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Kurzfassung

Eine Su
he na
h der Produktion einzelner Top-Quarks dur
h 
avor-�andernde

neutrale Str�ome in ep-Kollisionen wird vorgestellt. Die Su
he ist motiviert dur
h

die Beoba
htung von Ereignissen mit dem H1-Detektor, die ein isoliertes Lepton

sowie einen hohen fehlenden und einen hohen hadronis
hen Transversalimpuls

aufweisen. Die H�au�gkeit und Topologie dieser Ereignisse ist mit Standardmod-

ellprozessen nur s
hwer in Einklang zu bringen. Das Ziel dieser Arbeit ist eine

umfassende Su
he na
h der Produktion von Top-Quarks. Zerf�alle des Top-Quarks

in ein b - Quark und ein W Boson werden sowohl f�ur leptonis
he als au
h f�ur

hadronis
he Zerfallsmoden des W -Bosons untersu
ht. Die Trennung des Top-

Signals vom Standardmodelluntergrund erfolgt mittels einer multivariaten Anal-

yse. Die gesamten mit dem H1-Experiment aufgenommenen HERA I Daten,

entspre
hend einer integrierten Luminosit�at von 118 pb

�1

, werden untersu
ht.

Als Resultat dieser Analyse wird gefunden, da� ein Teil der beoba
hteten Lep-

tonereignisse kinematis
h deutli
h besser zu Top-Produktion als zu Standard-

modellprozessen pa�t. Anomale Top-Produktion m�u�te au
h an einer Erh�ohung

der beoba
hten Ereignisrate mit hadronis
hen W -Zerf�allen si
htbar sein. Es

wird keine signi�kante Abwei
hung vom Standardmodelluntergrund beoba
htet.

Die Kombination aller Zerfallskan�ale in einer Likelihoodanpassung ergibt einen

Wirkungquers
hnitt f�ur die Produktion einzelner Top-Quarks von 0:31

+0:16

�0:15

pb

bei

p

s = 320 GeV. Diese Kombination liefert eine deutli
h bessere Bes
hreibung

der Daten als das Standardmodell alleine. Aufgrund der momentan no
h kleinen

Anzahl von Top-Kandidaten wird au
h eine Auss
hlu�grenze f�ur den Wirkungs-

quers
hnitt der Top-Produktion und f�ur die St�arke der 
avor-�andernden Kop-

plung ermittelt. F�ur die tu
-Kopplungskonstante ergibt si
h �

tu


< 0:25 mit

95% CL. Dieses Resultat verbessert die existierenden Auss
hlu�grenzen anderer

Experimente bei LEP und am TeVatron.

Abstra
t

A sear
h for single top quark produ
tion mediated by 
avor 
hanging neutral 
ur-

rents in ep 
ollisions is presented. The sear
h is motivated by the observation of

events with an isolated lepton, missing transverse momentum and large hadroni


transverse momentum in the H1 dete
tor. The rate and topology of these events

is found to be unlikely for Standard Model pro
esses. The goal of this thesis is

a 
omprehensive sear
h for top quarks. De
ays of top quarks in a b-quark and

a W boson are sear
hed for in both the leptoni
 and the hadroni
 de
ay modes

of the W . The top signal is dis
riminated from Standard Model ba
kground

pro
esses in a multi-variate analysis. The full HERA I data set taken with the

H1 dete
tor is used, 
orresponding to an integrated luminosity of 118 pb

�1

. As

a result of this analysis, it is found that a part of the observed lepton events

is kinemati
ally more 
onsistent with top produ
tion than with Standard Model

pro
esses. Anomalous top produ
tion should also be visible as an in
reased event

rate for hadroni
 W de
ays. No signi�
ant deviation from the Standard Model

ba
kground is observed. The 
ombination of all de
ay 
hannels in a likelihood �t

yields a 
ross-se
tion for single top produ
tion of 0:31

+0:16

�0:15

pb at

p

s = 320 GeV.

This 
ombination gives a mu
h better des
ription of the data than the Stan-

dard Model alone. Due to the presently small number of top 
andidates, also

an ex
lusion limit is set on the single top produ
tion 
ross-se
tion and the 
a-

vor 
hanging neutral 
urrent 
oupling. An upper limit on the tu
-
oupling of

�

tu


< 0:25 at 95% CL is established, whi
h extends into a region of parameter

spa
e not ex
luded by other experiments at LEP and TeVatron.
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Chapter 1

Introdu
tion

Over the last four de
ades, experiments at 
olliders with high energies have made

major 
ontributions to parti
le physi
s. At the highest energies available at the time,

new fundamental parti
les have been dis
overed. In the 1970's, 
harm- and beauty-


avored parti
les were produ
ed and dete
ted in ele
tron-positron 
ollisions for the

�rst time. 1983 was marked by the dis
overy of the ele
troweak gauge bosons W

�

and Z

0

in proton-antiproton 
ollisions. The latest landmark dis
overy was made in

1994, when the heaviest elementary parti
le known to date, the top quark, was found

in proton-antiproton 
ollisions.

On the theoreti
al side, this period of parti
le dis
overies was a

ompanied by the

development and elaboration of the so-
alled Standard Model (SM) of parti
le physi
s.

In this model, the basi
 
onstituents of matter, leptons and quarks, intera
t via the

ex
hange of gauge bosons: photons, W

�

, Z

0

bosons and the gluons, representing the

ele
troweak and strong for
es, respe
tively. The Standard Model has been extremely

su

essful in des
ribing all experimental data up to this day (ex
ept for the neutrino

masses, whi
h are now known to be non-zero). Still it is generally believed that it


annot be the ultimate theory of parti
le physi
s. The many free parameters of this

theory, 
oupling 
onstants and masses, are 
onsidered as rather annoying in a funda-

mental theory. The belief that the Standard Model is just an e�e
tive theory, valid

only at the experimental energies a

essible today, is widespread. At higher energies

it may have to be repla
ed 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 se
ond heaviest quark, the beauty quark with 4.5 GeV) 
ould

play a 
ru
ial role for the dis
overy of new physi
s at large energy s
ales. In several

proposed extensions to the Standard Model, signs of new physi
s are expe
ted �rst

in the top se
tor. Up to now only about 100 top quarks have been observed at the

TeVatron proton-antiproton 
ollider. The observation of top quarks at other existing


ollider experiments would be a surprise be
ause the predi
ted Standard Model rates

for single top produ
tion are negligibly small. Produ
tion me
hanisms beyond the

Standard Model would therefore have to be involved in order to observe top quarks.

The HERA 
ollider at DESY in Hamburg is the only existing ele
tron-proton 
ol-

lider to date. With its 
enter-of-mass energy of 320 GeV, it is one of the few fa
ilities in

the world on the high energy frontier of parti
le physi
s. The available 
enter-of-mass

1



2 1 Introdu
tion

energy is kinemati
ally suÆ
ient for the produ
tion of single top quarks. Single top

produ
tion might be possible in 
avor 
hanging neutral 
urrent (FCNC) intera
tions,

where an up or 
harm quark 
oming from the proton is 
onverted into a top quark

by intera
tion with a photon or Z

0

boson emitted from the ele
tron. In the Standard

Model, FCNC pro
esses pro
eed only at loop level, and thus are strongly suppressed.

However, several interesting extensions of the Standard Model would allow a dete
table

rate for single top produ
tion in FCNC intera
tions. Top produ
tion at HERA leads

to spe
ta
ular experimental signatures from top quark de
ays. The top quark de
ays

almost always into a beauty quark and a real W

+

boson. This W

+

boson de
ays lep-

toni
ally into e

+

�

e

, �

+

�

�

, �

+

�

�

or hadroni
ally into q

�

q

0

. For the leptoni
 W de
ay


hannel, an isolated lepton with high transverse momentum is expe
ted in the dete
tor.

The es
aping neutrino would 
ause a large missing momentum in the dete
tor. It is

very ex
iting that 
andidate events with this signature have been observed. They will

be dis
ussed in detail in this thesis.

The subje
t of this thesis is the investigation of single top quark produ
tion at

HERA as seen in the H1 dete
tor. All W boson de
ay 
hannels mentioned above,

ex
ept the tau 
hannel, are investigated separately. Methods for the suppression of

Standard Model ba
kground mimi
king signatures of top quark de
ays are developed

and applied, using multi-variate te
hniques. The obtained results are evaluated on

a statisti
al basis, exploiting the di�erent shapes of dis
riminating observables. The

probability of a 
ontribution from single top produ
tion in the data is studied.

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

This thesis is organized as follows:

� Chapter 2 gives a theoreti
al overview of single top produ
tion within and be-

yond the Standard Model. Also relevant Standard Model ba
kground pro
esses

are introdu
ed.

� Chapter 3 introdu
es the H1 experiment and the HERA 
ollider.

� Chapter 4 presents preparatory steps of the data analysis. A general data pre-

sele
tion ensuring a reasonable data quality for all later sele
tion steps is per-

formed.

� Chapter 5 explains the identi�
ation of leptons and hadroni
 jets in the H1 de-

te
tor.

� Chapters 6 and 7 
onstitute the main part of the data analysis. The single top

sear
h in the semi-leptoni
 and the hadroni
 de
ay 
hannels of the top quark are

dis
ussed. These 
hapters des
ribe the 
omplete event sele
tion. A fo
us lies on

maximizing the sensitivity to a possible top signal, e.g. by using a likelihood

analysis.

� Chapter 8 presents the statisti
al evaluation of the likelihood analysis. The re-

sults are 
ompared to single top sear
hes at other experiments.

� Chapter 9 summarizes the results and gives an outlook.

� The appendix gives supportive information for di�erent analysis steps and 
on-

tains graphi
al displays of interesting data events.



Chapter 2

Theoreti
al Overview

In this 
hapter, the theoreti
al foundations for the single top analysis are presented. In

the �rst part, some properties of the top quark and the produ
tion of single top quarks

at HERA within and beyond the Standard Model are dis
ussed. In the se
ond part,

all relevant ba
kground pro
esses to single top produ
tion are introdu
ed. Finally, the

Monte Carlo generators used to simulate signal and ba
kground pro
esses are presented.

2.1 Introdu
tion to Single Top Produ
tion

Sin
e its dis
overy in p�p 
ollisions at the TeVatron in 1994 [3, 4℄, the top quark has

attra
ted 
onsiderable attention both from the theoreti
al and the experimental point

of view. There are several reasons for this. The top quark is the heaviest of all

elementary parti
les observed until today. The 
urrently most pre
ise determination of

the top mass is 174:3� 5:1 GeV

1

[5℄, measured dire
tly in de
ays of pair-produ
ed top

quarks at the TeVatron. Due to the large top mass 
lose to the ele
troweak symmetry

breaking (EWSB) s
ale, the properties of the top quark 
ould reveal information on the

nature of EWSB, address questions in 
avor physi
s or provide insight to new physi
s

originating at a higher mass s
ale. Another 
onsequen
e of its large mass is that the top

quark de
ays rapidly (� � 10

�24

s) before hadronization takes pla
e and top-
avored

meson states 
an form. Hen
e the top quark allows a determination of the properties

of the quark itself, whi
h is not possible for any of the lighter quarks. For instan
e,

spin 
orrelations in top de
ays t! bW 
an be studied without any disturban
es from

fragmentation. It is widely believed that deviations from the Standard Model might

be �rst observed in the top se
tor.

The produ
tion of t

�

t pairs is at present only possible at the TeVatron with its large


enter-of-mass energy of 1.8 TeV. However, the 
enter-of-mass energies of the HERA

and LEP 
olliders lie above the top produ
tion threshold and would thus kinemati
ally

allow the produ
tion of single top quarks. However, the expe
ted rates for single top

produ
tion in the Standard Model are extremely low. The single top 
ross-se
tion in

e

+

e

�


ollisions at LEP was estimated to be of the order O(10

�4

) fb [74℄ and thus totally

negligible. At the TeVatron, the single top 
ross-se
tion is 1.7 pb (0.7 pb) for W -gluon

1

Natural units are used throughout this thesis (
 = 1; �h = 1). As a result, energies and momenta

are given in GeV.

3



4 2 Theoreti
al Overview

fusion (W

?

) pro
esses [6℄, but still not large enough to be sensitive with the 
urrently

a

umulated luminosity.

(a)

p

d,s

t

W
+

e
+ ν

–

e

(b)

p

b
–

t

W
+

e
+ ν

–

e

(
)

p

u,c
b

t

W
+

e
+

e
+

Figure 2.1: Example diagrams for Standard Model single top produ
tion at HERA.

(a) Charged 
urrent pro
ess with the W 
oupling to a light down-type quark (d; s)

in the proton, (b) 
harged 
urrent pro
ess involving a b-quark, (
) 
avor 
hanging

neutral 
urrent pro
ess at loop-level (penguin).

In ele
tron-proton 
ollisions at HERA, single top quarks 
ould be produ
ed via W

ex
hange (
harged 
urrent) or via photon or Z ex
hange (neutral 
urrent) a

ording

to the diagrams in �gure 2.1.

� Charged 
urrent top produ
tion at HERA:

Two possible diagrams for single top produ
tion via W ex
hange at HERA are

shown in �gure 2.1 (a) and (b). The 
ross-se
tions for these 
harged 
urrent

pro
esses were estimated using the CompHEP [8℄ program. The 
ross-se
tion for

pro
ess (a) is of the order O(10

�2

fb) for the 
ouplings of theW to either a d- or a

s-quark in the proton. It is suppressed by the respe
tive CKM matrix elements,

sin
e a transition between a quark in the �rst or se
ond generation (d- or s-

quark) to the third generation (t-quark) is involved. Pro
ess (b), whi
h involves

a b-quark, has a signi�
antly larger 
ross-se
tion, sin
e the CKM matrix element

jV

tb

j is approximately one. It is of the order O(1 fb), whi
h is however still too

small to produ
e an observable rate of top events. Altogether, the produ
tion of

� 0:1 single top event is expe
ted in the data 
olle
ted with the H1-experiment

so far.

� Neutral 
urrent top produ
tion at HERA:

In order to produ
e a top quark via ex
hange of a neutral gauge boson, the

neutral 
urrent would have to indu
e a 
hange of 
avor of the stru
k quark in the

proton (u! t or 
! t). In the Standard Model, pro
esses with 
avor 
hanging

neutral 
urrents (FCNC) 
an only arise via higher order radiative 
orre
tions,

and are highly suppressed. Hen
e FCNC top produ
tion in the Standard Model

is negligible. An example diagram for su
h a pro
ess at loop-level is shown in

�gure 2.1 (
).

Due to the large suppression in the Standard Model, single top produ
tion o�ers a

high sensitivity to new physi
s. An observation of single top quarks would unambigu-

ously signal the presen
e of new physi
s.
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To allow for single top produ
tion beyond the Standard Model, an enhan
ement

of FCNC intera
tions would be needed. Flavor 
hanging neutral 
urrent intera
tions


an be des
ribed by using a model-independent e�e
tive Lagrangian. This e�e
tive

Lagrangian 
ontains operators in an expansion series in powers of 1/�, where � denotes

the 
hara
teristi
 mass s
ale for the new intera
tions [9, 10℄. The e�e
tive Lagrangian

is added to the Standard Model Lagrangian:

L = L

SM

+ L

e�

= L

SM

+

1

�

L

1

+

1

�

2

L

2

+ : : : ; (2.1)

where L

1

, L

2

, : : : are Lagrangian's 
ontaining new intera
tions with operators of di-

mension �ve, six, : : : .

In this thesis, the most general e�e
tive Lagrangian, proposed in [9℄, is 
onsidered

whi
h des
ribes tree-level FCNC top quark intera
tions involving ele
troweak bosons.

It 
an be written as follows:

L

eff

=

X

U=u;


i

ee

U

�

�

t�

��

q

�

�


;U

UA

�

(2.2)

+

g

2 
os �

W

�

t

�




�

(v

Z;U

� a

Z;U




5

) + i

1

�

�

��

q

�

K

Z;U

�

UZ

�

+ h.
. ; (2.3)

where �

��

= (i=2) [


�

; 


�

℄, �

W

is the Weinberg angle, q the four-momentum of the ex-


hanged boson, e and g denote the gauge 
ouplings relative to the gauge groups with

U(1) and SU(2) symmetries respe
tively, e

U

denotes the ele
tri
 
harge of up-type

quarks, A

�

and Z

�

the �elds of the photon and Z boson. The s
ale up to whi
h the

e�e
tive theory is assumed to hold is given by the parameter �. By 
onvention, � is set

to the mass of the top quark (� = m

t

). The FCNC 
ouplings of the top quark are the

magneti
 
ouplings �


;U

(K

Z;U

) to an up-type quark U = u; 
 and a photon (Z boson)

and the ve
tor (axial ve
tor) 
ouplings v

Z;U

(a

Z;U

) to an up-type quark U = u; 
 and a

Z boson.

The above Lagrangian 
ould be the e�e
tive, low-energy theory of a more funda-

mental theory. Examples of theories extending the Standard Model and leading to

enhan
ed FCNC top intera
tions are :

� Models with dynami
al symmetry breaking:

Models with dynami
al breaking of 
ertain symmetries 
an lead to an enhan
e-

ment of FCNC 
ouplings [11℄. When the ele
troweak symmetry is dynami
ally

broken, providing a dynami
al me
hanism for the mass generation, non-diagonal

(ve
tor) 
ouplings to the Z naturally appear. Couplings to massless bosons might

also be generated, for example in models where the mass hierar
hy arises from

the breaking of a larger symmetry, e.g. SU(3)

L

�SU(3)

R

. This was 
onsidered

in [12℄, where the possibility of anomalous single top produ
tion at HERA was

�rst pointed out.

� Two-(Multi-)Higgs-Doublet models:

In model with two or more Higgs doublets, FCNC 
ouplings 
an o

ur at tree-

level [14℄. An example diagram is shown in 2.2 (a) with 
ouplings of a 
avor
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hanging Higgs boson to a 
-quark and to a u-quark or a top quark. This diagram

thus represents an e�e
tive FCNC 
oupling.

� Supersymmetry:

New 
ouplings of sparti
les to Standard Model parti
les 
an produ
e e�e
tive

FCNC 
ouplings. In the Minimal Supersymmetri
 Standard Model (MSSM),

the enhan
ements of FCNC 
ouplings are probably not large enough to allow an

observation of single top produ
tion [9℄. In supersymmetri
 models with R-parity

violation, some enhan
ement might be possible [15, 16℄. An example is shown in

�gure 2.2 (b), where the e�e
tive FCNC 
oupling arises via a produ
t of R-parity

violating 
ouplings �

0

i1k

� �

0

i3k

of a slepton (i

th

generation) to Standard Model

quarks (k

th

generation) and to an up or top quark.

� Models with exoti
 quarks:

Exoti
 quark singlets appear in many grand uni�ed and string theories [17℄.

Single top produ
tion 
an be enhan
ed by mixing with these singlet quarks. If

the exoti
 quarks are heavy, no new parti
les would be observed in top de
ays, if

their masses lie above the top threshold (the same argument holds of 
ourse for

supersymmetri
 parti
les or any other new heavy parti
les).

(a)

γ

c

c

H

t
–

u

(b)

γ

dk

dk

e iL

~

t
–

uλ’i1k

λ’i3k

Figure 2.2: Example diagrams of pro
esses with e�e
tive FCNC 
ouplings. These

e�e
tive 
ouplings 
an for instan
e be produ
ed by ex
hange of a 
avor 
hanging

Higgs boson (a) or ex
hange of a slepton (b).

The enhan
ement of FCNC 
ouplings 
an experimentally be tested by studying the

produ
tion rate or the de
ay bran
hing ratios of top quarks. For example, the CDF

Collaboration sear
hed for rare top de
ays into a light quark and a photon or Z boson

and set the following ex
lusion limits at 95% CL [18℄:

BR(t! u
) +BR(t! 

) < 3:2% (2.4)

BR(t! uZ) +BR(t! 
Z) < 33% (2.5)

This limit 
an be 
ompared to the size of the bran
hing ratios for t! 
V (V = 
; Z)

predi
ted by the above mentioned models, as given in table 2.1. These estimates give

an impression of the enhan
ement of 
avor 
hanging neutral 
urrent 
ouplings expe
ted

in various theoreti
al models. Bran
hing ratios up to about 1% seem to be possible in

some theories.
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Theoreti
al Model BR(t! 
V )

Standard Model � 10

�13

� 10

�12

Two-Higgs-Doublet Models � 10

�9

� 10

�8

Supersymmetry � 10

�9

� 10

�8

Multi-Higgs-Doublet Models � 10

�6

� 10

�5

Singlet Quarks � 10

�2

Dynami
al EWSB � 10

�2

Table 2.1: Estimates of the bran
hing ratios for de
ays t! 
V (V = 
; Z) in di�erent

models with 
avor 
hanging neutral 
urrent intera
tions [9℄.

2.2 FCNC Top Produ
tion at HERA

With a sizeable FCNC 
oupling, single top produ
tion at HERA may pro
eed in a

pro
ess as shown in �gure 2.3. The top sear
h in this analysis does not rely on any

assumptions 
on
erning the underlying theory and a priori allows all 
avor 
hanging


ouplings to be present.

Top quarks 
ould be produ
ed by transforming an up-type quark (u,
) in the proton

into a top quark via photon ex
hange with an anomalous 
oupling �




. In diagram 2.3

only a 
oupling to the photon is shown, but also a 
oupling to the Z boson is possible.

Before we further dis
uss the 
hara
teristi
s of this pro
ess, it is useful to give a brief

introdu
tion to the kinemati
s of ep s
attering.

(a)

p

u

t

e
+

e
+

κγ

(b)

P

x•P

q

k k’

Figure 2.3: (a) Feynman diagram of FCNC top produ
tion at HERA with an anoma-

lous 
oupling �




of the top quark to an u- or 
-quark and a photon. In (b) the same

diagram is shown, but labeled with the 
orresponding momentum four-ve
tors of

the parti
les.
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2.2.1 Kinemati
s of ep S
attering

The following four-ve
tors are used for the di�erent parti
les involved in the s
attering

pro
ess (see �gure 2.3 (b)):

� k: in
oming ele
tron e

� k

0

: outgoing ele
tron e

0

(neutrino �

e

)

� P : in
oming proton p

� q: ex
hanged gauge boson 
; Z (W )

The 
enter-of-mass energy of the ele
tron-proton system (negle
ting the ele
tron and

proton masses) is given by:

p

s =

q

(k + P )

2

�

q

4E

0

e

E

p

= 320 (300) GeV at HERA : (2.6)

The four-momentum transfer in the ep s
attering is:

q = k � k

0

: (2.7)

The following set of lorentz-invariant variables is 
ommonly used to des
ribe the kine-

mati
s of ep s
attering:

Q

2

= �q

2

(2.8)

x =

Q

2

2Pq

(2.9)

y =

Pq

Pk

: (2.10)

The quantity Q

2

is the negative four-momentum transfer squared and 
orresponds to

the virtuality of the ex
hanged gauge boson. The quantities x and y are the dimen-

sionless Bj�rken s
aling variables, that take on values between 0 and 1. The s
aling

variable x is the fra
tional momentum of the proton that the stru
k quark in the proton


arries. The s
aling variable y 
orresponds to the relative energy transfer to the proton

in its rest frame, i.e. the inelasti
ity of the s
attering pro
ess.

The kinemati
 variables x; y; Q

2

; s are 
onne
ted with ea
h other a

ording to the

following relation:

Q

2

= xys : (2.11)

Hen
e for a given 
enter-of-mass energy

p

s, the kinemati
s of deep inelasti
 s
attering

is uniquely determined by only two variables.

2.2.2 Kinemati
s of Top Produ
tion at HERA

We now 
ome ba
k to the dis
ussion of the pro
ess in �gure 2.3 (a). In single top

produ
tion via a 
avor 
hanging neutral 
urrent, the 
ontribution from Z ex
hange

in the t-
hannel is suppressed due to the large mass of the propagator. Hen
e the
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ross-se
tion is dominated by photon ex
hange. The anomalous magneti
 and ve
tor


ouplings to the Z boson are negle
ted in the following.

In order to produ
e the large top quark mass

2

of 175 GeV, the quark that intera
ts

with the ex
hanged boson must 
arry a large momentum fra
tion xP . Also the ele
tron

must give away a large fra
tion of its energy. The 
enter-of-mass energy of the photon-

quark system,

p

ŝ, has to be greater than the top quark mass:

p

ŝ =

p

xys �

q

4xyE

0

e

E

p

> 175 GeV ) xy > 0:3 : (2.12)

As a result, both x and y must have values above 0.3. Figure 2.4 shows distributions

of the kinemati
al variables Q

2

; x; y for generated single top events. For these large

values of x (
orresponding to quark momenta above � 280 GeV), the 
ontribution from

sea quarks is very small. The sensitivity of HERA is naturally mu
h higher for the


oupling �

tu


than for �

t



due to the larger u-valen
e-quark density 
ompared to the


-quark density at large x. Therefore only single top produ
tion involving a 
oupling

to the u-quark is 
onsidered here. Also the 
harge 
onjugate anti-top produ
tion in a


� �u fusion pro
ess is strongly suppressed (by roughly a fa
tor of 80 [8, 13℄). It is thus

shown that HERA has the largest sensitivity for the 
oupling of the top quark to an

u-quark and a photon (�




= �

tu


).

(a)

Q
2
 gen

A
rb

it
ra

ry
 u

n
it

s

10
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1

0 2000 4000 6000 800010000

(b)

xgen

A
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it
ra

ry
 u

n
it

s

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14
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(
)

ygen

A
rb

it
ra

ry
 u

n
it

s

0

0.01

0.02

0.03

0.04

0.05

0.06

0 0.25 0.5 0.75 1

Generated

top events

Figure 2.4: Kinemati
 distributions of generated single top events from FCNC top

produ
tion at HERA.

2.2.3 Cross-Se
tion

The 
al
ulation of the 
ross-se
tion for the FCNC pro
ess presented in �gure 2.3 was


arried out using the CompHEP [8, 13℄ program. For a �xed value of the 
oupling

strength of �

tu


= 0:1, the single top 
ross-se
tion at

p

s = 320 GeV is:

�(et! etX;

p

s = 320 GeV) = 0:093 pb : (2.13)

This result in
ludes next-to-leading order (NLO) 
orre
tions from a re
ent 
al
ulation

published in [19℄, whi
h in
reases the leading order 
ross-se
tion by 25%. Figure 2.5

2

Throughout this analysis, a 
entral value for the top quark mass of 175 GeV is assumed.
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shows the total 
ross-se
tion obtained by the NLO 
al
ulation as a fun
tion of the

ep 
enter-of-mass energy and as a fun
tion of the top mass. A strong dependen
e of

the 
ross-se
tion on

p

s and m

t

is seen. A variation of m

t

by �5% 
auses about 20%

un
ertainty in the total 
ross-se
tion. The 7% in
rease in

p

s from 300 GeV to 320 GeV

(the two 
enter-of-mass energies used at HERA between 1994 and 2000) leads to a 45%

in
rease of the total 
ross-se
tion.

(a)

Born + one loop
Born
one loop

b)

CM Energy [ GeV ]

σ 
 [
 p

b
 ]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

300 310 320 330 340 350 360 370 380 390 400

(b)

Born + one loop
Born
one loop

a)

mtop [ GeV ]

σ 
 [

 p
b

 ]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

150 155 160 165 170 175 180 185 190 195 200

Figure 2.5: Born, one-loop, and Born+one-loop 
ross-se
tion for the FCNC single

top produ
tion as a fun
tion of the 
enter-of-mass energy (a) and the top quark

mass (b). The 
ross-se
tion 
al
ulation uses the top mass as s
ale and a value of

�

tu


= 0:1. Due to di�erent 
onventions in the de�nition of the Lagrangian (and

thus in �

tu


), the absolute values of the 
ross-se
tion 
annot dire
tly be 
ompared

to the result in equation 2.13. Taken from [19℄.

2.2.4 Top Quark De
ays

In the Standard Model, the top quark de
ays almost to 100% into a b-quark and a W

boson. The W boson de
ays either leptoni
ally (W ! `�

`

) or hadroni
ally (W ! q

�

q

0

).

The bran
hing ratios of the top quark de
ays thus 
orrespond to those of theW de
ays.

They are summarized in table 2.2.

De
ay mode Bran
hing ratio

W ! e�

e

10.7 %

W ! ��

�

10.6 %

W ! ��

�

10.7 %

W ! q

�

q

0

68.0 %

Table 2.2: Bran
hing ratios of the top quark and the W boson de
ays [5℄.
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The signatures of top quark de
ays in the semi-leptoni
 de
ay 
hannel (t! b`�

`

)

are a hadroni
 jet from the b-quark with high transverse momentum, a lepton and

substantial missing transverse momentum due to the undete
table neutrino. In the

hadroni
 de
ay 
hannel (t! bq

�

q

0

), three quark-jets with high transverse momentum

are expe
ted.

2.3 Standard Model Ba
kground Pro
esses

The main ba
kground for single top quark de
ays with subsequent leptoni
 de
ay of

the W boson (t! bW ! b`�

`

) are pro
esses that have a 
harged lepton

3

or a neutrino

in the �nal state. For hadroni
 de
ays of the W (t ! bW ! bq

�

q

0

), pro
esses whi
h

produ
e at least three energeti
 hadroni
 jets 
ontribute to the ba
kground. All Stan-

dard Model pro
esses that might lead to top-like �nal state topologies are dis
ussed in

the following, starting with the main ba
kground sour
es in the semi-leptoni
 
hannel.

2.3.1 W Produ
tion

The dominant Standard Model pro
ess for the semi-leptoni
 de
ay 
hannel of the top

quark is the produ
tion of real W bosons. They 
an be produ
ed in the pro
esses:

e

�

p! e

�

XW

�

and e

�

p!

(�)

�

XW

�

;

whereby the 
ross-se
tion for the se
ond pro
ess is an order of magnitude smaller


ompared to the �rst. Figure 2.6 shows a typi
al leading order diagram for Standard

Model W produ
tion at HERA. Here a quark from the proton is s
attered on the

ele
tron via photon or Z ex
hange, 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 
ross-se
tion for W produ
tion

4

is very small. The total


ross-se
tion amounts to 1.1 (1.3) pb [20℄ for ele
tron-proton 
enter-of-mass energies of

300 (320) GeV, whi
h 
orresponds to the produ
tion of roughly 100 W bosons in the


urrently available data at H1. The pro
ess is dominated by the ex
hange of low-Q

2

photons. The beam ele
tron is s
attered into the main dete
tor in about 25% of events.

To 
al
ulate the full pro
ess ep! eXW , seven diagrams must be taken into a

ount

in the leading order. They are shown in �gure 2.8. Diagrams (a), (b) and (e) give the

largest 
ontribution to the amplitude. Diagram (e) 
ontains a triple gauge boson


oupling. In diagrams (
) and (d), the real W is radiated from the ele
tron line. Their


ontribution is small due to the suppression by the two W propagators. Diagrams (f)

and (g) 
ontain o�-shell W 's and are needed to ensure gauge invarian
e.

The experimental signatures ofW produ
tion with subsequent de
ay W ! `� are a

lepton with high transverse momentum and a substantial amount of missing transverse

momentum due to the neutrino, whi
h 
annot be dete
ted. In de
ays W ! q

�

q

0

, two

3

For simpli
ity, 
harged leptons are in the following referred to only as "leptons" `, in 
ontrast to

neutrinos �.

4

In this thesis, the term "W produ
tion" is frequently used as a short form for "Standard Model

W produ
tion", whi
h does not in
lude the produ
tion of real W bosons in top de
ays.
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e
±

e
±

γ,Z
o

q’

q

W
± l

±

ν

Figure 2.6: One of the dominant leading order diagrams for Standard ModelW pro-

du
tion at HERA.

hadroni
 jets are observed. In addition to the lepton and neutrino or the two jets, the

stru
k quark from the proton 
an be seen as hadroni
 jet in the dete
tor. This jet and

the W de
ay produ
ts are expe
ted to be well separated from ea
h other, sin
e they


ome from two di�erent verti
es in the diagram shown in �gure 2.6.

The transverse momentum spe
trum of the s
attered quark falls o� steeply, be
ause

W produ
tion 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

de
ays W ! `�, this is the main distin
tion between the signatures of W and single

top produ
tion, sin
e the transverse momentum distribution of the b-quark from the

top de
ay has a Ja
obian peak at

m

2

t

�m

2

W

2m

t

� 69 GeV (see �gure 2.7).

PT,gen (GeV)

E
v
e
n

ts

b-quark (top)

u/d-quark (W prod.)

0

1000

2000

3000

4000

5000

6000

7000

0 20 40 60 80

Figure 2.7: Generated transverse momentum distribution of the s
attered u/d-quark

in simulated W produ
tion events 
ompared to the b-quark from simulated top

de
ays.
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+

�
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+
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�
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q
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Figure 2.8: Leading order diagrams for W produ
tion in the pro
ess eq ! eq

0

`�.
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2.3.2 Lepton-Pair Produ
tion

The produ
tion of lepton pairs at HERA is mainly possible through photon-photon

intera
tions. A quasi-real photon radiated from the ele
tron intera
ts with a photon

radiated from the proton. The two photons then produ
e a lepton{anti-lepton pair,

ep ! e`

+

`

�

X. The dominant diagram for this pro
ess is shown in �gure 2.9. The

total photon-photon 
ross-se
tion is large, but falls o� very steeply with the transverse

momenta of the produ
ed leptons (/ P

�3

T;`

).

p

e

X

e

`

�

`

+

Figure 2.9: Dominant diagram for lepton pair produ
tion in photon-photon 
olli-

sions.

The signatures of photon-photon 
ollisions are in general two leptons with opposite


harges. However, it 
an happen that only one lepton is dete
ted, for instan
e if

the other lepton is lost in the beam pipe. This is not unusual, sin
e the polar angle

distributions of the produ
ed leptons have maxima for large and small polar angles, i.e.

in the ba
kward and forward regions. However, due to the steeply falling transverse

momentum spe
trum of the produ
ed leptons, the ba
kground from photon-photon


ollisions for large lepton transverse momenta is rather small.

The intera
tion on the proton vertex 
an be elasti
 or inelasti
. For inelasti
 pro-


esses, an additional hadroni
 jet (X) formed by the s
attered quark 
an be seen in

the forward region of the 
alorimeter. For high momentum transfers on the ele
tron

side, the s
attered ele
tron is observed in the main dete
tor.

2.3.3 Deep Inelasti
 S
attering

Ele
tron-proton s
attering via the ex
hange of a gauge boson, that has a virtuality large

enough to resolve the substru
ture of the proton, is 
alled Deep Inelasti
 S
attering

(DIS). This is the 
ase for momentum transfers Q

2

� 1 GeV

2

, 
orresponding to a

spatial resolution of � 10

�15

m. If the ex
hange boson is a photon or a Z, one speaks

of neutral 
urrent (NC) DIS, if a W

�

is ex
hanged, one 
alls it 
harged 
urrent (CC)

DIS:

NC : ep! eX (2.14)

CC : ep! �

e

X : (2.15)
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Here X denotes the hadroni
 �nal state in the event. Figure 2.10 shows an illustration

of a general DIS pro
ess.

e

e’ / ν

γ,Z
0
 / W

±

spectator jet p

scattered parton jet

Figure 2.10: Illustration of deep inelasti
 ele
tron-proton s
attering.

In the Quark-Parton-Model, deep inelasti
 s
attering is des
ribed as elasti
 s
atter-

ing of the ele
tron o� a point-like 
onstituent in the proton, a so-
alled parton. The

partons are interpreted as the quarks in the proton. The stru
k quark is s
attered into

the dete
tor. It fragments and forms a well-
ollimated jet. The remaining quarks, that

do not parti
ipate in the hard s
attering pro
ess, are 
alled spe
tator quarks. They

form the proton remnant (or spe
tator jet). The proton remnant usually disappears in

the beam pipe, but 
an also be visible in the very forward region of the dete
tor.

