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Zusammenfassung

Die Produktion von Lepton-Paaren in der ep-Streuung erfolgt im Stan-
dardmodell in erster Linie iiber Zwei-Photonen-Prozesse. Im Bereich grofer
invarianter Di-Lepton-Massen M, werden kleine Wirkungsquerschnitte fiir
Lepton-Paar-Erzeugung erwartet. In dieser Diplomarbeit werden Endzustande
untersucht, die Elektronen und Myonen mit groflen Transversalimpulsen en-
thalten. Die Daten wurden in den Jahren 1994-2000 und 2003-2004 am
H1 Detektor genommen und entsprechen einer integrierten Luminositat von
172 pb~L
Die Pr- und Massenspektren werden den Vorhersagen des Standardmodells
gegeniibergestellt. Mit acht Ereignissen im Bereich grofler invarianter Massen
Mo > 100 GeV wird die Vorhersage dort leicht iibertroffen. Eine signifikante
Abweichung wird jedoch nicht gefunden.

In der Arbeit werden zudem Methoden vorgestellt, mit denen sich die Massen-
auflosung verbessern lasst.

Abstract

Lepton pair production in ep scattering in the Standard Model is mainly
provided by the two-photon process. Small cross-sections are predicted at
high invariant di-lepton masses Mis. Multi-lepton production is studied in
this diploma thesis searching for topologies with electrons and muons in the
final state. Data were taken at the H1 detector during 1994-2000 and 2003-
2004 and correspond to an integrated luminosity of 172 pb~1.

The Pr and mass spectra are compared to the Standard Model predictions.
Eight events with invariant masses M5 > 100 GeV correspond to a slight
excess of data compared to the theoretical prediction. However, no significant
deviation is found in the analysis.

Additionally, the diploma thesis presents methods allowing an improvement
of mass resolution.



Contents

Introduction

1 Lepton Pair Production
1.1 Overview . . . . . . . . o
1.2 Electroweak Lepton Pair Production . .. . ... ... .. ..
1.2.1 Two-Photon Process . . . . .. ... ... ... ....
1.2.2 Cabibbo-Parisi and Drell-Yan Process . . . . . . .. ..
1.2.3 Z%Production. . . . .. .. .. ... ... ... .
1.2.4 Comparison Between the Electroweak Processes . . . .
1.2.5 Monte Carlo Samples . . . . . . .. ... ... ... ..
1.3 Vector Meson Resonances . . . .. .. ... ... .......
1.4 Background Processes . . . . . ... ... ... ...
1.4.1 Misidentification of Electrons . . . . .. ... ... ..
1.4.2 Misidentification of Muons . . . . . ... ... ... ..
1.4.3 Simulation of the Background . . . . . . .. ... ...
1.5 Goals of the Analysis . . . . . .. ... ... ... ... .. ..
1.5.1  Multi-Electron Analysis of HERA-I Data . . . . . . ..
1.6 Lepton Production Beyond the Standard Model . . . . . . ..
1.6.1 Supersymmetry and Doubly Charged Higgs . . . . ..

2 Experimental Setup
2.1 The HERA Collider . . . . . . . .. ... ... ... .. ....
2.2 The H1 Detector . . . .. .. ... ... ... .. .......
2.2.1 Tracking System . . . ... .. ... oL
2.2.2 Calorimeters. . . . . . . .. .. ... ... ..
2.2.3 Muon System . . . . ...
2.2.4 Triggers . . . . . ..o

3 Particle Identification
3.1 Track Selection . . . . . . . . . . ...
3.2 Electron Identification . . . . . . . . . . . . ... ...



3.2.1 Electron Finder . . . . . . . . . . . ... ... .. ... 37

3.2.2 Additional Criteria . . . . . . . ... ... ... .... 38
3.2.3 Electron Identification Efficiencies . . . . . . . . . . .. 40
3.3 Muon Identification . . . . . . . ... ... 43
3.3.1 Muon Finder . . . . .. . ... ... ... ..., 43
3.3.2 Additional Criteria . . . . . . . .. . ... ... .... 46
3.3.3 'Triggers for the Muon Selection . . . .. .. ... ... 48
3.3.4 Muon Identification Efficiencies . . . .. ... ... .. 51
3.4 Systematic Errors . . . . ... ..o 52
3.4.1 Experimental Uncertainties . . .. ... ... ... .. 592
3.4.2 Theoretical Uncertainties . . . . . . . .. ... ... .. 53
Multi-Lepton Analysis 54
4.1 Lepton Selection Criteria . . . . . . . . ... ... ... .... 54
4.1.1 Phase-space for Electrons and Muons . . . . . . .. .. 54
4.1.2 Anti-cosmics Rejection . . . . . . ... ... ... ... 56
4.1.3 Pp Correction by the “Ppr-Balance Method” . . . . .. o8
4.2 Results of the Analysis . . . . . . ... .. ... ... ... .. 60
4.3 Sub-Classes of Di-Lepton Channels HERA-I and -1I . . . . . . 62
431 e-eChannel . . ... ... ... ... ... ... ... 63
432 epChannel . . . . ... Lo oo 65
4.3.3 p-p Channel . . . . ..o 66
4.4 Sub-Classes of Tri-Lepton Channels HERA-T and -1T. . . . . . 68
441 e-e-eChannel . ... .. .. ... ... ... ... ... 68
4.4.2 ep-p Channel . . . . .00 71
4.4.3 Radiative Events . . . . . . .. ... ... ... .. .. 72
4.5 Events in the High Mass Range . . . . . . ... .. ... ... 74
Kinematical Fit for High Mass Events 76
5.1 Motivation . . . . . . . ... 76
5.2 Description of the Fit Programme APLCON . . . . . ... .. 79
5.2.1 Quality of the Kinematical Fit . . . . . . . . .. .. .. 82
5.3 Choice of Parameters . . . . . . . . . . . ... ... .. ..., 83
5.3.1 Fitting Electrons . . . . . . .. ... oL 83
5.3.2 FittingMuons . . . . .. ..o 84
5.4 Tests of the Fit Method for Muons . . . . . ... ... .. .. 88
5.4.1 MC Event Sample . . . ... ... ... ........ 89
5.4.2 Conclusion . . . . . . . . ... o 101
55 FitResults. . . . . . . . . .. 101
5.5.1 Run 367354, Event 22364 . . . .. ... ... ..... 101
5.5.2 Run 383168, Event 78379 . . . . . ... ... ... .. 104



5.5.3  Summary . . . . ... 108

6 Conclusion and Outlook 109
Bibliography 111
Appendix 115
Danksagung — Remerciements 120



Introduction

The Standard Model (SM) is a very successful theory which describes almost
all experiments in modern particle physics with high accuracy. This theory is
based on the concept of local gauge symmetry, consisting of a SU(2),®@U(1)y
symmetry for electroweak interactions and a SU(3)¢ symmetry for strong in-
teractions.

In spite of the good agreement with the experiments, there are many in-
dications that the SM will not be the final theory of particle physics. The
Standard Model contains at least 19 arbitrary parameters, among them three
gauge couplings, parameters associated with the nine charged fermion masses
and the four mixing angles in the CKM matrix. These values are chosen to
fit the data. Consequently, the SM is not able to explain the origin of particle
masses, or to improve our understanding of the hierarchy of quark mixing
angles. Many other questions like the origin of CP violation or the asymme-
try between matter and antimatter still remain unanswered.

For this reason, many different theories beyond the Standard Model (BSM)
have been developed in the recent years by theoretical physicists. One possi-
ble approach to the BSM are the supersymmetric (SUSY) models which in-
troduce a symmetry between bosons and fermions associating partners with
spin 1 to fermions. This method unifies the electroweak and the strong in-
teraction describing particles and their interactions in one gauge group. In
the high energy range there is only one coupling constant characterising the
unified interaction, whereas in lower regions broken symmetry leads to the
behaviour predicted by the SM.

Some supersymmetric models already expect BSM-phenomena in regions ac-
cesible for current particle colliders like HERA with a center of mass energy
of \/s = 320 GeV. Despite the big effort in looking for new event topologies
and resonances in mass spectra, no SUSY-Particle has been identified so far.

Physics beyond the Standard Model is also subject of this diploma thesis,
and for experimentalists there are two different starting points to approach
this aspect of particle physics, the model-dependent and the “generic”, model-



independent search.

The model-dependent search is based on a theory beyond the Standard
Model. It is looked for signals that correspond to a process suggested by
a BSM-model e.g. a SUSY model. If the SM can also contribute to the
signature, its expectation has to be subtracted from the total expectation
(SM+BSM) for the process. If no indications for new physics are found, the
method makes it possible to deduce limits on the process parameters, for
instance on particle masses.

In contrast to the first method, the idea of the model-independent search
is to define a common phase-space for several types of particles — e.g. elec-
trons, muons, jets or neutrinos — identified in the final state. The events are
assigned to classes by their particle content. This method performs a test of
the Standard Model.

Kinematical quantities like the invariant mass or the transverse momentum
are defined. Regions where the SM-predictions are small are of particular in-
terest because of their sensitivity to new physics. The data content of a class
is compared to the SM-expectation. Possible deviations between experiment
and theory highlight in which regions a more detailed search for new physics
could be worthwhile.

In the analysis presented here we have chosen the second approach focussing
on electron and muon topologies. The combination of HERA-T (118 pb™!)
and HERA-IT Data (54 pb~') has been utilised.

