron Channel
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Figure F.2: Systematic uncertainty on the number of signal events due to different
experimental uncertainties in the electron channel.
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F STUuDY OF SYSTEMATIC UNCERTAINTIES FOR THE SIGNAL FIT

F.3 Muon Channel

75

50

25

60

Entries

40

20

150

Entries

100

50

E(u)
[ Constant 51.78
[ Mean 2.184
- Sigma 0.9246E-01
2 2.5
Signal events
E(had)
I Constant 48.85
[ Mean 2.235
| -Sigma 0.9800E-01
2 2.5
Signal events
Trigger eff.
[ Constant 126.9
F Mean 2.349
[ Sigma 0.3775E-01
[ L I L L L I L
2 2.5

Signal events

Entries

60

Entries

40

20

Entries

75 F
50 |

25 b

6(1)
[ Constant 65.49
[ Mean 2.296
- Sigma 0.7310E-01
L I L L L L
2 2.5
Signal events
o(had)
[ Constant 35.37
[ Mean 2.228
L Sigma 0.1355
I 1 1 1 1
2 2.5
Signal events
Bkg norm.
I Constant 234.0
[ Mean 2.301
0.3260

[ Sigma

1 2 3
Signal events

Entries

150

100

50

80

Entries

60

40

20

I(1y)

L Constant 83.33
[ Mean 2.333
—Sigma 0.5745E-01
[ L I L L L
2 2.5
Signal events
o(had)
|_Constant 55.33
- Mean 2.209
| Sigma 0.8652E-01
2 2.5

Signal events

Figure F.3: Systematic uncertainty on the number of signal events due to different
experimental uncertainties in the muon channel.
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