At HERA energies, photon ex
hange dominates the ep s
attering 
ross-se
tion. Z andW

ex
hange 
ontributes only at large Q

2

, be
ause the 
ross-se
tion is suppressed by the

large Z and W masses:

�(Z;W

�

)

�(
)

/

Q

2

Q

2

+M

2

Z;W

�

(2.16)

The double di�erential 
ross-se
tions for neutral and 
harged 
urrent DIS with re-

spe
t to x and Q

2

are given by:

NC 
ross-se
tion:

d

2

�

NC

(e

�

p)

dxdQ

2

=

4��

2

xQ

4

�

y

2

xF

1

+ (1� y)F

2

� y(1�

y

2

)xF

3

�

(2.17)

CC 
ross-se
tion:

d

2

�

CC

(e

�

p)

dxdQ

2

=

G

2

F

2�

 

M

2

W

M

2

W

+Q

2

!

2

�

y

2

xF

1

+ (1� y)F

2

� y(1�

y

2

)xF

3

�

: (2.18)
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Here � is the �ne stru
ture 
onstant, G

F

the Fermi 
onstant, and F

1

; F

2

; F

3

denote the

proton stru
ture fun
tions. In the Quark-Parton-Model, F

1

and F

2


an be expressed as

sum of the quark and anti-quark densities in the proton, and F

3

as di�eren
e between

the quark and anti-quark densities.

Kinemati
 Re
onstru
tion

As already mentioned in se
tion 2.2.1, the 
omplete kinemati
s of ep s
attering 
an

be des
ribed with only two variables for a �xed value of

p

s. Neutral 
urrent events

are over-
onstrained, sin
e the measurements of the ele
tron and hadron energies and

polar angles yield four variables. In 
harged 
urrent events, only the two variables of

the hadroni
 �nal state 
an be measured. There are di�erent methods to re
onstru
t

the kinemati
 variables x; y; Q

2

, for instan
e:

� Ele
tron method: The kinemati
 variables are determined from the energy (E

e

)

and the polar angle (�

e

) of the s
attered ele
tron:

Q

2

e

= 4E

0

e

E

e


os

 

�

e

2

!

; y

e

= 1�

E

e

E

0

e

(1� 
os(�

e

)) ; x

e

=

Q

2

e

y

e

s

: (2.19)

� Hadron method (Ja
quet-Blondel-method): The kinemati
 variables are re
on-

stru
ted using the energy and the polar angle of the hadroni
 �nal state. First

some quantities of the hadroni
 �nal state are introdu
ed (the index h runs over

all hadroni
 �nal state parti
les):

(E � P

z

)

had

=

X

h

(E

h

� P

z;h

) ; P

had

T

=

v

u

u

t

 

X

h

P

x;h

!

2

+

 

X

h

P

y;h

!

2

(2.20)

tan

 

�

had

2

!

=

(E � P

z

)

had

P

had

T

: (2.21)

One obtains for the kinemati
 variables:

y

JB

=

(E � P

z

)

had

2E

0

e

; Q

2

JB

=

(P

had

T

)

2

1� y

JB

; x

JB

=

Q

2

JB

sy

JB

: (2.22)

A detailed des
ription of further re
onstru
tion methods 
an be found in [21℄. The

double angle (DA) method still deserves mentioning, sin
e it is used for the energy


alibration of the 
alorimeters in se
tion 5.2.3. It uses the angles of the ele
tron and

the hadroni
 �nal state and is to �rst order independent of the 
alorimetri
 energy

measurements.

The signatures of deep inelasti
 s
attering are an ele
tron and a jet for neutral


urrent intera
tions and a jet with missing transverse momentum in the event for


harged 
urrent intera
tions. The ele
tron in neutral 
urrent events together with

missing momentum 
aused for instan
e by 
u
tuations in the energy measurement 
an

fake the signature of a W boson in the dete
tor. Sin
e the 
ross-se
tion for neutral


urrent DIS is large, it is a non-negligible ba
kground for top and W produ
tion. Also


harged 
urrent events are important, sin
e they already have a neutrino in the event.

An additional lepton signature 
an be produ
ed by misidenti�
ation of a hadron or

photon as a lepton. However, as dis
ussed before, the 
harged 
urrent 
ross-se
tion is

mu
h smaller than the neutral 
urrent 
ross-se
tion.
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2.3.4 Photoprodu
tion

Photoprodu
tion (
p) is de�ned as intera
tions where the momentum transfer is ap-

proximately zero (Q

2

� 0) and the ex
hanged photon is quasi-real. The s
attered

ele
tron barely 
hanges its dire
tion and is lost in the beam pipe. At HERA, photo-

produ
tion and deep inelasti
 s
attering 
an only be distinguished by the fa
t that the

s
attered ele
tron is or is not dete
ted. For value Q

2

> 2 GeV, the ele
tron 
an be

seen in the main dete
tor. If the ele
tron is dete
ted in the ele
tron tagger, Q

2

lies in

the interval:

10

�8

GeV

2

< Q

2

< 0:01 GeV

2

: (2.23)

Photoprodu
tion is the dominant pro
ess at HERA. It has a total 
ross-se
tion of

� 150 �b. The largest part of the 
ross-se
tion 
omes from soft (low-energeti
) inter-

a
tions. However, also parti
les with high transverse momenta (P

T

) may be produ
ed

in photoprodu
tion, allowing perturbative QCD 
al
ulations to be made using the high

P

T

as a hard s
ale for the pro
ess.

Equivalent Photon Approximation

In the limit Q

2

! 0, ep s
attering 
an be redu
ed to a photon-proton intera
tion. The

variable y then obtains a simple meaning. A

ording to equation 2.19, y be
omes:

y � 1�

E

e

E

0

e

=

E




E

0

e

; (2.24)

i.e. it is the fra
tion of the ele
tron energy that the photon 
arries into the hard

subpro
ess. The ep 
ross-se
tion 
an be fa
torized into the photon-proton 
ross-se
tion

and a term des
ribing the 
ux of radiated photons:

d

2

�

ep

dydQ

2

=

d

2

F




(y;Q

2

)

dydQ

2

� �


p

; (2.25)

where F




(y;Q

2

) denotes the photon 
ux. This fa
torization is 
alled Equivalent Photon

Approximation. The photon 
ux 
ontains a transverse 
omponent, F

T




, and a longitu-

dinal 
omponent F

L




. While real photons 
an only be transversally polarized, virtual

photons 
an also be longitudinally polarized. As in photoprodu
tion the ex
hanged

photons are almost real, the longitudinal polarization state 
an be negle
ted. The

photon 
ux is then given by the Weizs�a
ker-Williams-Approximation (WWA):

d

2

F




(y;Q

2

)

dydQ

2

�

d

2

F

T




(y;Q

2

)

dydQ

2

=

�

2�yQ

2

 

1 + (1� y)

2

� 2

m

2

e

y

2

Q

2

!

: (2.26)

Hard Photoprodu
tion

The large 
enter-of-mass energy at HERA allows hard intera
tions of real photons with

the partons in the proton. These hard pro
esses produ
e 
ollimated jets of parti
les

with large transverse momenta in the �nal state. There are two di�erent 
lasses of

hard intera
tions, the so-
alled dire
t and resolved pro
esses:
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(a)

p

g

q

e
+

e
+

(b)

p

q
–

q

e
+

e
+

(
)

p

q
–

q

e
+

e
+

Figure 2.11: Feynman diagrams for di�erent photoprodu
tion pro
esses in leading

order: (a) QCD Compton pro
ess (dire
t), (b) boson-gluon-fusion (dire
t), and (
)

resolved photon pro
ess.

� Dire
t Pro
esses: The photon 
ouples as a point-like parti
le to a parton in the

proton. Dire
t pro
esses in leading order of the strong 
oupling 
onstant O(�

s

)

are theQCD Compton pro
ess and the boson-gluon-fusion (see �gure 2.11 (a) and (b)).

� Resolved Pro
esses: The photon does not intera
t as a point-like parti
le, but


u
tuates into an unbound quark pair or a ve
tor meson and then intera
ts

strongly with a parton in the proton. One 
an say that the inner hadroni


stru
ture of the photon is resolved, and a parton from the photon s
atters on a

parton from the proton. An example diagram is shown in �gure 2.11 (
). If the

photon 
u
tuates into a ve
tor meson, one speaks of Ve
tor Meson Dominan
e

(VMD), if it 
u
tuates into a quark{anti-quark pair and intera
ts before a meson


ould be formed, it is 
alled an anomalous resolved pro
ess.

In analogy to the de�nition of x in DIS as the fra
tion of the proton momentum

that the quark 
arries, a quantity x




is introdu
ed, whi
h is the fra
tion of the photon

momentum that the parton from the photon 
arries. Dire
t pro
esses are therefore


hara
terized by x




� 1, while resolved pro
esses have x




< 1 and hen
e 
arry less en-

ergy into the s
attering pro
ess. The partons from the photon, that do not parti
ipate

in the hard intera
tion, fragment into a hadroni
 photon remnant, whi
h 
an be found

in the ba
kward region of the dete
tor.

2.3.5 Multi-Jet Produ
tion

The main ba
kground to single top produ
tion in the hadroni
 
hannel is due to QCD

multi-jet produ
tion in photoprodu
tion and neutral 
urrent DIS. The produ
tion of

three or more jets pro
eeds through radiation of additional hard gluons and thus in-

volves higher order QCD pro
esses. Three-jet produ
tion is a pro
ess of order O(�

2

s

) in

the strong 
oupling 
onstant. Sin
e 
urrently no simulation in
luding higher orders in

�

s

is available, su
h pro
esses are approximated using a parton shower approa
h in the

so-
alled leading logarithmi
 approximation. This leading-log approximation is based
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on the DGLAP [22℄ evolution equations. Two example diagrams for 3-jet produ
tion

with initial and �nal state gluon radiation (parton showering) are shown in �gure 2.12.

(a)

p

g

q
–

q

e
+

e
+

(b)

p

q
–

g

q

e
+

e
+

Figure 2.12: Example Feynman diagrams for 3-jet produ
tion with a gluon radiated

in the initial state (a) or in the �nal state (b).

2.4 Monte Carlo Generators

This se
tion is 
on
erned with the simulation of all the pro
esses dis
ussed in the

previous se
tions. A simulation of both signal and ba
kground pro
esses for the single

top analysis is performed. At the �rst stage of the Monte Carlo simulation, events are

generated on the parton level. Then they are 
onverted into observable parti
les. These

parti
le are then put through a full simulation of the dete
tor response. The dete
tor

simulation is explained in se
tion 3.4. In the following, all Monte Carlo generators used

in this analysis are dis
ussed.

FCNC Single Top Produ
tion (ANOTOP)

The simulation of the single top signal relies on the event generator ANOTOP. It uses

the matrix elements of the full 2!4 pro
ess e+ q ! e+ t! e+ b+W ! e+ b+f +

�

f

0

.

The matrix elements were obtained with the CompHEP [8℄ program. The use of the full

matrix elements allows a proper des
ription of angular distributions for the top quark

de
ays. The numeri
al integration of the amplitudes and the generation of events

a

ording to the di�erential 
ross-se
tion is performed with the BASES/SPRING [23℄

pa
kage. The MRST LO parton densities are used for the proton stru
ture [24℄. The

parton densities are evaluated at the top mass s
ale in analogy to the leptoprodu
tion

of heavy quarks. Higher order QCD 
orre
tions are simulated using the leading-log

parton shower approa
h. Parton showers in both the initial and the �nal state are

simulated.
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W Produ
tion (EPVEC)

The most important Standard Model ba
kground in the semi-leptoni
 
hannel is the

produ
tion of real W bosons with subsequent leptoni
 de
ay. The produ
tion of ele
-

troweak ve
tor bosons (W and Z) is modeled with the EPVEC [25℄ event generator.

It in
ludes all leading order diagrams for W produ
tion presented in �gure 2.8.

Lepton-Pair Produ
tion (LPAIR)

The produ
tion of lepton pairs in photon-photon 
ollisions, where one photon 
omes

from the ele
tron and the other from the proton, is simulated using the LPAIR [26℄

generator. Both elasti
 and quasi-elasti
 pro
esses (Q

2

< 4 GeV

2

), as well as inelasti


pro
esses (Q

2

> 4 GeV

2

) are generated.

NC and CC DIS (RAPGAP, DJANGO)

To estimate the ba
kground 
ontribution from neutral 
urrent DIS for both the semi-

leptoni
 and the hadroni
 
hannels, the generator RAPGAP [27℄ is used. DIS Events

are generated for Q

2

> 4 GeV

2

. To simulate the multi-jet topologies relevant for

the hadroni
 
hannel of the top analysis, higher order QCD 
orre
tions are imple-

mented as parton showers. For some 
ontrol studies, also the generator DJANGO is

used. The ba
kground from 
harged 
urrent DIS is simulated with the DJANGO [28℄

event generator, whi
h in
ludes �rst order QED radiative 
orre
tions. The simula-

tion of real bremsstrahlung photons is in
luded based on HERACLES [29℄. QCD

radiation is treated a

ording to the Color Dipole Model [30℄ and implemented us-

ing ARIADNE [31℄. The generation of the hadroni
 �nal state is based on the string

fragmentation model [32℄.

Photoprodu
tion (PYTHIA)

The main ba
kground in the hadroni
 
hannel is 3-jet photoprodu
tion. Both dire
t

and resolved photoprodu
tion is modeled with the PYTHIA [33℄ generator (more pre-


isely, not only photoprodu
tion events, but all low-Q

2

events up to Q

2

= 4 GeV

2

have

been generated with PYTHIA). It relies on the �rst 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 
avors are generated. The GRV LO (GRV-G LO) parton densities [34℄ are used

for the proton (photon) stru
ture. PYTHIA is run in the photon-proton mode. In

order to simulate the photon 
ux using the Weizs�a
ker-Williams-Approximation, the

PYTHIA generator is interfa
ed to IJRAY [35℄. Sin
e only the 2! 2 pro
ess is imple-

mented and higher orders are only approximated, PYTHIA is not able to des
ribe the

absolute 3-jet 
ross-se
tion. Therefore the predi
tion from PYTHIA is s
aled to the

observed number of data events (see se
tion 7.1).



Chapter 3

The H1 Experiment at HERA

This 
hapter gives an overview of the H1 experiment at the HERA

1


ollider. The H1

dete
tor is des
ribed with a fo
us on the 
omponents most relevant for the presented

measurements.

3.1 The HERA Collider

HERA is the worldwide only ele
tron proton 
ollider. The HERA a

elerator ring has

a 
ir
umferen
e of 6.4 km and is situated in a tunnel about 10-15 m below the surfa
e

at the DESY

2

laboratory in Hamburg, Germany. It 
onsists of two storage rings, one

for positrons or ele
trons

3

, and one for protons.

Figure 3.1 shows the HERA 
ollider fa
ility with the main a

elerator ring and

the various pre-a

elerators. After several a

umulation and a

eleration steps, the

ele
trons and protons are inje
ted in opposite dire
tions into the HERA storage ring,

where they are a

elerated to their �nal energy. Bending magnets in the 
urved se
tions

of the ring for
e the parti
les on a '
ir
ular' orbit. Sin
e the parti
les are a

elerated

by an RF voltage, there are no 
ontinuous beams but bun
hes of parti
les. Ele
trons

and protons are stored in up to 220 bun
hes with 10

10

to 10

11

parti
les ea
h. The time

interval between two 
onse
utive bun
hes is 96 ns, 
orresponding to a bun
h 
rossing

frequen
y of 10.4 MHz.

During the data taking period 1994-97, HERA was operated with positrons (e

+

) of

�nal energy E

e

= 27:5 GeV and protons of �nal energy E

p

= 820 GeV. In 1998, the

proton energy was in
reased to E

p

= 920 GeV and HERA was running with ele
trons

(e

�

). Sin
e mid of 1999 until the shutdown in fall 2000, HERA was again operated

with positrons. The available 
enter-of-mass energy of the ep 
ollisions is thus:

p

s �

q

4E

0

e

E

p

� 320 (300) GeV for E

p

= 920 (820) GeV : (3.1)

The ele
tron and proton beams are brought to 
ollisions in two intera
tion regions

in the North Hall and the South Hall of the HERA ring. Around these intera
tion

1

Hadron-Elektron-Ring-Anlage

2

Deuts
hes Elektronen-Syn
hrotron

3

the term ele
tron will be used from now on referring to both ele
trons and positrons, irrespe
tively

of their ele
tri
 
harge. Distin
tion will be made expli
it when required.

21
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Figure 3.1: The HERA 
ollider fa
ility with the main HERA stor-

age ring (right) and an enlarged view of the pre-a

elerator system

(left).

regions the H1 and ZEUS dete
tors were installed. There are two more experiments,

the �xed target experiments HERA-B and HERMES, whi
h use only one of the beams.

The HERA-B experiment investigates the produ
tion of heavy 
avor quarks (Charm,

Beauty) from intera
tions of the proton beam halo with a wire target. The HERMES

experiment measures 
ollisions of the longitudinally polarized ele
tron beam with po-

larized H

2

, D or He gas targets to study the spin stru
ture of the nu
leon.

A very important ingredient for the derivation of a 
ross-se
tion is the luminosity L.

It is the proportionality fa
tor whi
h 
onne
ts the intera
tion rate dN=dt and the 
ross

se
tion �:

dN

dt

= L � � (3.2)

Thus the total number of events in a s
attering rea
tion depends on the integrated

luminosity L =

R

L dt. The 
ross se
tion has the dimension of length squared; usually

it is spe
i�ed in barn ([1 b = 10

�28

m

2

℄). A

ordingly, the integrated luminosity is

measured in inverse barn.

HERA is 
urrently starting a phase of operation at higher luminosity. In September

2000, HERA operation was shut down to 
arry out a major luminosity upgrade of

the HERA ma
hine and the 
ollider experiments. New super-
ondu
ting quadrupole

magnets were inserted 
lose to the H1 and ZEUS intera
tion regions. The goal is to

a
hieve an in
rease in luminosity by a fa
tor of �ve. Also the dete
tors have undergone

major upgrade programmes.

3.2 The H1 Dete
tor

The H1 dete
tor is designed to measure the 
omplete �nal state in HERA ep 
ollisions.

This �nal state typi
ally 
onsists of many parti
les of various spe
ies, e.g. ele
trons,



3.2 The H1 Dete
tor 23

muons, photons and neutral and 
harged hadrons (mostly pions). The parti
les are

often produ
ed in jets with high parti
le densities. The requirement to measure all

these parti
les is met by the 
omplex dete
tor design as shown in �g. 3.2 The huge

H1 apparatus �lls out a volume of � 1800m

3

and weighs about 2800 tons. It 
overs

almost the 
omplete solid angle of 4� with some unavoidable losses due to the feed

through of the beam pipe. The design of the H1 dete
tor resembles the typi
al layout

of modern 
ollider dete
tors. Starting from inside to outside the following 
omponents

are installed:

� A system of 
entral and forward tra
king 
hambers arranged around the beam

pipe is used to measure traje
tories and momenta of 
harged parti
les.

� The tra
king system is surrounded by ele
tromagneti
 and hadroni
 
alorimeters.

They measure positions and energies of neutral and 
harged parti
les and identify

ele
trons and hadrons.

� Outside the hadroni
 
alorimeter a super-
ondu
ting 
oil provides a homogenous

magneti
 �eld parallel to the beam axis. This allows to measure the momenta of


harged parti
les in the plane perpendi
ular to the beam axis with the tra
king

system.

� The outermost part of the dete
tor is formed by a system of 
hambers for iden-

tifying muons and measuring their traje
tories.

Be
ause of the non-equal beam energies the dete
tor design is asymmetri
 with respe
t

to the beam axis. In the hemisphere around the proton dire
tion, denoted as 'forward

region', the H1 dete
tor is equipped with higher granularity than in the 'ba
kward

region', e.g. in the 
alorimeters. A more detailed des
ription of the H1 dete
tor 
an

be found in [36, 37℄.

In the following we will dis
uss in more detail the dete
tor 
omponents most relevant

for this analysis.

3.2.1 H1 Coordinate System

In this thesis we will naturally use dete
tor 
oordinates. The 
artesian 
oordinate

system of the H1 dete
tor is de�ned as follows: Its origin is pla
ed at the nominal ep

intera
tion point, situated at the geometri
al 
enter of the 
entral tra
king 
hambers

(see �gure 3.2). The z-axis points in the proton 
ight dire
tion, the y-axis points

upwards and the x-axis points towards the HERA ring 
enter. The x � y plane is

referred to as the transverse plane. The polar angle � is de�ned with respe
t to the

positive z-axis, the azimuthal angle � with respe
t to the positive x-axis.

For ultra-relativisti
 parti
les, the pseudorapidity � is often used instead of �. It is

de�ned as:

� = �ln

�

tan

�

�

2

��

and transforms linearly under Lorentz boosts along the z-axis.
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1 beam pipe 9 muon 
hambers

2 
entral tra
king 
hambers 10 instrumented iron

3 forward tra
king 
hambers 11 muon toroidal magnet

4 ele
tromagneti
 LAr 
alorimeter (lead) 12 warm 
alorimeter (SPACAL)

5 hadroni
 LAr 
alorimeter (stainless steel) 13 forward 
alorimeter

6 super
ondu
ting solenoid 14 
on
rete shielding

7 
ompensating magnet 15 
ryostat

8 He 
ooling

Figure 3.2: The H1{Dete
tor.

3.2.2 Calorimetry

The Liquid Argon Calorimeter System

The Liquid Argon Calorimeter (Liquid{Argon LAr) is the most important dete
tor for

measuring the energies of the �nal state parti
les from ep intera
tions. It 
overs an

angular range of 4

Æ

� � � 154

Æ

. The 
alorimeter is housed in a single 
ryostat inside
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the super
ondu
ting 
oil. The latter fa
t ensures that parti
les originating from ep

intera
tions traverse only little amount of dead material before entering the 
alorimeter.

The advantages of LAr 
alorimetry, as exploited in this dete
tor, are stability,

simple ele
troni
 
alibration, good homogeneity and �ne segmentation. This allows an

a

urate determination of energy and dire
tion of the s
attered ele
tron and a pre
ise

measurement of the energy 
ow of the hadroni
 �nal state. In the following an overview

of the H1 LAr 
alorimeter system is presented, for details see [38℄.

Figure 3.3 shows a longitudinal se
tion of the H1 LAr 
alorimeter. The 
alorimeter

is segmented along the z-dire
tion into an 8 wheel self{supporting stru
ture (starting

ba
kward BBE, CB1, CB2, CB3, FB1, FB2, OF, IF). Ea
h wheel is further divided

in the azimuthal dire
tion into eight identi
al units, the so-
alled o
tants. Figure 3.4

shows a transverse se
tion of one 
alorimeter wheel in the 
entral region (CB).

From inside to outside the LAr 
alorimeter is built up of absorber plates interleaved

with LAr interspa
es. In the inner part the ele
tromagneti
 se
tion is lo
ated, where

lead is used as absorber material with a total thi
kness of about 20 (30) radiation

lengths in the 
entral (forward) region. In the outer part the hadroni
 se
tion is

situated, where steel is used as absorber material. The total hadroni
 absorption

length is about 5 � in the 
entral and 8 � in the forward area. The orientation of

the absorber plates was 
hosen su
h that the angle of in
iden
e of parti
les originating

from the ep intera
tion point is always larger than 45 degrees. This ensures that the

energy resolution is independent of the parti
le dire
tion.

Figure 3.3: Longitudinal se
tion of the Liquid Argon Calorimeter.

The basi
 transverse granularity of the ele
tromagneti
 readout 
ells is about 3 
m.

In BBE, CB1 and CB2 the 
ell sizes are roughly doubled. Longitudinally the number

of segments in
reases from three (barrel region) to six (forward region).

In the hadroni
 part of the LAr 
alorimeter the number of segments in
reases

from four (barrel region) to six (forward region). The �ne granularity allows for a

pre
ise spatial measurement of ele
tromagneti
ally intera
ting obje
ts and an e�e
tive

separation of ele
tron and pions.

The H1 LAr 
alorimeter is non-
ompensating and the response ratio of ele
trons and

pions is at 10 GeV about 1.35. Due to the �

0


u
tuations the response to hadrons has a
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Figure 3.4: Transverse se
tion of the Liquid Argon Calorimeter.

signi�
ant non-Gaussian 
ontribution at larger energies whi
h deteriorates the energy

resolution. This 
an be improved by using a software energy weighting te
hnique whi
h

was �rst applied in the CDHF experiment. The H1 LAr 
alorimeter was designed su
h

that the �ne granularity allows to identify the large high density energy deposits due

to the primary ele
tromagneti
 
omponent in the jet and due to the �

0


omponent in

the hadroni
 showers. The response of the ele
tromagneti
 and hadroni
 
omponent is

equalized and hereby the �

0


u
tuations are redu
ed.

The energy resolution of ele
tromagneti
ally and hadroni
ally intera
ting parti
les

was determined in test beam measurements [39℄,[40℄ and results in

�E=E = 15 % =

q

E=GeV� 1 %

for ele
trons and

�E=E = 70 % =

q

E=GeV� 2 %

for pions.

The SPACAL Calorimeter

The SPACAL Calorimeter provides 
alorimetri
 information in the ba
kward region,

where it 
overs the range 155

0

< � < 178

0

. Its main task is to measure the s
attered

ele
tron in low Q

2

DIS events (1 < Q

2

< 150 GeV

2

).

The SPACAL is a s
intillating �bre 'spaghetti' 
alorimeter with lead absorbers.

In
ident parti
les develop into a shower in the lead. Charged shower parti
les 
ause

the �bres to s
intillate and the light is transported to photomultipliers, where it is


olle
ted.

The SPACAL 
onsists of two parts, an inner ele
tromagneti
 se
tion and an outer

hadroni
 se
tion. The ele
tromagneti
 se
tion is 28 radiation lengths deep. It 
on-

tains 
ells of transverse size (40:5 mm)

2

, whi
h ensures a good position resolution. In
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total 1192 
hannels are read out. The energy resolution, as obtained in test beam

measurements, is

�

E

E

=

(7:1� 0:2)%

q

E=GeV

� (1:0� 0:1)%: (3.3)

In the relevant energy range for the s
attered ele
tron (� 8 � 30 GeV), the absolute

energy s
ale is known with a pre
ision of better than 1%. The hadroni
 se
tion of the


alorimeter is made up of 
ells with transverse size (119 mm)

2

. In total 136 
hannels

are read out. The total length of the ele
tromagneti
 and hadroni
 se
tion 
orresponds

to two intera
tion lengths.

The SPACAL signals are read out with an ex
ellent time resolution of 1 ns, whi
h

is exploited in the �rst level trigger of the experiment (see below) to reje
t ba
kground

events.

3.2.3 The Inner Tra
king System

The inner tra
king system measures the traje
tories of 
harged parti
les. By 
ombining

all dete
tor signals originating from the same parti
le, the polar and azimuthal angles

as well as the extrapolated xy- and z-position of the tra
k at the ep-intera
tion point

are determined. The high spatial resolution allows to dete
t se
ondary verti
es of

de
aying parti
les, e.g. K

0

s

and � de
ays.

The super
ondu
ting magnet solenoid, surrounding the tra
king system and the

LAr 
alorimeter, 
reates a homogenous magneti
 �eld of about 1.15 Tesla parallel to the

z-axis. In this �eld 
harged parti
les are for
ed on 
urved tra
ks with a radius r � p

T

in the xy-plane, where p

T

is the transverse momentum. This relation is exploited to

determine p

T

from the measurement of r.

The inner tra
king 
hambers 
an be subdivided into three subsystems, as illustrated

in �gure 3.5. Integrated into the system are layers of proportional 
hambers. These are

used for triggering events with tra
ks and for a fast determination of the z-
oordinate

of the intera
tion point.

Central Tra
king Chambers

Figure 3.6 shows a transverse se
tion of the H1 
entral tra
king 
hambers.

Covering in total the angular region 25

Æ

< � < 155

Æ

, they 
onsist of the following

interleaved layers of roughly 
ylindri
al shaped dete
tors around the beam pipe:

� Central sili
on tra
ker (CST) 
onsisting of two dete
tor layers.

� Inner and outer multi-wire proportional 
hambers (CIP and COP), ea
h 
onsist-

ing of two dete
tor layers.

� Inner and outer large drift 
hambers (CJC1 and CJC2), with 24 and 32 signal

wires respe
tively.

� Inner and outer z{drift 
hambers (CIZ and COZ), ea
h equipped with four signal

wire planes.
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CJC1

CJC2

COZ

COP

CIP

CIZ

SPACALBDCplanarradial

prop.transition

radiator

Forward

Tracker

Central

Tracker

e p

5m

2m

Liquid

argon

cryostat

BSTCST

Figure 3.5: Longitudinal se
tion of the H1 tra
king system (1995 the ba
k-

ward ele
tromagneti
 
alorimeter BEMC was repla
ed by the SPACAL).

The most important subsystems are the two jet 
hambers CJC1 and CJC2, denoted

as CJC. In the CJC the wires are strung parallel to the z-axis. The wire signal indu
ed

by a 
harged parti
le allows to measure the r{�{
oordinate of the parti
le with a

pre
ision of � 170 �m. The z{
oordinate of the parti
le is measured by 
omparing the


olle
ted 
harge on the two ends of the wire, resulting in a rather 
oarse resolution of

�

z

� 35 mm. A mu
h better pre
ision of �

z

� 400 �m is a
hieved with the z{
hambers

CIZ and COZ, where the wires are strung perpendi
ular to the z{axis. The innermost

H1 
entral tra
king dete
tor is the 
entral sili
on tra
ker CST. It 
an measure up to two

points of the tra
k's traje
tory very a

urately. This allows to determine the tra
k's

position at the ep-intera
tion point with su
h pre
ision, that one obtains sensitivity

to de
ays from long-lived heavy 
avor hadrons (
ontaining a 
harm or beauty quark).

Table 3.1 summarizes the a
hieved hit resolutions of the di�erent 
entral tra
king

dete
tors.

�

r�

[mm℄ �

z

[mm℄

CST 0.0012 0.0025

CJC1/CJC2 0.170 35

CIZ 28 0.4

COZ 58 0.4

Table 3.1: Spatial resolutions of the H1 
entral tra
king 
hambers.
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Figure 3.6: Transverse se
tion through the tra
king system.

For tra
ks passing through all layers of the CJC an e�e
tive momentum resolution

has been obtained of

�(p

T

)

p

T

� 0:01 � p

T

(GeV): (3.4)

Forward Tra
king Chambers

The forward tra
ker 
onsists of three identi
al super-modules, 
overing the angular

region 7

Æ

< � < 25

Æ

. Ea
h super-module 
ontains three planes of planar drift 
hambers,

a multi wire proportional 
hamber, a transition radiation dete
tor and a radial drift


hamber. Subsequent planar drift 
hamber planes are rotated by 60

0

.

3.2.4 The Muon System

The H1 muon system is divided into the Central Muon Dete
tor whi
h 
onsists of

the iron return yoke instrumented with limited streamer tubes, and the Forward Muon

Dete
tor. The main purpose of these dete
tors is to identify tra
ks from muon parti
les

and to measure their dire
tion. Due to large amounts of material in front of and inside

the muon dete
tors, the muons su�er from large multiple s
attering, whi
h does only

allow for a rough measurement of the muon momenta.
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Central Muon Dete
tor

The Central Muon Dete
tor (\Instrumented Iron") 
overs the angular region 5

Æ

� � �

171

Æ

and allows to dete
t muons with an energy greater than about 1.5 GeV. It 
onsists

of ten iron layers, ea
h 7.5 
m thi
k, interleaved with limited streamer tubes. Both

at the inside and the outside of the iron three streamer tube layers are atta
hed in

addition. The signal wires in the streamer tubes enable to measure the muon position

perpendi
ular to the wires with a resolution of about 3 to 4 mm. Five of the layers

are equipped with strip ele
trodes running perpendi
ular to the wires. This allows to

measure the muon position parallel to the wires with an a

ura
y of about 10 to 15

mm. Single layer eÆ
ien
ies of about 80% are rea
hed. The Central Muon Dete
tor

is subdivided into four subdete
tors (forward end 
ap, forward and ba
kward barrel

and ba
kward end 
ap), 
overing di�erent polar angular regions and with di�erent

orientations of wires and strips. Be
ause of limited geometri
al a

eptan
e, e.g. due

to support stru
tures, the muon re
onstru
tion eÆ
ien
y is limited to about 90%.

The instrumented iron in addition serves as a \Tail Cat
her" 
alorimeter to measure

hadroni
 energy leaking from the LAr and SPACAL 
alorimeters. For this purpose pad

ele
trodes with analogue readout are used, whi
h are glued on the limited streamer

tubes in eleven layers.

Forward Muon Dete
tor

The forward muon dete
tor 
omplements the H1 Muon System in the forward dire
tion.

It is situated between 6.4 m and 9.4 m forward of the nominal ep intera
tion vertex

and 
overs polar angles 4

Æ

� � � 17

Æ

. It 
onsists of six double layers of drift 
hambers,

three on either side of the toroid magnet providing a �eld of roughly 1.6 Tesla. Only

muons with momenta of at least 5 GeV will rea
h and pass through this dete
tor and

thus 
an be dete
ted.

3.2.5 Time-of-Flight Dete
tors

The Time-of-Flight dete
tors are vital for the reje
tion of non-ep intera
tions. A major

sour
e of su
h intera
tions are the so-
alled beam-gas and beam-wall events, where

protons intera
t with the residual gas inside the beam pipe or with the beam pipe

wall. Su
h ba
kground events are de
orrelated in time and spa
e with the desired ep

intera
tions, whi
h o

ur at the pre
isely known ele
tron proton bun
h 
rossing times.

The Time-of-Flight dete
tors 
onsist of several large s
intillator 
ounters lo
ated at

various pla
es around the H1 dete
tor. Non-ep ba
kground is reje
ted by requiring

that the arrival time of parti
les in the s
intillators is inside a time window as de�ned

from the ele
tron-proton bun
h 
rossing times.

3.2.6 Luminosity System

At H1 the luminosity is measured with the Bethe{Heitler pro
ess [41℄ (ep ! e

0


p).

The 
ross se
tion of this rea
tion is large and well known. The measurement 
onsists

of 
ounting 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 
onsists of two segmented 
rystal

Cherenkov 
ounters. One is the ele
tron tagger at z

ET

= �33:4 m, the other the

photon tagger at z

PD

= �102:9 m.

The ele
tron tagger is lo
ated dire
tly beneath the ele
tron beam pipe and a

ounts

for the s
attered ele
tron from the Bethe{Heitler pro
ess. The photon leaves the up-

wards bent proton beam pipe and hits the photon tagger. Ele
trons and photons are

identi�ed in 
oin
iden
e. The ba
kground is restri
ted requiring that the energy sum

E

ET

+ E

PD

has to be in the range of the ele
tron beam energy E

e

.

In addition to the luminosity measurement the luminosity system is also used to

identify photoprodu
tion events (Q

2

< 0:01 GeV

2

) and DIS events with additional

bremsstrahlung of the in
oming ele
tron (ISR).

3.3 Trigger and Data A
quisition

The H1 trigger has to distinguish between ep intera
tions and ba
kground rea
tions

during data a
quisition. The rate of non-empty events, i.e. with signi�
ant dete
tor

signals, is about 100 kHz. It is 
ompletely dominated by ba
kground pro
esses su
h as

beam-wall events. The trigger has to reje
t these events while retaining the desired ep

intera
tions. Finally the event rate must be redu
ed to � 10Hz that 
an be stored on

tape.

The trigger system 
onsists of four levels (L1 to L4). The �rst level trigger provides

a de
ision whether an event should be kept or not within 2.5 �s. An event is kept if

one of 128 subtriggers has �red. These subtriggers are logi
al 
ombinations of trigger

elements, whi
h are signals provided by the individual subdete
tor 
omponents. In

the se
ond and third trigger levels, the signals of the di�erent 
omponents 
an be

topologi
ally 
onne
ted. The fourth trigger level performs a fast re
onstru
tion of the

whole dete
tor information to verify the de
ision of the previous levels.