In the first chapter, the theoretical background to the subject is presented.
We will discuss the main sources leading to lepton-production, principally
in QED. In addition, an example for a BSM-process is given including some
results of the work by our group on this topic. In Chapter 1.5, we will provide
an overview of the previous analysis which has been done by the H1-Marseille
group, which gave the motivation for the multi-lepton analysis presented
here. The next chapter describes the HERA accelerator and the H1-Detector.
Then we will focus on multi-lepton analysis, explaining selection criteria for
the particles and the methods of background rejection. Next, in Chapter 4
the results of the multi-lepton analysis are presented. The high-mass events
raise further questions leading to a more detailed check. This is presented in
the fifth chapter.



Chapter 1

Lepton Pair Production

1.1 Overview

In this chapter we will describe the processes contributing to lepton pair pro-
duction which can either be elastic (ep — epl™1™) or ineleatic (ep — eX1T17).
X defines the hadronic final state and /]~ corresponds to an electron-, muon-
, (or tau-)pair. Our considerations will mainly be concentrated on the validity
range of the Standard Model. We will discuss by which effects the analysis is
dominated, and which background processes can be taken for a lepton pair
signal. A description of the MC generators used to compare data to the
theory is also provided.

1.2 Electroweak Lepton Pair Production

Lepton pair production in the Standard Model occurs either by the elec-
troweak production processes or by the decay of the vector meson resonances
J/1 and Y. In the electroweak sector, the main sources are processes medi-
ated by two uncharged gauge bosons, in particular the photon-photon colli-
sions vy — [*t]~. Furthermore, lepton pairs can be produced by the conver-
sion of a Bremsstrahlung-photon or by the decay of a Z°.

A certain amount of lepton pairs found in the region around the .J/¢- and
the T-mass stems from the decay of these resonances. Due to its mass, the
decay of the J/1 can only lead to electron or muon pairs whereas the disinte-
gration of the T gives rise to e- u- or 7-pairs. The processes are summarised
in table 1.1.



Electroweak Muon Pair Production:
Two-boson ep — epltl™
via vy — 1T,
vZ°  — I
or 727 — Il
Bremsstrahlung ep — epy — epltl”
Z -production ep — epZ® — epltl™
Decay of Vector Meson Resonances:
J/1 decay J/p — 1T
T decay T — Il

Table 1.1: Lepton pair production in the Standard Model

1.2.1 Two-Photon Process

This section concerns the so-called “T'wo-Photon-" or “Bethe-Heitler Pro-
cess” which is the main source of lepton pair production in the analysis. In
its Feynman diagram, presented in figure 1.1, it is shown that one photon
coming from the proton or quark side interacts with another photon emitted
by the electron. Resulting from the y~v-interaction a lepton pair — e-e, p-p or
7-1 — is produced. This process is referred to as “elastic” if the proton does
not decay, and denoted as “inelastic” if the photon is emitted by one of the
proton constituents.

The cross-section can then be calculated by the formula

do
[dp (87 PT)]
T yy—=lt+i—

(1.1)
according to [Art91].

The calculation is based on the idea of reducing the 2 — 4 reaction to the
simpler 2 — 2 process. This technique has been applied for the first time
by Weizsacker and Williams and has become a common method to handle
multi-particle reactions. Consequently it can be noted that equation (1.1)
consists of three parts, the photon flux from the proton side f,/,(z), the
photon flux from the electron side f,.(2*) and the cross-section of the sub-
process vy — [T1™.

Pr in (1.1) indicates the transverse momentum of the lepton-pair. The vari-

1 1 . [ do .
[ [t o) | G5

ep—eXIti—



Figure 1.1: Bethe-Heitler or two-photon process: main source of lepton pair
production in the Standard Model

able x* denotes the relative energy loss of the electron which is equivalent to
the photon energy: E, = z. - E.

The quantity x is the counterpart on the proton side. s indicates the overall
center of mass energy squared while § is the invariant mass squared of the

lepton pair. The lower limits of the integral are given by z*, = 4P%/(xs)
and T, = 4P2/s. These variables are correlated by
§=uaxx"s (1.2)
While the e-vy-flux is represented by
*2 2
* Q * T PT *
Fela) = o (0= = g — (1) (13)

the calculation of the p-v term is more complicated due to the complex
structure of the proton. In this case the flux has to be evaluated as the sum
of an elastic and an inelastic contribution:

Faw(@) = [y (@) + £ (@) (1.4)

The elastic term makes use of the electric and magnetic form factors G and
Gu

Qhaz d(Q? G2 G2
’sl/jl’(m) = % /Qg ' % ((1 - ) <@ + —> (Q2 - mm) + G2 >
(1.5)
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The lower and upper limits of the integral are Q?

maa: NP%/(l_‘I)
The inelastic part is given by the convolution of the photon flux from a
quark ff/{;M provided by the quark-parton model (lowest order QCD) with

= M?2*/(1 — z) and

min

—2
the probability to find a quark in the proton, being F} (u)<%-

i) = [ F e, 2100 (2) (1.6

The explicite calculation of this expression can be seen in [Art91].
Finally, the cross section of the sub-process is given by:

2
do . 8ra? 1 — oLz
[_dp (s,PT)] i i (1.7)
T (el TS 1 -4tz

S

The total cross-section of the Bethe-Heitler process decreases fast with the
transverse momentum, o o< P;-°. In the Pr region above 20 GeV the total
cross-section is roughly 0.09 pb.

1.2.2 Cabibbo-Parisi and Drell-Yan Process

The second group of electroweak particle interactions mentioned above is
formed by the Bremsstrahlungs processes, which are displayed in figure 1.2.
They are characterised by an electron-proton or electron-quark-interaction
via 7- or Z%exchange. The particle reactions in b) and c) are known as
“Cabibbo-Parisi” and “Drell-Yan process”, respectively. In the diagrams a)
through d) it can be seen that either the proton (quark) or the electron radi-
ates a photon (Z°) that will disintegrate into a lepton pair. The photon can
be emitted before or after the ep-interaction.

The differential cross-sections of the Cabibbo-Parisi and the Drell-Yan effect
increase slightly at higher transverse momenta. However the contributions
of both processes are small in the kinematic region covered by the analysis.

In contrast to the other electroweak pair production processes, the Cabibbo-
Parisi effect produces much more electron pairs than muon pairs. This
can easily be understood when the cross section is written as a function
of the Mandelstam variables s, t, and u. The contribution of the sub-process
e et — p pt in the muon case is given by

do B 2ma? <t2 +u2>

dt 52 52

(1.8)

11
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Figure 1.2: Bremsstrahlungs processes: Cabibbo-Parisi b) and Drell-Yan
effect ¢). In a) and b) the photon is radiated from the electron side, in c)
and d) from the proton side
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Figure 1.3: Drell-Yan effect: point-like (left) and resolved type (right)

Electron pairs are produced in Bhabha scattering (e"e™ — e~e™):
do  2ma? (4 u? N §*+u? N 2u?
dt 82 §2 t ts )

While only the s-channel contributes in the case of muon pair production,

the cross section for Bhabha scattering is clearly increased by the additional
term in (1.9) due to a contribution from the ¢-channel.

(1.9)

In the case of the Drell-Yan process, where the Bremsstrahlung is radiated
from the quark side, the cross section can be evaluated by calculating the
sub-process qq — 11"

do ] do
Ao a5 (110
[dtdx ep—eXiti— v Ldt qg—1+-

fq/e is the convolution of the photon flux, f, /., with the probability that the
photon disintegrates into a quark pair f,/, [Art91]. It is easy to distinguish
between the point-like and the resolved processes shown in figure 1.3. In
the first case the process is described as an interaction between point-like
particles (7-g-coupling) whereas the second case occurs in the regime of pho-
toproduction (Q? — 0). This is where photons have to be interpreted as
particles with a partonic structure reprensented by the “blob” in the picture
on the right. In the Vector Meson Dominance Model [Sak69] this structure
is described mathematically by superimposing the bare photon |yz > and
hadronic components |h >:

|y >= V1 - |y > +¢|lh > (1.11)

13



where ¢ is a normalisation factor. Having the same quantum number as the
photon, the state |h > could be a vector meson for example. Events with a
virtuality Q? smaller than 25 GeV? are typically of the resolved type.

The cross section of the Drell-Yan process is very small compared to the
two-photon process because the Drell-Yan lepton pairs are boosted in the
proton direction. Therefore, noteworthy contributions are only provided at
very small polar angles 6, which are excluded in our analyis.

1.2.3 Z'-Production

Bremsstrahlung processes can also take place with Z%bosons. The Feyn-
man diagrams have already been shown in figure 1.2. Instead of a photon a
Z° boson is radiated from the electron or the proton (quark) side. Because
of the large Z%-mass (Mzo = 91.19 GeV), the cross-section of these processes
is very small.

1.2.4 Comparison Between the Electroweak Processes

In figure 1.4, the cross sections of the different electroweak processes are pre-
sented. Keeping in mind that do/dPp decreases quickly with the transverse
momentum, the y-axis is multiplied by a factor of P}. For the two-photon
process, the elastic case (77,), the inelastic case (Y7ine), and the sum of them
(7710t) are displayed. The Cabibbo-Parisi effect is shown for electron- (C'P,.)
and muon pair production (C'P,,), the Drell-Yan process is presented for the
point-like (DYpy7) and the resolved type (DYyyp).
Generally it can be noted that in the Pp-range presented here, lepton pair
production is dominated by the yy-process. The contributions of the Cabibbo-
Parisi effect are larger than the contributions due to the Drell-Yan process.
Cross-sections of the elastic and inelastic Bethe-Heitler process are of the
same order. At higher transverse momenta their magnitudes become compa-
rable to the CP-process. The increase of CP-cross-section can be explained
by the Z%resonance. As mentioned above, the contributions of the Cabibbo-
Parisi effect for electrons are much larger than for the muons due to an ad-
ditional diagram (t-channel). While the muon fraction is in the order of the
Drell-Yan effect at small transverse momenta, it appoaches the electron frac-
tion in higher Pr regions.
The Drell-Yan effect is dominated by the point-like type. However, compared
to the yy-process the Drell-Yan contribution is about two orders of magni-
tude smaller at low Pr and about one order of magnitude larger at higher
momenta.

14
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Figure 1.4: Electroweak lepton pair production: comparison between the
different process types, the two photon (v7), the Cabibbo=Parisi (CP), and
the Drell-Yan process (DY)
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1.2.5 Monte Carlo Samples

In order to compare the experimental data to the theoretical predictions,
Monte Carlo programmes have been developed. These programmes contain
the matrix elements of the required processes as well as information about
the detector and the triggers. A Monte Carlo simulation consists of three
steps:

e Generation of the incident particles
e Simulation of the detector and trigger response
e Reconstruction of particles according to the detector signals

In the first step, partonic densities of the proton are taken into account
in order to determine the initial state and to calculate the matrix elements.
The computation is improved by considering radiative effects in the initial
and final states. In the second section, the resulting stable particles are in-
troduced in a simulation of the Hl-detector. The simulation, based on the
programme GEANT [Bru94], contains the detector geometry as well as the
characteristics of the materials used in the different parts of the detector.
For the best possible comparison between the experimental situation and
the theoretical prediction, it is important to take special features like dead
areas in the detector into consideration.

In the third step, the reconstruction of simulated events is performed in the
same way as for real physical events.

In our case we generate particles with the programme GRAPE [Abe01],
which demonstrates an improvement on the older generator programme LPAIR
[Bar91]. In contrast to the latter, GRAPE simulates not only the two-
photon process but also the di-lepton production via vZ°, Z°Z° collisions
and Bremsstrahlung processes. Exceptions are the Bremsstrahlung from the
proton and the resolved Drell-Yan effect which may be generated by the
programme PYTHIA [Sjo01]. At this level GRAPE contains a cut which
excludes values of the virtuality less than Q? = 25 GeV.

The cross section calculation uses the exact matrix elements in electroweak
theory at tree level i.e. at lowest order (diagrams without loops). Further-
more the influence of radiative effects in the initial and final state and of
interference effects in the final state ete are taken into account. The pro-
gramme also allows to choose a sub-set of diagrams e.g. the sub-process
vy — [T1™ in the case of the Bethe-Heitler effect.

To simulate the process ep — el™l~X and to treat correctly the proton

16



Figure 1.5: Division of phase-space: the quantities Q> and M}, are used
to classify the regions of elastic (ELA), quasi-elastic (Q-ELA), and deep
inelastic (DIS) scattering. Q2 is displayed as function of My ,. The dotted
line in the quasi-elastic sector corresponds to the border between two different
parametrisations of the structure function (Brasse et al., ALLM 97).

structure, GRAPE has to distinguish between different physical situations.
The following two variables are used to classify three categories, the elastic,
the quasi-elastic and the deep-inelastic sectors:

Q?) = _[peini - (pefm + P- + Pl“‘)]2 (1'12)

Ml?ad = [(peini +ppini) - (pefm + P- + Pl"‘)]Q (1'13)

Qg is the negative momentum squared of the photon emitted by the proton
and M?,, the invariant mass of the hadronic system.

The division of the phase-space is shown in figure 1.5 where QZ is plot-
ted against M?,,. The threshold seperating the elastic and the quasi-elastic
regions can be defined at M7?,, = M, + M,, while the lower limits for the
deep-inelastic sector are given by M., =5 GeV and Q,,;, = 1 GeV, respec-
tively. The proton structure is described by the electric and magnetic form
factors, G7,(Qz) and G,(Q?2) in the elastic case and by the electromagnetic
structure functions Wy(Q3, Mz,,) and W5(Q3, M7,,) in the quasi-elastic case.

17



For deep-inelastic scattering, the Quark Parton Model is used to calculate
the diagrams.

1.3 Vector Meson Resonances

A completely different way to produce lepton pairs at HERA is the decay of
the vector meson resonances J/¢ and Y. Both |J/¢) >= |c¢ > and |T >=
|bb > constitute bounded states (ground state and excitations) which are
treated in analogy to the hydrogenium atom. In the case of the .J/i the
system is called charmonium, in the case of the T it is named bottomonium.
The masses of the ground states are M y1s) = 3096.916 & 0.011 MeV, and
M~y (5) = 9460.30 & 0.026 MeV [PDGO04]. As the T decay can produce more
energetic lepton pairs than the J/1¢ decay, we will only give a brief overview
of the former.

There are two different production mechanisms, an elastic case described by
the so-called Vector Meson Dominance Model (VMD) and an inelastic case
provided in photon-gluon or gluon-gluon reactions [Schm02].

In the VMD a photon from the electron side fluctuates in a vector meson that
interacts subsequently with the proton. To describe the process correctly, a
colourless object referred to as “pomeron” has to be introduced.

In the inelastic situation the vector meson can be generated by direct photon-
gluon fusion, or so-called “resolved photon process” where two gluons are
produced via a quark loop. The diagrams of the described mechanisms can
be seen in figure 1.6.

Branching ratios for lepton pair production by the decay of the ground state
T(1S) can be taken from [PDGO04]:

T(1S) — 7t . (267 3O %
T(1S) — ptp™ o (248 £0.06) %
T(1S) — efe” : (238 £0.11) %

Although T-production with a subsequent decay in lepton pairs can be
simulated by Monte Carlo generators - DIFFVM [Lis98]| for the elastic and
EPJPSI [Jun92] for the inelastic case - we do not make use of them. The
only significant contributions of the Upsilon-decay occur around the value
of its mass My(15) = 9.46 GeV resulting in a single narrow peak. Since we
are interested in high- Py events a minimal transverse momentum is required
(Pr > 10 GeV for Lepton 1 and Py > 5 GeV for Lepton 2, respectively). The
contribution of the T-decay is strongly affected by the chosen cuts, making it
possible to neglect the process. This has been shown in the di-muon analyis
[Lei02].

18



a)

Figure 1.6: Lepton Pair production via T decay: in this picture the different
production mechanisms are presented. a) shows the elastic process in the
VMD (“pomeron”-) model and in b) the inelastic process via photon-gluon
fusion bl) and gluon-gluon fusion b2) is illustrated.

19



. P

P (P)

vy
/

Figure 1.7: NC-DIS: electron-quark scattering mediated by neutral currents

1.4 Background Processes

All multi-lepton channels can more or less be masked by the background,
making it difficult to correctly compare the results of the analysis to the the-
oretical prediction. As well as the signal — lepton pair production simulated
by GRAPE — we have to simulate contributions from the background. This
stems either from the ep-interaction (physics background) or from particles
not produced by ep collisions (non-physics background), e.g. cosmic muons.
Here we will restrict the description to the former type and in Chapter 4 we
will explain how to get rid of the contributions due to cosmics.

The Physics background consists of events which are supposed to match one
analysis class due to the misidentification of at least one of the particles. In
our multi-lepton-analysis, particles identified as electrons or muons can be
fakes. We have to think about the true identity of these particles and the
underlying processes in which they have been produced.

1.4.1 Misidentification of Electrons

Unlike electrons, photons do not have a track in the detector because they
have no charge. Unfortunately, their energy deposits in the electromagnetic

20



Figure 1.8: QED Compton effect: an emitted photon can be detected by
mistake by an electron

calorimeter cannot be distinguished from the electron clusters. Therefore,
they can be misidentified as electrons, especially if there are tracks of other
particles in the detector. Thus we have to taken into account two processes,
the deep inelastic scattering mediated by neutral currents (NC-DIS) and
elastic or inelastic QED Compton processes. The NC-DIS is presented in
figure 1.7. Photons can be radiated from the electron or the quark side. QED
Compton is shown in figure 1.8. Photons can be radiated from the electron.
The background due to radiated photons can be suppressed by requiring that
the electromagnetic cluster has an associated track in the calorimeter.

1.4.2 Misidentification of Muons

Hadrons, especially kaons or pions, can be misinterpreted as a muon signal.
These particles can sometimes be part of a jet stemming from the NC-DIS
process. It is also possible to detect muons which are decay products of a
particle in the jet. This type of background is reduced by implementing an
isolation criteria between muons and jets.

1.4.3 Simulation of the Background

Following the discussion above, we have to simulate the NC-DIS and the

QED Compton processes in order to estimate the size of the background.
For the first process we use DJANGO [Schu91] or RAPGAP [Jun95] genera-
tors, which take also into account the contributions from the inelastic QED
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Compton process. The simulation of the elastic QED Compton process is
provided by the generator WABGEN [Ber98].