The events that are a

epted by trigger level four (L4) are written to tape. To

obtain a further redu
tion of the data, the events are 
lassi�ed in di�erent physi
al

event 
lasses after a delay of some hours (o�ine). This 
lassi�
ation is also 
alled

trigger level �ve (L5). It is based on the 
omplete re
onstru
tion of the dete
tor

information. The so 
lassi�ed events are written to tape (produ
tion output tape

POT) with all details of the re
onstru
tion and to disk (data summary tape DST) in

a redu
ed 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-leptoni
 de
ay 
hannel, the

�ve subtriggers developed in the H1 analysis of neutral and 
harged 
urrent DIS [45℄

are used (subtriggers ST67,75,66,71,77). They are mainly based on the following two

trigger elements. The LAr-ele
tron trigger element signals a high ele
tromagneti
 en-

ergy deposit in a trigger \tower" of the Liquid Argon Calorimeter pointing towards the

event vertex, as 
aused by an ele
tron from a W de
ay. For ele
tron energies above

11 GeV, the trigger eÆ
ien
y ex
eeds 99% [45℄. The LAr-ETmiss trigger element sig-

nals an imbalan
e of transverse energy measured in the Liquid Argon Calorimeter, as
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aused by an energeti
 neutrino from a W de
ay. The eÆ
ien
y for events with miss-

ing 
alorimetri
 transverse momentum, P


alo

T

, is 98% when P


alo

T

> 25 GeV and 50%

when P


alo

T

= 12 [45℄. In order to in
rease the eÆ
ien
y for events with muons, also

muon triggers are exploited, whi
h signal a pattern 
onsistent with a minimum ionizing

parti
le in the muon system in 
oin
iden
e with tra
ks in the tra
king dete
tor. The

muon triggers have a rather low eÆ
ien
y of 35% (9%) for muons with polar angles

�

�

> 35

Æ

(�

�

< 35

Æ

) [54℄. In the hadroni
 de
ay 
hannel, events are expe
ted to have

a large amount of hadroni
 energy in the 
alorimeter. 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 eÆ
ien
y of 
lose to

100%.

3.4 Dete
tor Simulation

Se
tion 2.4 introdu
ed the Monte Carlo simulations of the ep physi
s pro
esses studied

in this thesis. The dis
ussion ended at the so-
alled generator level. At this level,

all generated �nal state parti
les are available as four-ve
tors, des
ribing the parti
le

momenta. To allow for 
omparisons with \real" events, the measurement pro
ess

with the H1 dete
tor must be simulated for these parti
les. The �rst step of this

dete
tor simulation is the tra
king of the generated parti
les through the dete
tor. A

GEANT [42℄-based appli
ation is used. This step in
ludes the tra
king in the magneti


�eld, se
ondary parti
le generation and shower development. In the next step, the

response of the a
tive dete
tor 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 produ
ed in this way are fed through the same re
onstru
tion software as

the data.
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General Data Pre-Sele
tion

The analysis presented in this thesis uses the full HERA I data set taken in the years

1994-2000. Before a sele
tion of events a

ording to physi
s points of view 
an be


arried out, it must be assured that only events are sele
ted, for whi
h the dete
tor was

fully operational. In addition, ba
kground events that were not produ
ed in ele
tron-

proton 
ollisions must be reje
ted. The 
riteria used in this general data pre-sele
tion

are summarized in this se
tion. Sin
e top quarks are sear
hed for in three di�erent

de
ay 
hannels (t ! be�, t ! b��, t ! bq

�

q

0

), no 
ommon pre-sele
tion for all


hannels 
an be performed.

4.1 Run Sele
tion and Dete
tor Status

The periods of data taking at HERA are divided into so-
alled "luminosity �lls", whi
h

are de�ned by one �lling of ele
trons in the HERA ring. Ea
h luminosity �ll is again

divided into di�erent "runs", whi
h last up to two hours. The dete
tor 
onditions dur-

ing one run are rather stable, but may vary within one luminosity �ll. Only runs with

stable dete
tor and triggering 
onditions, 
lassi�ed as "Good" or "Medium" quality

runs are used in this analysis.

In order to assure a good measurement of the events, the subdete
tors ne
essary for

the analysis must be fully operational. Therefore the status of all dete
tor 
omponents

is monitored. To guarantee operational readiness, nominal high-voltage values and

fun
tioning readout are required for the following 
omponents:

� Liquid Argon Calorimeter

� SPACAL

� Central Jet Chambers (CJC1 and CJC2)

� Central Proportional Chambers (CIP and COP)

� Luminosity system

� Time of 
ight system (TOF)

33
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The 
alorimeters, in parti
ular the Liquid Argon Calorimeter, are indispensable for this

analysis. The 
entral tra
king 
hambers are needed for the determination of the ele
-

tron proton intera
tion vertex and a reliable tra
k measurement of 
harged parti
les,

while the 
entral proportional 
hambers are essential for the triggering. The operation

of the luminosity system allows the determination of the data luminosity.

4.2 Event Vertex

An ele
tron proton intera
tion vertex, the so-
alled primary vertex, is required for

ea
h event. To re
onstru
t the vertex, both 
entral and forward tra
ks are used. The

z-position of the vertex must lie within

�40 
m < z

vertex

< 100 
m (4.1)

around the nominal intera
tion point. This requirement ensures a reliable measurement

of the event within the dete
tor a

eptan
e. In addition, it reje
ts events that do not


ome from ep intera
tions, whi
h will be dis
ussed in more detail in se
tion 4.4.

4.3 Data Sets and Luminosities

All HERA I data 
olle
ted from 1994 until the shutdown in 2000 are exploited to sear
h

for top quarks. The di�erent data sets together with their integrated luminosities,


enter-of-mass energies and 
harge of the beam ele
tron are spe
i�ed in table 4.1.

Data Sets 1994-1997 1998-1999 1999-2000

Beam e

+

p e

�

p e

+

p

p

s 300 GeV 320 GeV 320 GeV

L =

R

L dt 37.0 pb

�1

13.6 pb

�1

67.8 pb

�1

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

With the above mentioned run sele
tion and dete
tor status requirements, the an-

alyzed data sample 
orresponds to a total integrated luminosity of

L

tot

= 118:4 � 1:8 pb

�1

: (4.2)

The a

ura
y of the luminosity measurement is estimated to be 1.5%.

4.4 Non-ep Ba
kground Reje
tion

The rate of events produ
ed in ep 
ollisions is substantially smaller than the rate due

to non-ep intera
tions. The majority of these intera
tions is reje
ted by the Time-of-

Flight system des
ribed in se
tion 3.2.5. A large part is also removed by the vertex
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requirements. Still, it is essential to rea
h an e�e
tive suppression of the remaining non-

ep ba
kground re
orded with the H1 dete
tor. The main ba
kground sour
es are muons

from 
osmi
 rays or beam-halo muons. The latter originate from the de
ays of 
harged

pions produ
ed in beam-gas and beam-wall events. These muons 
ause tra
ks in the

tra
king system or produ
e showers in the 
alorimeter, whi
h 
an be misidenti�ed

as ele
trons or hadrons. Halo muons traverse the dete
tor in horizontal dire
tion,


osmi
 muons mainly in verti
al dire
tion. Beam-gas and beam-wall intera
tions do

not only 
ause signi�
ant ba
kground, when a halo muon is produ
ed, but also when

other se
ondary parti
les are s
attered into the H1 dete
tor. The following 
uts and

ba
kground �nders are used to reje
t non-ep ba
kground:

� Timing: The timing of the event determined from the drift time in the Central

Jet Chamber (t

0

(CJC)) must be 
onsistent with the time of the bun
h 
rossing.

� Topologi
al ba
kground �nders: A standard set of ba
kground �nders, im-

plemented in the program pa
kage QBGFMAR [43℄, is used to reje
t topologies

typi
al for 
osmi
 or halo muons by sear
hing for long and narrow signatures in


ombinations of di�erent dete
tor 
omponents (Instrumented Iron, Liquid Argon

Calorimeter, CJC, SPACAL).

� Cut on E�P

Z

: If all parti
les produ
ed in an ep 
ollision are dete
ted and


orre
tly measured, the total E �P

Z

in the event must have a value of twi
e the

in
oming ele
tron energy (E

0

e

):

E � P

z

= E

p

� P

z;p

+ E

0

e

� P

0

z;e

= 2E

0

e

: (4.3)

Values of up to � 75 GeV 
an be due to 
u
tuations in the energy measurement.

Mu
h larger values 
an only be produ
ed by energeti
 non-ep intera
tions or by

an "overlay" of more than one intera
tions in the re
orded event. Therefore an

upper 
ut on the visible E � P

Z

is applied:

(E � P

z

)

vis

< 75 GeV : (4.4)

After applying all the above 
uts, the non-ep ba
kground is suppressed to a negligible

level. In the �nal data sele
tions, this is further veri�ed by a visual s
an of all 
andidates

events.





Chapter 5

Lepton Identi�
ation and Hadroni


Re
onstru
tion

The sear
h for top quark de
ays presented in this thesis depends on a good parti
le

identi�
ation and a reliable measurement of hadroni
 energies. For the semi-leptoni


de
ay 
hannel, an ex
ellent identi�
ation of ele
trons and muons from W de
ays is

essential. It is des
ribed in the �rst part of this 
hapter. The se
ond part is 
on
erned

with the re
onstru
tion of the hadroni
 �nal state, the jet �nding, and the 
alibration

of hadroni
 energies.

5.1 Lepton Identi�
ation

5.1.1 Ele
tron Candidates

The identi�
ation of ele
trons is based on the ele
tron �nding algorithm QESCAT [44℄

used as standard in H1. Ele
trons are sear
hed for in the Liquid Argon Calorimeter and

the SPACAL. Ele
trons found in the ba
kward region in the SPACAL are 
andidates

for the s
attered beam ele
tron. In this analysis, they are only used to 
onstrain

the kinemati
s of top events at high momentum transfers in the semi-leptoni
 de
ay


hannel. Sin
e top produ
tion pro
eeds at large y, i.e. the s
attered beam ele
tron loses

a large fra
tion of its initial energy, the minimum energy required for ele
tron 
andidate

is 
hosen to be 2 GeV. Ele
trons from W de
ays have high transverse momenta and

are expe
ted to be found in the Liquid Argon Calorimeter. The following dis
ussion

will 
on
entrate on ele
trons in the Liquid Argon Calorimeter

Ele
tron 
andidates are identi�ed by the presen
e of a 
ompa
t 
luster of energy in

the ele
tromagneti
 part of the Liquid Argon Calorimeter. Dete
tor regions that allow

no reliable measurement of the ele
tron 
andidate, su
h as �- and z-
ra
ks between


alorimeter modules, are ex
luded by applying �du
ial 
uts. The energy 
luster must

be asso
iated with a tra
k having a distan
e of 
losest approa
h

1

of less than 12 
m.

The requirement of an asso
iated tra
k serves as dis
rimination between ele
trons and

1

The distan
e of 
losest approa
h (DCA) is de�ned as the perpendi
ular distan
e between the


enter of gravity of the energy 
luster and the tangent to the extrapolated tra
k at its impa
t point

on the 
alorimeter front.

37
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photons, sin
e an ele
tron-photon separation based purely on 
alorimetri
 information

is not possible.

The polar and azimuthal angles (�

e

; �

e

) of the ele
tron are determined from the


enter of gravity of the ele
tromagneti
 
luster and the re
onstru
ted primary vertex.

The ele
tron energy (E

e

) is determined from the 
luster energy and is 
alibrated using

the standard pro
edure developed in [45℄. The 
alibration 
onstants were determined

separately for ea
h 
alorimeter wheel, using neutral 
urrent DIS events, kinemati
ally

re
onstru
ted with two di�erent methods (DA- and !-method). Sin
e the statisti
s of

neutral 
urrent events in the forward region of the dete
tor is low, also elasti
 QED

Compton events and events from 

 ! e

+

e

�

were used. The mean fra
tional energy

shift from the absolute ele
tromagneti
 energy s
ale obtained with this 
alibration is

shown in �gure 5.1. The systemati
 un
ertainty on the energy s
ale quoted in [45℄ is

represented by the shaded error band. In this analysis, ele
trons from top or W de
ays

are expe
ted mainly in the forward region, and an overall systemati
 un
ertainty on

the ele
tromagneti
 energy s
ale of 3% is assumed.
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Figure 5.1: The mean fra
tional energy shift ÆE

e

=E

e

from the absolute energy s
ale

obtained by two di�erent re
onstru
tion methods (DA-method, !-method). The

error band shows the systemati
 un
ertainty on the energy s
ale. Taken from [45℄.

A sample of neutral 
urrent events (data taken in the year 2000) has been used

to study the eÆ
ien
ies of the ele
tron �nding and the 
luster-tra
k asso
iation. To

determine the ele
tron �nding eÆ
ien
y, a monitor sample is de�ned by using an inde-

pendent ele
tron identi�
ation algorithm based on a 
one jet �nder [46℄. Ele
trons are

identi�ed as purely ele
tromagneti
 jets with exa
tly one isolated tra
k, that mat
hes

the momentum measured in the 
alorimeter. Details 
an be found in [47℄. The ele
tron

�nding eÆ
ien
y is de�ned as the fra
tion of monitor ele
trons whi
h are identi�ed by

QESCAT. As shown in the lower plot of �gure 5.2 it is found to be 98% up to largest

values of the ele
tron energy. It agrees well with the simulation within� 2%. A 
luster-

tra
k eÆ
ien
y 
an be de�ned by using a superset of ele
trons identi�ed by only using

the QESCAT �nder. The eÆ
ien
y is 
omputed as the fra
tion of the QESCAT ele
-

trons for whi
h a mat
hed tra
k is found with distan
e of 
losest approa
h to the 
luster
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of less than 12 
m. As 
an be seen in �gure 5.2 in the upper plot, the 
luster-tra
k

eÆ
ien
y in the data is � 96%. It is about 2-3% lower than in the Monte Carlo sim-

ulation (DJANGO). In the very forward region (�

e

< 20

Æ

), the eÆ
ien
y to �nd an

asso
iated tra
k is mu
h smaller. In this region, however, the neutral 
urrent statisti
s

is very low. The small dis
repan
ies between data and Monte Carlo simulation seen

for the ele
tron identi�
ation and the 
luster-tra
k asso
iation are taken into a

ount

as systemati
 un
ertainties in the ele
tron 
hannel of the top sear
h.

MC

 DATA

θe (°)

C
lu

s
te

r-
tr

a
c

k
 e

ff
ic

ie
n

c
y

0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100 120 140 160

MC

 DATA

Ee (GeV)

E
ff

ic
ie

n
c

y

0.5

0.6

0.7

0.8

0.9

1

1.1

10 20 30 40 50 60 70 80 90 100

Figure 5.2: Cluster-tra
k eÆ
ien
y (upper plot) and ele
tron �nding eÆ
ien
y (lower

plot) as determined for ele
trons in the Liquid Argon Calorimeter.

5.1.2 Muon Candidates

As minimal ionizing parti
les, muons penetrate the whole dete
tor and generally de-

posit only little energy in the 
alorimeter. They are measured as tra
ks in the in-

ner tra
king 
hambers and identi�ed by their tra
ks in the dedi
ated muon dete
tors.

Muons leave signatures in the following dete
tor 
omponents (depending on their polar

angle):

� Central/Forward inner tra
king system

� Liquid Argon Calorimeter

� Instrumented Iron

� Forward Muon Dete
tor
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Muon 
andidates are a

epted if they have an inner tra
k and a muon signature in

the Instrumented Iron, or if they are measured in the Forward Muon Dete
tor. Their

transverse momentum must be larger than 1 GeV. If the muon 
andidate is not asso-


iated with a forward muon tra
k, it must have an inner tra
k linked to either a tra
k

in the Iron or asso
iated with an energy deposit in the Iron within a 
one of radius 0.5

around the tra
k. The momentum of the muon is determined from the measurement

of the tra
k 
urvature in the inner tra
king system. If a forward muon tra
k exists, the

momentum measurement in the Forward Muon Dete
tor is used. For polar angles be-

low 12:5

Æ

, muons with only a signature in the Instrumented Iron are reje
ted, be
ause

hits in this region 
an be produ
ed by s
attering in the beam pipe.

In this analysis, only muons that are isolated with respe
t to other parti
les are

sear
hed for. Therefore they must have less than 8 GeV of energy in the Liquid Argon

Calorimeter within a 
one of radius 0.5 around the muon tra
k. Further isolation

requirements are applied later in the sele
tion of events with W bosons. With these

sele
tion 
riteria, muons are identi�ed with an eÆ
ien
y of � 90% (� 70%) in the


entral (forward region) of the dete
tor. The systemati
 un
ertainty on the muon

identi�
ation eÆ
ien
y is about 5%.

5.2 Hadroni
 Final State Re
onstru
tion

The hadroni
 �nal state is de�ned as the sum of all hadroni
 parti
les measured in the

dete
tor. The re
onstru
tion of the hadroni
 �nal state 
an be done in di�erent ways,

for instan
e using only 
alorimeter 
lusters, sin
e hadroni
 energy is predominantly

measured in the Liquid Argon Calorimeter. However, if only 
lusters are used, the

measured hadroni
 energy tends to be underestimated. Two reasons for this are:

1. Noise 
uts are applied to redu
e the e�e
t of ele
troni
 noise in the 
alorimeter


ells. These 
uts also remove a fra
tion of real hadroni
 energy in low-energeti



lusters.

2. Before parti
les rea
h the 
alorimeter, they 
an lose some of their energy due to

intera
tions with dead material in the dete
tor.

The reliability of the hadroni
 �nal state re
onstru
tion 
an be improved by 
ombining

information from the 
alorimeter and the inner tra
king 
hambers, as dis
ussed in the

following se
tion.

5.2.1 Combination of Tra
ks and Clusters

The momentum measurement of the 
entral tra
king system is superior to the 
alori-

metri
 measurement for 
harged parti
les with low momenta. Therefore it is useful to


ombine tra
king information with 
alorimetri
 information to re
onstru
t the hadroni


�nal state. With in
reasing momentum, the momentum measurement of 
harge par-

ti
les with the tra
king system deteriorates, whereas the 
alorimetri
 measurement

improves. For this reason, only tra
ks with a transverse momentum below 2 GeV are


onsidered, that are re
onstru
ted in the Central Jet Chamber. The 
ombination of
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tra
ks and 
lusters is performed by the algorithm FSCOMB, developed in [48℄, whi
h

meti
ulously avoids double 
ounting of energies using the following pres
ription:

� Well-measured 
entral tra
ks, that are 
onstrained to the primary vertex, are

extrapolated to the 
alorimeter front fa
e.

� All energy deposits in the ele
tromagneti
 (hadroni
) 
alorimeter within a 
ylin-

der of radius 25 (50) 
m around the impa
t point of the tra
k are summed up

and assigned to the tra
k.

� In 
ase the energy in the 
ylinder ex
eeds the tra
k momentum, the 
alorimetri


energy is used and the tra
k is dis
arded.

� In 
ase the energy in the 
ylinder is smaller than the tra
k momentum, the tra
k is

taken and the 
orresponding 
alorimetri
 energy is negle
ted. Therefore 
lusters

are removed one after another, in the order of in
reasing distan
e to the tra
k

impa
t point, until their energy equals the tra
k energy.

� Low-momentum tra
ks that do not rea
h the 
alorimeter due to their large 
ur-

vature are also used.

All remaining tra
ks and 
lusters form the so-
alled 
ombined obje
ts. A re
onstru
tion

of the hadroni
 �nal state with these 
ombined obje
ts improves the hadroni
 energy

resolution and redu
es the un
ertainty on the energy s
ale, as shown for instan
e in [49℄.

5.2.2 Jet Algorithm

Quarks from heavy parti
le de
ays or partons emerging from the hard s
attering pro
ess


annot dire
tly be observed in the dete
tor. Sin
e they 
arry non-zero 
olor 
harge, they

fragment into 
ollimated showers of hadrons, 
alled jets. In prin
iple, a jet 
omprises

the information about the kinemati
s of the initial quark or gluon. However, due to the

produ
tion of many low-energeti
 hadrons in the hadronization pro
ess, the jet does not

exa
tly re
e
t the kinemati
s of the quark or gluon. A number of jet algorithms have

been developed in order to minimize the e�e
ts of this long-distan
e hadronization.

In this thesis, jets are re
onstru
ted using the longitudinally invariant k

T

algo-

rithm [50, 51℄. The variables used to 
hara
terize ea
h jet are 
hosen with regard

to the invarian
e under boosts along the beam axis. They are the transverse energy

E

T

= E sin(�), the azimuthal angle �, and the pseudorapidity � = �ln(tan(

�

2

)).

The k

T

algorithm starts with a list of obje
ts ("protojets"), whi
h in our 
ase are

the 
ombined obje
ts de�ned in the previous se
tion 5.2.1. These protojets are grouped

together in the following re
ursive pro
edure to form the �nal jets:

� For ea
h protojet, a separation to the beam axis is de�ed as:

d

i

= E

2

T;i

: (5.1)

� A separation between protojets is de�ned for ea
h pair of protojets:

d

ij

= min(E

2

T;i

; E

2

T;j

) �

R

2

ij

R

2

; (5.2)
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where R

ij

=

q

(�

i

� �

j

)

2

+ (�

i

� �

j

)

2

is the distan
e between protojet i and j in

the � � � plane, and R is a �xed separation parameter (
one radius) 
hosen to

be equal one.

� The smallest of all d

i

and d

ij

is labeled d

min

.

� If d

min

is one of the d

ij

, the protojets i and j are merged into a new protojet k

with:

E

T;k

= E

T;i

+ E

T;j

; (5.3)

�

k

= (E

T;i

�

i

+ E

T;j

�

j

)=E

T;k

; (5.4)

�

k

= (E

T;i

�

i

+ E

T;j

�

j

)=E

T;k

: (5.5)

� If d

min

is one of the d

i

, the protojet i is not merged with another protojet. It is

removed from the list of protojets and added to the �nal list of jets.

This pro
edure is repeated until all obje
ts are asso
iated with a jet. The jets whi
h are

formed last are the ones with highest E

T

(sin
e d

i

= E

2

T;i

) and thus the most relevant

ones in the sear
h for top quark de
ays. In this analysis, jets are required to have a

minimum transverse momentum of 4 GeV.

5.2.3 Hadroni
 Calibration

Due to dete
tor e�e
ts, 
aused by imperfe
tions or inhomogeneities of di�erent parts

of the 
alorimeter, and due to an unpre
ise knowledge of the 
orre
t hadroni
 energy

s
ale, the energies of jets and of the hadroni
 �nal state need to be 
orre
ted.

A 
alibration of the hadroni
 energy s
ale is performed using the absolute 
alibra-

tion method developed in [52℄. The main prin
iple of the method is to impose the

transverse momentum balan
e between the ele
tron and the hadroni
 �nal state in

neutral 
urrent events as 
orre
tion to the measured hadroni
 energies. A high Q

2

neutral 
urrent sample with one identi�ed ele
tron and exa
tly one jet is used.

The quantities used in the 
alibration pro
edure are the transverse momentum and

polar angle of the hadroni
 �nal state:

P

had

T

=

v

u

u

t

 

X

h

P

h

x

!

2

+

 

X

h

P

h

y

!

2

; (5.6)

tan

 

�

had

2

!

=

P

h

(E � P

z

)

h

P

had

T

; (5.7)

where the index h runs over all hadroni
 �nal state parti
les, and the polar angle of

the jet:

tan

 

�

jet

2

!

=

P

j

(E � P

z

)

j

P

jet

T

; (5.8)

where the index j runs over all hadroni
 �nal state parti
les belonging to the jet.
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As a 
omparison, the hadroni
 transverse momentum in neutral 
urrent events 
an

also be 
al
ulated with the double angle method, using the polar angle of the hadroni


�nal state and the ele
tron:

P

DA

T

=

2E

0

e

tan

�

�

e

2

�

+ tan

�

�

had

2

�

: (5.9)

The P

T

-balan
e is 
al
ulated as the ratio of the measured hadroni
 transverse momen-

tum and the transverse momentum 
al
ulated with the double angle method:

P

T;bal

=

P

had

T

P

DA

T

: (5.10)

The 
alibration is 
arried out in two steps. First a relative 
alibration between data

and Monte Carlo simulation is performed. In the se
ond step, an absolute 
alibration

of the hadroni
 energy is a
hieved.

� Relative Calibration:

Data and Monte Carlo are 
ompared in di�erent regions of the jet polar angle,

�

jet

(i.e. for the di�erent 
alorimeter wheels), using the ratio:

(P

T;bal

)

Data

(P

T;bal

)

MC

: (5.11)

This P

T

-balan
e ratio is used to 
orre
t for dete
tor e�e
ts, that lead to di�erent

des
riptions of hadroni
 energies in the data and the Monte Carlo simulation.

� Absolute Calibration:

As a se
ond step, an absolute hadroni
 energy s
ale is rea
hed by shifting the

P

T

-balan
e to one. This is done for data and Monte Carlo separately, taking

the transverse momentum 
al
ulated with the double angle method as referen
e.

The 
orre
tion fa
tors are again determined for ea
h 
alorimeter wheel and as a

fun
tion of P

DA

T

.

Sele
tion of neutral 
urrent sample

1 ele
tron with P

e

T

> 10 GeV

1 jet with �

jet

> 7

Æ

P

had

T

=P

e

T

> 0:35

P

e

T

=P

DA

T

> 0:88 (suppresses events with ISR)

E � P

z

> 42 GeV (suppresses events with ISR)

Table 5.1: Sele
tion 
riteria for a sample of neutral 
urrent events used to 
he
k the

hadroni
 energy 
alibration, as proposed in [52℄.

The 
alibration is 
arried out separately for the data taken between 1994-1997 and

1998-2000. It has been 
he
ked using a large sample of neutral 
urrent events de�ned
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by the 
uts in table 5.1, as proposed in [52℄. Figure 5.3 shows the improved resolution

after the 
alibration and the shift of the underestimated hadroni
 energy s
ale to the


orre
t value. The P

T

-balan
e as a fun
tion of P

DA

T

is shown for data and Monte

Carlo. A good agreement is seen. An un
eratinty of 4% on the hadroni
 energy s
ale

is quoted, whi
h is found to be a 
onservative 
hoi
e.
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Figure 5.3: The P

T

balan
e P
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T

=P
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T

is shown for data and Monte Carlo before

and after the 
alibration of the hadroni
 energy s
ale (upper plots). The lower plot

shows the P

T

balan
e as a fun
tion of P

DA
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.



Chapter 6

Top Sear
h in the Semi-Leptoni


De
ay Channel

In this 
hapter, the sear
h for single top quark produ
tion in the semi-leptoni
 de
ay


hannel, i.e. for de
ays t! bW ! b`�

`

, is presented. It is motivated by the observation

of events with a high-P

T

lepton and missing transverse momentum in the H1 dete
tor.

This topology suggests the presen
e of a W boson in the event. Sin
e W bosons

also emerge from top de
ays, the sele
tion of events 
ontaining a W serves as basis

for the top analysis and is dis
ussed �rst. A main emphasis is put on the kinemati


re
onstru
tion of top quark de
ays, for instan
e the re
onstru
tion of the neutrino

kinemati
s, as well as on the 
hoi
e of observables that 
an be used to separate a

potential top signal from Standard Model pro
esses. The sele
tion of top 
andidates is

performed using both a simple 
ut-based analysis and a more re�ned likelihood analysis.

Di�erent analysis te
hniques are applied and 
ompared to ea
h other to maximize the

sensitivity to the top signal. The optimized re
onstru
tion and sele
tion te
hniques

presented in this 
hapter serve also as preparation for the analysis of the data expe
ted

from upgraded HERA II in the next years.

6.1 \Isolated Leptons" at HERA

In the data 
olle
ted between 1994 and 1997, the H1 experiment re
orded six events

with a high-P

T

lepton, 
learly isolated from other parti
les in the dete
tor (therefore

the name \isolated lepton"), and substantial missing transverse momentum in the

event [54℄. In one of these events, the high-P

T

lepton is an ele
tron, in the other �ve

events they are muons. The observed event topology is so striking, that the �rst event

e

+

p! �

+

X observed in 1994 was worth a publi
ation of its own [53℄. Various pro
esses

within and beyond the Standard Model have been dis
ussed as possible origin. As an

example, lepton 
avor violating pro
esses were studied, whi
h lead to a 
onversion of

the in
oming ele
tron into a muon. However, the missing transverse momentum in

the event 
ould not be explained. The most probable Standard Model interpretation

is the produ
tion of a real W boson with subsequent leptoni
 de
ay, as introdu
ed

in se
tion 2.3.1. The missing transverse momentum is then attributed to the neutrino

emerging from theW de
ay. Three of the �ve events, however, exhibit a large transverse

45
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momentum of the hadroni
 �nal state, whi
h is an improbable kinemati
 property for

W produ
tion. One of these beautiful events is shown in �gure 6.1.

In the following years between 1998 and 2000, more isolated lepton events have

been observed. Again some of these events possess an unexpe
tedly high transverse

momentum of the hadroni
 �nal state. A large hadroni
 transverse momentum together

with a W in the event is the typi
al topology for top de
ays with subsequent leptoni


de
ay of the W . One goal of this analysis is to study whether the observed isolated

lepton events are more 
ompatible with W produ
tion or with the produ
tion of single

top quarks.

 

Neutrino

Muon

Jet

Figure 6.1: Event with a high-P

T

muon (P

�

T

= 51

+17

�11

GeV), identi�ed by its tra
k

in the muon system, and a large missing transverse momentum (P

miss

T

= 28 GeV ).

The missing transverse momentum be
omes obvious as a
oplanarity between the

muon and the hadroni
 �nal state in the transverse plane. This event has a large

hadroni
 transverse momentum of 67 GeV.

6.2 Isolated Lepton Sele
tion and W Produ
tion

The sele
tion of events 
ontaining W bosons (
alled \W sele
tion" in the following)

serves as basis for the sear
h for top quark de
ays t ! bW ! b`�

`

presented in this

thesis. At �rst a pre-sele
tion of events with an isolated lepton and missing transverse

momentum is 
arried out. After the pre-sele
tion, 
uts are applied to separate W

produ
tion from ba
kgrounds due to other Standard Model pro
esses.
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6.2.1 Pre-Sele
tion

A pre-sele
tion of isolated lepton events is 
arried out to obtain a data sample of

manageable size for the �nal W sele
tion and the top analysis. The following variables

are used:

� �

`

: the polar angle of the lepton.

� P

`

T

=

q

(P

`

x

)

2

+ (P

`

y

)

2

: the transverse momentum of the lepton.

� P

X

T

=

q

(

P

h

P

h

x

)

2

+ (

P

h

P

h

y

)

2

: the transverse momentum of the hadroni
 �nal

state (the index h runs over all parti
les in the hadroni
 �nal state).

� P


alo

T

=

q

(

P

i

P

i

x

)

2

+ (

P

i

P

i

y

)

2

: the total transverse momentum measured in the


alorimeter (the index i runs over all energy deposits in the 
alorimeter). It is

also referred to as the 
alorimetri
 missing transverse momentum.

� D

tra
k

: the distan
e in the pseudorapidity-azimuth (� � �) plane between the

lepton and the 
losest tra
k not asso
iated to the lepton. It is de�ned by:

D

tra
k

=

q

(�

`

� �

tra
k

)

2

+ (�

`

� �

tra
k

)

2

: (6.1)

� D

jet

: the distan
e in the � � � plane between the lepton and the 
losest jet,

de�ned in analogy to equation 6.1.

Kinemati
 Cuts

The pre-sele
tion 
riteria 
ommon to both the ele
troni
 and muoni
 de
ays of the

W are the presen
e of a lepton (an ele
tron or a muon identi�ed as des
ribed in

se
tion 5.1.1 or 5.1.2) with transverse momentum P

`

T

> 10 GeV in the polar angle

range 5

Æ

< �

`

< 145

Æ

. In addition, a missing 
alorimetri
 transverse momentum

P


alo

T

> 12 GeV is required as a sign of a high-P

T

neutrino that es
aped dete
tion.

Even though P


alo

T

is measured only in the 
alorimeter, it is also used to pre-sele
t

events with missing transverse momentum in the muon 
hannel, where the real missing

P

T


an di�er from P


alo

T

, be
ause muons deposits only little energy in the 
alorimeter.

However, applying the 
ut on P


alo

T

ensures an eÆ
ient triggering ofW 
andidate events

in both 
hannels.

The kinemati
 
riteria mentioned above represent safe requirements for the sele
tion

ofW bosons, sin
e the transverse momentum spe
tra of the de
ay lepton and the de
ay

neutrino have Ja
obian peaks at �40 GeV, i.e. half the value of the W mass. Their

polar angle distribution has its maximum in the forward dire
tion 
lose to �15

Æ

.

Isolation of the Lepton

An additional pre-sele
tion requirement is the spatial isolation of the lepton 
andidate

in the dete
tor. Asking for lepton isolation removes a large amount of ba
kground with

fake leptons or with leptons in or 
lose to a jet. To ensure the isolation of ele
tron


andidates, the amount of energy deposited in a region 
lose to the ele
tron 
luster is
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restri
ted. Therefore all energy deposits in a 
one of radius one around the dire
tion

of the ele
tron 
andidate are summed up and 
ompared to the energy of the ele
tron


luster itself. Ele
tron 
andidates are a

epted as isolated if the hadroni
 energy around

the ele
tron 
luster does not ex
eed 3% of the ele
tron energy, i.e.

E


one

E

e

< 1:03.

In the muon 
hannel, a minimum distan
e in � � � of the muon tra
k with respe
t

to other tra
ks and with respe
t to jets is required. The isolation 
uts for muons are

D

tra
k

> 0:5 and D

jet

> 1:0.

6.2.2 Ba
kgrounds to W Produ
tion

There are two di�erent types of ba
kground that 
an mimi
 a leptoni
 W de
ay:

� Ba
kground with real lepton and fake missing P

T

:

The �rst type of ba
kground events 
ontains a true lepton, but a fake missing

transverse momentum. For example, this 
an be the 
ase for neutral 
urrent DIS

and lepton-pair produ
tion in photon-photon 
ollisions. The fake transverse mo-

mentum is either due to 
u
tuations in the hadroni
 or ele
tromagneti
 energy

measurements or due to large energy losses outside of the 
alorimeter a

ep-

tan
e. Also semi-leptoni
 heavy 
avor de
ays produ
e real leptons. However, the

transverse momentum of these leptons is low 
ompared to W de
ays.

� Ba
kground with real missing P

T

and fake lepton:

The se
ond type of ba
kground has a true missing transverse momentum, at-

tributed to a neutrino, but a falsely identi�ed lepton. This 
an be the 
ase for


harged 
urrent DIS, where either a radiated photon or a hadron, whi
h deposits

a 
ompa
t 
luster of energy in the ele
tromagneti
 
alorimeter, e.g. �

0

! 

, is

misidenti�ed as an ele
tron.

The pro
ess with the largest total 
ross-se
tion at HERA is photoprodu
tion. How-

ever, for photoprodu
tion events both a fake lepton and fake missing P

T

is in general

needed to mimi
 W produ
tion. Hen
e the ba
kground 
ontribution from photopro-

du
tion is rather small. Also non-ep ba
kground events su
h as intera
tions of 
osmi


or halo muons 
an 
ause a missing transverse momentum, they are however already

suppressed using the topologi
al ba
kground �nders and 
uts des
ribed in se
tion 4.4.

Event Yields of the Pre-Sele
tion

The pre-sele
tion 
riteria for the ele
tron 
hannel yield 3063 data events 
ompared to a

total Standard Model expe
tation of 3165.8 events. At this stage, the Standard Model

expe
tation is dominated to � 98% by neutral 
urrent DIS. The remaining ba
kground

from other pro
esses is due to 
harged 
urrent DIS, ele
tron-pair produ
tion and pho-

toprodu
tion to about equal parts. The expe
tation forW produ
tion amounts to only

12.5 events.

The main ba
kground to W produ
tion in the ele
tron 
hannel is neutral 
ur-

rent DIS. The missing transverse momentum 
omes from energy losses or 
u
tuations

in the energy measurement. These lead to a tail in the P


alo

T

distribution up to values

of 25-30 GeV. It is a priori not 
lear, how well the dete
tor simulation des
ribes these
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e�e
ts. In �gure 6.2, the P


alo

T

distribution for a study sample of neutral 
urrent DIS

events is shown. The 
omparison of the data with the Monte Carlo predi
tion from

DJANGO shows that for large values of P


alo

T

, the data undershoot the predi
tion.