1.5 Goals of the Analysis

1.5.1 Multi-Electron Analysis of HERA-I Data

The subject of this diploma thesis has been motivated by a Multi-Electron
analysis performed at H1 with HERA-I data in order to test the Standard
Model [H103a]. In the data sample corresponding to an integrated luminosity
of 115.2 pb~! di- and tri-electron events have been investigated.

The selection cuts can be divided into two groups, the preselection and the
final selection.

First of all the phase-space is defined by restrictions on the energy and the
polar angle:

e Energy: E¢ > 5 GeV
e Polar Angle: 5° < ;5 < 175°

In the forward region between # = 5° and 20° the energy is required to be
greater than F,, > 10 GeV. Further details can be found in [H103a].

The final selection is built up by the two- and the three-electron channel. An
event which can enter the final selection has to contain two central particles
20° < 6 < 150° carrying a minimal transverse momentum:

e Transverse Momentum: Pr,, > 10 GeV  Pr,, > 5 GeV

For the third electron in the e-e-e channel the bounds on the energy are
E.. > 5 GeV in the central and backward region (20° < # < 175°) and
E¢e > 10 GeV in the forward region.

For the di- and tri-electron selection the number of observed events was
in good agreement with the theoretical prediction. This can be seen in ta-
ble 1.2 which also shows that both channels are dominated by the signal.
The invariant mass distributions are presented in figure 1.9.

In the mass region M5 > 100 GeV where the SM prediction is small, six
outstanding events have been detected in the data sample. Three have been
found in the e-e channel while the Monte Carlo predicts 0.30 4+ 0.04, and
the other three events were found in e-e-e compared to the expected value of
0.23 £ 0.04.
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Figure 1.9: Invariant mass distributions in the multi-electron analysis on the
HERA-I data for the di- (left) and the tri-electron channel (right) [H103a].

Selection | Data SM Pair Production (GRAPE) | DIS + Compton
ee 108 | 117.1 £ 8.6 914 + 6.9 25.7 £ 5.2
eee 17 203 £ 2.1 202 £ 2.1 0.1 £01

Table 1.2: Comparison between Data and SM prediction for the two- and
three-electron channel from [H103a].

In [H104b], the di-muon channel was studied in detail, using an integrated
luminosity value of 70 pb~!. In contrast to the six high-mass events found
in the former analysis, no events at masses My > 100 GeV were detected.
The results of the search for multi-electron events motivate us to connect
and to extend the two previous analyses. In order to realise this, the same
integrated luminosity is used for both the electron- and the muon channels.
We define general selection criteria which are supposed to be valid for either
kind of particle. Our analysis is enlarged beyond the “pure” e- and pu-classes
so as to include the mixed channels e-p and e-p-p. With respect to these
criteria we may speak of a search for “multi-lepton events”. The analysis is
also extended to the HERA-II data.
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1.6 Lepton Production Beyond the Standard
Model

1.6.1 Supersymmetry and Doubly Charged Higgs

Physics beyond the Standard Model is a field containing a huge number of
models that pursue similar goals. A promisingly large part of BSM-physics
is covered by the supersymmetric (SUSY) models. In contrast to the Stan-
dard Model, SUSY theories can show that the running coupling constants
of the strong, the weak, and the electromagnetic interactions converge to
one point in the range of order of 10! GeV. This highlights the unifica-
tion of the three interactions at large energies. Furthermore, some of the
mathematical problems raised by the SM can be solved. The supersymmet-
ric left-right models (SUSYLR) were created to find an explanation for the
parity-violation observed in low-energy weak interactions. Implementing the
see-saw mechanism [Gel79] which attests that there is a light and a heavy
neutrino in every lepton family, the model also explains the small observed
neutrino masses. The Standard Model is part of the theory within the limits
of low energies.

The left-right symmetric model of R.N. Mohapatra and G. Senjanovic
[Moh80a] is based on the gauge group SU(2), ® SU(2)rQ@U(1)p_y. It yields
left or right handed triplets of Higgs bosons [Moh80b], Hp,, = (Hp, ;, H}%’L, Hﬁi)
providing neutral, as well as simply and doubly charged Higgs particles.

In connection with lepton pair production, the doubly charged Higgs H*™ is
a matter of particular interest. Generally its coupling to lepton pairs can be
described by the Lagrangian

L = hiy"H**1° Py gl (1.14)
with the generation indices 7, 7 = e, u, 7, the Yukawa couplings hiLj’R, and the
lepton fields Prz = (1 £+°)/2 and I. A decay of the H** to lepton pairs
and mixed combinations like e-p is possible.

In figure 1.10 the diagrams of the processes for muon-pair production via
doubly charged Higgs decay are presented.

Possible production of doubly charged Higgs bosons was investigated by
the H1 Collaboration in a preliminary analysis and was presented at the
ICHEP conference [H104a]. The channels e-e, p-p, e-p with an accumulated
luminosity of 118 pb~" and 7-7 (65 pb™!) were studied.

No indication for H**- production could be observed in the analysis. Limits
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Figure 1.10: Physics Beyond the Standard Model: examples for doubly
charged Higgs production in ep collisions

have been derived on the Yukawa couplings h2®, hl; and on the H**-mass.
On the assumption that the doubly charged Higgs only decays in electron
pairs H¥* — e*e®*, a lower limit on the mass was set to about 139 GeV
for a value of hls® = 0.3. This value corresponds to the strength of the
electromagnetic coupling.

Assuming that only the process H*¥* — e®pu® exists, it was possible to
determine a lower limit of about My++ ~ 140 GeV for a value of h;" = 0.3.
The results presented in figure 1.11 and figure 1.12 are complementary to

searches performed at LEP [OPALO03], [LEP03] and Tevatron [CDF04].
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Figure 1.11: Exclusion limits on the coupling hZ% at 95% confidence level as
function of the doubly charged Higgs mass. The results of the H1 analysis
are compared to the limits derived by other experiments, from OPAL (direct
search for H**-production and indirect determination of the exclusion lim-
its via Bhabha scattering), LEP experiments [OPAL03], [LEP03] and CDF
[CDF04] (direct searches).
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Figure 1.12: Exclusion limits on the coupling heLﬁR at 95% confidence level
as function of the doubly charged Higgs mass. The H1 result is compared
to the results from the LEP experiments [LEP03] and CDF [CDF04] (both
obtained from direct searches).
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Chapter 2

Experimental Setup

In this chapter a summary is given about the storage ring HERA and the
Hl-experiment. The knowledge about the detector setup is important for a
good understanding of the physics in the experiment.

2.1 The HERA Collider

The HERA accelerator is located at DESY in Hamburg and currently pro-
vides the only opportunity world-wide to analyse highly-energetic electron-
proton collisions. Older accelerators are used to pre-accelerate electrons and
protons and inject them into the HERA storage ring which has a circumfer-
ence of about 6.3 km. Then the particle beams are further accelerated up to
an energy of Eg, = 27.6 GeV for the electrons and E, = 920 GeV (820 GeV
until 1997) for the protons, and are brought to collision. The center-of-mass
energy is /s =~ 318 GeV (300 GeV until 1997).

During 1994-1998 and 2000-2004 positron-proton collisions were used. In the
years 1998-1999 the positrons were replaced by electrons. In the following we
will use the term “electron” in a general manner to encompass the positrons
as well.

A remarkable feature of HERA is the large number of 210 bunches of
protons and electrons which can be stored in the ring. The time interval
between two consecutive bunch crossings is 96 ns. By comparison, the time
difference at LEP was 22 ps and will be 25 ns at the LHC.

There are two collision points at HERA where the two general-purpose ex-
periments, H1 and ZEUS, are installed. One further place at the accelerator
is engaged with the fixed-target experiment HERMES.

A schematic view of HERA can be seen in figure 2.1.
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Figure 2.1: The storage ring HERA at DESY with the pre-accelerators PE-
TRA and DESY

2.2 The H1 Detector

The H1 Detector, which is situated in the north of the HERA storage ring,
measures approximately 12m x 10m x 15m and weighs about 2800 tonnes.
It almost covers the total solid angle of 47 and is designed asymmetrically
due to the different energy of the proton and electron beam (E, > E¢).

A coordinate system in the detector is chosen in a manner that the incident
protons define the z-direction. This way the y-axis points to the top and
the x-axis to the center of the storage ring. The polar angle 6 is measured
with respect to the direction of the proton beam, the azimuthal angle ¢ is
obtained in the z-y plane with respect to the z-axis.

The detector comprises a large number of different components and fea-
tures which can be summarised in three main categories (from inside to out):

e Inner tracking system: Contains mainly three types of trackers,
silicon trackers, multi wire proportional chambers and drift chambers.

e Calorimeters: The central region is covered by the Liquid Argon
Calorimeter (LAr). Particles in backward detection can be detected by
the Spaghetti Calorimeter (SpaCal) and for extremely small angles
in forward direction by the Plug Calorimeter.
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HERA Experiment H1

Beam pipe and beam magnets @ Muon chambers.
[2] central tracking chambers [10] Instrumented iron (iron stabs + streamer lube detectors)
Forward tracking and Transition radiators @ Muaon toroid magnet
[@] Etectromagnetic calorimeter (lead) Warm electromagnetic calorimeter
Liguid Argon
[5] Hadronic calarimeter (stainless steel) [13] Plug calorimeter (Cu, Si)
[6] superconducting coil (1.2T) Concrete shielding
Compensating magnet @ Liquid Argen cryostat

Helium cryogenics

Figure 2.2: The H1 Detector: protons come from the right, and electrons
from the left. The principal detector devices are explained in the text, the
choice of the coordinate sytem is represented by the small image (bottom
right).
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Figure 2.3: The inner tracking system of the H1 Detector.

e Muon Detectors: In the outer part of the detector. They consist of
the Central Muon Detector and the Forward Muon System.

The calorimeters are surrounded by a superconducting coil which produces a
constant B-field of 1.15 T in the inner tracking system and the calorimeters.
A detailed description can be taken from [H197]. An image of the full detector
is shown in figure 2.2.

2.2.1 Tracking System

A schematic view of the inner tracking system can be taken from figure 2.3.
It consists of the Central Tracking Device (CTD) covering the polar region
20° < 6 < 160°, the Forward Tracking Device (FTD) in the range 5° < 6 <
20°, and the Backward Tracking Chamber (BTC) between 153° < 6 < 177.5°.
In the CTD, a main part of track information is obtained by the two Central
Jet Chambers (CJC) which provide a good resolution in the r-¢ plane of
or_¢ = 170 pm. Since the planes of anode wires are parallel to the beam
axis, the resolution in z is worse reaching a value of about one percent of the
wire length, corresponding to o, ~ 2.2 cm. The resolution can be improved
by the CIZ and COZ, the Central Inner- and Outer z-Chambers, leading to
a value of o, ~ 300 pum.
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Figure 2.4: Longitudinal section of the Liquid Argon Calorimeter. The figure
shows the division of the LAr in eight wheels. The segments of the electro-
magnetic part are denoted by an “E”, those of the hadronic part by the index
“H” .

2.2.2 Calorimeters

The central region and also a part of the forward region (between 6 = 4° and
6 = 153°) are covered by the Liquid Argon Calorimeter. The LAr consists
of an electromagnetic inner and a hadronic outer part, both sub-divided into
eight segments (“wheels”) as shown in figure 2.4. Beside the liquid argon
serving as detection material, the calorimeter accomodates absorber plates.
These comprise lead plates in the electromagnetic, and steel plates in the
hadronic part.

The LAr is a non-compensating calorimeter, i.e. a hadron of the same energy
as an electron does not dissipate the same fraction of its energy. This can be
explained by hadronic decays or nuclear excitations in the absorber material,
which means some energy does not contribute to the hadronic shower. Hence
the electromagnetic energy resolution (7% )e, ~ —212__ js much better than

E[GeV]
0.5

the hadronic one, which is in the order of (%)saq =~ e

In the backward region (153° < 6 < 177.8°) particle detection is done by
the SpaCal, a lead/scintillating-fiber calorimeter. Resolutions on the energy
are (2£),,, ~ —22_ for electromagnetic particles and (2£)peq =~ —~2

E[GeV] E[GeV]
for hadrons.
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Figure 2.5: Central Muon Detector: design of the 64 modules in the four
parts of the CMD.

The PLUG Calorimeter in the very forward range is designed to measure
hadronic energy using copper plates as a detection material. The energy is

: . ; _ o 15
determined with a fairly low accuracy: (%)nea BGav]

2.2.3 Muon System

The muon system is made up of two detectors: the Forward Muon Detector
(3° < @ < 17°) and the Central Muon Detector (CMD). The CMD contains
four sub-detectors, the forward and backward barrel in the central range,
which are complemented by the end-caps in the forward (forward endcap),
and backward range (backward endcap), respectively. Each sub-detector is
divided in 16 modules of the type presented in figure 2.5.

Figure 2.6 shows the composition of a single module. Between the ten iron
layers with a thickness of 7.5 cm, the sensitive parts of the detector in the
shape of “strips” and “pads” are mounted. The strips are drift-chambers, i.e.
they are used to reconstruct tracks, whereas the pads provide calorimetric
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Figure 2.6: Section through an iron module: between the iron layers sensitive
regions (Pads and Strips) provide the detection of hadronic or muonic signals
in the instrumented iron.

information. Strips and pads can measure hadronic energy leaking out of the
LAr, but they are also used for the muon detection (see Chapter 2.3). The
CMD is often referred to as “instrumented iron”.

Further details can be found in [Lan98§].

2.2.4 Triggers

Every 96 ns an electron bunch crosses a proton bunch at the interaction
point of the detector according to a frequency of 10.4 MHz. It is evident
that it is neither required nor practicable to keep all events produced in the
ep collisions. Therefore triggers are used to select interesting physics events.
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The readout system at H1 can only write event information to summary tape
with a rate of about 10 Hz. To reduce the number of events, and subsequently
the required rate, a multi-level concept was adapted consisting of five trigger
levels (L1)-(L5). Each level is only activated when an event has passed the
previous level. (L1)-(L4) work on-line whereas (L5) is an off-line trigger level.
We give a short description of the different levels of the trigger system. A
schematic view can be seen in figure 2.7:

e Level 1 (L1)

The first trigger level reduces the input rate of about 10 MHz to an
output rate of about 1 kHz. A decision is reached within 2.3 us. Be-
cause the event information of 24 bunch crossings can be stored in
pipelines, L1 can work without deadtime (the time period in which H1
cannot measure events). The validation of events is based on signals
in 256 trigger elements which are associated with the measurements of
the sub-detectors. So-called “sub-triggers” are created from the logical
combinations of the 256 elements. If a positive decision is taken, i.e. if
an event is accepted by one of the sub-triggers, the event is forwarded
to the next trigger level L2, and the pipelines are stopped. From this
instant deadtime starts to accrue.

e Level 2 (L2)

The second trigger level is required to decrease the rate to a value of
about 200 Hz. If level 3 is not used, the output rate should reach a
value of roughly 50 Hz. A decision is made within 20 ps. L2 is built up
by two triggers, a topological and a neural network trigger. The former
works by combining several detector components using geometrical in-
formation, the latter is optimised in such a way that it can distinguish
between interesting physics events and background.

e Level 3 (L3)
A third trigger level is projected to reach an improved decision during
the readout. To this end, it is based on a system of micro-processors.
L3 has not been put into operation so far.

e Level 4 (L4)
On the fourth level, the full detector information is available. 30 proces-
sor boards provide a simplified event reconstruction in order to decide
(within 100 ms) if an event is permanently saved or rejected. In L4
the sub-trigger conditions of L1 are checked, and background can be
excluded using adequate background finders.

e Level 5 (L5)

34



Trigger Level 5 works off-line. Here, the complete event reconstruction
is available, applying calibration and correction constants to the data.
The events are then sorted into physics classes corresponding to their
topologies and are written on the data summary tape (DST).
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HI detector
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signal | h B
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Figure 2.7: The five levels of the trigger-system at H1
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Chapter 3

Particle Identification

Charged particles are characterised by their curved tracks in the detector.
The signatures of electrons and muons in the experiment are very different
but the identification of both particle types is based on the association to
tracks. Hence, we will start the current chapter with a description of track
selection, and then discuss how the electron and muon finder work.

3.1 Track Selection

Two types of tracks are reconstructed from the hits in the trackers:

e Non-vertex-fitted tracks (also called “DTNV”): segments of elementary
tracks which are not necessarily associated with a vertex

e Vertex-fitted tracks (also named “DTRA”): results from non-vertex-
fitted tracks that have been adapted to the primary vertex of the event

A charged particle can be represented by several track hypotheses.

The selection of “good” tracks consists of two steps following the Lee West
algorithm [Wes97]. First of all the track search is carried out by quality cuts
(see [H100]), then — in the case of ambiguities — the best of all selected tracks
is determined.

The variables to which cuts are applied, are the transverse momentum Pr,
the polar angle 0, the track length Rjc,q, and finally, the distance of closest

approach |d.| from the track to the primary vertex in the r-¢-plane.

Furthermore, tracks can be found in the central tracking system (“C”) by
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the CJC 1 and 2, in the FTD (“F”) or in both of them (“K”). If they are
associated with a primary vertex, they are labelled with “17, if the tracks
are adjusted to a secondary vertex, the label is “2”. In case of ambiguities
the best track hypotheses is found by the preference “CKF” and “12”, which
means that central tracks are preferred to combined tracks or forward tracks,
and that tracks associated with a primary vertex are preferred to tracks from
secondary vertices.

3.2 Electron Identification

3.2.1 Electron Finder

The principle behind the electron finder is to identify electrons by searching
for electromagnetic clusters in the LAr calorimeter and the SpaCal. Our de-
scription will primarily focus on the identification of LAr-electrons. Further
details can be found in [Hloo].

The particle identification is performed by general cuts, estimations which
describe the characteristics of the electromagnetic shower, and by criteria
that associate a track with the cluster.

The cluster candidate is required to fulfil:

e F>15QGeV
e Number of cells Ny > 3

Several estimators are now applied to check if the cluster is electromagnetic.
To take into account the different parts of the detector, the cut values on
these estimators depend on 6, see [Bru98g].

e Electromagnetic fraction fe,, = Fem/FEiot @ Fem denotes the energy
in the electromagnetic part of the calorimeter while Fy, is the total
cluster energy. Only cells with positive energy are taken into account.

e Transverse radius op = \/(< r2 > — <r>): r" are the moments of
order n of the transverse distances which are calculated by

<" >=w o (3.1)

where w; = F;/V; is the ratio between energy and volume of the cell i,
and w = Tee;.
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e Energy fraction in the “hot” core fro; = E./Eem : to calculate this
quantity the energy of the N most energetic cells EiY, in the neighbor-
hood of the clusters is taken into account. Since the size of the cells
varies in 6, the values of NV are different for different parts of the LAr.

e [solation criteria: In the case of electrons stemming from hadronic
decay — for instance from the disintegration of a 7° — the electron is
in direct proximity to a particle jet. To reject this type of background
processs, the quantity fiso = FEi/Fiso is defined. FEjg, signifies the
energy in an isolation cone of radius R,_4 = 0.25 rad. Just like above,
only cells with positive energy are considered. A cluster is identified as
electromagnetic if

— either f;5, > 0.98

— or fiso > 0.95 and E}o%¢ < 300 MeV where E}o%¢ is the hadronic
energy in the isolation cone.