However, the data are reasonably well des
ribed within about 30%, whi
h re
e
ts the

size of the un
ertainty on the ba
kground predi
tion for this analysis.

In ep 
ollisions, the yield for events 
ontaining a muon in the �nal state is naturally

mu
h lower than for ele
trons. Therefore the W sele
tion in the muon 
hannel already

starts on the basis of only a few events and a mu
h smaller Standard Model expe
tation.

The dominant Standard Model pro
ess that produ
es muons at HERA is the pair

produ
tion in photon-photon intera
tions, as explained in se
tion 2.3.2. Muons from

heavy 
avor de
ays have relatively small transverse momenta, and the 
ut P

�

T

> 10 GeV

as well as the isolation 
uts already eliminate most of these events. Neutral Current

DIS and photoprodu
tion with falsely identi�ed muons give some small 
ontribution

to the ba
kground. Charged Current DIS is negligible. The pre-sele
ted muon sample


ontains 31 data events in agreement with the expe
tation of 26.5 events. The W


ontribution amounts to 4.0 events.
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Figure 6.2: Distribution of the missing transverse momentum measured in the


alorimeter for a study sample of data events from neutral 
urrent DIS 
ompared

to the Monte Carlo predi
tion from DJANGO. In the lower plot, the ratio of the

observed data and the Monte Carlo predi
tion is shown.



50 6 Top Sear
h in the Semi-Leptoni
 De
ay Channel

Control Distributions

Kinemati
 distributions of the pre-sele
ted data samples and the Monte Carlo sam-

ples of the Standard Model ba
kground pro
esses are presented in �gure 6.3 for the

ele
tron 
hannel and in �gure 6.4 for the muon 
hannel. The Monte Carlo simulations

are normalized a

ording to the integrated luminosity of the data. The dark shaded

histogram 
orresponds to W produ
tion. The main ba
kground pro
ess, i.e. neutral


urrent DIS in the ele
tron 
hannel and muon-pair produ
tion in the muon 
hannel,

is shown as open histogram. The other ba
kground pro
esses are summed up and are

represented by the hat
hed histogram. The data are display as bla
k dots with error

bars representing the statisti
al errors.

For ea
h 
hannel, distributions of the transverse momentum and polar angle of the

lepton as well as the transverse momenta P


alo

T

and P

X

T

are shown. The data and

Monte Carlo distributions are in agreement within the error band shown for the total

Standard Model expe
tation. The presented error 
orresponds to the quadrati
 sum

of the systemati
 errors assumed for the W expe
tation and for the expe
tation of

the other Standard Model pro
esses. An error of 30% is given to the W predi
tion

modeled by EPVEC. It is taken from the 
ross-se
tion 
al
ulation in [25℄. As for the

ba
kground pro
esses, 
ontrol distributions for events with P


alo

T

above 12 GeV were

studied in [55℄ using data samples spe
i�
ally enri
hed for ea
h of the Standard Model

ba
kgrounds. A 30% error is dedu
ed for these pro
esses from the agreement between

data and Monte Carlo distributions. For neutral 
urrent DIS, this error is 
onsistent

with the result obtained from the study shown in �gure 6.2.

6.2.3 Sele
tion of Events with W Bosons

Starting from the pre-sele
ted isolated lepton sample, an optimized set of kinemati



uts, whi
h has been developed in [55, 56℄, is used to dis
riminate a potentialW signal

from other Standard Model pro
esses. A number of kinemati
 quantities are 
al
ulated

for ea
h event, whi
h are either sensitive to undete
ted energeti
 parti
les or exploit

some other kinemati
 property that has a good dis
rimination power to reje
t non-W

ba
kground. These quantities are de�ned as follows:

� P

miss

T

: the total missing transverse momentum, re
onstru
ted from all dete
ted

�nal state parti
les, in
luding muons. The presen
e of a muon in the event, whi
h

in general deposits only a small fra
tion of its energy in the 
alorimeter, 
auses

P

miss

T

to di�er from P


alo

T

.

� (E�P

z

)

vis

=

P

E

i

(1�
os �

i

), where the index i runs over all dete
ted �nal state

parti
les. If no energy is lost in the event, the visible E � P

z

equals twi
e the

energy of the in
oming ele
tron: (E�P

z

)

vis

= 2E

0

e

= 55 GeV. By de�nition, this

quantity is insensitive to energy losses in proton dire
tion (positive z-dire
tion).
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Figure 6.3: Control distributions of the pre-sele
ted data and Monte Carlo samples

in the ele
tron 
hannel. (a) The transverse momentum of the ele
tron, (b) the polar

angle of the ele
tron, (
) the 
alorimetri
 missing transverse momentum in the event,

and (d) the transverse momentum of the hadroni
 �nal state X.

E− P
z
 = 2E

E− P
z
 = E

E− P
z
 = 0

Vertex

��(`;X)

`

X

Figure 6.5: Illustration of the quantity E � P

z

and the a
oplanarity ��(`;X).

� ��(`�X) : the azimuthal angle between the lepton and the hadroni
 �nal state.

It 
orresponds to the a
oplanarity of the event in the transverse plane.

� �

2

`

= 4E

`

E

0

e


os

2

(�

`

=2), where E

`

denotes the energy of the lepton. If the lepton

is the s
attered beam ele
tron, �

2

`

is equal to the momentum transfer Q

2

.

�

V

ap

V

p

: a measure of the azimuthal balan
e in the event. It is de�ned as the ratio of
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Figure 6.4: Control distributions of the pre-sele
ted data and Monte Carlo samples

in the muon 
hannel. (a) The transverse momentum of the muon, (b) the polar

angle of the muon, (
) the 
alorimetri
 missing transverse momentum in the event,

and (d) the transverse momentum of the hadroni
 �nal state X.

the anti-parallel to parallel 
omponents of the 
alorimetri
 transverse momentum

with respe
t to the dire
tion of the hadroni
 transverse momentum.

V

p

=

X

i

~

P

T;i

�

~

P

X

T

P

X

T

over all energy deposits i with

~

P

T;i

�

~

P

X

T

> 0 (6.2)

V

ap

= �

X

i

~

P

T;i

�

~

P

X

T

P

X

T

over all energy deposits i with

~

P

T;i

�

~

P

X

T

< 0 (6.3)

This quantity was developed in the H1 analysis of neutral and 
harged 
urrent

DIS at high Q

2

[45℄.

W Sele
tion Cuts in the Ele
tron Channel

After the pre-sele
tion of isolated ele
tron events, the expe
tation from W produ
tion

is about a fa
tor of 250 below the one from neutral 
urrent DIS. As a �rst step to

rea
h a reasonable signal to ba
kground ratio, the neutral 
urrent 
ontribution needs
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to be drasti
ally redu
ed. This is a
hieved with a set of "Anti-NC 
uts" that exploit

the following 
hara
teristi
s of neutral 
urrent DIS (ep! eX):

1. ��(`�X) : Due to transverse momentum 
onservation, the s
attered ele
tron

and the hadroni
 �nal state generally form an angle of 180

Æ

in azimuth. If the

missing transverse momentum in the event is due to 
u
tuations in the energy

measurement, it will point either along the dire
tion of the hadroni
 system or

the ele
tron. In this 
ase, the angle ��(` � X) still tends to be 
lose to 180

Æ

.

Events with a real neutrino from a W de
ay exhibit a 
at distribution. A 
ut

��(`�X) < 160

Æ

is applied to suppress neutral 
urrent DIS.

2. (E�P

z

)

vis

: The distribution of the visible E�P

z

for neutral 
urrent DIS peaks

at 55 GeV. Energies lost in the very forward dire
tion 
ause in general only a

small de
rease in the measured (E�P

z

)

vis

. De
ays W ! `� naturally have mu
h

smaller values due to the neutrino. Therefore only events with E�P

z

< 50 GeV

are sele
ted. This 
ut is only applied if the ele
tron 
andidate has the same


harge as the in
oming beam ele
tron.

3. �

2

e

: If the s
attered ele
tron is misinterpreted as ele
tron from the W de
ay, the

quantity �

2

e

is identi
al to the momentum transfer Q

2

. The neutral 
urrent 
ross-

se
tion falls o� steeply with Q

2

. Thus neutral 
urrent events generally have small

values of �

2

e

, while leptoni
W de
ays produ
e large values. A two-dimensional 
ut

is applied on �

2

e

as a fun
tion of the 
alorimetri
 missing transverse momentum.

For P


alo

T

< 25 GeV, �

2

e

is required to be above 5000 GeV

2

. For P


alo

T

> 25 GeV,

the expe
tation from neutral 
urrent DIS is already quite low and no 
ut on �

2

e

is imposed.

The 
uts dedi
ated to redu
e the neutral 
urrent DIS ba
kground are summarized in

table 6.1 and are indi
ated as dashed lines in the 
orresponding distributions in �g-

ure 6.6. In the data, 31 events remain for 32.4 expe
ted. The 
ontribution from W

produ
tion amounts to 9.3 events.

After imposing the "Anti-NC 
uts", neutral 
urrent DIS is still the largest ba
k-

ground 
ontribution. However, also 
harged 
urrent DIS and photoprodu
tion are now

relevant. In a se
ond step, further 
uts are applied to redu
e the remaining ba
kground:

1. Ele
tron isolation with respe
t to tra
ks and jets: In addition to the 
alorimetri


ele
tron isolation used in the pre-sele
tion, the same isolation 
riteria as used for

the muons are also found to be useful for ele
trons. In 
harged 
urrent DIS and

photoprodu
tion events, the ele
tron 
andidate is in general falsely identi�ed. If

a hadron is misidenti�ed as ele
tron, there are often other tra
ks or hadroni


a
tivity 
lose to the ele
tron 
andidate, leading to low values of D

tra
k

or D

jet

.

This 
an be seen in �gure 6.7 (a) and (b). Also radiative 
harged 
urrent events

with a 
onverted photon (
 ! e

+

e

�

), misinterpreted as a single ele
tron in

the ele
tromagneti
 
alorimeter, 
ause small values of D

tra
k

. To remove these

ba
kgrounds, a minimum distan
e to the 
losest tra
k, D

tra
k

> 0:5, and to the


losest jet, D

jet

> 1:0, are required as additional isolation 
riteria. Sin
e parti
le

showers 
an be produ
ed in intera
tions of the ele
tron with the end 
ap of the
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Figure 6.6: Distributions of the observables used to redu
e the ba
kground from

neutral 
urrent DIS in the pre-sele
ted ele
tron sample. The values of the applied

"Anti-NC 
uts" are indi
ated as dashed lines. The 
ut �

2

e

> 5000 GeV

2

is only

applied for P


alo

T

< 25.

Central Jet Chamber or dead material in the forward region of the dete
tor, the


ut on D

tra
k

is only applied for �

e

> 45

Æ

.

2. Azimuthal balan
e

V

ap

V

p

: The quantity

V

ap

V

p


an be interpreted as the fra
tion of

energy in the dire
tion of the 
alorimetri
 missing transverse momentum. Events

from neutral 
urrent DIS and photoprodu
tion tend to have large values of

V

ap

V

p

.

Events in whi
h the missing momentum is due to high-P

T

parti
les that deposit

no or only little energy in the 
alorimeter, su
h as neutrinos or muons, have low

values of

V

ap

V

p

. A two-dimensional 
ut is applied as a fun
tion of the ele
tron

transverse momentum P

e

T

. It is illustrated in �gure 6.7.

After all sele
tion 
uts, W produ
tion dominates the Standard Model expe
tation.

The W 
ontribution amounts to 70%. The overall eÆ
ien
y for the sele
tion of events

W ! e� is estimated with the EPVEC generator to be 40%. The �nal results of the

W sele
tion in the ele
tron 
hannel are presented together with the results in the muon


hannel, whi
h is dis
ussed in the following se
tion.
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Pre-sele
tion Anti-NC 
uts Further ba
kground suppression

5

Æ

< �

e

< 145

Æ

��(e�X) < 160

Æ

D

tra
k

> 0:5

P

e

T

> 10 GeV (E � P

z

)

vis

< 50 GeV D

jet

> 1:0

P


alo

T

> 12 GeV �

2

e

> 5000 GeV

2

V

ap

V

p

< 0:5

for P


alo

T

< 25 (< 0:15 for P

e

T

< 25 GeV)

E


one

E

e

< 1:03

Table 6.1: Summary of the 
uts used to sele
t de
ays W ! e�. The pre-sele
tion


riteria for the ele
tron 
hannel are shown in the �rst 
olumn. The se
ond 
olumn

shows the 
uts for the suppression of neutral 
urrent DIS. The third 
olumn 
ontains

the additional 
uts to reje
t the remaining Standard Model ba
kground.

W Sele
tion Cuts in the Muon Channel

In the muon 
hannel, the main emphasis must be put on the redu
tion of muon-pair

produ
tion in photon-photon 
ollisions. A set of 
uts similar to the ones used in the

ele
tron 
hannel is exploited to enhan
e the W 
omponent relative to the ba
kground

pro
esses. These 
uts are listed in table 6.2 and are dis
ussed below:

1. Number of isolated muons: Muons from photon-photon 
ollisions are often pro-

du
ed in ba
kward or in forward dire
tion. Hen
e one of the two muons frequently

disappears in the beam pipe and es
apes dete
tion. Events in whi
h both muons

are dete
ted are removed by asking for only one isolated muon. The isolation


ondition for the se
ond muon is essential, sin
e events with muons in or 
lose to

a jet, for instan
e from semi-leptoni
 de
ays of a b-quark, should of 
ourse not

be reje
ted.

2. ��(� �X) : In inelasti
 muon-pair produ
tion, where one muon is lost in the

beam pipe, the angle between the dete
ted muon and the hadroni
 �nal state is

usually 180

Æ

. A 
ut ��(��X) < 170

Æ

thus eÆ
iently suppresses photon-photon

events. Also other Standard Model ba
kgrounds are signi�
antly redu
ed by this


ut.

3. P

miss

T

: As mentioned earlier, the real missing transverse momentum in events

with muons di�ers from the 
alorimetri
 missing transverse momentum, P


alo

T

.

Therefore events with P


alo

T

> 12 GeV 
an still be balan
ed in transverse mo-

mentum, if the muon P

T

-measurement in the tra
ker is taken into a

ount. Su
h

events are reje
ted by requiring also P

miss

T

to be above 12 GeV.

4. P

X

T

: In 
ontrast to the ele
tron 
hannel, the ba
kground 
ontribution be
omes

less and less important towards higher values of P

X

T

. The peak in the �rst bin

of the P

X

T

distribution in �gure 6.8 
orresponds to elasti
 muon-pair produ
tion,

i.e. events in whi
h the proton stays inta
t and no or only little hadroni
 �nal

state is visible. To remove these elasti
 events, a 
ut at 12 GeV is imposed on
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Figure 6.7: Distributions of the observables used to further redu
e non-W ba
k-

ground in the ele
tron 
hannel after the neutral 
urrent suppression is applied. The


uts are indi
ated as dashed lines in the one-dimensional histograms (a) and (b) and

as solid lines in the 
orrelation plots (d) and (e).

P

X

T

. Sin
e for muon events the P


alo

T

requirement a
ts e�e
tively as a 
ut on the

hadroni
 transverse momentum, the additional 
ut on P

X

T


auses no signi�
ant

loss of W eÆ
ien
y.

5.

V

ap

V

p

: Corresponding to the ele
tron 
hannel, a two-dimensional 
ut is applied

on the azimuthal balan
e

V

ap

V

p

as a fun
tion of P


alo

T

to redu
e the remaining
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ba
kground from neutral 
urrent DIS and photoprodu
tion. It is illustrated in

�gures 6.8 (f) and (g).

Pre-sele
tion Ba
kground suppression

5

Æ

< �

�

< 145

Æ

��(��X) < 170

Æ

P

�

T

> 10 GeV P

X

T

> 12 GeV

P


alo

T

> 12 GeV P

miss

T

> 12 GeV

D

tra
k

> 0:5 # isolated � = 1

D

jet

> 1:0

V

ap

V

p

< 0:5

(< 0:15 for P


alo

T

< 25 GeV)

Table 6.2: Summary of the pre-sele
tion in the muon 
hannel and the 
uts used to

reje
t non-W ba
kground.

This muon sele
tion results in a W 
ontribution of 
lose to 90%. The overall

eÆ
ien
y of sele
ting W 's is � 15%. For large values of the hadroni
 transverse mo-

mentum (P

X

T

> 25 GeV), approximately the same W eÆ
ien
y of � 40% is rea
hed in

the ele
tron and in the muon 
hannel.

Results of the W Sele
tion

The �nal event yields of the W sele
tion in both 
hannels are summarized in tables 6.3

and 6.4. They are presented for di�erent ranges of the hadroni
 transverse momentum.

The 
ontributions from W produ
tion and from all other Standard Model pro
esses

are also given separately.

In �gures 6.9 (a) and (
), the transverse mass distributions of the lepton-neutrino

system are shown. The transverse mass is de�ned as the invariant mass of the two

(massless) ve
tors obtained by proje
ting the lepton and neutrino momenta onto the

transverse plane:

M

`�

T

=

r

�

j

~

P

`

T

j+ j

~

P

miss

T

j

�

2

�

�

~

P

`

T

+

~

P

miss

T

�

2

: (6.4)

The transverse momentum of the hypotheti
al neutrino from the W de
ay 
orresponds

to the missing transverse momentum in the event. The M

`�

T

distributions of the data

events are 
ompatible with a Ja
obian peak 
lose to the W mass for both 
hannels, as

expe
ted from the W simulation. This result ni
ely supports the W hypothesis of the

observed events.

As 
an be seen from the P

X

T

spe
tra in �gures 6.9 (b) and (d) and the event

numbers in tables 6.3 and 6.4 , there is a 
lear ex
ess of data events for large values

of P

X

T

, observed in both the ele
tron and muon 
hannels. Combining both 
hannels

for P

X

T

> 25 GeV, eleven isolated lepton events are observed for 3.67 � 0.96 expe
ted.

The following se
tion dis
usses the degree of agreement between the observed P

X

T


onstellation and the P

X

T

spe
tra predi
ted by the Standard Model.
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Figure 6.8: Distributions of the observables used to suppress non-W ba
kground for

the pre-sele
ted muon sample. The 
uts are indi
ated as dashed lines in the one-

dimensional histograms (a)-(d) and as solid lines in the 
orrelation plots (f) and (g).



6.3 How Likely is the Ex
ess at high P

X

T

? 59

(a)

MT 
eν

 (GeV)

E
v
e
n

ts    Data 94-00

SM with error

NC

CC + γγ + γp

W

Electrons

10
-3

10
-2

10
-1

1

10

0 50 100 150 200

(b)

PT 
X
 (GeV)

E
v
e
n

ts Electrons

10
-2

10
-1

1

10

0 20 40 60 80

(
)

MT 
µν

 (GeV)

E
v
e
n

ts    Data 94-00

SM with error

γγ
NC + CC + γp

W

Muons

10
-3

10
-2

10
-1

1

10

0 50 100 150 200

(d)

PT 
X
 (GeV)

E
v
e
n

ts Muons

10
-2

10
-1

1

10

0 20 40 60 80

Figure 6.9: Final distributions of the transverse mass M

`�

T

and the hadroni
 trans-

verse momentum after the W sele
tion.

Ele
trons Data 94-00 SM expe
tation W prod. Other pro
esses

0 < P

X

T

< 12 GeV 5 7.43 � 1.67 5.01 � 1.50 2.42 � 0.73

12 < P

X

T

< 25 GeV 1 2.18 � 0.50 1.53 � 0.46 0.65 � 0.20

25 < P

X

T

< 40 GeV 2 1.15 � 0.30 0.95 � 0.29 0.19 � 0.06

P

X

T

> 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 �nal event yields obtained with theW sele
tion in the ele
tron 
hannel.

The event numbers of the data and the Monte Carlo expe
tations are given for di�erent

ranges of the hadroni
 transverse momentum P

X

T

.

6.3 How Likely is the Ex
ess at high P

X

T

?

The 
ompatibility between the observed and expe
ted P

X

T

spe
tra for the W sele
tion

is evaluated by 
omputing a 
on�den
e level for the hypothesis that only Standard
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Muons Data 94-00 SM expe
tation W prod. Other pro
esses

12 < P

X

T

< 25 GeV 2 1.21 � 0.31 1.03 � 0.31 0.18 � 0.05

25 < P

X

T

< 40 GeV 3 1.06 � 0.28 0.94 � 0.28 0.13 � 0.04

P

X

T

> 40 GeV 3 0.73 � 0.20 0.67 � 0.20 0.06 � 0.02

Total 8 2.99 � 0.80 2.63 � 0.79 0.37 � 0.11

Table 6.4: The �nal event yields obtained with the W sele
tion in the muon 
hannel.

The event numbers of the data and the Monte Carlo expe
tations are given for di�erent

ranges of the hadroni
 transverse momentum P

X

T

.

Model pro
esses a

ount for the observed events (ba
kground-only hypothesis, where

ba
kground means Standard Model in this 
ase). In the following, the prin
iples of

this 
on�den
e level 
al
ulation are explained step by step. At �rst, the observed P

X

T

spe
tra are used without systemati
 un
ertainties. Later the 
on�den
e level 
al
u-

lation is repeated taking the un
ertainty on the predi
ted Standard Model rate into

a

ount.

Constru
tion of an Estimator Distribution

As generally done in 
on�den
e level 
omputations, an estimator (or test statisti
) F is

introdu
ed to quantify the ba
kground-ness of ea
h real and simulated event. It must

be a monotonous fun
tion. As estimator, the hadroni
 transverse momentum P

X

T

is


hosen. If n events are observed in the experiment, the estimators F

k

for the single

events are added to form an ensemble estimator F :

F =

n

X

k=1

F

k

=

n

X

k=1

(P

X

T

)

k

: (6.5)

The probability distribution of the estimator F for an experiment with a �xed number

of events needs to be 
onstru
ted. The normalized P

X

T

spe
trum 
orresponds to the

probability density fun
tion of F for an experiment with one event, �

1

(F ) . If there

are n events in the experiment, the joint probability density fun
tion �

n

(F ) 
an be

obtained by iterative integration. As an example, for n = 2 the resulting probability

density fun
tion �

2

(F ) is the 
onvolution of �

1

(F ) with itself:

�

2

(F ) =

Z Z

�

1

(F

1

)�

1

(F

2

)Æ(F � F

1

� F

2

)dF

1

dF

2

: (6.6)

For n events this 
an be generalized as:

�

n

(F ) =

Z

: : :

Z

n

Y

k=1

�

�

1

(F

k

)dF

k

�

Æ

�

F �

n

X

k=1

F

k

�

: (6.7)

Sin
e we know the expe
ted number of events from the Standard Model simulations,

we are now interested in the probability to observe a 
ertain value of F , if the expe
ted
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number of events is b. This is a
hieved by weighting ea
h joint probability density

fun
tion �

n

(F ) with the Poisson probability to observe n events, if b events are expe
ted:

�

b

(F ) =

1

X

n=0

e

�b

b

n

n!

�

n

(F ) : (6.8)

Te
hni
ally, �

b

(F ) is 
omputed using two di�erent approa
hes [58℄:

1. Toy Monte Carlo Experiments:

A large number of toy Monte Carlo experiments are generated. For ea
h event k

in a toy experiment, a value of the estimator F

k

is randomly 
hosen a

ording to

the P

X

T

distribution. The number of events in ea
h experiment is generated from a

Poisson distribution with a mean 
orresponding to the number of expe
ted events.

With the generation of 10 000 of these toy experiments, a good approximation of

the ensemble estimator distribution �

b

(F ) is rea
hed.

2. FFT Method:

Using a method derived in [57℄, the distribution �

b

(F ) 
an be 
al
ulated an-

alyti
ally if the probability density fun
tion �

1

(F ) for a single event is given.

The analyti
 
al
ulation is based on Fourier transformation. The fun
tion �

n

(G)

denotes the Fourier transform of �

n

(F ). Then the Fourier transform of a 
onvo-

lution of fun
tions, su
h as equation 6.7, 
an be expressed as a produ
t of the

Fourier transforms of the fun
tions themselves [57℄. Thus �

n

(G) 
an easily be

expressed as a power of �

1

(G):

�

n

(G) =

�

�

1

(G)

�

n

: (6.9)

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

�

b

(F ) =

1

X

n=0

e

�b

b

n

n!

�

�

1

(G)

�

n

(6.10)

= e

b(�

1

(G)�1)

: (6.11)

The appli
ation of the inverse Fourier transformation yields �

b

(F ). The transfor-

mations are performed using a numeri
al Fast Fourier Transform (FFT).

The ensemble estimator distributions �

b

(F ) for the ele
tron and muon 
hannels are

shown in �gure 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 pre
ision of the Monte Carlo method is limited by the number of generated toy

experiments. Statisti
al 
u
tuations are 
learly visible for large values of F . The FFT

method has a higher pre
ision and is less time-
onsuming 
ompared to the generation

of a large number of toy experiments.
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Con�den
e Level Computation

The 
on�den
e level for the ba
kground-only hypothesis, denoted by CL

b

in the fol-

lowing, 
an now easily be obtain by integration of the ensemble estimator distributions

�

b

(F ). The 
on�den
e level CL

b

is de�ned as the probability that the value of the

estimator F for the Standard Model pro
esses is less than the value observed in the

data, F

obs

:

CL

b

=

Z

F

obs

0

�

b

(F )dF : (6.12)

As a result, the number 1�CL

b


orresponds to the probability that the observed data

are des
ribed by the Standard Model.

The integration is performed for the ele
tron 
hannel and the muon 
hannel sepa-

rately, and the resulting numbers for 1�CL

b

are given in table 6.5. The probability of

the ba
kground-only hypothesis in the ele
tron 
hannel is 11.0 %, in the muon 
hannel

it is 1.1 � 10

�3

. The mu
h lower probability in the muon 
hannel is due to the fa
t

that the three muon events with highest hadroni
 transverse momenta have values of

P

X

T

in the range 50 � 70 GeV, while the ele
tron events with highest P

X

T

have lower

values between 40� 50 GeV (see �gure 6.9). In addition, the overall event yield in the

ele
tron 
hannel is in agreement with the expe
tation, whereas the number of muon

events lies above the expe
tation already from P

X

T

> 12 GeV on.

Combination of Ele
tron and Muon Channels

The 
ombination of the ele
tron and muon 
hannels is a
hieved by adding the P

X

T

distributions of both 
hannels. The estimator distribution and the 
on�den
e level are

then evaluated for the 
ombined P

X

T

spe
trum. The ensemble estimator distribution

�

b

(F ) for the 
ombination is shown in �gure 6.10 (
). The value of the integral over this

distribution as a fun
tion of the upper integration limit F

obs

is presented in �gure (d).

The value of F

obs

, whi
h is really observed in the data, and the 
orresponding 
on�den
e

level 1� CL

b

are marked by dashed lines. The probability that the 
ombined ele
tron

and muon data are des
ribed by the Standard Model is 1.4 � 10

�3

, negle
ting systemati


un
ertainties.

Results with Systemati
 Un
ertainties

The systemati
 errors are dominated by the theoreti
al un
ertainty of 30% on the

W expe
tation and the other Standard Model pro
esses. Therefore the systemati


un
ertainties are taken into a

ount by simply s
aling up the normalization of the P

X

T

distributions a

ording to the systemati
 un
ertainties quoted in tables 6.3 and 6.4.

The probability of the ba
kground-only hypothesis for the 
ombination of ele
trons and

muons in
reases from 1.4 � 10

�3

without systemati
s to 9.7 � 10

�3

with systemati
s.

This probability is low enough to think seriously about adding a signal 
ontribution

beyond the Standard Model. One possible signal is single top produ
tion.
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Figure 6.10: The ensemble estimator distributions, �

b

(F ), for the ele
tron 
hannel

(a) and the muon 
hannel (b). The solid bla
k histogram is 
al
ulated with the FFT-

method, the dashed histogram with the Monte Carlo method. The 
ombination

of both 
hannels yields distribution (
). In (d), the integral over this 
ombined

estimator distribution is plotted as a fun
tion of the upper integration limit, F

obs

.

It 
orresponds to the probability of the ba
kground-only hypothesis 1 � CL

b

. The


on�den
e level CL

b

is illustrated as hat
hed area in (a)-(
). The dashed lines


orrespond to the values observed in the data.

Results for P

X

T

> 25 GeV

For 
omparison. the above des
ribed 
on�den
e level 
al
ulation has been repeated

using only the part of the P

X

T

spe
trum above 25 GeV. The 
on�den
e level is thus

more 
on
entrated on the region where the ex
ess is observed. The results for the

probability of the ba
kground-only hypothesis are also given in table 6.5.

6.4 Kinemati
 Re
onstru
tion of Top De
ays

A promising possibility to interpret the isolated lepton ex
ess at high P

X

T

is the produ
-

tion and de
ay of single top quarks. As dis
ussed in detail in the theoreti
al overview

in se
tion 2.1, the Standard Model 
ross-se
tion for top produ
tion at HERA is ex-
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1� CL

b

Full P

X

T

spe
trum w/o systemati
s with systemati
s

Ele
trons 11% 23%

Muons 1.1 � 10

�3

4.5 � 10

�3

Ele
trons and Muons 1.4 � 10

�3

9.7 � 10

�3

P

X

T

> 25 GeV

Ele
trons 4.5% 8.7%

Muons 3.1 � 10

�3

9.1 � 10

�3

Ele
trons and Muons 7.4 � 10

�4

4.0 � 10

�3

Table 6.5: The probabilities 1 � CL

b

that the observed data are des
ribed by the

Standard Model. The 
on�den
e level 
al
ulations are 
arried out with and without


onsideration of systemati
 un
ertainties. The results are shown for the full P

X

T

spe
-

trum and after a 
ut P

X

T

> 25 GeV.

tremely small and 
an be negle
ted. Single top produ
tion might, however, pro
eed

through a 
avor 
hanging neutral 
urrent pro
ess with an anomalous tu
-vertex. The

top quark de
ays to approximately 100% into a b-quark and aW boson (t! bW ). The

b-quark is dete
ted as hadroni
 jet in the 
alorimeter. As a result of the huge top mass,

this b-jet a
quires a large transverse momentum. This 
ould explain why the ex
ess of

lepton events is situated at high P

X

T

. If the W emerging from the top de
ay undergoes

a leptoni
 de
ay (W ! `�), only the lepton is dire
tly measured in the dete
tor, while

the neutrino es
apes dete
tion. As a �rst step to obtain the full information about the

top de
ay, it is therefore ne
essary to �nd a way to re
onstru
t the kinemati
s of the

undete
ted neutrino.

p

u

t
b

W
+

  

e
+

e
+

κγ `

+

�

`

Figure 6.11: Feynman diagram of FCNC single top produ
tion at HERA with sub-

sequent de
ay t! bW

+

! b`

+

�

`

.
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6.4.1 Re
onstru
tion of the Neutrino

The transverse momentum of a top quark produ
ed in a pro
ess as shown in dia-

gram 6.11 is generally very small and is negle
ted in the following. Under the assump-

tion that there is only one neutrino in the event, the transverse momentum ve
tor of the

neutrino 
an then be re
onstru
ted using the missing transverse momentum measured

in the dete
tor.

~

P

�

T

=

~

P

miss

T

: (6.13)

As regards the longitudinal momentum of the neutrino, two 
ases are treated sepa-

rately:

� Tagged events: An event is 
alled "tagged", if the momentum transfer Q

2

is

suÆ
iently large that the s
attered beam ele
tron is dete
ted within the a

ep-

tan
e range of the H1 dete
tor. This is the 
ase for 30% of events from single

top produ
tion (and for 25% of events from Standard Model W produ
tion) .

In the muon 
hannel, this means that the event 
ontains an identi�ed ele
tron,

and in the ele
tron 
hannel the event 
ontains an additional ele
tron. As single

top produ
tion pro
eeds mostly at high values of y, the energy of the s
attered

ele
tron is in general quite small. The ele
tron with lowest transverse momentum

is assumed to be the s
attered ele
tron. A

ording to the top simulation, this

assumption is 
orre
t in 95% of all tagged events. Sin
e the s
attered ele
tron is

measured in the main dete
tor, the 
onservation of the total E � P

z

in the event


an be used to obtained the E � P

z

of the neutrino via the relation:

(E � P

Z

)

�

= 55 GeV� (E � P

z

)

vis

: (6.14)

Now the 
omplete neutrino kinemati
s is known. In the data, this method 
an

be applied for three of the eighteen isolated lepton events that pass the W sele
-

tion. The lepton-neutrino invariant masses M

`�

of these three tagged data events

are 
ompatible with a W interpretation (M

`�

= 73

+7

�7

, 79

+12

�12

and 86

+7

�9

GeV).

The M

`�

distribution obtained for simulated top events are presented in �g-

ure 6.12. The muon-neutrino mass distribution is signi�
antly broader than the

ele
tron-neutrino mass as a result of the larger un
ertainty on the momentum

measurement of high-P

T

muon tra
ks.

� Untagged events: Events are 
alled "untagged", if the s
attered beam ele
tron

is not dete
ted. Therefore its longitudinal momentum is unknown and the 
on-

straint on E � P

z


annot be applied. Instead, another kinemati
 
onstraint 
an

be exploited to re
onstru
t the full neutrino kinemati
s. A 
onstraint on the

invariant mass of the lepton-neutrino system (W mass 
onstraint) is imposed:

M

`�

=

q

(E

`

+ E

�

)

2

� (~p

`

+ ~p

�

)

2

=M

W

= 80:4 GeV : (6.15)

The W mass 
onstraint represents a quadrati
 equation in the neutrino energy

and momentum and hen
e yields two possible solutions for (E � P

Z

)

�

. As illus-

trated in �gure 6.13, one of the solutions 
orresponds to a ba
kward neutrino, the
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Figure 6.12: Distribution of the re
onstru
ted lepton-neutrino invariant mass for

simulated top events (t! bW ! b`�) with a tagged ele
tron. The lines are Gaussian

�ts to the 
ores of the mass distributions.

P

z

P

T

P

�

T

`

�

fwd

�

bwd

Figure 6.13: Illustration of the two possible solutions for the neutrino momentum

obtained from a W mass 
onstraint, if the transverse momentum of the neutrino is

known.

other to a forward neutrino relative to the lepton dire
tion. The two solutions

will in the following be named �

bwd

and �

fwd

.

Re
onstru
tion eÆ
ien
y:

For events that do not 
ontain a W boson, it may happen that equation 6.15

has no real solutions. The obtained solutions are then 
omplex 
onjugate. Due

to measurement errors, this 
an also happen for events that do have a W boson.

In the 
ase of 
omplex 
onjugate solutions, the imaginary part of the solution is

negle
ted, in order not to lose the event. If a solution for (E � P

Z

)

�

happens to

be negative, it is reje
ted as being unphysi
al.

The W mass 
onstraint for untagged events has a neutrino re
onstru
tion eÆ-


ien
y of 99% in the ele
tron 
hannel and 89% in the muon 
hannel. The loss of

eÆ
ien
y is due to unphysi
al values of (E � P

Z

)

�

, i.e. negative solutions. Sin
e

the re
onstru
tion eÆ
ien
y in the ele
tron 
hannel is 
lose to optimal, the lower

eÆ
ien
y in the muon 
hannel 
an only be a result of the larger un
ertainty on

the measurement of the muon tra
k momentum 
ompared to the 
alorimetri


energy measurement of the ele
tron.
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In order to in
rease the neutrino re
onstru
tion eÆ
ien
y for muon events, a

variation of the muon transverse momentum is 
arried out a

ording to the un-


ertainty given by the measurement of the tra
k 
urvature. The 
urvature is

proportional to the inverse momentum of the tra
k. A variation of

1

P

�

T

within 2�

is performed:

�

1

P

�

T

�

varied

=

1

P

�

T

� x � Æ

�

1

P

�

T

�

with x 2 f0:1; 0:2; : : : ; 2:0g : (6.16)

If this variation yields real solutions of the W mass 
onstraint, the event kine-

mati
s are re
omputed a

ording to the 
hanged muon transverse momentum.

For the 
ase that real solutions exist for several values of the variation parameter

x, the solution 
orresponding to the smallest absolute value of x is taken. The

neutrino re
onstru
tion eÆ
ien
y in the muon 
hannel is thus in
reased to 95%.

As 
an be seen for simulated top events in �gure 6.14, the fra
tion of events with

unphysi
al negative solutions for (E � P

Z

)

�

is de
reased and a better agreement

between the re
onstru
ted and generated (E �P

Z

)

�

is rea
hed. In addition, also

an improvement of the P

miss

T

measurement in the event, and hen
e the transverse

momentum of the neutrino, is a
hieved by this variation. It 
on�rms that the

variation of the muon P

T

indeed yields an improved re
onstru
tion of the event

kinemati
s in top events.

Choi
e of the 
orre
t solution:

In 12% (7%) of untagged ele
tron (muon) events, the W mass 
onstraint yields


omplex 
onjugate solutions for (E � P

Z

)

�

. As mentioned before, the imaginary

part of the solution is negle
ted in this 
ase yielding a unique value of (E�P

Z

)

�

.

If two solutions exist, however, a pres
ription to resolve the ambiguity needs to

be given. The aim of su
h a pres
ription is to 
hoose the solution for whi
h the

re
onstru
ted neutrino kinemati
ally best mat
hes the top hypothesis.

For the top de
ay t! b`�

`

, a natural 
hoi
e would be to 
hoose the solution that

yields an invariant mass of the system lepton-neutrino-hadrons 
losest to the top

mass. The quality of this pres
ription is tested with simulated top events. The

distan
e in the ��� plane between the re
onstru
ted and the generated neutrino,

D(�

re


� �

gen

), is used to de
ide if the 
hoi
e is 
orre
t. Using the \
losest to the

top mass pres
ription", the neutrino whi
h best mat
hes the generated neutrino is


hosen in 76% (72%) of untagged ele
tron (muon) events that have two solutions.

Some improvement 
an be rea
hed by exploiting the 
orrelation between the

lepton and the neutrino polar angles in top de
ays. Figure 6.15 shows that for


ertain regions of the lepton polar angle, one of the two solutions �

bwd

and �

fwd

is more likely than the other. The di�eren
e D(�

bwd

� �

gen

)�D(�

fwd

� �

gen

) is

used to de
ide whi
h of the solution is better (i.e. yields a re
onstru
ted neutrino

that lies 
loser to the generated neutrino):

D (�

bwd

� �

gen

)�D (�

fwd

� �

gen

)

(

< 0 : �

bwd

better solution

> 0 : �

fwd

better solution

: (6.17)

For small lepton polar angles, the ba
kward neutrino is the most likely and vi
e

versa. Therefore the 
hoi
e "
losest to the top mass" needs only be taken for
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Figure 6.14: Monte Carlo distributions of the re
onstru
ted (E � P

Z

)

�

and P

�

T

for

top events in the muon 
hannel. The distributions are shown before and after a

variation of the muon tra
k momentum as des
ribed by equation 6.16. For events

with two solutions for (E�P

Z

)

�

, one solution is 
hosen a

ording to the pres
ription

in table 6.6.

intermediate values of the lepton polar angle. The polar angles that are used to

de�ne this intermediate region were optimized to obtain the best mat
h between

the generated and the re
onstru
ted neutrino. This leads to the pres
ription

presented in table 6.6. The per
entage of 
orre
t 
hoi
es is now improved to 83%

(78%) in the ele
tron (muon) 
hannel.

Polar angle range Chosen Solution

�

`

< 18

Æ

�

bwd

18

Æ

< �

`

< 40

Æ

M

`���jets


losest to top mass

�

`

> 40

Æ

�

fwd

Table 6.6: Optimized pres
ription to 
hoose the 
orre
t solution for the neutrino kine-

mati
s in untagged single top events.
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Figure 6.15: Di�eren
e of the distan
es between the generated and the re
onstru
ted

neutrino for the two possible neutrino 
hoi
es (�

bwd

and �

fwd

) as a fun
tion of the

ele
tron polar angle �

e

, shown for untagged simulated top events (t! be�

e

). Values

on the ordinate less than zero mean that �

bwd

is 
loser to the generated neutrino

than �

fwd

, and vi
e versa. The two verti
al lines de�ne the regions of �

e

, where �

bwd

(left), �

fwd

(right), or the neutrino with M

e���jets


losest to 175 GeV (in between)

is the best 
hoi
e.

Distributions of the re
onstru
ted (E�P

z

)

�

for all tagged and untagged simulated

top events are presented in �gure 6.16. The distributions for the 
hoi
e of the forward,

the ba
kward and the best-
hoi
e neutrino are shown in 
omparison to the generated

neutrino. A good agreement is seen in the ele
tron 
hannel, and also a reasonable

agreement 
ould be rea
hed in the muon 
hannel. The tail towards high values of

(E � P

z

)

�

is due to muons with an unpre
ise measurement of the tra
k momentum.

6.4.2 Re
onstru
tion of the b-Jet and the Top Mass

In most of the 
ases, the fragmentation produ
ts of the b-quark form a well-
ollimated

hadroni
 jet in the 
alorimeter. However, gluons radiated from the b-quark 
an produ
e

additional jets with lower energy. These �nal state parton showers should be in
luded

in the kinemati
 re
onstru
tion of the quark. In both the ANOTOP generator for single

top produ
tion and the event generators for the Standard Model pro
esses, �nal state

parton showers are implemented in the leading-log approximation. Three possibilities

to re
onstru
t the the b-quark have been studied, using:

1. The highest-P

T

jet

2. The sum of all jets in the event (P

jet

T

> 4 GeV, no �

jet

-
ut)

3. The 
omplete hadroni
 �nal state X .

Figure 6.17 shows the energy of the re
onstru
ted b-quark, E

b

, for the three possibilities

given above in 
omparison to the generated energy.
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Figure 6.16: Monte Carlo distributions of the re
onstru
ted (E�P

z

)

�

for the ba
k-

ward, the forward, and the best-
hoi
e neutrino obtained from a W mass 
onstraint

in simulated top events. The re
onstru
ted distributions (solid histograms) are 
om-

pared to the generated distributions (dashed histograms) in the ele
tron 
hannel

(left) and the muon 
hannel (right).

The best 
hoi
e is obviously the sum of all jets in the event. Using only the highest-

P

T

jet does not take parton showering into a

ount and thus tends to underestimate

the energy of the b-quark. The energy of the 
omplete hadroni
 �nal state X is shifted

towards higher values 
ompared to the generated b-quark energy, mainly due to energy

deposits of the proton remnant in the very forward region of the 
alorimeter.
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The top mass 
an now be 
al
ulated 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 �gure 6.18. The mass resolutions taken from Gaussian �ts to the

M

`���jets

distributions are 14.7 GeV for the ele
tron 
hannel and 19.7 GeV for the

muon 
hannel. Due to deviations from ideal Gaussians in the tails, only the Gaussian


ores of the distributions are used in the �t.
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Figure 6.17: Monte Carlo distributions of the generated and re
onstru
ted b-quark

energies in simulated top events. Three di�erent possibilities of the b-quark re
on-

stru
tion are 
ompared to ea
h other: (a) highest-P

T

jet, (b) sum of all jets, (
) the

full hadroni
 �nal state X.
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Figure 6.18: Monte Carlo distributions of the invariant mass of the system lepton-

neutrino-jets for top de
ays in the ele
tron 
hannel (a) and the muon 
hannel (b).

The mass resolutions are obtained from Gaussian �ts (solid lines) to the 
ores of the

distributions.

Table 6.7 gives the re
onstru
ted values of the transverse momentum P

jets

T

and the

invariant mass M

`���jets

for the W 
andidate events with high hadroni
 transverse

momentum (P

jets

T

> 25 GeV). It should be remarked that no data event in the W

sele
tion was lost in the neutrino re
onstru
tion. If two solutions for the neutrino

kinemati
s exist, there are of 
ourse also two solutions for the mass M

`���jets

. All
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solutions for the mass are shown together with the 
orresponding total E � P

z

=

(E � P

z

)

vis

+ (E � P

z

)

�

in the event. The best-
hoi
e solution, 
hosen a

ording to

the pres
ription 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 kinemati
s

within �1� a

ording to the resolutions of the hadroni
 and ele
tromagneti
 energy

measurements (�(E

had

) = 0:7=

p

E

had

; �(E

em

) = 0:15=

p

E

em

) and the error of the

tra
k P

T

-measurement.

Two of the events have a tagged ele
tron and hen
e the re
onstru
ted mass is

unique. For 
omparison, also the values obtained with the untagged method are 
om-

puted for these two events, pretending the s
attered beam ele
tron is not identi�ed.

For the tagged e

+

event, one of the untagged solutions is perfe
tly 
onsistent with the

tagged solution. For the tagged �

�

event, both masses 
omputed with the W mass


onstraint are lower than for the tagged solution. The reason for this is that for the

tagged solution, the re
onstru
ted muon-neutrino invariant mass is about 6 GeV higher

than the nominal W mass used in the mass 
onstraint. However, both methods are


onsistent within the quoted mass errors.

Untagged solution �

bwd

Untagged solution �

fwd

Tagged solution

Lepton P

jets

T

M

`���jets

E � P

z

M

`���jets

E � P

z

M

`���jets

M

`�

(GeV) (GeV) (GeV) (GeV) (GeV) (GeV) (GeV)

e

+

27 187

+17

�18

65 144

+14

�15

40 { {

e

+

43 155

+7

�7

62 135

+6

�6

21 { {

e

+

47 375

+18

�18

371 168

+8

�8

55 168

+11

�11

79

+12

�12

e

+

48 160

+6

�6

30 160

+6

�6

30 { {

�

+

26 112

+5

�8

37 113

+5

�9

32 { {

�

�

27 146

+9

�12

47 136

+6

�6

38 159

+6

�7

86

+7

�9

� 27 123

+16

�19

43 147

+52

�45

33 { {

�

+

55 274

+10

�10

153 172

+9

�10

38 { {

�

�

64 164

+9

�9

60 169

+11

�11

51 { {

�

+

72 210

+17

�30

61 176

+9

�12

25 { {

Table 6.7: Kinemati
s of the isolated lepton events at high hadroni
 transverse mo-

mentum (P

jets

T

> 25 GeV). Both untagged solutions of theW mass 
onstraint are given

for the mass M

`���jets

and the total E�P

Z

= (E�P

Z

)

vis

+(E�P

Z

)

�

. In two events,

the s
attered beam ele
tron is dete
ted. For these events, the tagged method 
an be

applied and the invariant mass of the lepton-neutrino system, M

`�

, is 
omputed. The


hosen solution for the invariant mass is underlined.
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6.5 Observables to Dis
riminate Top and W Pro-

du
tion

This se
tion is 
on
erned with the separation of the single top signal from Standard

Model ba
kground pro
esses. The largest ba
kground in the sear
h for single top

produ
tion at HERA is Standard Model W produ
tion. It should be noted that in


ontrast to the dis
ussion of the W sele
tion in se
tion 6.2, W produ
tion is now no

longer 
onsidered as signal, but as ba
kground pro
ess to top produ
tion. The 
urrent

upper limits on single top produ
tion from experiments at LEP and the TeVatron


orrespond to a 
ross-se
tion of O(1 pb). It is of the same order as the 
ross-se
tion

for Standard Model W produ
tion. In this se
tion, di�erent observables are studied

to 
hara
terize top de
ays and a
hieve an eÆ
ient separation of the top signal and the

ba
kground from W produ
tion.

6.5.1 Choi
e of Observables

The relevant degrees of freedom in a top de
ay are illustrated in �gure 6.19. In �gure (a)

all parti
les are shown after a boost into the rest frame of the top quark, in (b) all

parti
les are boosted into the rest frame of the W . The kinemati
s of top de
ays 
an

be des
ribed by four observables, if the azimuthal angles of the top and the W de
ay

are negle
ted. These four observables are the top mass, an angle for the de
ay t! bW ,

the W mass, and an angle for the de
ay W ! `�.
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Figure 6.19: Illustrations of the top quark and W boson de
ays as viewed in the

rest frame of the top (a) and the W (b).

� Top De
ay Angle:

The top de
ay angle is 
hosen as the angle between the b-quark in the top rest

frame and the dire
tion of the top quark in the laboratory frame. It is denoted by

�

?

t

. Sin
e top quarks are mainly produ
ed with negligible transverse momentum,

the top dire
tion in the laboratory frame is to a good approximation the z-axis.
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The top de
ay angle is strongly 
orrelated to the transverse momentum of the

b-quark:

P

b

T

� (P

b

T

)

?

� E

?

b

sin(�

?

t

); (6.18)

where the star denotes quantities in the top rest frame. The distribution of �

?

t

is shown in �gure 6.20 (a) for generated and for re
onstru
ted top events in


omparison with re
onstru
ted events from the W simulation. Only events that

pass the W sele
tion are shown.

Sin
e top quarks produ
ed in 
-ex
hange are unpolarized, there is no preferred

dire
tion for the emission of the b-quark in the top rest frame. The top de
ays

isotropi
ally. Therefore the 
osine of the de
ay angle, 
os(�

?

t

), is expe
ted to be


at. The observed slight deviations from a 
at distribution are due to de�
ien
ies

in the neutrino re
onstru
tion and the 
uts applied in the W sele
tion. Good

agreement is seen between the generated and re
onstru
ted top events. For Stan-

dard Model W produ
tion, 
os(�

?

t

) exhibits sharp peaks 
lose to -1 and 1. These

peaks 
orrespond to small values of the hadroni
 transverse momenta P

jets

T

, as

expe
ted for most events from W produ
tion.

� W De
ay Angle:

As for the W de
ay angle, the angle between the lepton and the dire
tion of

the W boson is 
hosen. In the top rest frame, it 
orresponds to the angle �

?

t

of

�gure 6.19 (a). The thus de�ned angle still in
ludes the boost of the W , whi
h is

determined by the top mass. It is more favorable to eliminate the 
ontribution

from the boost of the W by boosting the lepton and the neutrino four-ve
tors

from the top rest frame into the W rest frame. The de
ay angle obtained in

the W rest frame is denoted by �

?

W

, as illustrated in �gure 6.19 (b). It is the

angle between the lepton in the W rest frame and the W dire
tion in the top rest

frame.

Figure 6.20 shows a good agreement between the generated and re
onstru
ted

W de
ay angle for top events. The shape of the �

?

W

distribution for top events

is a 
onsequen
e of a spe
i�
 mixture of two possible W heli
ity states in top

quark de
ays and the V�A stru
ture of the ele
troweak theory. A more detailed

dis
ussion 
an be found in in appendix B and in [59, 60℄. As for the dis
rimination

between top and W produ
tion, this angle has only a rather small separation

power.

A set of re
onstru
ted observables is now 
hosen to separate a possible top signal

from the W ba
kground, keeping in mind that the degrees of freedom in top de
ays

is four (negle
ting azimuthal angles). In semi-leptoni
 top de
ays, as dis
ussed in this


hapter, the mass of the W 
annot be exploited, sin
e a W mass 
onstraint is needed

to re
onstru
t the neutrino kinemati
s. This redu
es 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 de
ay angle, the transverse momentum of all

jets, P

jets

T

, is used, whi
h 
orresponds to the transverse momentum of the b-quark and

is dire
tly measured in the dete
tor.
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Figure 6.20: Monte Carlo distributions of the 
osine of the top de
ay angle, �

?

t

, in

the top rest frame (a) and the W de
ay angle, �

?

W

, in the W rest frame (b). The

distributions are shown for generated (dashed) and re
onstru
ted (solid) top events

in the ele
tron 
hannel 
ompared to re
onstru
ted events from the simulation of W

produ
tion (hat
hed). All distributions are normalized to unity.

The three observables used for the dis
rimination of top and W produ
tion are

then:

1. P

jets

T

, the transverse momentum of all jets

2. M

`���jets

, the invariant mass of the lepton-neutrino-jets system (top mass)

3. �

?

W

, the W de
ay angle in the W rest frame .

Distributions of these observables are shown in �gure 6.21 for the data and the

simulation of W produ
tion and other Standard Model pro
esses. The histograms are

normalized a

ording to the integrated luminosity of the data. The top simulation is

arbitrarily normalized to mat
h the W expe
tation. The positions of the data events

are marked with arrows. Con
erning the separation of top andW produ
tion, one sees:

� For top events, the re
onstru
ted P

jets

T

distributions peak at � 65-70 GeV. The

expe
ted Ja
obian peak for the transverse momentum of the b-quark from a top

de
ay lies at 69 GeV. In 
ontrast, events from W produ
tion and other Standard

Model pro
esses have mainly small values of P

jets

T

.

� The invariant massM

`���jets

has a large separation power. Several of the isolated

lepton events have masses that are 
ompatible with the top mass distribution. It

must be said, however, that the masses for all but one event lie below 175 GeV.

� The 
osine of theW de
ay angle �

?

W

gives only some small additional 
ontribution

to the dis
rimination againstW produ
tion. The Standard Model pro
esses other

than W produ
tion are situated mainly at values 
lose to -1 or 1. They make

up about 30% of the ba
kground in the ele
tron 
hannel and 12% in the muon


hannel.
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Figure 6.21: Distributions of the three dis
riminating observables used to separate

single top produ
tion from Standard Model W produ
tion (left: ele
tron 
hannel,

right: muon 
hannel). The top simulation is arbitrarily normalized to the expe
ta-

tion from W produ
tion. The positions of the data events are marked by arrows. A

number above the arrow indi
ates the number of data events in the 
orresponding

bin of the distribution.
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Figure 6.22: Correlations of the dis
riminating observables in the ele
tron 
hannel

for the simulated top signal (upper plots (a)-(
)) and the simulated W ba
kground

(lower plots (d)-(f)).
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Figure 6.23: Correlations of the dis
riminating observables in the muon 
hannel

for the simulated top signal (upper plots (a)-(
)) and the simulated W ba
kground

(lower plots (d)-(f)).
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Correlations

The 
orrelations between the dis
riminating observables are shown in �gures 6.22

and 6.23 for the simulated top signal (upper plots) and the Standard Model W ba
k-

ground (lower plots). As expe
ted, the W de
ay angle shows no 
orrelation to either

of the other two observables for the signal and the ba
kground simulations. The mass

and the transverse momentum are 
learly 
orrelated. A large hadroni
 transverse mo-

mentum 
orresponds in general to a large invariant mass M

`���jets

. In plot 6.22 (d),

a band of events is visible at very small values of P

jets

T

. It is due to events from W

produ
tion, in whi
h the quark is not s
attered into the dete
tor. Be
ause of the 
ut

P

X

T

> 12 GeV applied in the W sele
tion for muoni
 de
ays, this band is not visible in

the 
orresponding plot for the muon 
hannel.

6.5.2 Possibility of b-Quark Identi�
ation

The tagging of b-quarks is a mighty tool to identify top quark de
ays. A b-quark

identi�
ation exploits the lifetime, mass, or semi-leptoni
 de
ay modes of b-quarks.

Due to their long lifetime, b-quarks produ
e se
ondary de
ay verti
es, whi
h 
an be

re
onstru
ted with a sili
on tra
ker. At H1, only a 
entral sili
on tra
ker (CST) was

available before 2001. The b quarks from top de
ays, however, are found in the forward

region most of the times, and thus outside of the CST a

eptan
e. The large mass of

the b-quark should manifest itself in a large mass of the hadroni
 jet measured in the

dete
tor. For the jet mass, no eÆ
ient separation from lighter quarks was seen. As

for the semi-leptoni
 de
ay modes of the b-quark, only in about 10% of all b-de
ays a

muon is produ
ed, whi
h 
an then be identi�ed. Due to small identi�
ation eÆ
ien
ies,

an identi�
ation of b-quarks has not been used in this analysis. It might however be

feasible with higher data statisti
s in the future.

6.5.3 Shape Analysis

As 
an be seen from the dis
riminating observables in �gure 6.21, some data events

�t kinemati
ally better to single top produ
tion than to W produ
tion. Besides the

observed dis
repan
ies in the event rates between data and Standard Model predi
tion,

it is interesting to see whether the agreement of the distributions in shape 
an be

improved by adding a 
ontribution from top produ
tion to the Standard Model.

To test only the shapes of the distributions, the total Standard Model ba
kground

is normalized to the number of data events. The agreement in shape is 
he
ked by

studying integrated distributions of the dis
riminating observables. Therefore, the

P

jets

T

and M

`���jets

distributions are integrated bin by bin starting from the right

("signal-like") side. The leftmost bin of the integrated distribution hen
e gives the

total number of data events.

The resulting integrated distributions are shown on in �gures 6.24 and 6.25 for the

ele
tron and muon 
hannels (left sides). It 
an be seen that the shapes of the P

jets

T

and

M

`���jets

distributions are not well-des
ribed by the Standard Model.

In order to see if an additional 
ontribution from single top produ
tion improves

the agreement in shape, the sum of the Standard Model ba
kground and the top signal
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is now normalized to the number of data events. Thereby the absolute normalization of

the top 
ontribution is 
hosen to best �t the observed data, as will be derived later in

se
tion 8.1. The resulting integrated distributions are presented in �gures 6.24 and 6.25

(right sides). For both 
hannels, the additional 
ontribution from single top produ
tion

gives a 
learly better des
ription of the transverse momentum and mass distributions

in shape, in parti
ular at large values of P

jets

T

and M

`���jets

.
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Figure 6.24: Integrated distributions of P

jets

T

and M

e���jets

in the ele
tron 
hannel.

On the left side, the sum of W produ
tion and other Standard Model ba
kgrounds

is normalized to the data. On the right side, an additional 
ontribution from top

produ
tion is taken into a

ount. The fra
tion of top events is 
hosen to best �t the

observed data (see se
tion 8.1).
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Figure 6.25: Integrated distributions of P

jets

T

and M

����jets

in the muon 
hannel.

On the left side, the sum of W produ
tion and other Standard Model ba
kgrounds

is normalized to the data. On the right side, an additional 
ontribution from top

produ
tion is taken into a

ount. The relative fra
tion of top events is 
hosen to

best �t the observed data (see se
tion 8.1).

6.6 Cut-Based Sear
h for Top Quarks

To enhan
e a potential single top signal relative to the Standard Model ba
kground,

both a 
ut-based and a more re�ned likelihood analysis are 
arried out. In this se
tion,

the straight-forward approa
h of applying one-dimensional 
uts in the dis
riminating

observables is pursued. The values of the 
uts are 
hosen to reje
t a large fra
tion of

the ba
kground whilst maintaining a high eÆ
ien
y of about 40% for top produ
tion.
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6.6.1 De�nition of the Cuts

In the sele
tion of top events, 
uts are imposed on the transverse momentum sum of

the jets, P

jets

T

, and the mass M

`���jets

. The shape of the W de
ay angular distribution

does not allow an eÆ
ient 
ut to separate top from W produ
tion. It does show a ni
e

separation from other Standard Model pro
esses, whi
h lie at values of 
os(�

?

W

) 
lose

to -1 and 1, but these events have mainly low hadroni
 transverse momenta. They

are already drasti
ally redu
ed by the other two 
uts on P

jets

T

and M

`���jets

. For this

reason, no 
ut is applied on the W de
ay angle.

Cut on the Charge of the Lepton

So far the 
harge of the lepton has not been taken into 
onsideration. At HERA, events

from single top produ
tion 
ontain only positively 
harged leptons. As explained in

the theoreti
al overview in se
tion 2.2.2, the produ
tion of anti-top quarks, whi
h

would produ
e negatively 
harged leptons in the de
ay 
hain

�

t !

�

bW

�

!

�

b��

`

`

�

, is

strongly suppressed be
ause the �u distribution in the proton is mu
h softer that the u

distribution. For this reason, events with negatively 
harged leptons should be removed

when sele
ting top events.

In order not to lose a potential top 
andidate due to a poor 
harge measurement,

only leptons with a well-measured negative 
harge are reje
ted. Therefore only tra
ks

that are re
onstru
ted within the a

eptan
e of the 
entral tra
king system (20

Æ

<

�

tra
k

< 160

Æ

) are used for the 
harge determination. The transverse tra
k lengths of

forward tra
ks are too short to allow a reliable 
harge measurement. In addition, the

signi�
an
e of the 
harge measurement is taken into a

ount. The 
harge of a tra
k

is determined from the tra
k 
urvature � in the magneti
 �eld of the solenoid. The

signi�
an
e of the 
harge determination is given by the ratio of the 
urvature and the

error on its measurement,

�

Æ�

. It is plotted in �gure 6.26 (a) for lepton tra
ks from

top de
ays and in (b) for tra
ks from W

�

de
ays. The 
ut indi
ated by a dashed line

reje
ts all negative 
harges measured with an a

ura
y of at least 2�.

As 
an be seen in �gure 6.26 (a), only a negligible fra
tion of top events is removed

by this 
ut. The

��

Æ�

1

distribution for Standard Model W produ
tion shows two peaks.

The right peak belongs to W

+

produ
tion, the left peak to W

�

produ
tion. The

produ
tion of negative W 's makes up � 40% of the total W 
ross-se
tion at HERA.

In about 50% of these W

�

! `

�

� events, the lepton lies within the a

eptan
e of

the Central Jet Chambers. Altogether, the 
ut on the lepton 
harge redu
es the W

ba
kground by 20%. The other Standard Model pro
esses are redu
ed by 30-40%.

A summary of the top sele
tion 
uts is given in table 6.8. The same 
uts are used

for the ele
tron and the muon 
hannels.

6.6.2 Systemati
 Un
ertainties and Results

Before the �nal results of the 
ut-based sele
tion of top 
andidates is presented, the

e�e
t of systemati
 un
ertainties is dis
ussed. Various systemati
 un
ertainties 
an

1

A

ording to the sign 
onvention of the 
urvature, a negative 
urvature 
orresponds to a positive


harge and vi
e versa. Hen
e the quantity de�ned as

��

Æ�

is greater (less) than zero for tra
ks with

positive (negative) 
harge
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Figure 6.26: The signi�
an
e of the 
harge determination of lepton tra
ks for (a)

simulated top produ
tion and (b) simulated Standard Model W

�

produ
tion. Posi-

tively 
harged tra
ks have values of

��

Æ�

above zero, negatively 
harged tra
ks below

zero. In (b) the two 
ontributions from W

+

and W

�

produ
tion are 
learly sepa-

rated. The 
ut on the lepton 
harge applied in the top analysis is indi
ated as a

dashed line.

Top sele
tion 
uts

Transverse momentum P

jets

T

> 30 GeV

Mass M

`���jets

> 140 GeV

Lepton 
harge Q

`

= +1 for

j�j

Æ�

> 2 and 20

Æ

< �

`

< 160

Æ

Table 6.8: De�nition of the 
uts used in the 
ut-based top sele
tion.

have an impa
t on the results of the top sele
tion. These un
ertainties originate either

from an imperfe
t understanding of the dete
tor, for instan
e the knowledge of the

absolute 
alibration of energies measured in the 
alorimeter, or theoreti
al 
al
ulations

for the pro
esses implemented in the Monte Carlo generators. The following un
orre-

lated systemati
 error sour
es have been studied:

Experimental Systemati
 Un
ertainties

� Lepton measurement: The ele
tromagneti
 energy s
ale is given a 3% un
ertainty.

The muon energy s
ale is given a 5% un
ertainty. The measurement of the lepton

angles is attributed an un
ertainty of 3 mrad for the polar angle �

`

and 1 mrad

for the more pre
isely measured azimuthal angle �

`

.

� Hadron measurement: The hadroni
 energy s
ale has a 4% error. The measure-

ment of the jet angles are attributed an un
ertainty of 20 mrad for �

jets

and �

jets

.

This un
ertainty has been 
he
ked with a standard sele
tion of neutral 
urrent

DIS events by 
omparison of the measured in
lusive hadron polar angle with the

angle predi
ted from the energy and the polar angle of the ele
tron (\ele
tron
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method"). The result of this 
omparison is presented in �gure 6.27. For the top

analysis, mainly the forward-to-
entral region, roughly between 10

Æ

and 70

Æ

, is of

interest. An un
ertainty of 20 mrad (= 1:1

Æ

) seems to be a 
onservative 
hoi
e.

� Lepton identi�
ation: The eÆ
ien
y of the ele
tron identi�
ation is assigned an

un
ertainty of 2%. The un
ertainty on the asso
iation of a tra
k to the ele
tron


luster is 3%. The muon identi�
ation is assigned an un
ertainty of 5%.

� Trigger eÆ
ien
y: The un
ertainty on the trigger eÆ
ien
y in the muon 
hannel

varies from 16% at lowest P

X

T

to 4% for P

X

T

> 40 GeV [45℄. The trigger eÆ
ien
y

in the ele
tron 
hannel is � 100%, no un
ertainty is assumed.

� Luminosity measurement: The a

ura
y of the luminosity determination is 1.5%.

Table 6.9 summarizes the experimental systemati
 un
ertainties on the expe
ted event

yield after the top sele
tion. The quadrati
 sum of all un
ertainties gives a total

experimental systemati
 un
ertainty of 6% for ele
tron events and 8% for muon events.

Experimental �N

SM

=N

SM

after top 
uts

systemati
 Ele
trons Muons

Leptoni
 energy s
ale � 3% � 4%

� lepton � 2% � 1%

� lepton � 0.5% � 0.5%

Hadroni
 energy s
ale � 2% � 2%

� hadron � 2% � 2%

� hadron � 1% � 1%

Trigger eÆ
ien
y � 0% � 2%

Lepton identi�
ation � 4% � 5%

Luminosity � 1.5% � 1.5%

Total � 6% � 8%

Table 6.9: E�e
t of the experimental systemati
 un
ertainties on the Standard Model

expe
tation, N

SM

, for the 
ut-based top sele
tion.

Un
ertainties on the Predi
ted Rates for Standard Model Pro
esses

� W produ
tion: An error of 30% per
ent is quoted in [25℄ for the 
al
ulation of

the W produ
tion 
ross-se
tion used in EPVEC. It is mainly due to un
ertainties

on the s
ale used for the 
al
ulation and the un
ertainty in the photon parton

distributions.

� Other Standard Model pro
esses: As already mentioned, an un
ertainty of 30%

is estimated in [55℄ for the ba
kground rates of neutral 
urrent DIS, 
harged 
ur-

rent DIS, and photon-photon intera
tions modeled by the generators RAPGAP,

DJANGO, and LPAIR.
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Figure 6.27: The di�eren
e �� of the re
onstru
ted in
lusive hadron polar angle

and the polar angle of the hadron 
al
ulated using the measurements of the ele
tron

energy and polar angle ("ele
tron-method") in a standard sele
tion of neutral 
urrent

DIS events. The �� distribution is shown for data and Monte Carlo simulation

(DJANGO).

The un
ertainties of the Monte Carlo predi
tions are large 
ompared to the total ex-

perimental un
ertainty and thus dominate the systemati
s.

Results

After the 
ut-based top sele
tion, three ele
tron events and two muon events are found

as top 
andidates. The Standard Model expe
tations with systemati
 un
ertainties are

given in table 6.10. The 
ombined result for both 
hannels yields �ve top 
andidates

in the data for a Standard Model expe
tation of 1.61 � 0.42 events. The data show

therefore an ex
ess of events sele
ted as top 
andidates. The eÆ
ien
ies of the top

sele
tion are obtained with the ANOTOP generator. They are 40% in the ele
tron


hannel and 42% in the muon 
hannel.

Top sele
tion Data 94-00 SM expe
tation SM W prod. Top eÆ
ien
y

Ele
trons 3 0.78 � 0.20 0.68 � 0.20 40%

Muons 2 0.83 � 0.22 0.74 � 0.22 42%

Ele
trons and muons 5 1.61 � 0.42 1.42 � 0.42 41%

Table 6.10: The observed and expe
ted event yields after all top sele
tion 
uts.

6.7 Likelihood Dis
riminator

In this se
tion, a multivariate likelihood method is dis
ussed, whi
h provides an alter-

native to the simple appli
ation of one-dimensional 
uts. It should allow to improve



6.7 Likelihood Dis
riminator 85

the signal and ba
kground separation and takes into a

ount 
orrelations between the

di�erent dis
riminating observables.

In a likelihood analysis, a single dis
riminator distribution is 
onstru
ted by 
om-

bining the information from the dis
riminating observables in an optimal way. In


ontrast to the 
ut-based analysis, the likelihood analysis exploits the full distributions

of the input observables. Distributions whi
h show only moderate di�eren
es in shape

for the signal and ba
kground pro
esses (e.g. the angular distribution in �gure 6.21),

and thus do not allow an e�e
tive one-dimensional 
ut without losing too mu
h sig-

nal eÆ
ien
y, 
an still give some additional 
ontribution to the signal and ba
kground

separation in a likelihood analysis. In the following two se
tions, the prin
iples of the

likelihood methods used in this thesis are explained. The results and performan
e of

their appli
ation to semi-leptoni
 top de
ays are presented in se
tion 6.7.3.

6.7.1 Likelihood Method

In a likelihood analysis, a de
ision is taken to 
lassify an event as signal or ba
k-

ground 
andidate on the basis of a single dis
riminator L. The measurements of n ob-

servables x

i

in one event are 
ombined in an n-dimensional ve
tor of measurements

x = (x

1

; : : : ; x

n

). The likelihood dis
riminator is then de�ned as:

L =

P

signal

(x)

P

signal

(x) + P

bkg

(x)

; (6.19)

where P

signal

(x)d

n

x and P

bkg

(x)d

n

x are the probabilities to produ
e measurements x

in a volume element d

n

x for a signal and ba
kground event, respe
tively.

By de�nition, the likelihood dis
riminator 
an take on values in the range 0 � L � 1.

Signal events tend to have values 
lose to one, while ba
kground events tend to be 
lose

to zero. The exa
t limits zero and one are only rea
hed for values of x, for whi
h one

of the probability densities vanishes:

L =

(

0 , P

signal

(x) = 0

1 , P

bkg

(x) = 0

: (6.20)

In the standard likelihood method, the joint probability density P (x) for both sig-

nal and ba
kground events are approximated by the produ
t of the one-dimensional

probability density fun
tions p

i

(x

i

) for ea
h single observable:

P (x) =

n

Y

i=1

p

i

(x

i

) : (6.21)

Te
hni
ally, the probability densities fun
tions p

i

(x

i

) 
orrespond to the normalized

distributions (histograms) of the dis
riminating observables x

i

for the signal and ba
k-

ground Monte Carlo samples. For strongly 
orrelated observables, equation 6.21 
an
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be a poor approximation. The fa
torization is only 
orre
t, if the observables are un-


orrelated or follow Gaussian distributions. The standard method thus negle
ts any


orrelations between the observables.

Review of Some Statisti
al Quantities

The de�nitions of a few statisti
al quantities, that are used in the following dis
ussion

of the treatment of 
orrelations, are brie
y reviewed.

The fun
tion f(x) is the probability density of a 
ontinuous random variable x. The

probability of �nding x in the interval [x; x + dx℄ is given by f(x)dx.

The expe
tation value of the random variable x is then de�ned as:

E(x) = x̂ =

Z

1

�1

xf(x)dx : (6.22)

The varian
e of x 
orresponds to the mean deviation of x from its expe
tation value:

var(x) = �

2

=

Z

1

�1

(x� x̂)dx : (6.23)

The 
ovarian
e of two random variables x

i

and y

i

is a measure of the dependen
e

between x

i

and y

i

:


ov(x

i

; x

j

) = �

ij

=

Z

1

�1

(x

i

� x̂

i

)(x

j

� x̂

j

)f

i

(x

i

)f

j

(x

j

)dx

i

dx

j

: (6.24)

The above de�nitions 
an be generalized for n variables. The 
ovarian
e 
an then be

written in form of a n� n matrix:

(�

ij

) =

0

B

B

B

B

�

�

2

1

�

12

: : : �

1n

�

21

�

2

2

: : : �

2n

.

.

.

.

.

.

.

.

.

.

.

.

�

n1

�

n2

: : : �

2

n

1

C

C

C

C

A

: (6.25)

Finally, the 
orrelation 
oeÆ
ients are de�ned as:

�(x

i

; y

i

) = �

ij

=

�

ij

�

i

�

j

; (6.26)

whi
h 
an be 
ombined in a 
orrelation matrix (�

ij

) in analogy to 6.25.