3.2.2 Additional Criteria

In the previous section we explained how a particle is identified as an elec-
tron by the electron finder using only calorimetric information. Nevertheless,
there is a certain rate of misidentification, which means that not every par-
ticle declared as an “electron” is actually an electron. For our analysis the
challenge was to find the best compromise between the two conflicting goals:
to minimise the rate of misidentification on the one hand, and to obtain the
highest possible efficiency on the other hand. Consequently, it was necessary
to impose stricter criteria on the particles than those used by the electron
finder.

The phase-space is limited to values of the polar angle between

® 5° < Oy < 175°.

In this region, electrons are required to be isolated by demanding a minimal
distance of 0.5 rad to other electrons and jets in the n-¢-plane. The total 6
range can be classified into three regions according to the detector geometry:

e Forward: 5° < 6., < 20°.
e Central: 20° < 6,, < 150°.

e Backward: 150° < 6, < 175°.
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Figure 3.1: Distribution of the quantity Pj"*¢" which checks the agreement
between the transverse momenta of track and cluster in the central detector
region. el and e2 are the two electrons of the di-electron channel from multi-
lepton analysis (see Chapter 4.1).

The next chapter will show that the central part plays the dominant role
in our analysis. In this region, where the highest track reconstruction ef-
ficiency is provided, the cluster identification is complemented by a track
requirement. A “good track” has to be found which can be associated with
the electromagnetic cluster. Track and cluster have to match geometrically
and in Pr. The first condition is checked by extrapolating the track in the
calorimeter. The distance of closest approach between track and cluster has
to be smaller than 12 cm in the r-¢-plane. To test the Pp-matching a new
variable is introduced to compare the transverse momenta of track and clus-

ter [H103al:
1 1

tch _
P%na o= P%rack - Pjgluster (32)
This quantity is required to be less than 0.02 GeV~!. Its distribution for
the two electrons of the di-electron channel (see Chapter 4.1) is displayed in
figure 3.1.
R0+ stands for the starting radius of the measured track. It is defined as
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the distance between the z-axis and the first measured point in the central
drift chambers. In order to suppress photons which convert in the central
tracking system, R+ is required to be smaller than 30 cm.

In terms of our selection, an electron is isolated if the energy in a cone of
radius R,_4, = 0.75 rad around the particle is less than 2.5% of its energy.
In addition, no other “good” track should be present within a distance of 0.5
rad in the n-¢ plane.

Central Region Forward Region
E > 5 GeV E > 10 GeV
E(Rn,(ﬁ < 0-75)/Eele <25% E(Rn,(z, < 0-‘75)/Eele <25 %
Good isolated track with Pr > 1 GeV AZ:;/] > 0.5 rad

closest approach
Aea:tirapol. track—cluster <12 cm

Rsta’rt < 30 cm

AT > 0.5 rad Backward Region
Track-cluster matching: PReh < (.02 GeV~!
(Ppeteh < .04 GeV—' for HERA-II) E > 5 GeV
Al > 0.5 rad ALl > 0.5 rad

Table 3.1: Electron identification: chosen phase-space for electrons and iden-
tification criteria applied in addition to the Electron Finder

In the forward and backward region the probability for an electron shower
is higher due to the higher material density. Moreover, since the forward
trackers do not provide the efficiency level of the central trackers, the tracking
requirement was removed in these regions. Thus, we apply a harsher cut to
the electron energy of E.. > 10 GeV in order to reduce the misidentification
rate due to the hadronic background from DIS events. For the same reason,
the electron is required to be isolated in the calorimeter. This criterion, also
used in the central region, is presented in the description above.

Since the jets from DIS events are detected preferentially in the forward
region, we can relax the cuts in the backward region.
A summary of the criteria described above is given in table 3.1.

3.2.3 Electron Identification Efficiencies

Because the reconstruction efficiency for electromagnetic clusters in the calorime-

ter is almost 100% [Bru98], the electron identification efficiency strongly de-
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Figure 3.2: Pr-match distribution (HERA-II) for the scattered electron using
an inclusive NC sample.

pends on the efficiency of associating a track with a cluster. This was checked
using a NC data sample. The selection was carried out under the following
criteria:

® |2,:] <35 cm

44 GeV < E — P, < 66 GeV
N¢ =1

ele

Pgle > 8 GeV

20° < B < 150°
e clectron not in the LAr cracks (spacings between different segments)

e clectron isolated in the calorimeter: Ef-0-75 < 1.025

The identification efficiency is determined by the equation

Nsel
€ele = Njﬁfi (33)

ele

The number of events which was found when no additional cuts were applied,
is denoted by N Then, we looked at the total inefficiency introduced by

ele *
all quality criteria and determined N?¢!. The criteria were given by:

ele*
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“good” track

spatial agreement between track and cluster

Pr-matching requirement

Rstart < 30 cm

When the Pp-match distributions for HERA-II were checked, a bad descrip-
tion of the data by the MC was noted (see figure 3.2). The exact reason
has not been veryfied yet. Hence the Pr-match cut was relaxed to a value
of 0.04 GeV~! to guarantee a larger efficiency, and an additional inefficiency
was added to the Monte Carlo.

1 1E
> 08F #’4 '”#i > 08F
2 X 2 :
S osf S o0sF
s f N
E 0.4:— "E' 0_4:_
0.2~ 0.2
[1) P A5 TPPY PP PIURY PRPPL PRRTE PRPTY PPOIT I [1) PP Y Y I P PR S Y P PP
0 10 20 30 40 50 60 70 80 0 20 40 60 80 100 120 140 160 180
P; elec - all cuts (eff. corr.) 0 elec - all cuts (eff. corr.)

Figure 3.3: Measurement of the electron identification efficiency for 2004
data as a function of Pr (top) and 6. (bottom).

Figure 3.3 shows the result for the identification efficiency when all addi-
tional criteria were applied. The number of events N*¢ was compared to the
initial data sample. € is plotted as a function of Pr and 6. After correction
of the efficiency in the MC, data are well described by the simulation. An
identification efficiency of about 80% is reached in the central region between
40° < 0 < 150°.

From this plot, the systematic error on the electron identification efficiency
was determined to be 3% in the backward region and 15% in the forward
region.
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Figure 3.4: Mean energy loss for muons in iron as a function of the muon
momentum

3.3 Muon Identification

3.3.1 Muon Finder

While an electron loses most of its energy by Bremsstrahlung leading to an
electromagnetic shower in the calorimeter, this effect is only marginal for
muons because of their high mass. Since muons do not participate in the
strong interaction, they only lose a small fraction of their energy due to
the ionisation of atoms in the traversed material. This type of energy loss
depends on both the energy and the momentum and can be described by the
Bethe-Bloch formula. In figure 3.4 (—dE/dx) in iron is plotted as function
of the muon momentum. It can be seen that the ionization is minimal at
around 200 MeV. For higher momenta it hardly differs from the minimum
value because (—dE/dz) only increases logarithmically. Thus the muons in
the detector are called “minimal ionising particles” depositing an energy of
about 10 MeV per centimeter traversed in the liquid argon.

Muons with an energy greater than 1-2 GeV can reach the Central Muon
Detector (CMD). Most muons are detected by hits in the CMD linked to an
inner track in the tracking system. A smaller amount of muons is identified
by a minimal ionising pattern in the LAr, associated with an inner track.
These two principles are implemented in the muon finder [Hloo]. As in
the case of the electrons before, the track linking can be ambiguous, which
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means that different inner tracks are associated with a hit pattern in the
instrumented iron. To solve the linking problem different hypotheses are set
up, one for each track combination. The hypotheses are classified into five
quality grades where “1” is the best and “5” the worst grade, in order to find
the best muon candidate. In the following a description of each grade will
be provided:

e Grade 1: Iron muons linked by the HIREC
If tracks are found both in the inner tracking system and the muon
system (instrumented iron or Forward Muon Detector), the H1 recon-
struction software [HIREC] extrapolates inner tracks with Pr > 1 GeV
to the instrumented iron. The iron track is defined by the position of
the first hit seen from the vertex side, its direction at this position, and
the ratio between charge and momentum [Kae00].
The tracks can be linked if the following criteria on the polar angle

|0inner — 0iron| < 0.2 rad (34)

and on the azimuthal angle

_E < (¢inner - ¢iron) < 0.2 rad if k >0

2
—g < (Biron — binner) < 0.27ad if K >0 (3.5)
are satisfied [KKae00], [Lan98]. The link probability is obtained from a
x2-test by
X2 - (Xextra - Xinner)TV(Xextra - Xinner)- (36)

The vectors Xextra and Xjnner are constructed from parameters of the
extrapolated and inner tracks, respectively. These parameters are the
z-coordinate and the azimuthal angle ¢y of the first track point,
and the direction of flight ¢;gs; at that point. The link probability
is required to exceed a threshold value which is normally chosen to be
1074,

Since signals in the muon system might have been faked by hadrons
(e.g. pions or kaons) a set of additional cuts is applied on the muon
candidates in order to suppress this kind of background. The variables
which we place cuts on, are: pg, which is the smallest distance between
an extrapolation of the iron track to the vertex in the r-¢ plane, z,
which denotes the z-coordinate of the starting point of the iron track,
and nygyers, which is the number of hitted layers in the muon detector.
The cut values are shown in figure 3.5.
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Iron muons with track in
Forward endcap Backward endcap

o < 100cm | pg < 100 cm
zo < 100 cm | z, < 100 cm
Nayers =6 Nayers >3
first layer <5 first layer <8
last layer > 6 last layer >3

Barrel Forward muon toroid
10 < 100 cm | track quality = 1|2
20 < 100cm | z > —400 cm
Niayers >2 20 < 300 cm
first layer <5
last layer > 2

Figure 3.5: Cuts on iron muons to suppress hadronic background from [H1oo]

e Grade 2: Iron muons matched in 7-¢
Grade 2 muons are identified in a similar way to grade 1 muons by
linking an iron track to an inner track. Unlike grade 1, the criteria on
the link probability is replaced by a calculation of the distance between
the tracks in the 7-¢ metric. The candidates have to fulfil the criterion:

Anfqﬁ - \/(niron — ninner)2(¢ir(m — ¢inner)2 < 0.5 rad (37)

e Grade 3: Tail catcher muons matched in 7-¢ with an inner
track
Each layer of the modules in the CMD is equipped with pad-electrodes
which measure the hadronic energy leaking out of the calorimeter.
Hence the pads are called “tail catchers”. They can also be used to
record muons, especially in regions where the reconstruction efficiency
for iron tracks is reduced due to geometrical features, e.g. gaps be-
tween different modules of the instrumented iron. The link between
the track found by the tail catchers and an inner track is accepted if
the n-¢-criteria of grade 2 are fulfilled.
The large amount of hadrons which are detected by the tail catchers
can be reduced by a cut on the energy deposit around the extrapolated
inner track in the calorimeter.

e Grade 4: Muons detected in the LAr
Since we will not use grade 4 or 5 muons in our anlysis, we will only
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refer briefly to them. Muons which stop in the calorimeter due to their
low energy, can be detected by the resulting minimal ionising pattern.
To check if the pattern belongs to a muon, a set of estimators is used,
for instance the energy deposit around the extrapolated inner track. A
classification of the muon quality is carried out.

e Grade 5: Iron muons in the forward muon toroid without as-
sociation to an inner track
Due to the poor reconstruction efficiency in the forward tracking sys-
tem, it is possible to detect a signal in the forward muon toroid which
cannot be ascribed to an inner track. Since the momentum of forward
muons is measured in the forward muon toroid with high accuracy,
particle kinematics can be determined successfully in this case.

The algorithm to find the best hypothesis from all the created and graded
muon candidates is explained in [Hloo]. Initially, it is searched for a grade
1 muon, then if the grade 1 conditions could not be satisfied, the criteria of
grade 2 are checked and so on. When the best hypothesis has been found,
all other possibilities are excluded from further processing.

3.3.2 Additional Criteria

To reduce the background due to misidentified muons, and consequently to
analyse a purer data sample, we only select muons up to grade 3. Hence, an
iron signal is required which can be associated with an inner track. Since the
reconstruction in the forward and backward tracking system does not reach
the level of the central region, the restrictions to the phase-space are even
larger for muons than for electrons. We demand:

e 20° <0, <160°
° PT# > 2 GeV.

The muon is isolated if the non-muonic energy surrounding the particle
does not exceed a certain threshold value. To calculate this, we define a
cylinder of radius R = 0.5 units in 7-¢ around the particle track. The non-
muonic energy in this cylinder is required to be less than 5 GeV. To reduce
background muons stemming from the decay of hadrons or b-quarks, the
distance between the muon track and other tracks or jets is required to be
greater than 1 rad in the n-¢ plane. To summarise:

o Felo <5 GeV

cone
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Figure 3.6: e-p-channel (1994-2000 data sample): Top: Distributions of the
track-muon distance, jet-muon distance and non-muonic energy around the
i if no isolation criteria are required. Center: Same distributions if the
muon is required to be seperated from other tracks. Bottom: Additionally,
the muon has to be isolated against jets and non-muonic energy fractions in
the calorimeter.
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N
tr—jet
° An—¢ > 1 rad

The effect induced by the cuts can be illustrated for the e-p-channel of the
multi-lepton analysis (see Chapter 4.1) where one electron and one muon are
detected in the final state.

The situation before the cuts in the e-u-channel is displayed in figure 3.6
(top) for the distance between the muon and tracks, the muon and jets
and the non-muonic energy in a cone. The channel is dominated by the
NC-background. This background can be partially reduced when the muon
is required to be seperated from other tracks (figure 3.6 center). A more
sophisticated selection is reached when the muon is isolated against jets and
non-muonic energy fractions in the calorimeter (figure 3.6 bottom).

A large part of the NC-background has been suppressed by the chosen cuts.

3.3.3 Triggers for the Muon Selection
Choice of Sub-Triggers

The multi-level concept of the triggers has been presented in Chapter 2.
After an event has passed the last trigger level, the information, from the
subtriggers in level 1, is still available. As we have already mentioned, the
sub-triggers combine the signals from different detector components. Hence,
it is possible to preselect events by choosing one or more sub-triggers ac-
cording to the required event topology. In the case of the di-muon channel,
we use sub-triggers designed for muon-identification. Specifically, we look at
s19, s22, s34 and s56 for HERA-I, and at s18 for HERA-II and describe them
as follows:

e s519: Combines muon signals in the barrel with high track multiplicities.

e s22: Requires a signal in the outer endcaps in combination with high
track multiplicities.

e s34: Corresponds to s19, but uses low track multiplicities.

e s56: Trigger which combines a signal in one of the muon detectors with
a signal in the SpaCal.

e s18: HERA-I: Signal in the outer endcaps in combination with low
track multiplicities.
HERA-II: Unifies former s18 and s19 trigger, requiring a signal in the
barrel or the endcaps.
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An event is kept if it has been accepted by at least one of the sub-triggers
used.

Prescaling of Sub-Triggers

In order to reduce the event rates within the multi trigger levels, sub-triggers
with a high rate have to be prescaled with a factor d. This means that only
the fraction (1/d) of the events accepted by the sub-trigger is forwarded to
the next level. Prescaling may be necessary if topologies with high event
rates are studied, as for example in a low-Pr muon analyis. In our case we
do not consider prescaled sub-triggers.

Trigger Efficiencies
The efficiency for Monte Carlo events can be calculated by the simple formula

Ntrigg evts.

(3.8)

‘irig Nall evts.
dividing the number of triggered by the total number of events. However, the
determination for a data sample is more complicated because all events in
the data not set by at least one of the sub-triggers of L1 will be lost forever.
This problem can be handled by the use of a bias-free reference sub-trigger.
If N is the total number of events in the sample, the number of events Ny,
Ny and Ny, triggered by the sub-triggers 1, 2 and the combination of 1 and
2 (logical AND: 1&&2) is given by:

N1 :N'Gl
N2 :N‘€2
N12 == N'612 (39)

If we define €} (€5) as the efficiency for subtrigger 1 (2) provided that sub-
trigger 2 (1) is set, we can write the third line of (3.9) like this:

N12 - N1 . 6; == N2 . GT (310)
Using a bias-free event sample, for independent subtriggers 1 & 2¢; = €} (and
€ = €5, respectively), and the efficiency of trigger 2 can be evaluated by

_ N

=N (3.11)

€2 = €

In our analysis we followed the idea of an efficiency measurement provided
in [Lei02]. The following data / MC-sample was used:
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Figure 3.7: Efficiency of muon trigger elements in the endcaps and the barrel
(2004 data)

e di-muon sample corresponding to multi-lepton analysis with
o PT;LLZ > 2 GeV

The cuts on transverse momentum were relaxed to guarantee better statis-
tics.

The efficiency was calculated for signals from the barrel (MU _BAR), disjunc-
tions of trigger signals from the endcaps (MU_ECQ), and from the endcaps
and the barrel (MU_ANY). As an independent reference or “monitoring” trig-
ger, all sub-triggers, which do not contain trigger elements from the muon
detector, were used. The efficiency for the combination of barrel and endcaps
for 2004 data is displayed in figure 3.7 as function of P; and the polar angle
f of the muon. The triggers were simulated by the Monte Carlo and then,
the efficiency was calculated in the same way as for the data. The graphics
show that the MC simulation of the triggers provides a good description of
the data. The systematic uncertainties on the trigger can be obtained from
the differences between data and MC. They were determined to a value of
5% for HERA-I and 10% for HERA-II.
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3.3.4 Muon lIdentification Efficiencies

To check the reconstruction efficiency of muons, we used an elastic sample
containing one identified muon and an additional track which was not as-
sociated with the first muon. The following cuts were applied to select the

sample:

1.1
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Figure 3.8: Identification efficieny of muons checked with a 1999-2000 data
sample (top) and a 2004 data sample (bottom).

o PII'? > 2 GeV

Ppiss < 10 GeV

20° < 6,, < 160°

exactly 2 “good” tracks in the event

ol

Distance between the z-vertex and the interaction point |z, | < 35 cm

Opening angle between the tracks a < 160°



e No electrons, no jets

The efficiency was then calculated by the formula

Nup

€y = N (3.12)
where N, is the total number of events with one “good” muon plus one
track and N,, is the number of events with two identified muons. The
result is presented in figure 3.8 for 1999-2000 and for 2004 data. We see
a good agreement between data and Monte Carlo for both samples with an
identification efficiency around 95%. In the backward region a lower efficiency
is reached. The systematic error on the identification efficiency is taken from
the difference between data and MC leading to a value of 5%.