6.7.2 Approximation of Correlations

For strongly 
orrelated observables, the approximation of the probability densities

P

sig

(x) and P

bkg

(x) a

ording to equation 6.21 arti�
ially shifts events towards very

low or very high values of the likelihood. False peaks 
lose to L = 0 and L = 1 are


reated. These erroneous peaks disappear if the 
orrelations are properly taken into

a

ount and the 
orre
t probability densities are used.
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A modi�
ation of the standard likelihood method was developed in [61℄ (PTC-

method

2

) to obtain an improved des
ription of the joint probability density P (x) by

taking 
orrelations into a

ount.

The observables x

i

are transformed to Gaussian distributed variables y

i

. The

joint probability density for y = (y

1

; : : : ; y

n

) 
an then be well approximated by an

n-dimensional Gaussian distribution:

G(y) =

1

(2�)

n=2

jV j

�1=2

e

�

1

2

y

T

V

�1

y

; (6.27)

where V denotes the n� n 
ovarian
e matrix (�

ij

) of the y

i

, and jV j its determinant.

The following monotoni
 mapping is used for the parameter transformation of the

observables x

i

! y

i

:

y

i

(x

i

) =

p

2 erf

�1

(2F (x

i

)� 1) : (6.28)

Here erf

�1

denotes the inverse error fun
tion and F (x

i

) the 
umulative distribution

fun
tion, de�ned by:

F (x

i

) =

Z

x

i

�1

p(x

0

i

)dx

0

i

: (6.29)

After this transformation, the y

i

follow Gaussian distributions of mean zero and vari-

an
e one. As a result, the 
ovarian
es �

ij

of the variables y

i

are equal to their 
orrelation


oeÆ
ients �

ij

. The approximation of the n-dimensional probability density for y by

the n-dimensional Gaussian G(y) is not ne
essarily exa
t, sin
e only the proje
tions

of this distribution onto ea
h variable axis are Gaussian. However, it is a mu
h better

approximation than provided by the standard method.

In the PTC-method, a dis
riminator L

0

is 
onstru
ted in analogy to equation 6.19,

but using the improved probability density P

0

(x), whi
h are obtain by transforming

G(y) ba
k into the x-spa
e:

P

0

(x) = G(y)

d

n

y

d

n

x

= G(y)

n

Y

i=1

�y

i

�x

i

= G(y)

n

Y

i=1

p(x

i

)

g(y

i

)

; (6.30)

where the fun
tions g(y

i

) are one-dimensional unit Gaussians of mean zero. The im-

proved probability density 
an be related to the produ
t probability density P(x), as

used in equation 6.21 for the standard method, by a 
orre
tion fa
tor 
(x):

P

0

(x) = 
(x)P (x) = 
(x)

n

Y

i=1

p

i

(x

i

) : (6.31)

The 
orre
tion fa
tor is equal to the ratio of the n-dimensional Gaussian G(y) and the

produ
t of the n one-dimensional unit Gaussians g(y

i

):


(x) =

G(y)

Q

n

i=1

g(y

i

)

= jV j

�1=2

e

�

1

2

y

T

(V

�1

�I)y

(I = identity matrix) : (6.32)

2

PTC stands for Proje
tion Transformation Correlation.
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A detailed derivation of this relation and of the parameter transformation 
an be found

for instan
e in [62℄.

Sin
e the 
orrelations between the observables x

i

are in general di�erent for signal

and ba
kground events, a set of transformations x

i

! y

i

and x

i

! z

i

is needed to


al
ulate P

0

signal

(x) and P

0

bkg

(x), respe
tively. The improved likelihood dis
riminator is

then de�ned by:

L =

P

0

signal

(x)

P

0

signal

(x) + P

0

bkg

(x)

: (6.33)

6.7.3 Performan
e and Results

The improved likelihood method is applied to the single top analysis in the semi-

leptoni
 
hannel, and its performan
e is tested. The distributions of all three dis
rimi-

nating observables x

i

(i = 1; 2; 3) in �gure 6.21 serve as input to the likelihood analysis.

Sin
e only the shapes of these input distributions are of relevan
e for the 
onstru
tion

of the likelihood dis
riminator, they are normalized to unity to obtain the probability

densities p(x

i

).

To a
hieve the best dis
rimination between single top and Standard Model W pro-

du
tion, the likelihood dis
riminator is 
onstru
ted using the probability distributions

of the top signal and theW ba
kground only. It is thus designed to test theW hypoth-

esis versus the top hypothesis. The other Standard Model pro
esses are interpreted as

additional small 
ontribution, that may be 
lassi�ed either as more W -like or as more

top-like.

At �rst, no 
ut on the lepton 
harge is imposed. Although only positive 
harges

are expe
ted from single top produ
tion, it is instru
tive to see how the events with

negative leptons are kinemati
ally 
lassi�ed in the likelihood analysis.

Treatment of Correlations (Appli
ation of the PTC-Method)

To avoid a possible bias in the likelihood analysis, two statisti
ally independent Monte

Carlo samples for ea
h pro
ess are used in the generation of the likelihood dis
rimina-

tor L. Therefore ea
h Monte Carlo sample is split up in two subsamples of equal size.

The �rst subsample is used to 
al
ulate the probability densities P

0

(x), i.e. to 
ompute

the 
ovarian
e matri
es and the parameter transformations. The se
ond subsample is

then used to obtain the distribution of L a

ording to equation 6.33.

The Gaussian transformed variables y

i

for the signal and z

i

for the ba
kground

(i = 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.

Hen
e the 
ovarian
e matri
es of the transformed observables y

i

and z

i

are to a good

approximation equal to their 
orrelation matri
es. The 
ovarian
e matri
es are used to

approximate the joint probability density by a three-dimensional Gaussian distribution

(see equation 6.27). The a

ura
y of the des
ription of the 
orrelations with the PTC-

method 
an be 
he
ked by 
omparison of the 
orrelation matri
es before and after the

transformation to Gaussian distributed variables. All 
orrelation matri
es are given in

appendix C. Overall, a good agreement of the 
orrelations for the untransformed and

transformed observables is seen in the signal and ba
kground Monte Carlo samples.
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The obtained likelihood dis
riminator L is presented in �gure 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

ba
kground from other Standard Model pro
esses has not yet been added. Sin
e the

standard method disregards any 
orrelations, erroneous peaks appear at zero (one) for

the signal (ba
kground) Monte Carlo. The improved likelihood distributions show that

the approximation of 
orrelations with the PTC-method redu
es these false peaks and

restores the true value of the likelihood.
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Figure 6.28: The likelihood dis
riminators obtained with the standard method (left)

and the PTC-method (right) for Monte Carlo events from single top andW produ
-

tion. Upper plots: ele
tron 
hannel, lower plots: muon 
hannel. All distributions

are normalized to unity.

In �gure (b) for the ele
tron 
hannel, 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 
omes from. It has been 
he
ked that this rise is not due

to a insuÆ
ient des
ription of the 
orrelations. Instead, it is an e�e
t of the spe
i�


shapes of the dis
riminating distributions in the ele
tron 
hannel. Sin
e no 
ut on

P

X

T

is applied in the W sele
tion for ele
tron events, the normalized P

jets

T

and mass

distributions exhibit long tails, whi
h 
orrespond already to a very small ba
kground
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probabilities in the regions where the top signal peaks. Hen
e ba
kground events in

these regions tend to have values of L 
lose to one. The slight rise 
an thus be 
onsidered

as an e�e
t of the large kinemati
 range of the observables P

jets

T

and M

e���jets

. It has

been studied that applying a 
ut P

X

T

> 12 GeV also in the ele
tron 
hannel would


ause this e�e
t to disappear. A dis
riminator distribution similar to the one in the

muon 
hannel would be obtained.

Results without Cut on the Charge of the Lepton

Figure 6.29 shows the likelihood spe
tra of the Monte Carlo simulations 
ompared

to the observed data events. The additional ba
kground 
ontributions from non-W

pro
esses is now in
luded. The Standard Model ba
kground is normalized a

ording

to the luminosity of the analyzed data. The top simulation is arbitrarily normalized

to the expe
tation from W produ
tion. The total event numbers seen in the likelihood

distributions 
orrespond to the ones obtained with the W sele
tion, redu
ed by the

number of events lost in the neutrino re
onstru
tion, i.e. events for whi
h no physi
al

solution of the W mass 
onstraint 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 
hannels the data


ontain a fra
tion of events that has moreW -like kinemati
s and another fra
tion with


learly more top-like kinemati
s.

In the ele
tron 
hannel, four events are observed in a region where the top hypothesis

is favored to the W hypothesis. The other seven ele
tron events at lower likelihood

are 
onsistent with the W hypothesis. Their number is slightly lower than the total

Standard Model expe
tation of 11.23 � 2.58 events (7.96 � 2.39 from W produ
tion).

Considering the statisti
al and systemati
 un
ertainties, it 
orresponds to an agreement

on the 1.1 � level. Two data events 
ontain an ele
tron with a well-measured negative


harge (as marked in the likelihood distribution). These two events are 
onsistent with

the 2.40 events expe
ted from Standard Model pro
esses for negative 
harges.

In the muon 
hannel, three data events are observed in the top-like region of the

likelihood. In 
ontrast to the ele
tron 
hannel, the other �ve moreW -like muon events

overshoot the total Standard Model expe
tation of 2.83 � 0.76 (2.49 � 0.75 from W

produ
tion). Due to the large statisti
al error, this overshoot also 
orresponds to a 1 �

deviation only. Amongst the observed muon events, there are two with a well-measured

negative 
harge for 0.69 expe
ted. It should be noted that one of these two events lies

at L = 0:80. Kinemati
ally it thus �ts better to the top hypothesis.

Results with Cut on the Charge of the Lepton

Sin
e only positive leptons are expe
ted from top produ
tion at HERA, the likelihood

analysis is 
arried out a se
ond time. This time all events with negative lepton 
harges

are removed by applying the 
ut de�ned in table 6.8.

The resulting distributions of the dis
riminating observables are very similar to

the ones in �gure 6.21 without any 
ut on the lepton 
harge. For 
ompleteness they

are shown in appendix D. Sin
e the spe
tra of the dis
riminating observables are

only subje
t to marginal 
hanges, also the shapes of the likelihood dis
riminators have
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Figure 6.29: The likelihood dis
riminators obtained with the PTC-method without


ut on the lepton 
harge. The ele
tron and muon events with well-measured neg-

ative lepton 
harges (> 2�) are marked. The top simulation is normalized to the

expe
tation from W produ
tion.


hanged only slightly. The improved likelihood distributions are shown in �gures 6.30

and 6.31 for the ele
tron and muon 
hannels. The event yields after the 
ut on the

lepton 
harge 
an be found in table 6.12 for ele
tron events and table 6.13 for muon

events. As mentioned earlier, the W ba
kground is redu
ed by 20% and the other

Standard Model ba
kgrounds by 30�40%, without any signi�
ant loss of top eÆ
ien
y.

The reje
tion of events with a negatively 
harged lepton removes two W -like data

events in the ele
tron 
hannel. In the muon 
hannel, also two events are 
ut, but at

signi�
antly higher likelihood values.

In the ele
tron 
hannel, the likelihood distribution after the 
ut on the lepton 
harge

still shows four events in the data with high likelihood L. The ele
tron event at highest

L is a tagged event, i.e. it 
ontains the s
attered beam ele
tron in the Liquid Argon

Calorimeter, and thus allows a dire
t measurement of the lepton-neutrino invariant

mass. It is measured as 79

+12

�12

GeV and is thus perfe
tly 
onsistent with the W mass.

In the muon 
hannel, two events remain at high L. They are situated dire
tly in the

maximum of the single top likelihood distribution and have very top-like kinemati
s.

Their invariant masses M

`���jets

are 172

+9

�10

GeV and 176

+9

�12

GeV. In addition, one

of these events has a muon in the jet, measured in the forward muon system (see

�gure A.8 in appendix A), whi
h in
reases the probability that this jet 
omes from a

heavy quark. In about 10% of b-quark de
ays, a muon in or 
lose to the hadroni
 jet

is expe
ted.

Comparison to Cut-Based Analysis

A way to 
ompare the performan
e of the likelihood to the 
ut-based analysis is im-

posing a 
ut on the likelihood dis
riminator that yields the same top eÆ
ien
y as the
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ut-based sele
tion. In the ele
tron 
hannel, this 
ut is L = 0:70, in the muon 
hannel,

where the phase spa
e is already mu
h more restri
ted due to the 
ut P

X

T

> 12 GeV,

it is L = 0:40. The resulting event yields are shown in tables 6.12 and 6.13 and 
om-

pared to the one obtained with the top 
uts. In the ele
tron 
hannel, the performan
es

of the likelihood 
ut and the top 
uts are almost identi
al. In the muon 
hannel, an

improvement of � 10% in the ba
kground redu
tion is a
hieved.

In 
ontrast to the 
ut-based analysis exploiting several one-dimensional 
uts, the

likelihood dis
riminator allows an easy optimization of the 
ut to maximize the signal

sensitivity. As a measure of the sensitivity of a 
ut on the likelihood, the ratio of the

signal expe
tation and the square root of the ba
kground expe
tation, N

SM

, 
an be

used. Sin
e the normalization of the top signal is unknown, the top eÆ
ien
y, �

top

, is

used instead. Hen
e the ratio �

top

over

p

N

SM

de�nes the sensitivity of the 
ut. This

sensitivity is plotted as a fun
tion of the top eÆ
ien
y in �gures 6.30 and 6.31 (
).

In the ele
tron 
hannel, no maximum of the sensitivity 
urve is rea
hed before the

last bin of the likelihood. The optimal 
ut is found to be L > 0:95, whi
h leaves a top

eÆ
ien
y of 24%, and removes all data 
andidates. In the muon 
hannel, the sensitivity


urve rea
hes its maximum for a top eÆ
ien
y of 29%, 
orresponding to a 
ut L > 0:75.

Two data events remain. The event rates 
an again be seen in tables 6.12 and 6.13.

Later in the statisti
al evaluation of the likelihood analysis (se
tion 8.1), the sig-

nal fra
tion in the data will be obtained in a maximum likelihood �t exploiting the

full likelihood spe
trum. The likelihood dis
riminator is ideally suited for su
h a �t,

be
ause it 
ontains the 
ombined information of all dis
riminating observables in one

distribution.

Con�den
e Level for Ba
kground-Only Hypothesis

As is done in se
tion 6.3, a 
on�den
e level for the ba
kground-only hypothesis (i.e.

assuming only Standard Model pro
esses to be present) is now 
omputed using the

ba
kground likelihood spe
trum instead of the P

X

T

spe
trum. The results obtained

for the 
on�den
e level 1 � CL

b

are presented in table 6.11. Systemati
 un
ertainties

are again in
luded by s
aling up the ba
kground normalization a

ording to the size

of the total systemati
 un
ertainty. Sin
e the event numbers have 
hanged 
ompared

to se
tion 6.3, mainly be
ause of the 
ut on the lepton 
harge, the 
on�den
e level


al
ulation using only the P

X

T

spe
trum has also been performed another time and is


ompared to the one using the likelihood spe
trum.

In the ele
tron 
hannel, the likelihood spe
trum yields smaller probabilities for the

Standard Model to des
ribe the data than the P

X

T

spe
trum. In the muon 
hannel,

it is the other way around. However, the fa
t that the value of 1 � CL

b

in the muon


hannel is larger for the likelihood spe
trum than for the P

X

T

spe
trum, does not

mean that it has a worse separation power than the P

X

T

spe
trum, sin
e the signal

distribution is not taken into a

ount here. It was shown in the previous se
tion

that the likelihood dis
riminator gives a better separation of signal and ba
kground.

Comparing the 
on�den
e level for the muon 
hannel to the one obtained in se
tion 6.3,

one sees that the value of 1 � CL

b

in
reases from 4:5 � 10

�3

to 1.9%, be
ause the 
ut

on the lepton 
harge eliminates two events at high P

X

T

. Hen
e the ba
kground-only

hypothesis for the muon 
hannel is a little more likely in the top analysis than in the
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1� CL

b

(Likelihood) 1� CL

b

(P

X

T

spe
trum)

w/o syst. with syst. w/o syst. with syst.

Ele
trons 2.4% 5.6% 5.2% 11.9%

Muons 3.4% 6.3% 0.7% 1.9%

Ele
trons and Muons 0.4% 1.6% 0.3% 1.3%

Table 6.11: Probability 1 � CL

b

of the ba
kground-only hypothesis. The 
on�den
e

level 
al
ulations are shown for the likelihood spe
trum and the P

X

T

spe
trum after the


ut on the lepton 
harge. Results are given with and without in
lusion of systemati


un
ertainties.

analysis of all isolated muon events.

6.8 Summary

The sele
tion of isolated lepton events and 
andidates for W boson produ
tion shows

an ex
ess of ele
tron and muon events at high hadroni
 transverse momenta. The

distribution of the lepton-neutrino transverse mass indi
ates that these events may

indeed all 
ontain W bosons. The probability for the Standard Model to des
ribe the

ele
tron and muon ex
ess at high P

X

T

was evaluated and found to be 9.7�10

�3

(4.0�10

�3

)

for the full P

X

T

spe
trum (P

X

T

> 25 GeV), in
luding all systemati
 un
ertainties.

As a possible interpretation in terms of new physi
s, the anomalous produ
tion of

single top quarks has been studied in the semi-leptoni
 de
ay 
hannel. After re
on-

stru
ting the full event kinemati
s, �ve top 
andidates (three ele
trons and two muons)

are sele
ted in a 
ut-based analysis for a ba
kground expe
tation of 1.61 � 0.42 events.

A ni
e way of improving and visualizing the separation between the top signal

and Standard Model W produ
tion is a
hieved in a likelihood analysis. It serves

as a test of the top hypothesis versus the W hypothesis and shows that the data


ontain a fra
tion of events that favors the W hypothesis, and another fra
tion of

events that favors the top hypothesis. The most top-like ele
tron event has invariant

masses M

`���jets

= 168 GeV and M

`�

= 79 GeV. The two top 
andidates in the muon


hannel have invariant masses M

`���jets

of 172 GeV and 176 GeV, respe
tively.

The probability that the Standard Model des
ribes the data ex
ess is again eval-

uated for the likelihood spe
trum of the Standard Model ba
kground, after reje
tion

of events with negative 
harge of the lepton. Now the probability amounts to 1.6%,

in
luding systemati
 un
ertainties.
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Ele
trons Data 94-00 SM expe
tation SM W prod. Top eÆ
ien
y

W sele
tion 11 11.48 � 2.63 8.06 � 2.42 50%

� re
onstru
tion 11 11.23 � 2.58 7.96 � 2.39 49%

Cut on lepton 
harge 9 8.83 � 2.08 6.54 � 1.96 49%

Top 
uts 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. 
ut L > 0:95 0 0.17 � 0.05 0.16 � 0.05 24%

Table 6.12: Summary of the event yields in the ele
tron 
hannel for the di�erent steps

of the top analysis. Beginning with the W sele
tion, in the upper half of the table

the 
onse
utive de
rease of the event numbers for the neutrino re
onstru
tion and the


ut on the lepton 
harge is presented. In the lower half of the table, the results of

the 
ut-based top sele
tion are 
ompared to the results obtained by using either a

likelihood 
ut with 
omparable top eÆ
ien
y or the likelihood 
ut that optimizes the

signal sensitivity.

Muons Data 94-00 SM expe
tation SM W prod. Top eÆ
ien
y

W sele
tion 8 2.99 � 0.80 2.63 � 0.79 50%

� re
onstru
tion 8 2.83 � 0.76 2.49 � 0.75 47%

Cut on lepton 
harge 6 2.15 � 0.58 1.93 � 0.58 47%

Top 
uts 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. 
ut L > 0:75 2 0.28 � 0.08 0.26 � 0.08 29%

Table 6.13: Summary of the event yields in the muon 
hannel for the di�erent steps of

the top analysis. For further explanations see the 
aption of table 6.12.
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Figure 6.30: The likelihood dis
riminator in the ele
tron 
hannel, obtained with the

PTC-method after imposing the 
ut on the ele
tron 
harge. Events with negative

ele
tron 
harge are removed. The top simulation is normalized to the expe
tation

from W produ
tion. In (b) the top eÆ
ien
y, �

top

, is shown as a fun
tion of the

remaining Standard Model ba
kground, N

SM

. Plot (
) shows a signal sensitivity


urve, evaluated for the likelihood dis
riminator in (a). The dots on the 
urves


orrespond to the bin borders of the likelihood.
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Figure 6.31: The likelihood dis
riminator in the muon 
hannel, obtained with the

PTC-method after imposing the 
ut on the muon 
harge. Events with negative

muon 
harge are removed. The top simulation is normalized to the expe
tation

from W produ
tion. In (b) the top eÆ
ien
y, �

top

, is shown as a fun
tion of the

remaining Standard Model ba
kground, N

SM

. Plot (
) shows a signal sensitivity


urve, evaluated for the likelihood dis
riminator in (a). The dots on the 
urves


orrespond to the bin borders of the likelihood.



Chapter 7

Top Sear
h in the Hadroni
 De
ay

Channel

A sear
h for single top produ
tion is also performed for top quark de
ays, where the

W de
ays hadroni
ally. The de
ay 
as
ade t! bW ! bq

�

q

0

typi
ally yields events with

at least three high-P

T

jets. The jets are expe
ted mainly in the forward region of the

dete
tor. In 
ontrast to the semi-leptoni
 de
ay 
hannel, where the Standard Model

rate is low, the ba
kground expe
tation in the hadroni
 
hannel is mu
h higher be
ause

QCD pro
esses leading to multi-jet signatures have large 
ross-se
tions. These multi-jet

�nal states appear in higher orders of the strong 
oupling 
onstant �

s

. Unfortunately,

the 
urrently available QCD generators 
an only give approximate des
riptions of these

higher order pro
esses in the leading-log parton shower approximation.

As a �rst step, a pre-sele
tion of events with at least three jets is 
arried out. In

this pre-sele
ted event sample, the agreement between kinemati
 distributions of the

data and the QCD simulations is tested. For the top analysis, the phase spa
e is

restri
ted to a region of high transverse momenta and events are required to 
ontain a


andidate for the de
ay W ! q

�

q

0

. A set of variables is 
hosen to e�e
tively separate

the top signal from the bulk of QCD events. In 
orresponden
e to the analysis in the

semi-leptoni
 de
ay 
hannel, �rst a sele
tion of top 
andidates using one-dimensional


uts is a

omplished. The sele
tion is then re�ned in a likelihood analysis and the two

methods are 
ompared to ea
h other.

7.1 Pre-Sele
tion of Multi-Jet Events

The sear
h for multi-jet events is performed using an in
lusive k

T

algorithm as des
ribed

in se
tion 5.2.2. Only jets in the pseudorapidity range �0:5 < �

jet

< 2:5 are sele
ted.

The restri
ted �-range ensures that the jets are well-
ontained in the Liquid Argon

Calorimeter. In order to remove ele
trons that are mis-identi�ed as hadroni
 jets, ea
h

jet is required to either have an energy fra
tion in the ele
tromagneti
 
alorimeter of

less than 90% of its total energy or a size in the � � � plane larger than 0.1. These


riteria de�ne the hadroni
 jets in ea
h event.

97
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For the pre-sele
tion of top 
andidates, only events with at least three hadroni


jets are sele
ted that ful�ll the transverse momentum 
riteria P

jet1

T

> 25 GeV, P

jet2

T

>

20 GeV, P

jet3

T

> 15 GeV. The jets are ordered a

ording to de
reasing transverse

momentum. Additional jets are a

epted if their transverse momenta are larger than

4 GeV. With these requirements, the pre-sele
ted multi-jet sample 
ontains 1473 data

events.

7.1.1 Standard Model Ba
kground and Ba
kground Normal-

ization

The main Standard Model ba
kground to hadroni
 top de
ays is the ele
tro- and pho-

toprodu
tion of high-P

T

multi-jets. The photoprodu
tion and low-Q

2

regime with

momentum transfers Q

2

< 4 GeV

2

is modeled with the PYTHIA generator. Neutral


urrent DIS events with momentum transfers Q

2

> 4 GeV

2

are simulated with the

RAPGAP generator.

It is seen that the predi
ted multi-jet rates for the Standard Model ba
kground do

not agree with the data after normalization to the their integrated luminosity. This

di�eren
e is at the level of 30-40%, and it 
ould be explained by the fa
t that the parton

shower approximation in the Monte Carlo simulations does not 
orre
tly des
ribe next-

to-leading order 
orre
tions. The ba
kground simulations are therefore normalized to

the observed number of data events. It remains to be 
he
ked, if the shapes of kinemati


distributions are well des
ribed. The normalization fa
tors are derived separately for

the di�erent Q

2

regimes modeled by PYTHIA and by RAPGAP.

� Normalization of RAPGAP:

A subsample of multi-jet events that 
ontain an ele
tron 
andidate is sele
ted.

Therefore, in addition to the multi-jet presele
tion, an ele
tromagneti
 
luster

with energy E

em:
luster

above 5 GeV and an asso
iated tra
k in the main dete
tor

are required. The thus de�ned sample 
ontains 372 data events. A ni
e example

event is presented in �gure 7.1. The RAPGAP normalization is now derived from

the data in the polar angle region 50

Æ

< �

em:
luster

< 165

Æ

of the ele
tromagneti



luster, where the 
ontribution from PYTHIA is 
ompletely negligible.

� Normalization of PYTHIA:

The normalization of the PYTHIA Monte Carlo is derived from a subsample of

events, in whi
h no ele
tron 
andidate is found. This sample 
ontains 1101 data

events. Here, in turn, the 
ontribution from RAPGAP is small.

Compared to a normalization a

ording to the integrated luminosity of the data, the

normalization derived for RAPGAP (PYTHIA) 
orresponds to a s
aling fa
tor of 1.4

(1.29). Figure 7.2 shows the transverse momentum and polar angle distribution of

the ele
tromagneti
 
luster for the multi-jet subsample with an ele
tron 
andidate. At

very large polar angles, the transition from the PYTHIA simulation to the RAPGAP

simulation at Q

2

= 4 GeV

2

is visible. For very small polar angles (forward region),

an a

umulation of events 
an be seen. They are due to photons or hadrons that are

falsely identi�ed as ele
tron. In the 
ase of photons, the required asso
iated tra
k
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originates from 
onversions in the dead material of the forward tra
ker or in the end


aps of the 
entral jet 
hamber. These ele
tron mis-identi�
ations are seen to be well

des
ribed by the normalized Monte Carlo simulations.

Figure 7.1: Pre-sele
ted multi-jet event with tagged ele
tron.

P

jet1;2;3

T

= 47; 45; 42 GeV , P

e

T

= 51 GeV.

7.1.2 Control Distributions

In �gure 7.3, 
ontrol distributions for the multi-jet pre-sele
tion are presented. The

normalized PYTHIA and RAPGAP Monte Carlos now represent the Standard Model

QCD ba
kground. The z-vertex distribution of the data is seen to be well des
ribed

by the simulation. Also the E � P

z

distribution and the number of jets are well

des
ribed. Roughly 30% of the events 
ontain more than three jets. The transverse

momentum distributions of the three highest-P

T

jets are shown as well as the transverse

momentum of a possible fourth jet and the total transverse momentum measured in the


alorimeter, E

tot

T

. The shapes of all studied distributions are in reasonable agreement

with the simulation.

The displayed error band 
orresponds to a 15% un
ertainty on the total Standard

Model expe
tation, as derived later in se
tion 7.4.2. For now it should only give an

impression of the size of systemati
 un
ertainties involved in the analysis of the hadroni



hannel.
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Figure 7.2: Polar angle and transverse momentum of the ele
tromagneti
 
luster

in the pre-sele
ted multi-jet events that 
ontain an ele
tron 
andidate. The polar

angle region used to derive the RAPGAP normalization is marked by arrows.

# #

used to normalize RAPGAP

7.2 Sele
tion of Events with High E

T

and a W Can-

didate

To enhan
e a possible top signal relative to the QCD ba
kground, the phase spa
e is

further restri
ted to a region of higher jet transverse momenta. Moreover, 
andidate

events for top produ
tion are required to have the signature of aW boson in the event.

Transverse Momentum Requirements

The two highest-P

T

jets must have transverse momenta P

jet1

T

> 40 GeV and P

jet2

T

>

30 GeV. In top events, the two highest-P

T

jets 
orrespond to the b-quark and to the

quark from the W de
ay that is emitted in the dire
tion of the W boost. The pre-

sele
tion requirement for the third jet, P

jet3

T

> 15 GeV, is already quite harsh and is

not in
reased further. Due to the high top mass, a large amount of transverse energy

is expe
ted in events from top produ
tion. Thus the total transverse energy E

tot

T

is

required to be above 110 GeV. The applied 
uts are indi
ated as dashed lines in the


ontrol distributions of �gure 7.3.
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Figure 7.3: Control distributions of the multi-jet pre-sele
tion. The error band


orresponds to a 15% un
ertainty on the Standard Model distribution, represented

by the s
aled PYTHIA (�1:29) and RAPGAP (�1:4) simulations. For the trans-

verse energy, E

tot

T

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

ba
kground. The dashed lines indi
ate the 
uts used in the sele
tion of high-E

T

multi-jet events.
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Figure 7.4: Control distributions of the multi-jet pre-sele
tion representing the event

de
omposition that is used to identify the b-jet and the two jets from the W de
ay.

The distributions are shown for both ba
kground and top simulations. The top

simulation is arbitrarily normalized to the same area as the Standard Model ba
k-

ground. The dashed lines in (a) represent the mass window applied on the di-jet

mass 
losest to the W mass, M

W
omb:

2jet

, in order to sele
t events with a W 
andidate.

The results of a Gaussian �t to the M

W
omb:

2jet

distribution for simulated top events

is shown in (b). Plots (
) and (d) show the transverse momentum and the index of

the 
andidate b-jet (index=1 means highest-P

T

jet).

Event De
omposition to Identify the b-Quark and the W De
ay Produ
ts

In 
ontrast to the semi-leptoni
 de
ay 
hannel, where the lepton is unambiguously

identi�ed, it is not obvious for hadroni
 top de
ays, whi
h of the jets 
orrespond to

the q

�

q

0

pair from the W de
ay, and whi
h to the b-quark. The three highest-P

T

jets

are asso
iated to the b-quark and to the hadroni
 de
ay of the W a

ording to the

following pro
edure:

� The two jets with an invariant mass 
losest to the W mass are assigned to the

W de
ay produ
ts. The invariant mass of these two jets is denoted withM

W
omb:

2jet

.

� The remaining jet among the three highest-P

T

jets is assigned to the b-quark

from the top de
ay.
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This hypothesis identi�es the 
orre
t b-jet in about 70% of simulated top events. As


an be seen in �gure 7.4, the results of this event de
omposition is well des
ribed by

the Monte Carlo simulations. In top de
ays, the b-jet is found to be the jet with se
ond

highest-P

T

in most of the 
ases.

W Mass Requirement

As a sign of a W boson in the event, one of the invariant masses of the di�erent di-jet


ombinations must have a value 
lose to the nominal W mass. To sele
t events with

potentialW 
andidates, a mass window is set around the mass of the di-jet 
ombination


losest to the W mass:

65 GeV < M

W
omb:

2jet

< 95 GeV: (7.1)

The mass resolution obtained for simulated top events is 7:4 GeV (see �gure 7.4 (b)).

The width of the mass window 
orresponds to about twi
e the W mass resolution.

The sele
tion of multi-jet events with high E

T

and a W 
andidate yields 92 data

events for a Standard Model expe
tation of 92.4 events. The eÆ
ien
y for single top

produ
tion is 42%. The expe
ted 
ontribution from Standard Model W produ
tion

amounts to only 4.0 events. Table 7.1 summarizes the event yields for the data and

the Standard Model expe
tations.

The normalization fa
tors for the PYTHIA and RAPGAP Monte Carlos are again


he
ked after the high-E

T

and W mass requirements, following the same strategy as

des
ribed for the pre-sele
tion. The fa
tors of 1.29 for PYTHIA and 1.4 for RAPGAP

are found to be also valid in this more restri
ted phase spa
e. Distributions of the

transverse momenta and pseudorapidities of the jets are displayed in �gure 7.5. Also

the distributions of a possible fourth jet are shown. The shapes of all distributions are

in agreement with the Standard Model predi
tion.

Hadroni
 
hannel Data 94-00 SM PYTHIA RAPGAP W prod. �

top

Multi-jet pre-sele
tion 1473 normalized to data 10.0 54%

High-E

T

and W 
and. 92 92.4 68.7 19.8 4.0 42%

Table 7.1: Observed and predi
ted event yields for the multi-jet pre-sele
tion and the

harsher sele
tion of multi-jet events with high-E

T

and a W 
andidate. PYTHIA is

s
aled by 1.29, RAPGAP by 1.4.

7.3 Observables to Dis
riminate Top and QCD Ba
k-

ground

The available kinemati
 degrees of freedom in top de
ays were dis
ussed in se
tion 6.5.1.

From the four degrees of freedom, negle
ting 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 sele
tion of multi-jet events with high E

T

and a W 
andidate. The error band


orresponds to a 15% un
ertainty on the total Standard Model predi
tion. The

top simulation is arbitrarily normalized to the same area as the Standard Model

ba
kground.
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Figure 7.6: Distributions of the three observables used to dis
riminate the top signal

from the Standard Model ba
kground. The error band 
orresponds to a 15% un
er-

tainty on the total Standard Model expe
tation. The top simulation is arbitrarily

normalized to the same area as the Standard Model ba
kground.

de
ays, the W mass has already been exploited in the previous sele
tion step. Thus

three observables remain. They are 
hosen 
orresponding to the semi-leptoni
 de
ay


hannel:

1. P

b�
and:

T

, the transverse momentum of the 
andidate b-jet.

2. M

jets

, the invariant mass of all sele
ted jets in the event.

3. 
os(�

?

W

), the W de
ay angle (see �gure 6.19). It is de�ned as the angle between

the lower-P

T

jet of the two jets assigned to the W de
ay in the W rest frame

and the dire
tion of the W in the top rest frame. In the hadroni
 
hannel, no

distin
tion between the quark and the anti-quark jet emerging from the W de
ay

is possible. Sin
e always the lower-P

T

jet is used to de�ne this angle, the angular

distribution di�ers from the one in �gure 6.20 for the semi-leptoni
 
hannel.

A lower transverse momentum favors large angles between the jet and the W

dire
tion, whi
h leads to a depopulation of positive 
os(�

?

W

) values.

As 
an be seen in �gure 7.6, all three observables exhibit a good dis
rimination

between the top signal and the QCD ba
kground. The P

b�
and:

T

distribution shows the
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Figure 7.7: Monte Carlo distributions of the invariant mass of the three highest-P

T

jets (a) and of all jets (b) for simulated top events. The lines 
orrespond to Gaussian

�ts to the 
ores of the mass distributions.

Ja
obian at 69 GeV expe
ted for top de
ays, while the QCD ba
kground exhibits a

steeply falling P

b�
and:

T

spe
trum. The angular distribution for QCD pro
esses peaks

at larger angles than for top produ
tion. This is also re
e
ted in the lower transverse

momentum of the third jet (see �gure 7.5 (e)). As for the re
onstru
tion of the top

mass, the 3-jet invariant mass, M

123

, and the invariant mass of all sele
ted jets, M

jets

,

are 
ompared for simulated top events in �gure 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

negle
ting of �nal state parton showers. It is therefore more favorable to re
onstru
t

the top mass as the mass of all sele
ted jets. The M

jets

distribution shows a peak at

the nominal top mass, a more Gaussian shape, and a slightly improved mass resolution

of 13.8 GeV.

The 
orrelations of the three dis
riminating observables are displayed in �gure 7.8.

As expe
ted, the de
ay angle shows no signi�
ant 
orrelation to the other two observ-

ables, while the transverse momentum of the 
andidate b-jet and the invariant mass of

the jets are 
learly 
orrelated.

7.4 Cut-Based Top Sear
h

The �nal sele
tion of top 
andidates in the hadroni
 
hannel is performed using both a

simple 
ut-based analysis and a likelihood analysis. In this se
tion, the sele
tion 
uts

and the results of the 
ut-based analysis, as well as the e�e
t of systemati
 un
ertainties

are dis
ussed.

7.4.1 De�nition of the Cuts

Table 7.2 shows the top sele
tion 
uts imposed on the three dis
riminating observ-

ables. Due to the mu
h larger ba
kground expe
tation from Standard Model pro
esses,
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Figure 7.8: Correlations of the dis
riminating observables in the hadroni
 
hannel

for the simulations of the top signal (upper plots (a)-(
)) and the ba
kground from

photoprodu
tion (lower plots (d)-(f)).

harsher 
uts have to be applied 
ompared to the semi-leptoni
 
hannel. The 
ut values

are designed to maintain an eÆ
ien
y of 30% for top events.

Hadroni
 Channel Top sele
tion 
uts

Transverse momentum of b-
andidate P

b�
and:

T

> 40 GeV

W de
ay angle 
os(�

?

W

) > �0:75

Top mass window 150 GeV< M

jets

< 210 GeV

Table 7.2: Summary of the 
uts used in the 
ut-based sele
tion of hadroni
 top de
ays.

7.4.2 Systemati
 Un
ertainties

Un
ertainties on the experimental measurements as well as un
ertainties on the the-

oreti
al predi
tions for multi-jet produ
tion 
an have an impa
t on the normalization

and the shape of the distributions used in the 
ut-based top sele
tion. The theoreti
al

un
ertainty on the Standard Model predi
tion should give and estimate of how well the

approximation of parton showers by the leading order PYTHIA model 
an simulate

for instan
e a 3-jet pro
ess (O(�

2

s

)).
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Un
ertainty on the Standard Model Predi
tion

Sin
e the Monte Carlo simulations have been normalized to the data, the un
ertainty

on the Standard Model normalization is given by the statisti
al un
ertainty of the

data events. It is taken from the number of events in the sample, where the �nal

top sele
tion is 
arried out, i.e. the high-E

T

sample with a W 
andidate. It 
ontains

92 data events, an thus yields an un
ertainty on the Standard Model normalization of

10%. At this stage one assumes of 
ourse that the data are dominated by Standard

Model ba
kground.

Figure 7.9 shows the data over Monte Carlo ratio for the distributions of the total

transverse energy, E

tot

T

, and the invariant mass M

jets

for the high-E

T

sample with a

W 
andidate. Both distributions show no signi�
ant slope within statisti
al un
ertain-

ties. Thus no additional un
ertainty is assumed for the shape of the Standard Model

distributions and the extrapolation into the signal region.

Studies of kinemati
 distributions for multi-jet produ
tion 
an be found in [63, 64,

65, 66℄. For instan
e, the analysis of multi-jet distributions in photoprodu
tion pub-

lished by the ZEUS Collaboration in [63℄ showed, that next-to-leading order 
orre
-

tions, O(�

2

s

), 
ause a 30-40% in
rease of the leading order 
ross-se
tion. This in
rease

is 
onsistent with the normalization fa
tors derived in this analysis. The shape of the

multi-jet invariant mass distribution was shown to be in good agreement with both the

O(�

2

s

) 
al
ulations and the predi
tion of the leading-log parton shower model PYTHIA.
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Figure 7.9: Ratio of the observed (DATA) and predi
ted (MC) number of events for

the distributions of the total transverse energy, E

tot

T

, and the invariant mass M

jets

in the sele
ted sample of multi-jet events with high-E

T

and a W 
andidate.

Experimental Systemati
 Un
ertainties

The main experimental systemati
 un
ertainty in the hadroni
 
hannel are due to the

un
ertainties in the absolute hadroni
 energy 
alibration of the 
alorimeter and the

measurement of the polar angles of the jets. The un
ertainties on the azimuthal angle of

the jets is found to be negligible. The large amount of 
alorimetri
 energy in the sele
ted

multi-jet events assures that the events are triggered with an eÆ
ien
y of � 100%.

The un
ertainty resulting from trigger ineÆ
ien
ies 
an therefore be negle
ted. The

un
ertainty on the luminosity measurement is 1.5%.
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The e�e
t of the experimental systemati
 un
ertainties are evaluated through vari-

ation of the hadroni
 energy s
ale by � 4% and a simultaneous variation of all jet

polar angles by �20 mrad. The impa
t of these variations on the overall Monte Carlo

predi
tion is already in
luded in the 10% normalization un
ertainty dis
ussed above.

Only the e�e
t on the slope of the distributions must still be taken into a

ount. There-

fore the 
hange in overall normalization is e�e
tively subtra
ted from the un
ertainty

leaving only the 
ontribution from the 
hange in slope.

Experimental Systemati
 ÆN

SM

after top 
uts (slope un
ertainty)

Hadroni
 energy s
ale � 6%

Jet polar angles � 9%

Luminosity � 1.5%

Total � 11%

Table 7.3: Summary of the experimental systemati
 un
ertainties in the hadroni
 
han-

nel. The total un
ertainty is the quadrati
 sum of all experimental un
ertainties.

The e�e
t of the variation of the jet polar angles is relatively large. Besides mi-

grations of events in and out of the restri
ted �

jet

range, a variation by � 20 mrad

for a forward jet with pseudorapidity �

jet

= 2:5 also 
orresponds to a 
hange in its

transverse momentum of roughly 10%.

The normalization un
ertainty and the un
orrelated experimental un
ertainties are

added in quadrature. The resulting total systemati
 un
ertainty is 15%.

7.4.3 Results

In the 
ut-based analysis, 18 data events are sele
ted as top 
andidates. The observed

data events agree well with the Standard Model expe
tation of 20.2 � 3.0 events

(see table 7.4). The un
ertainty of 3.0 events on the Standard Model expe
tation


orresponds to the 15% obtained above. Figure 7.10 (a) shows the distribution of the

invariant mass M

jets

after all top sele
tion 
uts. The top simulation is normalized to

the same area as the ba
kground. No ex
ess of events as a signal of top produ
tion

is observed. In plots (b) and (
) of �gure 7.10 the full invariant mass spe
trum 
an

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 
orrespond to a potential top signal

in the semi-leptoni
 
hannel, as evaluated later in se
tion 8.1. It is obvious that a

signal of this size would not be very signi�
ant in the hadroni
 
hannel. In plot (
),

however, the top normalization 
orresponds to the 
ombined LEP limit on anomalous

top produ
tion [67℄. It shows that the H1 top analysis is sensitive enough to improve

the ex
lusion limits obtained by other experiments.

The 
ompatibility between both 
hannels and the derivation of an ex
lusion limit on

the 
ross-se
tion for anomalous top produ
tion will be dis
ussed in detail in 
hapter 8.
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Figure 7.10: (a): The M

jets

distribution after the 
ut-based top sele
tion in the

hadroni
 
hannel. The error band 
orresponds to a 15% error on the total Standard

Model expe
tation. The top simulation is arbitrarily normalized to the same area

as the Standard Model ba
kground. (b) and (
): The full M

jets

distribution after

the 
ut-based top sele
tion without imposing the top mass window. Here the top

simulation is added to the Standard Model histogram. In (b) the top simulation is

normalized a

ording to a top interpretation of the isolated lepton ex
ess seen in

H1. The top normalization in (
) represents the 
urrent limit on the anomalous top

produ
tion 
ross-se
tion obtained by the LEP 
ollaboration.

7.5 Likelihood Dis
riminator

The likelihood method des
ribed in se
tion 6.7.2 is applied to 
ombine the dis
rimi-

nating observables in a single likelihood dis
riminator and improve the sensitivity of

the top sele
tion. The three observables in �gure 7.6 serve as input to the likelihood

analysis. In 
ontrast to the semi-leptoni
 
hannel, where the top hypothesis was tested

versus the W hypothesis as dominant ba
kground, the ba
kground in the hadroni



hannel 
omes mainly from non-W pro
esses. All ba
kground pro
esses are 
ombined

and the 
ombination is used for the 
onstru
tion of the likelihood dis
riminator. Hen
e

in the hadroni
 likelihood analysis, the top hypothesis is tested versus the 
ombined

Standard Model hypothesis.
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7.5.1 Appli
ation of the Likelihood Method

Correlations between the observables are again taken into a

ount by using the PTC-

method des
ribed in se
tion 6.7.2. The distributions of the Gaussian transformed

observables for the signal and ba
kground 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 
orrelations matri
es of the observables

before and after the Gaussian transformations are also shown.

The resulting likelihood dis
riminator is presented in �gure 7.11. To visualize the

separation between signal and ba
kground, the top simulation in normalized to the

same area as the total Standard Model ba
kground. The relative ba
kground 
on-

tributions from di�erent Standard Model pro
esses (photoprodu
tion, neutral 
urrent

DIS, and W produ
tion) are shown as separate histograms. The PTC-method removes

the small erroneous peaks produ
ed by the standard method at L = 0 for the signal

and at L = 1 for the ba
kground through a proper treatment of 
orrelations, leading

to a higher purity for the signal.
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Figure 7.11: The likelihood dis
riminators obtained with the standard method (a)

and the PTC-method (b) for Monte Carlo events of the top signal and the QCD

ba
kground. The signal and total ba
kground distributions are normalized to unity.

The relative ba
kground 
ontributions from photoprodu
tion, neutral 
urrent DIS

and Standard Model W produ
tion are displayed as di�erent hat
hing 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 
ompared

in �gure 7.12. The data agree well with the likelihood distribution of the Standard

Model simulation, 
onsistent with the result obtained in the 
ut-based analysis. The

top signal is again displayed with two di�erent normalizations, one 
orresponding to
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Hadroni
 Channel Data 94-00 SM PYTHIA RAPGAP W prod. �

top

Top 
uts 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. 
ut L > 0:80 9 7.9 � 1.2 5.4 1.8 0.7 21%

Table 7.4: Summary of the observed and predi
ted number of events for the 
ut-based

top analysis and for two di�erent 
uts on the likelihood dis
riminator L. The total

Standard Model expe
tation is shown with a systemati
 un
ertainty of 15%. The


ontributions from photoprodu
tion, neutral 
urrent DIS and W produ
tion are shown

separately. For ea
h sele
tion, also the top eÆ
ien
y, �

top

, is given.

the ex
ess in the semi-leptoni
 
hannel, the other 
orresponding to the 
urrent LEP

limit on anomalous top produ
tion.

The performan
e of the likelihood dis
riminator 
ompared to the sele
tion exploit-

ing a set of one-dimensional 
uts is again studied by 
omparison of the Standard Model

expe
tation for the 
ut-based analysis with the expe
tation for a likelihood 
ut that

yields the same signal eÆ
ien
y of 30%. As 
an be seen in table 7.4 and �gure 7.12 (b),

a 
ut at L = 0:60 leaves a top eÆ
ien
y of 30% and a ba
kground expe
tation of 18.0

events. It 
orresponds to a ba
kground redu
tion of � 10% 
ompared to the 
ut-based

analysis.

The signal sensitivity of the likelihood dis
riminator, represented by a plot of the

ratio �

top

/

p

N

SM

as a fun
tion of �

top

, is displayed in �gure 7.12 (
). The most sensitive

likelihood 
ut is thus found to be at L = 0:80, 
orresponding to a top eÆ
ien
y of 21%.

This optimized 
ut yields nine data events in agreement with the expe
tation of 7.9 �

1.2 events. The kinemati
 properties of the nine data events are shown in table 7.5.2.

One of these events is reje
ted by the 
ut-based analysis be
ause of a too low transverse

momentum of the 
andidate b-jet. In the likelihood analysis, the low value of P

b�
and:

T

is


ompensated by values of 
os(�

?

W

) andM

jets

for whi
h the Standard Model expe
tation

is low. Event displays of some of these top 
andidates 
an be found in appendix E.

As already mentioned in the dis
ussion of the likelihood analysis in the semi-leptoni



hannel, the likelihood dis
riminator is ideally suited to determine the top fra
tion in

the data using a maximum-likelihood �t. Su
h a �t and the statisti
al evaluation of

its results are presented in the following 
hapter.

Con�den
e Level for Ba
kground-Only Hypothesis

As done for the likelihood spe
tra in the semi-leptoni
 
hannel, a 
on�den
e level for the

ba
kground-only hypothesis is now 
omputed for the hadroni
 
hannel. As estimator,

the likelihood dis
riminator in �gure 7.12 (a) for the Standard Model ba
kground is

used. The results obtained for the 
on�den
e level 1� CL

b

are:

1� CL

b

= 64%

+10%

�30%

: (7.2)

The systemati
 un
ertainties are again evaluated by s
aling up the ba
kground normal-

ization a

ording to the size of the total systemati
 un
ertainty (15%). As expe
ted,

the data are in good agreement with the Standard Model.
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Likelihood L P

b�
and:

T

M

jets

M

W
omb:

2jet


os(�

?

W

)

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

y

21.3

y

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: Kinemati
s of the nine top 
andidates in the hadroni
 
hannel

that pass the optimized likelihood 
ut L > 0:8. The event marked with a

dagger

y

is reje
ted by the 
ut-based top sele
tion de�ned 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 des
ription of the kinemati
s of multi-jet events at high

transverse momenta. However, it fails to des
ribe the overall normalization of the data.

The sele
tion of top 
andidates is 
arried out on the basis of a multi-jet sample with high

total transverse energy and a 
andidate for the de
ayW ! q

�

q

0

in the event. Both a top

sele
tion using one-dimensional 
uts and a likelihood analysis showed good agreement

between the observed multi-jet events and the Standard Model predi
tion. No sign of

single top produ
tion 
ould be found for hadroni
 de
ays of the W . However, due to

the large QCD ba
kground, the results in the hadroni
 
hannel are not in 
ontradi
tion

with a possible top interpretation of the ex
ess in the semi-leptoni
 
hannel. This will

be studied in more detail in the next 
hapter. Moreover, it was shown that the hadroni



hannel has a large sensitivity to anomalous top produ
tion beyond the 
urrent limits

from other experiments.
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Figure 7.12: The likelihood dis
riminator L obtained with the PTC-method for the

data and the Monte Carlo simulation in the hadroni
 
hannel. The top simulation is

shown with two di�erent normalizations. The full histogram is normalized a

ording

to the top interpretation of the isolated lepton ex
ess. The normalization of the open

dashed histogram represents the 
urrent limit on the anomalous top produ
tion


ross-se
tion obtained by the LEP 
ollaboration. Plot (b) shows the top eÆ
ien
y,

�

top

, as a fun
tion of the Standard Model expe
tation, N

SM

. Plot (
) represents the

signal sensitivity of the likelihood dis
riminator, de�ned as �

top

/

p

N

SM

, as a fun
tion

of the top eÆ
ien
y. The dots in (b) and (
) 
orrespond to steps in L of size 0.05.



Chapter 8

Statisti
al Evaluation of the

Likelihood Analyses

In this 
hapter, a statisti
al evaluation of the likelihood spe
tra obtained in the analy-

ses of the the semi-leptoni
 and hadroni
 de
ay 
hannels of the top quark are presented.

Under the assumption that anomalous single top produ
tion exists, the fra
tion of top

events in the data is determined using a maximum-likelihood �t to the dis
riminator

spe
tra. The 
ompatibility of the di�erent sear
h 
hannels and the probability of the

top interpretation are dis
ussed. Due to the presently small number of top 
andidates,

ex
lusion limits are set on the single top produ
tion 
ross-se
tion and the anomalous


oupling of the top quark to an up-quark and a photon. Finally, the results are 
om-

pared to single top sear
hes 
arried out by other experiments.

8.1 Maximum-Likelihood Fit of the Top Signal

In sear
hes for new physi
s, �ts to spe
tra of kinemati
 observables or to dis
riminator

distributions, obtained in a likelihood analysis or with a neural network, have frequently

been used to extra
t signal fra
tions in the data. In this analysis, a maximum-likelihood

�t of the top 
ontribution in the data is performed. It provides the maximal sensitivity

to the signal.

8.1.1 Des
ription of the Maximum-Likelihood Fit

The likelihood dis
riminators shown in �gures 8.1 are used as input for the maximum-

likelihood �t.

A likelihood fun
tion, L, is introdu
ed as the produ
t of Poisson probabilities of

observing n

k

data events in ea
h bin k of the dis
riminator spe
trum:

L =

n

bin

Y

k=1

e

��

k

�

n

k

k

n

k

!

; (8.1)

where �

k

= B

k

+ S

k

is the sum of the signal S

k

and expe
ted ba
kground B

k

in bin k.

The signal normalization whi
h best mat
hes the data 
an be obtained by maximiz-

ing the likelihood fun
tion, or 
orrespondingly by minimizing the negative log-likelihood

115
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Figure 8.1: Distributions of the likelihood dis
riminator spe
tra for the ele
tron (a),

muon (b) and hadroni
 (
) 
hannels. The simulated top signal is added to the

Standard Model ba
kground. It is normalized a

ording the a maximum-likelihood

�t to the data. In (a) and (b), the ba
kground is normalized to the number of events

predi
ted by the Monte Carlo simulation. In (
), also the ba
kground normalization

is obtained from the �t to the data.

fun
tion �2 log(L). By using the fa
tor 2, the log-likelihood fun
tion 
orresponds to

a �

2

fun
tion (in the Gaussian limit).

In order to express the log-likelihood as a fun
tion of the signal normalization, the

signal S

k

in ea
h bin is written as produ
t of the overall signal normalization S and

the signal shape ŝ

k

(i.e. the signal spe
trum normalized to unity):

S

k

= S � ŝ

k

: (8.2)

If the data statisti
s is large enough, one 
an �t also the ba
kground normalization

as free parameter. The ba
kground B

k

is then analogously written as B

k

= B �

^

b

k

,

with the overall ba
kground normalization B and the ba
kground shape

^

b

k

, and the
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log-likelihood is minimized as a fun
tion of the two parameters S and B.

To allow an easy interpretation of the log-likelihood fun
tion, its minimum value is

subtra
ted, leading to:

�2 �log(L) := �2 (log(L)� log(L)

min

) = ��

2

: (8.3)

If �2 �log(L) is plotted as a fun
tion of S, the ordinate 
orresponds to the deviation

from the best �t value for S in terms of standard deviations squared (�

2

). The width

of this fun
tion at �2 �log(L) = 1 
orresponds to the statisti
al un
ertainty in terms

of one standard deviation, ÆS

stat

, on the �tted number of signal events. The position

of its minimum is the best signal normalization, S

fit

.

Conversion to Single Top Cross-Se
tion

The �tted number of signal events in ea
h 
hannel is translated into a 
ross-se
tion for

anomalous top produ
tion by dividing through the signal eÆ
ien
y (�

top

), the de
ay

bran
hing ratio (BR) and the integrated data luminosity (L

tot

) for ea
h individual


hannel. Sin
e the analyzed data sets were re
orded with two di�erent ep 
enter-of-

mass energies (1994-1997:

p

s = 300 GeV, 1998-2000:

p

s = 320 GeV), the obtained


ross-se
tion is valid for an e�e
tive 
enter-of-mass energy,

p

s

eff

:

�

eff

= �(ep! etX;

p

s

eff

) =

S

fit

�

top

�BR � L

tot

: (8.4)

It is then 
onverted into a 
ross-se
tion at

p

s = 320 GeV using the 
ross-se
tion ratio

for

p

s = 300 GeV and 320 GeV (�

300

=�

320

= 0:68) [19℄:

�

320

= �(ep! etX;

p

s = 320 GeV) = �

eff

�

L

tot

0:68 � L

300

+ L

320

: (8.5)

8.1.2 Results of the Maximum-Likelihood Fit

The maximum-likelihood �t is 
arried out for ea
h of the three sear
h 
hannels. In this

se
tion, the results of the �ts are presented for the individual 
hannels and for their


ombinations. The in
lusion of systemati
 errors is des
ribed and the 
ompatibility

between the di�erent 
hannels is dis
ussed.

Semi-Leptoni
 Channel

In the ele
tron and muon 
hannels, the ba
kground normalization is taken from the

Monte Carlo predi
tions for W produ
tion and the various other Standard Model

pro
esses. Only the signal normalization is �tted as free parameter.

The log-likelihoods with respe
t to S are displayed in �gure 8.2 for both 
hannels.

Due to the small data statisti
s, they are asymmetri
 and the statisti
al un
ertainties

are large. The maximum-likelihood �ts yield S

fit

= 2.5

+2:4

�1:7

top events in the ele
tron


hannel and S

fit

= 2.3

+2:2

�1:4

top events in the muon 
hannel. These very similar results

show a good agreement between the two 
hannels in view of a top interpretation of the

isolated lepton ex
ess. The 
ross-se
tions 
orresponding to the �tted numbers of signal

events are 0:45

+0:44

�0:31

pb for the ele
tron 
hannel and 0:42

+0:41

�0:26

pb for the muon 
hannel.
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Figure 8.2: The log-likelihood fun
tions of the signal �t in the in the ele
tron (a)

and muon (b) 
hannels. They are shown as fun
tions of the signal normalization.

The exa
t log-likelihoods (solid lines) are 
ompared to approximations (dashed lines)


onsisting of two half parabolas for ea
h fun
tion (one on ea
h side of the minimum).

Hadroni
 Channel

The larger number of data events in the hadroni
 
hannel allows also the ba
kground

normalization to be used as free �t parameter. A two-parameter �t of S and B is per-

formed. The maximum-likelihood �t to the dis
riminator spe
trum yieldsB

fit

= 90.7

+11:8

�11:0

ba
kground events and S

fit

= 1.3

+6:9

�5:9

events from top produ
tion in the 92 sele
ted

multi-jet events. The log-likelihood fun
tion is plotted in �gure 8.3 (a). Within statis-

ti
al errors, the data are well 
ompatible with the QCD ba
kground and thus 
onsis-

tent with no top signal. The 
orresponding 
ross-se
tion for single top produ
tion is

0:05

+0:23

�0:20

pb.

Sin
e the ba
kground normalization is used as free parameter, the width of the

log-likelihood fun
tion also in
ludes the un
ertainty on S resulting from the statisti
al

un
ertainty on the ba
kground normalizationB. Figure 8.3 (
) shows the 1 � 
ontour of

the log-likelihood as fun
tion of S and B and illustrates the in
rease of the un
ertainty

on S due to the additional �t parameter.

As a test, also a one-parameter �t of S only is performed, using a �xed ba
kground

normalization of B = B

fit

. In �gure 8.3 (b), the log-likelihood for this one-parameter �t

is 
ompared to the two-parameter �t. The e�e
t of the un
ertainty on the ba
kground

normalization on the statisti
al error of S is obvious.

8.1.3 In
lusion of Systemati
 Errors

So far, the log-likelihood fun
tions do not in
lude any systemati
 un
ertainties. To

allow for an in
lusion of systemati
 errors, ea
h log-likelihood fun
tion is approximated

by a fun
tion f(S) 
onsisting of two half parabolas, one on ea
h side of the minimum
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Figure 8.3: The log-likelihood fun
tions of the signal+ba
kground �t in the hadroni



hannel, shown as a fun
tion of the signal normalization S in (a) and (b) and as a

fun
tion of the signal and the ba
kground normalizations, S and B, in (
). Plots (b)

and (
) illustrate the di�erent widths of the log-likelihoods obtained by performing

a one-parameter �t of the signal (B �xed) or a two-parameter �t of the signal and

ba
kground (B free). Plot (
) shows the 1 � 
ontour of the two-parameter �t. The


entral �t result is marked by a dot.

at S = S

fit

:

f(S) = (S � S

fit

)

2

�

8

<

:

1

(ÆS

+

stat

)

2

for S � S

fit

1

(ÆS

�

stat

)

2

for S < S

fit

: (8.6)

Here the half widths of the parabolas 
orrespond to the upper and lower statisti
al

errors on the �tted signal events, ÆS

+

stat

and ÆS

�

stat

. 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 fun
tions f(S) are shown as dashed lines in �gure 8.2 for the ele
tron and muon


hannels and in �gure 8.3 for the hadroni
 
hannel. They provide good approximations

of the exa
t log-likelihood fun
tions in the region relevant for the evaluation of this

analysis

1

. It is 
lear that for very large deviations of S from the minimum, these

approximations be
ome poor.

Systemati
 un
ertainties on the number of signal events S 
an now easily be in-


luded by in
reasing the width of the approximated log-likelihood fun
tion a

ording

to:

ÆS

�

= ÆS

�

stat

� ÆS

�

syst

: (8.7)

The e�e
t of systemati
 un
ertainties on the number of signal events obtained in

the maximum-likelihood �t is evaluated using the following pro
edure:

� Ea
h quantity a�e
ted by a systemati
 un
ertainty is randomly smeared around

its 
entral value a

ording to a Gaussian distribution with a width 
orresponding

to the systemati
 un
ertainty (at least 200 variations per systemati
 are per-

formed).

� The full analysis is 
arried out under these 
hanged 
onditions. New likelihood

dis
riminator spe
tra are obtained for the signal and the ba
kground. The data

events, whose kinemati
s are left un
hanged, are reanalyzed in the modi�ed like-

lihood spe
tra.

� The maximum-likelihood �t is performed as des
ribed above.

� Ea
h smearing yields a �tted number of signal events. The width of their distri-

bution is obtained in a Gaussian �t and used as resulting un
ertainty.

The distributions of the �tted numbers of signal events obtained by Gaussian smear-

ing 
an be found in appendix F for ea
h systemati
. The resulting un
ertainties are

translated into un
ertainties on the single top 
ross-se
tion. They 
an be found in

table 8.1.

Figure 8.4 shows the e�e
t of the systemati
 un
ertainties on the log-likelihood

fun
tions for ea
h 
hannel. It 
an be seen that the ele
tron and muon 
hannels are


ompletely dominated by statisti
s. The systemati
 errors are small 
ompared to the

statisti
al errors. In the hadroni
 
hannel, the systemati
 errors are no more negligible


ompared to the statisti
al error. However, it 
an be seen that the log-likelihood

fun
tion in the hadroni
 
hannel has the smallest width of all three 
hannels (even

after in
lusion of systemati
s). With the present data statisti
s it thus possesses the

largest sensitivity to the top signal, due to the large bran
hing ratio for W ! q

�

q

0

.

Table 8.2 summarizes the �tted numbers of signal events and the 
orresponding

single top 
ross-se
tions for all three 
hannels.

1

In fa
t, to rea
h a good approximation of the log-likelihoods in the region 
orresponding to � 2 �,

the widths ÆS

�

stat

of the two parabolas used in equation 8.6 are taken at �2 �log(L) = 2:7 instead

of one. Moreover, this also guarantees a good approximation for the value of the log-likelihood later

needed to extra
t the 95% ex
lusion limit on single top produ
tion.
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Systemati
 Syst. error on single top 
ross-se
tion, Æ�

320;syst

Ele
tron 
hannel Muon 
hannel Hadroni
 
hannel

Leptoni
 energy s
ale � 0.03 pb � 0.02 pb {

� lepton � 0.02 pb � 0.01 pb {

� lepton � 0.02 pb � 0.01 pb {

Hadroni
 energy s
ale � 0.02 pb � 0.02 pb � 0.06 pb

� hadron � 0.02 pb � 0.03 pb � 0.11 pb

� hadron � 0.01 pb � 0.02 pb {

Trigger eÆ
ien
y � 0.00 pb � 0.01 pb {

Ba
kground normalization � 0.10 pb � 0.06 pb in
luded in Æ�

y

320;stat

Total � 0.11 pb � 0.08 pb � 0.13 pb

Table 8.1: E�e
t of the experimental systemati
 un
ertainties and the un
ertainty of

the ba
kground normalization on the single top 
ross-se
tion. The un
ertainties of

the luminosity measurement and the lepton identi�
ation are in
luded in the ba
k-

ground normalization.

y

In the hadroni
 
hannel, the ba
kground normalization is

�tted, therefore its un
ertainty is propagated into the statisti
al un
ertainty on the

signal 
ross-se
tion.

Max.-likelihood �t S � ÆS ÆS

stat

ÆS

syst

�

320

� Æ�

320

Æ�

320;stat

Æ�

320;syst

Ele
tron 
hannel 2:5

+2:5

�1:8

+2:4

�1:7

�0:6 0:45

+0:45

�0:33

pb

+0:44

�0:31

pb �0:11 pb

Muon 
hannel 2:3

+2:2

�1:5

+2:2

�1:4

�0:4 0:42

+0:41

�0:27

pb

+0:41

�0:26

pb �0:08 pb

Hadroni
 
hannel 1:3

+7:8

�6:9

+6:9

�5:9

�3:7 0:05

+0:27

�0:24

pb

+0:23

�0:20

pb �0:13 pb

Table 8.2: The number of signal events and the 
orresponding single top 
ross-se
tion

at

p

s = 320 GeV obtained by the maximum-likelihood �t. Statisti
al and systemati


un
ertainties are shown separately. The total un
ertainty ÆS (Æ�

320

) is the quadrati


sum of the statisti
al and systemati
 un
ertainties.

8.1.4 Combination of Channels

Be
ause likelihoods 
an be multiplied, the di�erent sear
h 
hannels 
an be 
ombined

by adding their log-likelihood fun
tions. Due to the di�erent eÆ
ien
ies and bran
hing

ratios for ea
h 
hannel, the 
ombined fun
tions are shown with respe
t to the single top


ross-se
tion. Their minima 
orrespond to the best 
ombined value of the 
ross-se
tion

for single to produ
tion.

At �rst, the two lepton 
hannels are 
ombined. The log-likelihood for the 
ombined

ele
tron and muon 
hannels is shown in �gure 8.4 (d). In the following, this 
ombination

is frequently referred to as the semi-leptoni
 
hannel. The width of the 
ombined log-

likelihood is slightly smaller than for the hadroni
 
hannel, re
e
ting a higher sensitivity

of the 
ombination. The 
ombination of all three 
hannels is shown in �gure 8.5. The
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obtained values for the single top 
ross-se
tions in the semi-leptoni
 
hannel and for

all 
hannels 
ombined 
an be found in table 8.3.

Max.-likelihood �t �

320

� Æ�

320

Semi-leptoni
 
hannel (e + �) 0:43

+0:33

�0:18

pb

All 
hannels 0:31

+0:16

�0:15

pb

Table 8.3: The single top 
ross-se
tion obtained by the maximum-likelihood �t for the

(
ombined) semi-leptoni
 
hannel and for the 
ombination of all 
hannels.

8.1.5 Compatibility of Semi-Leptoni
 and Hadroni
 Channels

As good agreement with the Standard Model is seen in the hadroni
 
hannel, whereas

some top 
andidates exist in the semi-leptoni
 
hannel, it is ne
essary to 
he
k the

level of 
ompatibility between these two 
hannels.

The 
ompatibility is obtained by 
omparing the di�eren
e of the single top 
ross-

se
tions determined in the semi-leptoni
 and hadroni
 
hannels with respe
t to their

total un
ertainties

2

. It 
an thus be evaluated as:

Compatibility =

�

320

(lep:)� �

320

(had:)

q

(Æ�

�

320

(lep:))

2

+ (Æ�

+

320

(had:))

2

� 1:2 : (8.8)

Here Æ�

�

320

(lep) (Æ�

+

320

(had)) denote the total lower (upper) un
ertainty on the single

top 
ross-se
tion measured in the semi-leptoni
 (hadroni
) 
hannel. Compatibility is

seen at the 1.2 � level. This means that the semi-leptoni
 and the hadroni
 
hannel

are not in 
ontradi
tion.

2

Sin
e the systemati
 errors in the semi-leptoni
 
hannel are small, 
orrelations of experimental

systemati
 errors (e.g. the hadroni
 energy s
ale) between the di�erent 
hannels 
an be negle
ted.
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Figure 8.4: The log-likelihood fun
tions of the signal �t in the ele
tron (a), muon (b)

and hadroni
 (
) 
hannels, and for the 
ombination of the ele
tron and muon 
han-

nels (d). They are shown as fun
tions of the single top 
ross-se
tion. The inner

dashed lines 
orrespond to the log-likelihoods negle
ting systemati
 errors, the outer

solid lines represent the in
lusion of systemati
 errors.
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Figure 8.5: The log-likelihood fun
tion obtained for the 
ombination of all three


hannels, shown as a fun
tion of the single top 
ross-se
tion. The inner dashed

line 
orresponds to the log-likelihood negle
ting systemati
 errors, the outer solid

line represents the in
lusion of systemati
 un
ertainties. The dashed-dotted line

indi
ates the point on the log-likelihood, that 
orresponds to a 95% (upper) ex
lusion

limit on the 
ross-se
tion.

8.2 Probability of the Top Interpretation

In the previous 
hapters, 
on�den
e levels for the ba
kground-only hypothesis (CL

b

)

were 
omputed for ea
h 
hannel. The value of 1� CL

b


orresponds to the probability

that the Standard Model des
ribes the observed data. Now the probability of the top

interpretation needs to be studied.

To �nd out how well the ba
kground together with the �tted signal 
ontribution

des
ribes the data, 
on�den
e levels for the signal+ba
kground hypothesis (CL

s+b

) are


omputed for ea
h 
hannel. The value of the likelihood fun
tion 8.1 (whi
h 
orresponds

to a total Poisson probability summed over all bins of the dis
riminator spe
trum) is

used to determine the 
onsisten
y between the signal+ba
kground and data distribu-

tions:

L =

n

bin

Y

k=1

e

�(S

k

+B

k

)

(S

k

+B

k

)

n

k

n

k

!

: (8.9)
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The value of L is evaluated for the following 
ases:

1. The signal+ba
kground distribution is normalized a

ording to the 
entral result

of the maximum-likelihood �t: S = S

fit

(B = B

fit

). The obtained value of L is

labeled L

fit

.

2. Toy Monte Carlo experiments are generated by for
ing ea
h bin of the sig-

nal+ba
kground distribution to 
u
tuate around its 
entral value a

ording to a

Poisson probability. For ea
h Monte Carlo experiment, a value of L is obtained.

All toy Monte Carlo experiments that yield a likelihood L smaller than L

fit

are less


onsistent with the data than the result of the maximum-likelihood �t. The probability

1� CL

s+b

, de�ned as:

1� CL

s+b

= P (L < L

fit

) =

# toy experiments with L < L

fit

# toy experiments

; (8.10)


an thus be 
onsidered as a measure of 
onsisten
y between the �tted top+ba
kground

distribution and the data. The probabilities 1�CL

s+b

obtained for the di�erent 
han-

nels are given in table 8.4 and 
ompared to the probabilities for the ba
kground-only

hypothesis.

In all three 
hannels, the additional single top 
ontribution is 
onsistent with the

data. In the ele
tron and muon 
hannels, the signal+ba
kground hypothesis gives a


learly better des
ription of the data than the ba
kground-only hypothesis. Sin
e in

the hadroni
 
hannel no signi�
ant top 
ontribution is observed, the two hypotheses

have approximately the same probability.

In order to perform the 
on�den
e level 
omputation for 
ertain 
ombinations of


hannels, the 
orresponding value of the top 
ross-se
tion obtained in the 
ombined

log-likelihood is used to normalize the signal distribution. The sum in equation 8.9

now runs over all bins of the dis
riminator distributions in all 
hannels. For the semi-

leptoni
 
hannel, the signal+ba
kground hypothesis shows the largest improvement


ompared to the Standard Model alone, as expe
ted. Also for the 
ombination of

all 
hannels, the signal+ba
kground hypothesis is found to be 
onsistent with the

observation and gives an improved des
ription of the data.

8.3 Ex
lusion Limit on Top Cross-Se
tion and FCNC

Coupling

Be
ause of the small number of top 
andidates, it is at present not yet possible to

make a de�nite statement, whether they originate from a Standard Model 
u
tuation

or indeed from top produ
tion. For this reason, also a limit is set on the 
ross-se
tion

for anomalous single top produ
tion. The bran
hing t ! bW is assumed to be 100%,

whi
h represents a safe approximation 
onsidering the existing limits on radiative top

de
ays into q
 [18℄.

For the 
ombination of all 
hannels, the ex
lusion limit 
an dire
tly be taken from

the log-likelihood fun
tion in �gure 8.5. A one-sided (upper) bound at 95% 
on�den
e

level (CL) 
orresponds to a value of the log-likelihood of �2 �log(L) = 2:69 [5℄.
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1� CL

s+b

1� CL

b

w/o syst. 1� CL

b

with syst.

Ele
tron 
hannel 43% 2.4% 5.6%

Muon 
hannel 33% 3.4% 6.3%

Hadroni
 
hannel 65% 64% 64%

y

Semi-leptoni
 
hannel (e+ �) 36% 0.4% 1.6%

All 
hannels 34% 12% 16%

Table 8.4: Probabilities 1� CL

s+b

for the signal+ba
kground hypothesis and 1� CL

b

for the ba
kground-only hypothesis (with and without in
lusion of systemati
 un
er-

tainties).

y

Sin
e in the hadroni
 
hannel good agreement with the Standard Model is

seen, no value of 1 � CL

b

for a systemati
 
hange of the ba
kground normalization is

given.

In
luding systemati
 un
ertainties, the resulting upper bound on the single top


ross-se
tion at

p

s = 320 GeV is:

�(ep! etX;

p

s = 320 GeV) < 0:60 pb at 95% CL : (8.11)

This 
ross-se
tion limit 
an now be translated into an upper ex
lusion limit on the


oupling strength of the anomalous tu
 magneti
 
oupling

3

, giving:

�

tu


< 0:25 at 95% CL : (8.12)

Table 8.5 summarizes the ex
lusion limits obtained for the 
ombination of all 
han-

nels, as well as for the semi-leptoni
 and the hadroni
 
hannels alone. The strongest

limit 
omes from the hadroni
 
hannel. The limit from the semi-leptoni
 
hannel is of


ourse mu
h weaker be
ause of the observed data ex
ess. The bounds obtained for �

tu


are also illustrated in �gure 8.6. Sin
e the single top 
ross-se
tion strongly depends

on the top mass, m

t

, the pre
ision on its measured value needs to be 
onsidered. In

�gure 8.6, the e�e
t of a variation of m

t

by �5 GeV is displayed as error band on

the 
ombined limit from all 
hannels. It 
hanges the 
ross-se
tion by � 20% and thus

represents the largest systemati
 un
ertainty.

3

The single top 
ross-se
tion in equation 2.13 is given for �

tu


= 0:1. The 
oupling strength,

whi
h 
orresponds to the 
ross-se
tion limit obtained in this thesis, is derived by exploiting that the


ross-se
tion s
ales with �

2

tu


.
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Ex
lusion limits at 95% CL �

320

(t! etX) �

tu


Semi-Leptoni
 
hannel (e+ �) < 0:96 pb < 0:32

Hadroni
 
hannel < 0:51 pb < 0:23

All 
hannels < 0:60 pb < 0:25

Table 8.5: . Ex
lusion limits at 95% CL on the single top 
ross-se
tion at

p

s = 320 GeV

and the tu
-
oupling.
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–

Figure 8.6: The ex
lusion limits (at 95% CL) on the anomalous tu
-
oupling ob-

tained with this analysis for the semi-leptoni
 
hannel, the hadroni
 
hannel and

the 
ombination of all 
hannels. For the latter, the e�e
t of a variation of the top

mass is indi
ated as error band. The limits are shown in the v

Z

� �

tu


plane (v

Z

=

ve
tor 
oupling of the top quark to a Z boson and a light quark, �

tu


= magneti



oupling of the top quark to a photon and an u-quark). The HERA experiments

are only sensitive to the tu
-
oupling.
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Figure 8.7: .The 
urrent status of 
onstraints on the anomalous magneti
 
oupling

of the top quark to a photon and a light quark (�




= �

tq


; q = u; 
) and on

the anomalous ve
tor 
oupling of the top quark to a Z boson and a light quark

(v

Z

= v

tqZ

; q = u; 
). The ex
lusion limits from HERA, LEP and TeVatron are

shown. The HERA experiments (H1 and ZEUS) are only sensitive to the tu
-


oupling, for whi
h they set the strongest limits.
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8.4 Comparison with Other Experiments

At present, there are three high energy physi
s fa
ilities that provide a suÆ
iently

large 
enter-of-mass energy for the produ
tion of top quarks. This se
tion summarizes

the existing sear
hes for single top quarks at the TeVatron and LEP 
olliders and the

other HERA 
ollider experiment ZEUS. The 
urrent status of 
onstraints on FCNC


ouplings involving the top quark is presented in �gure 8.7.

(a) HERA

e

u

e

top

γ

κ γ

(b) LEP

e

e

top

u,c

κ γ , v Ζ
γ , Ζ

(
) TeVatron

κ γ , v Ζtop

u,c

γ , Ζ

Figure 8.8: Diagrams for FCNC single top produ
tion and de
ay at HERA, LEP,

and the TeVatron.

8.4.1 Single Top at TeVatron

The CDF 
ollaboration at the TeVatron performed a sear
h for radiative top de
ays

t ! q
 and t ! qZ (Z ! e

+

e

�

; �

+

�

�

) in p�p 
ollisions at

p

s = 1:8 TeV. The


orresponding diagram is illustrated in �gure 8.8 (
). In the Standard Model, bran
hing

ratios of 10

�10

or smaller are expe
ted for these de
ays [18, 68℄. The main ba
kground

to single top produ
tion at the TeVatron is t

�

t produ
tion.

The CDF 
ollaboration reports one event in the t ! q
 
hannel and one event

in the t ! qZ 
hannel, both 
onsistent with the ba
kground expe
tation. Ex
lusion

limits are obtained for the bran
hings BR(t! u
)+BR(t! 

) < 3:2% and BR(t!

uZ)+BR(t! 
Z) < 33% [18℄. They 
an be translated into bounds on the anomalous


ouplings �




< 0:42 and v

z

< 0:73 [67℄. The limit on �




is valid for both tu
- and

t

-
ouplings. Considering only the 
oupling to the u-quark, the CDF limit is mu
h

weaker than the one obtained by H1.

Also the Standard Model ele
troweak produ
tion of single top quarks in W -gluon

fusion or W

?

pro
esses has been sear
hed for with the CDF and D0 experiments [6, 7℄.

Assuming jV

tb

j = 1, the predi
ted 
ross-se
tions for Wg and W

?

are 1.7 pb [69℄ and

0.7 pb [70℄, respe
tively (
ompared to 5.1 pb for t

�

t produ
tion [71℄). Due to low signal

eÆ
ien
ies, the CDF and D0 analyses of Run I data (� 110 pb

�1

) showed no sensitivity

to ele
troweak single top produ
tion. For TeVatron Run II, the signal might be within

rea
h.

8.4.2 Single Top at LEP

Single top produ
tion in asso
iation with a light quark (q = u; 
) in the pro
ess e

+

e

�

!

t�q(

�

tq) (illustrated in �gure 8.8 (b)) has a
tively been sear
hed for at the LEP2 
ollider,
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sin
e its 
enter-of-mass energy ex
eeds the top produ
tion threshold. It 
orresponds to

the 
rossed pro
ess 
ompared to diagram (a) relevant for HERA. Sin
e e

+

e

�


ollisions

also provide sensitivity to anomalous tqZ-
ouplings, the 
ouplings to the photon (�




)

and to the Z boson (v

Z

) have been investigated simultaneously.

The preliminary results of the four experiments using data with

p

s up to 209 GeV,


orresponding to an integrated luminosity of approximately 600 pb

�1

per experiment,

were 
ombined in [67℄. No eviden
e for single top produ
tion has been observed in

the �nal state bWq with the W de
aying leptoni
ally or hadroni
ally. The ex
lusion

limits obtained in this preliminary LEP 
ombination are �




< 0:36 and v

z

< 0:31 at

95% CL for a top quark mass of m

t

=174 GeV (�gure 8.7). These limits represent the


urrently strongest 
onstraints on the anomalous 
ouplings from 
olliders other than

HERA. The ALEPH, L3, and OPAL 
ollaborations have re
ently published their �nal

results in [72, 73, 74℄.

8.4.3 Isolated Leptons and Single Top at ZEUS

The ZEUS 
ollaboration, the other HERA 
ollider experiment besides H1, has also


arried out a sear
h for isolated lepton events and single top produ
tion [75℄. In the

hadroni
 
hannel, the analysis is similar to the 
ut-based analysis presented in this the-

sis, and the preliminary results of both experiments are 
onsistent (see �gure 8.9 (d)).

In the semi-leptoni
 
hannel, ZEUS 
arries out a more in
lusive sele
tion with a

larger expe
tation of non-W ba
kground (see �gure 8.9 (a) and (b)) and a sele
tion

dedi
ated to look for W bosons and top quarks at high P

X

T

(see table 8.6). ZEUS

sees no ex
ess of isolated lepton events above the Standard Model expe
tation. In

parti
ular, they see no isolated ele
tron or muon event with a hadroni
 transverse mo-

mentum P

X

T

> 40 GeV. Even though extensive 
omparisons between both experiments

have been undertaken, e.g. restri
ting the phase spa
e to rea
h 
omparable a

eptan
es

for both analyses, the dis
repan
y in the yield of ele
tron and muon events at high P

X

T

persists and remains a puzzle. Only HERA II data will be able to shed light on this

dis
repan
y and de
ide whether it 
omes from a statisti
al 
u
tuation or not.

The ZEUS 
ollaboration has re
ently presented a sear
h for isolated tau leptons [76℄.

In the tau 
hannel, they report two 
andidates with large P

X

T

� 40 GeV for a low

Standard Model expe
tation (see �gure 8.9 (
) and table 8.6). These two events possess

similar kinemati
 properties as the outstanding isolated ele
tron and muon events

observed by H1. The extension of the H1 single top analysis to the tau 
hannel is


urrently in work.

ZEUS preliminary Ele
trons Muons Taus

e

�

p (130.5 pb

�1

) obs./exp. obs./exp. obs./exp.

P

X

T

> 25 GeV 1 / 1.14 � 0.06 1 / 1.29 � 0.16 2 / 0.12 � 0.02

P

X

T

> 40 GeV 0 / 0.46 � 0.03 0 / 0.50 � 0.08 1 / 0.06 � 0.01

Table 8.6: Observed and expe
ted event yields of the ZEUS isolated lepton analysis.

Numbers taken from [75, 76℄.
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A 
omparison of the H1 and ZEUS isolated lepton results for the 
ombination of

ele
tron, muon (and tau) 
hannels is shown in table 8.7. On the basis of these numbers,

the 
ompatibility 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, dedu
ed from the sum of the H1 and ZEUS event numbers, without making

any assumptions on the nature of the signal).

For ea
h experiment, a 
on�den
e level for the signal+ba
kground hypothesis is 
om-

puted, whi
h 
orresponds to the probability that the obtained result is 
onsistent with

the signal+ba
kground expe
tation. The 
ompatibility between the H1 and ZEUS

results is then evaluated as the probability that two measurements would give results

that are less 
onsistent with the signal+ba
kground expe
tation than the H1 and ZEUS

results [77℄. This probability is found to be � 2% in absen
e of a signal, and � 10%

for a mean signal.

Isolated Leptons observed / expe
ted

H1 (e+ �) 11 = 3:67� 0:96

ZEUS (e+ �+ �) 4 = 2:55� 0:24

Table 8.7: Comparison of the H1 and ZEUS results on isolated leptons at P

X

T

> 25 GeV.

As for the single top 
ross-se
tion and the tu
-
oupling, ZEUS reports the following

ex
lusion limits at 95%CL (tau 
hannel not in
luded):

�(ep! etX;

p

s = 320 GeV) < 0:25 pb and �

tu


< 0:19.

These limits are stri
ter than the H1 limits due to the absen
e of top 
andidates in the

ele
tron and muon 
hannels. In the preliminary ZEUS results, systemati
 errors are

not yet taken into a

ount.

8.4.4 Outlook for FCNC Single Top Produ
tion

The sensitivity of the HERA and TeVatron 
olliders to FCNC pro
esses will signi�-


antly in
rease with the large luminosities expe
ted in the near future. Both TeVatron

Run II and HERA II have started taking data.

The goal of HERA II is to 
olle
t an integrated luminosity of � 1 fb

�1

in �ve

years, whi
h would suÆ
e to either gather enough isolated lepton 
andidates to 
laim

a dis
overy or to improve the 
urrent ex
lusion limit on the FCNC 
oupling by roughly

a fa
tor of three to �

tu


< 0:07.

The sear
h for radiative top de
ays t! q
 in TeVatron Run IIa (2 fb

�1

) has been

estimated to yield �

tu


< 0:13 [78℄. It will also allow a test of the FCNC 
oupling to

the gluon. After 2007, the LHC will be able to study all above mentioned anomalous


ouplings of the top quark with mu
h higher sensitivity.
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Figure 8.9: Preliminary results on isolated leptons and single top produ
tion ob-

tained by the ZEUS 
ollaboration. Shown are the hadroni
 transverse momentum

distributions in the ele
tron 
hannel (a), muon 
hannel (b), tau 
hannel (
) and

the 3-jet mass distribution in the hadroni
 
hannel (d). In (
) and (d), the top

simulation is shown with arbitrary normalization. Taken from [75, 76℄.

8.5 Summary

For ea
h analyzed de
ay 
hannel of the top quark, a possible fra
tion of signal events

in the data is obtained in a maximum-likelihood �t. Single top 
ross-se
tions of

�

320

= 0.43

+0:33

�0:18

(0.05

+0:27

�0:24

) pb are derived for the semi-leptoni
 (hadroni
) 
hannel.

The two results are found to be 
onsistent within 1:2 �, taking statisti
al and system-

ati
 un
ertainties into a

ount. The additional 
ontribution from single top produ
tion

to the Standard Model ba
kground, as obtained from the �t, signi�
antly in
reases the


ompatibility between data and simulation 
ompared to the ba
kground-only hypothe-

sis. However, for the 
ombination of all 
hannels, the probability that the data are still


onsistent with the Standard Model is still sizeable (16%). Therefore ex
lusion limits

are set on the single top 
ross-se
tion (�

320

(ep! etX) < 0:60 pb) and the tu
-
oupling

(�

tu


< 0:25).
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The 
omparison with sear
hes for FCNC top produ
tion at other experiments has

shown that:

1. the HERA experiments have a large sensitivity the FCNC single top produ
-

tion via photon ex
hange, beyond the rea
h of other experiments at LEP and

TeVatron.

2. there is a dis
repan
y in the yields of isolated ele
tron and muon events observed

by H1 and ZEUS. More data statisti
s will be needed to 
larify this disagreement.

Sin
e ZEUS sees no ex
ess of events at high P

X

T

, they set a stri
ter ex
lusion

limit on the 
ross-se
tion for single top produ
tion. However, ZEUS observes

two 
andidates at high P

X

T

in the tau 
hannel. Comparing the results on isolated

leptons from H1 and ZEUS (in
luding taus), they are found to be 
ompatible

with a probability of � 2% (� 10%) assuming no signal (a mean signal) .





Chapter 9

Summary and Outlook

In this thesis, a sear
h for the produ
tion of single top quarks in ep 
ollisions is pre-

sented. This sear
h is motivated by the observation of outstanding events with an

isolated ele
tron or muon and missing transverse momentum in the H1 dete
tor. In

addition, some of these events possess an unexpe
tedly large hadroni
 transverse mo-

mentum P

X

T

. The dominant Standard Model pro
ess that produ
es similar �nal states

is the produ
tion of real W bosons. However, the observed rate of the isolated lepton

events together with their kinemati
al properties, mainly their large hadroni
 trans-

verse momentum, make an interpretation as events from W produ
tion or other Stan-

dard Model pro
esses unlikely.

The probability that the isolated ele
tron and muon events are 
onsistent with the

Standard Model is 9:7 �10

�3

(4:0 �10

�3

) obtained from a 
on�den
e level 
omputation

using the full P

X

T

-spe
trum (only P

X

T

> 25 GeV). Systemati
 un
ertainties are taken

into a

ount by s
aling up the Standard Model predi
tion a

ordingly. These proba-

bilities are low enough to seriously 
onsider pro
esses beyond the Standard Model as

possible interpretation of the observed data 
andidates.

One interpretation is single top produ
tion. The predi
ted 
ross-se
tion for Stan-

dard Model top produ
tion 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, 
avor 
hanging neutral 
urrent 
ouplings 
an be 
onsiderably enhan
ed, whi
h

would in
rease the produ
tion 
ross-se
tion. In this analysis, a 
omprehensive sear
h

for singly produ
ed top quarks is 
arried out assuming a model with 
avor 
hanging

neutral 
urrent intera
tions involving a 
oupling of the top quark to a u-quark in the

proton and a photon. Top quark de
ays into a b-quark and a W boson are 
onsid-

ered in both the leptoni
 and the hadroni
 de
ay modes of the W . The full HERA I

data re
orded with the H1 experiment, 
orresponding to an integrated luminosity of

118 pb

�1

, are analyzed.

An optimized set of observables is used for the dis
rimination of the top signal and

the Standard Model ba
kground. In ea
h de
ay 
hannel, �rst a 
ut-based sele
tion

of top 
andidates is 
arried out. In the semi-leptoni
 
hannel, this sele
tion yields

�ve top 
andidates for a Standard Model expe
tation of 1.61 � 0.42 events. The

dominant ba
kground is W produ
tion. Obviously a part of the observed data events

�ts kinemati
ally better to single top produ
tion than to the Standard Model. Three of

the sele
ted top 
andidates have invariant masses 
lose to and 
ompatible with the top
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mass (M

`���jets

= 168

+11

�11

; 172

+9

�10

; 176

+9

�12

GeV). In the hadroni
 
hannel, the 
ut-based

top sele
tion yields 18 events for 20.2 � 3.0 events expe
ted. Therefore no deviation

from the Standard Model is seen. In 
ontrast to the semi-leptoni
 
hannel, the expe
ted

ba
kground from QCD pro
esses is however large.

In a se
ond step, a likelihood analysis is 
arried out to maximize the sensitivity

to the signal. By 
onstru
ting a likelihood dis
riminator, an improved signal and

ba
kground separation is rea
hed. The dis
riminator spe
tra are used for a maximum-

likelihood �t of the signal normalization to the data. The results obtained in ea
h


hannel are evaluated on a statisti
al basis. The maximum-likelihood �t results in a


ross-se
tion for single top produ
tion of 0.43

+0:33

�0:18

(0.05

+0:27

�0:24

) pb for the 
ombined semi-

leptoni
 
hannel (hadroni
 
hannel) at

p

s = 320 GeV. Both 
hannels are 
ompatible

within 1:2 � taking statisti
al and systemati
 un
ertainties into a

ount. A 
ombina-

tion of all three 
hannels gives the 
ombined single top 
ross-se
tion of 0.31

+0:16

�0:15

pb.

The 
ompatibility of the �tted signal+ba
kground distribution with the data has been

evaluated and 
ompared to the 
ompatibility with the ba
kground-only hypothesis.

The results presented in table 9.1 show that the signal+ba
kground �t gives a mu
h

better des
ription of the data than the Standard Model ba
kground alone.

1� CL

s+b

1� CL

b

w/o syst. 1� CL

b

with syst.

Semi-leptoni
 
hannel (e+ �) 36% 0.4% 1.6%

All 
hannels 34% 12% 16%

Table 9.1: Probabilities 1� CL

s+b

for the signal+ba
kground hypothesis and 1� CL

b

for the ba
kground-only hypothesis (with and without in
lusion of systemati
 un
er-

tainties).

These result 
an be summarized by stating that the H1 data are best des
ribed

in rate and distributions by a 
ombination of the Standard Model predi
tion with a

signal from new physi
s. Su
h a new signal 
ould very well be single top produ
tion.

However, the number of observed top 
andidates is still small and the probability of a

Standard Model ba
kground 
u
tuation still sizeable. Hen
e the obtained results are

also translated into ex
lusion limits on the single top produ
tion 
ross-se
tion and the


orresponding strength of the FCNC 
oupling. The obtained bounds at 95% CL are:

�(ep! etX;

p

s = 320 GeV) < 0:60 pb ; �

tu


< 0:25 : (9.1)

A 
omparison with sear
hes for single top produ
tion or rare top quark de
ays


arried out by other experiments shows that the HERA experiments have the largest

sensitivity to the anomalous tu
-
oupling and set the strongest limit. As opposed to

the H1 results, the ZEUS 
ollaboration reports no ex
ess of ele
tron or muon events,

but sees two 
andidates at high P

X

T

in the tau 
hannel. Comparing the results of both

experiments for P

X

T

> 25 GeV assuming a mean signal rate, both experiments are


ompatible with ea
h other with a probability of � 10%. Assuming that no signal

exists, the 
ompatibility de
reases to � 2%.
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Due to the small number of data events, the presented sear
h for top quarks is domi-

nated by statisti
al un
ertainties, in parti
ular in the semi-leptoni
 
hannel. Therefore

more statisti
s is needed to be able to de
ide if the isolated lepton ex
ess is only an

(unlikely) statisti
al 
u
tuation. HERA II is 
urrently starting a phase of operation at

higher luminosity, aiming at 
olle
ting data 
orresponding to an integrated luminosity

of 1 fb

�1

in the next �ve years. This in
rease of the integrated luminosity by a fa
tor

of � 10 should either turn the isolated lepton ex
ess into a dis
overy or signi�
antly

improve the limit on the FCNC 
oupling �

tu


(by roughly a fa
tor of three to 0.07).

Besides higher statisti
s, also the following aspe
ts will be relevant for the single

top analysis in the future:

� During the shutdown in 2001, various 
omponents of the H1 dete
tor have been

upgraded or newly installed. The new forward tra
ker will hopefully allow an

improved tra
king in the forward region, where most of the parti
les from top

de
ays are expe
ted. Also a new sili
on tra
ker (FST) was installed in the for-

ward region of the dete
tor. Together with the 
entral sili
on tra
ker (CST), the

a

eptan
e will be signi�
antly in
reased. This may allow an eÆ
ient tagging of

b-quarks in top events.

� The single top analysis at H1 is 
urrently being extended to in
lude the tau


hannel. Hadroni
 tau de
ays are identi�ed as narrow jets with one or three

tra
ks in the dete
tor. Tau 
andidates at high P

X

T

, as the two 
andidates observed

by ZEUS, 
ould ni
ely 
omplement the observations in the ele
tron and muon


hannels.

� A next-to-leading order 
al
ulation for the W produ
tion 
ross-se
tion in ep 
ol-

lisions has re
ently been published [79℄. It 
ould unfortunately not be in
luded

in this thesis. The 
al
ulated leading order 
ross-se
tion 
orresponds within a

few per
ent to the predi
tion of the EPVEC generator, as used in this analysis.

The systemati
 un
ertainty on the predi
ted 
ross-se
tion is redu
ed from 30% to

15%, whi
h would have some impa
t on the probabilities (in
luding systemati
s)

evaluated in this thesis.

� Although single top produ
tion seems to kinemati
ally �t quite well to the iso-

lated lepton ex
ess, there are other interpretations that may be worthwhile to be

studied. One example is the produ
tion of stop quarks in supersymmetri
 models

with R-parity violation. A possible stop de
ay

~

t !

~

bW

+

! d ��

e

�

+

�

�

(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 Hadroni
 P

T

This appendix 
ontains event displays of all ten isolated lepton events sele
ted as W


andidates that have a high hadroni
 transverse momentum (P

jets

T

> 25 GeV). First the

four ele
tron events are presented in in
reasing order of P

jets

T

, then the six muon events.

The �ve events sele
ted in the 
ut-based top analysis are marked as top 
andidates.

Figure A.1: W ! e

+

� 
andidate.

P

e

T

= 38 GeV , P

miss

T

= 42 GeV , P

jets

T

= 27 GeV ,M

e���jets

= 144 GeV.
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Figure A.2: W ! e

+

� 
andidate. (top 
andidate)

P

e

T

= 32 GeV , P

miss

T

= 44 GeV , P

jets

T

= 43 GeV , M

e���jets

= 155 GeV.

Figure A.3: W ! e

+

� 
andidate with tagged s
attered ele
tron. (top 
andidate)

P

e

T

= 25 GeV , P

miss

T

= 40 GeV , P

jets

T

= 47 GeV , M

e���jets

= 168 GeV ,

M

e�

= 79 GeV.
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Figure A.4: W ! e

+

� 
andidate. (top 
andidate)

P

e

T

= 32 GeV , P

miss

T

= 67 GeV , P

jets

T

= 48 GeV , M

e���jets

= 160 GeV.

Figure A.5: W ! �

+

� 
andidate.

P

�

T

= 60

+19

�12

GeV , P

miss

T

= 31 GeV , P

jets

T

= 26 GeV , M

e���jets

= 113 GeV.
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Figure A.6: W ! �

�

� 
andidate with tagged s
attered ele
tron.

P

�

T

= 41

+6

�4

GeV , P

miss

T

= 45 GeV , P

jets

T

= 27 GeV , M

e���jets

= 159 GeV ,

M

��

= 79 GeV.

Figure A.7: W ! �� 
andidate. The muon 
harge is undetermined.

P

�

T

= 64

+55

�38

GeV , P

miss

T

= 79 GeV , P

jets

T

= 27 GeV , M

e���jets

= 147 GeV.
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Figure A.8: W ! �

+

� 
andidate with a se
ond muon in the jet. (top 
andidate)

P

�

T

= 20

+1

�1

GeV , P

miss

T

= 67 GeV , P

jets

T

= 55 GeV , M

e���jets

= 172 GeV.

Figure A.9: W ! �

�

� 
andidate.

P

�

T

= 73

+12

�9

GeV , P

miss

T

= 22 GeV , P

jets

T

= 64 GeV , M

e���jets

= 169 GeV.
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Figure A.10: W ! �

+

� 
andidate. (top 
andidate)

P

�

T

= 51

+17

�11

GeV , P

miss

T

= 28 GeV , P

jets

T

= 72 GeV , M

e���jets

= 176 GeV.



Appendix B

Spin Correlations in Top Quark

De
ays

In this 
hapter, the 
orrelations between the spin of the top quark and the spin of the

W boson are dis
ussed for top quark de
ays t! bW ! b`�.

The shape of the 
os(�

?

W

) distribution presented in �gure 6.20 is a 
onsequen
e of

a spe
i�
 mixture of W heli
ities in top quark de
ays. To re
all, the W de
ay angle

�

?

W

is de�ned as the angle between the lepton in the W rest frame and the W dire
tion

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

possible for W bosons emerging from top de
ays. The right-handed heli
ity state is

absent, while the left-handed and longitudinal heli
ity states o

ur in the ratio [59℄:

W

left

: W

long

= 2M

2

W

: M

2

top

� 30% : 70%: (B.1)

The reason for this is the V-A stru
ture of the ele
tro-weak theory. Due to the V-A


oupling of the W to quarks and the negligible b-quark mass 
ompared to its energy

obtained in the top de
ay, the left-handed 
hirality of the tbW -vertex leads to a left-

handed heli
ity of the b-quark. When the W is emitted in the dire
tion of the top

quark spin, angular momentum 
onservation tells us that the spin of the W has to be

perpendi
ular to the spin of the top and the b-quark (longitudinal W ). Similarly, the

spin of the W has to point in the same dire
tion as the spin of the top quark for a W

emitted in the opposite dire
tion (left-handed W ).

How is the W spin dire
tion now related to the dire
tion of the lepton? This

be
omes 
lear by looking at �gure B.1 (
). Single top produ
tion at HERA yields

W

+

bosons and thus positively 
harged leptons in the subsequent leptoni
 de
ays of

the W

+

. Due to the left-handedness of the neutrino, the positively 
harged lepton

must be emitted in the dire
tion of the W spin. Therefore the 
ontribution to 
os(�

?

W

)

from left-handed W 's is a term / (1 � 
os(�

?

W

))

2

and from longitudinal W 's a term

/ sin

2

(�

?

W

). The angular distribution has the following form:

dN

d(
os(�

?

W

))

� 0:3 �

1

4

(1� 
os(�

?

W

))

2

+ 0:7 �

1

2

sin

2

(�

?

W

): (B.2)

This equation is also valid for unpolarized top quarks, as implemented in the generator

ANOTOP. The 
os(�

?

W

) distribution obtained for ANOTOP events on parton level
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is shown in �gure B.2 together with the individual 
ontributions expe
ted from left-

handed and longitudinal W 's.

As a side remark, it should be mentioned that as a 
onsequen
e of the lepton

dire
tion with respe
t to the W spin and the two possible W heli
ities in top de
ays,

the transverse momentum of the neutrino in the top de
ay 
hain tends to be larger than

the transverse momentum of the lepton. The di�eren
e 
omes from the left-handed

W 
omponent. For left-handed W 's, the lepton is emitted opposite to the dire
tion

of motion of the W in the laboratory frame, while the neutrino is emitted in the W

dire
tion, and thus obtains a larger transverse momentum than the ele
tron.
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Figure B.1: Illustrations of the spin 
orrelations in top de
ays (a) and (b) and in

W

+

de
ays (
).
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Figure B.2: Distribution of the 
osine of the W de
ay angle, �

?

W

, for generated top

events (ANOTOP) on parton level. The angular distribution 
onsists of a 
ontri-

bution from left-handed W bosons and a 
ontribution from longitudinal W bosons,

drawn as dashed and dashed-dotted lines.



Appendix C

Transformed Observables and

Correlation Matri
es

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


orrelation (
ovarian
e) matri
es of these variables are given for the top signal and the

ba
kground Monte Carlo samples before and after the transformation.
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C.1 Ele
tron Channel
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Figure C.1: Distributions of the Gaussian transformed variables y

i

for the top sig-

nal (upper plots) and z

i

for the ba
kground (lower plots). Gaussian �ts to the

distributions are shown as solid lines.

Signal Sample

P

jets

T

M

e���jets


os(�

?

W

)

P

jets

T

1.00 0.61 -0.11

M

e���jets

0.61 1.00 -0.12


os(�

?

W

) -0.10 -0.12 1.00

Table C.1: Correlation matrix of the untrans-

formed variables.

y

1

y

2

y

3

y

1

0.97 0.59 -0.11

y

2

0.59 1.00 -0.12

y

3

-0.11 -0.12 0.99

Table C.2: Covarian
e matrix of the

transformed variables.

Ba
kground Sample

P

jets

T

M

e���jets


os(�

?

W

)

P

jets

T

1.00 0.64 -0.01

M

e���jets

0.64 1.00 -0.03


os(�

?

W

) -0.01 -0.03 1.00

Table C.3: Correlation matrix of the untrans-

formed variables.

z

1

z

2

z

3

z

1

0.98 0.63 -0.01

z

2

0.63 1.04 -0.02

z

3

-0.01 -0.02 1.00

Table C.4: Covarian
e matrix of the

transformed variables.
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C.2 Muon Channel

  7.262    /    21

Constant   578.3

Mean -0.3221E-01

Sigma  0.9946

y1

E
v

e
n

ts

0

100

200

300

400

500

600

700

800

900

-2 0 2

  11.24    /    21

Constant   574.5

Mean -0.3243E-01

Sigma   1.002

y2

E
v

e
n

ts

0

100

200

300

400

500

600

700

800

900

-2 0 2

  6.111    /    21

Constant   575.6

Mean -0.1570E-01

Sigma  0.9990

y3

E
v

e
n

ts

0

100

200

300

400

500

600

700

800

900

-2 0 2

  12.09    /    21

Constant   111.1

Mean -0.2102E-01

Sigma   1.012

z1

E
v

e
n

ts

0

20

40

60

80

100

120

140

160

-2 0 2

  3.989    /    21

Constant   112.5

Mean -0.1957E-01

Sigma   1.007

z2

E
v

e
n

ts

0

20

40

60

80

100

120

140

160

-2 0 2

  13.58    /    21

Constant   114.1

Mean -0.2144E-01

Sigma  0.9826

z3

E
v

e
n

ts

0

20

40

60

80

100

120

140

160

-2 0 2

Figure C.2: Distributions of the Gaussian transformed variables y

i

for the top sig-

nal (upper plots) and z

i

for the ba
kground (lower plots). Gaussian �ts to the

distributions are shown as solid lines.

Signal Sample

P

jets

T

M

e���jets


os(�

?

W

)

P

jets

T

1.00 0.54 -0.13

M

e���jets

0.54 1.00 -0.05


os(�

?

W

) -0.13 -0.05 1.00

Table C.5: Correlation matrix of the untrans-

formed variables.

y

1

y

2

y

3

y

1

1.06 0.56 -0.13

y

2

0.56 1.03 -0.06

y

3

-0.13 -0.06 1.04

Table C.6: Covarian
e matrix of the

transformed variables.

Ba
kground Sample

P

jets

T

M

e���jets


os(�

?

W

)

P

jets

T

1.00 0.68 0.02

M

e���jets

0.68 1.00 0.04


os(�

?

W

) 0.02 0.04 1.00

Table C.7: Correlation matrix of the untrans-

formed variables.

z

1

z

2

z

3

z

1

1.15 0.77 0.06

z

2

0.77 1.15 0.02

z

3

0.06 0.02 1.15

Table C.8: Covarian
e matrix of the

transformed variables.



150 C Transformed Observables and Correlation Matri
es

C.3 Hadroni
 Channel

  21.40    /    21

Constant   557.1

Mean -0.8215E-01

Sigma  0.9750

y1

E
v

e
n

ts

0

100

200

300

400

500

600

700

800

-2 0 2

  30.11    /    21

Constant   536.8

Mean -0.4709E-01

Sigma   1.009

y2

E
v

e
n

ts
0

100

200

300

400

500

600

700

800

-2 0 2

  20.22    /    20

Constant   552.6

Mean -0.6406E-01

Sigma  0.9863

y3

E
v

e
n

ts

0

100

200

300

400

500

600

700

800

-2 0 2

  20.11    /    21

Constant   442.7

Mean -0.6514E-01

Sigma   1.008

z1

E
v

e
n

ts

0

100

200

300

400

500

600

700

-2 0 2

  44.99    /    21

Constant   432.0

Mean -0.6291E-01

Sigma   1.029

z2

E
v

e
n

ts

0

100

200

300

400

500

600

700

-2 0 2

  21.02    /    20

Constant   450.0

Mean -0.4989E-01

Sigma  0.9969

z3

E
v

e
n

ts

0

100

200

300

400

500

600

700

-2 0 2

Figure C.3: Distributions of the Gaussian transformed variables y

i

for the top signal

(upper plots) and z

i

for the photoprodu
tion ba
kground (lower plots). Gaussian

�ts to the distributions are shown as solid lines.

Signal Sample

P

jets

T

M

e���jets


os(�

?

W

)

P

jets

T

1.00 0.53 0.07

M

e���jets

0.53 1.00 0.04


os(�

?

W

) 0.07 0.04 1.00
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Appendix D

Dis
riminating Observables after

Cut on the Lepton Charge

This appendix shows the observables used to dis
riminate the top signal from W pro-

du
tion in the ele
tron and muon 
hannels, after reje
ting all events that have a lepton

with well-measured negative 
harge (> 2�).
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Figure D.1: Distributions of the three dis
riminating observables used to separate

single top produ
tion from Standard Model W produ
tion (left: ele
tron 
hannel,

right: muon 
hannel). The distributions are shown after applying a 
ut on the

lepton 
harge, that reje
ts all events with well-measured negative leptons. The top

simulation is arbitrarily normalized to the expe
tation from W produ
tion. The

positions of the data events are marked by arrows. A number above the arrow

indi
ates the number of data events in the 
orresponding bin of the distribution.



Appendix E

Event Displays of Top Candidates

in the Hadroni
 Channel

This appendix presents event displays of sele
ted multi-jet events that pass the top

sele
tion.

Figure E.1: t! bW ! bq

�
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jet1;2;3
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jets
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W
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2jet

= 71 GeV.
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Appendix F

Study of Systemati
 Un
ertainties

for the Signal Fit

In this appendix, the distributions of the �tted numbers of top signal events are shown

after a Gaussian smearing of the di�erent quantities a�e
ted with a systemati
 un-


ertainty. Ea
h distribution 
ontains (at least) 200 entries. The un
ertainty on the

number of signal events is obtained by applying Gaussian �ts to these distributions.

The results of the �ts are shown.
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Figure F.1: Systemati
 un
ertainty on the number of signal events due to di�erent

experimental un
ertainties in the hadroni
 
hannel.
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Figure F.2: Systemati
 un
ertainty on the number of signal events due to di�erent

experimental un
ertainties in the ele
tron 
hannel.
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F.3 Muon Channel
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Figure F.3: Systemati
 un
ertainty on the number of signal events due to di�erent

experimental un
ertainties in the muon 
hannel.
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