3.4 Systematic Errors

To be able if we want to compare data and theoretical prediction correctly,
we have to take systematic uncertainties into account. These can be classified
into two groups, those of an experimental nature and those of a theoretical
nature. The description will start with the experimental errors concerning
the measurement of quantities and particle identification.

3.4.1 Experimental Uncertainties

The following experimental uncertainties are considered in our analysis:

e Energy For electrons the error depends on the z-range varying from
0.7% to 3% for the HERA-T [Hei99] and from 1.5% to 3% for the HERA-
IT run [H104c|. For muons the error on the energy is derived from the
error on the track curvature. It is of the order of 5% [Lei02].

e Polar Angle The uncertainties on theta have been studied in detail
in [H103b]. For HERA-I the error is determined to 3 mrad (electrons
and muons) and is even higher for HERA-II, estimated at 5 mrad.
The difference is justified because the alignment-correction of the LAr
calorimeter with respect to the tracking system for the HERA-II run
has not been calculated and applied yet.

e Identification Efficiency For muons a relative value of 5% was taken,
for the electrons the error varies on 6, from 3% up to 15%.
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e Trigger The error on trigger efficiency for electrons and for muons was
determined to 5%. (10% for HERA-II).

e Luminosity Errors of 1.5% for HERA-I and 3% for HERA-II on the
measurement of luminosity are taken into account.

3.4.2 Theoretical Uncertainties

The Monte Carlo Generators used here, only contain calculations on tree
level. Therefore, they neglect higher order contributions leading to a system-
atic error on the simulation.

e GRAPE The generator GRAPE which is used to simulate the signal
(see 1.2.5) does not consider lepton pairs produced by Bremsstrahlung
from the proton side or by the resolved Drell-Yan process. In addition,
the limited knowledge about the proton structure causes uncertainties
in the case of the inelastic lepton pair production. The error is of the
order of 3% [H103a].

e NC/COMPTON To estimate the uncertainty on the background pre-
diction, several samples in which NC- or COMPTON:-processes are en-
hanced, were studied [H103a]. A value of 20% has been found in these
studies.
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Chapter 4

Multi-Lepton Analysis

The previous chapter showed how electrons and muons are selected. The
criteria have been applied in order to maintain data quality and to reduce
the number of misidentified particles. We will now present the idea of the
multi-lepton analysis. Since the search for tau-topologies is not part of this
diploma thesis, the term “lepton” will be used in the following in a gen-
eral manner for “electrons” and “muons” whereas the terms “electrons” and
“muons” will only stand for the particles which have passed all requirements
presented in Chapter 3, and enter the final selection.

It will be seen that the analysis is structured by two main classes, one for
two leptons [-[, and one for three leptons [-I-l, according to the number of
leptons in the final state. The criteria a lepton has to pass in order to enter
one of the classes will treat electrons and muons in the same way. The only
exception is necessary by additional cuts in case of two muons where the
sample is dominated by a big number of cosmic muon events.

From the main classes [-l and [-I-l, the electron/muon classes, e.g. e-e or
e-p-p1, can be derived as sub-classes. We will present the results for the
HERA-I and -II data and will compare them to the Standard Model predic-
tion. An extra section will be provided to discuss the high mass candidates
at Mo > 100 GeV.

4.1 Lepton Selection Criteria

4.1.1 Phase-space for Electrons and Muons

As described above, the final lepton selection is set up by the di-lepton class
[-1 and the tri-lepton class [-I-l corresponding to the number of particles in
the events (n, = 2 and n; = 3, respectively). Events with n; > 3 are also
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accepted. The lepton generations are merged, i.e. no distinction is made
between electrons and muons, and the particles are sorted by decreasing
transverse momentum:

PTll >Ple(> PTl3) (4'1)
An isolation between the leptons is realised by the cut
\/(An)2 + (A¢)? > 0.5 rad (4.2)

in the 7-¢-plane.

Di-Lepton Class

The di-lepton channel suffers more from impurities induced by background
than the tri-lepton channel. To reject the particles, the photons, pions and
other hadrons which fake electron or muon signatures, we must implement
tight cuts in the di-lepton class. The neccesary criteria which are based on a
conjunction between different particle signatures — a cluster-inner track link-
ing in case of electrons, an inner-outer track linking for muons — can only be
provided in the central region (see the previous chapter).

Beside the limitation on the #-range, the phase-space is also cut on the trans-
verse momentum in order to improve data quality. In addition, the chosen
Pp-cuts will completely reject the J/iy-production. Lepton events due to the
Y-decay are suppressed at roughly 100%. The restrictions on the phase-space
are summarised in table 4.1. From the di-lepton class [-[ the e-e, p-p, and
e-11 sub-classes can be derived.

Transverse Momentum Polar Angle

P)TI1 > 10 GeV, PTl2 > 5 GeV | 20° < 0[172 < 150°

Table 4.1: Di-lepton selection: Restrictions on the phase-space.

Tri-Lepton Class

In the tri-lepton selection two central leptons are required which fulfil the
criteria described above. The third lepton is allowed to have any energy, any
transverse momentum or any polar angle which correspond to the preselection
criteria on electrons and muons presented in Chapter 3.

The tri-lepton class [-I- contains the sub-classes e-e-e and e-p-p.
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4.1.2 Anti-cosmics Rejection

In the p-p channel a lot of background remains which could not be elimi-
nated by the selection criteria applied on the leptons so far (Chapter 3 and
Chapter 4.1.1). The main source of this background are the so-called “cosmic
muons”. They are produced by high-energy protons from cosmic radiation
interacting with nuclei in the atmosphere. In a first step, charged pions are
generated which decay subsequently into muons:

p+ Nucleus — 7% + X, 7% — pu* +7,(v,) (4.3)

Typically, the cosmic muons are produced in an altitude of about 15 kilome-
ters, but due to the long life-time (7, ~ 2.2-107% s) and the large v-factor
(close to ¢), they are able to reach the sea level.

In [Lei02] a detailed study is dedicated to the cosmic background. It is
shown that the cosmics, which enter the H1 detector, can be distinguished
from the di-muon events stemming from ep-interactions, by different features:

e Distance from the interaction point
e Timing behavior
e Collinearity

The cuts applied to reject the cosmic background, are summarised in ta-
ble 4.2.

Feature Chosen Cut

z-Component of vertex | |A, | < 35 cm

Event timing Aty = (Event-ty — to) < 25 ticks
Opening Angle a1 < 160°
Sum Theta for a1 0 > 150°:

0, + 0,y < 170° || O,y + 0,,, > 190°

Table 4.2: Di-muon channel: Rejection of background due to cosmics.

Cosmics prefer to enter first the upper part of the detector, but there
is no favoured region along the z-axis. Therefore, the reconstructed vertex
of a cosmic event can be far away from the interaction point whereas the
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Figure 4.1: Cosmics rejection due to the collinearity of the particles: for
opening angles greater than 160° data exceed the Monte Carlo at about two
orders of magnitude due to cosmic events.

probability for ep-events decreases if the distance is increased. A cut can be
applied to the variable |A ;| which marks the spacing between the nominal
and the reconstructed vertex.

Events can also be distinguished by their timing behaviour. While the
cosmics pass the detector uniformly distributed, physics events are corre-
lated to the “HERA-Clock” which is associated with the crossover of electron
and proton bunches. They follow the HERA-clock in a normal distribution
around the mean value 7, of the run period. In our selection, the difference
Aty between the mean t; and the Event-t5, measured by the CJCs, is re-
quired to be smaller than 25 “ticks”, about 25 ns.

To check the collinearity of the two muons, a quantity has to be defined
which correlates the muon pair. Here the opening angle between py, and po
is chosen, given by:

cosa = 2rt Puz (4.4)

|pu1||Pu2|

In the case of cosmics where there is only one particle faking a muon-pair,
it is evident that a will be calculated to values close to 180°. A big amount
of cosmics can be rejected by requiring an opening angle of o < 160°. Fig-
ure 4.1 shows the situation before the cut. It can be noted that data are in
good agreement with the theoretical expectation up to an opening angle of
160°. Unlike the cross-section o,, of the two-photon process (see the Monte
Carlo distribution) data increase quickly in this region due to the cosmic
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muon events.

Additionally, a cut on the sum of the polar angle of the muon-pair was used
in [Lei02] if @ > 150°. By this criterion, which is also implemented in our
analysis, two events of 68 have been rejected as cosmics.

4.1.3 Pr Correction by the “Pr-Balance Method”

10 20 30 ) 40 50 0 10 20 30 ) 40 50
P™isS (MUMU) PMiss (MUMU)

Figure 4.2: Check of transverse momentum conservation: distributions of Pr
for HERA-I (left) and HERA-II data (right) in the p-p channel.

The muon momentum is determined by the curvature of the particle track.
The error on the transverse momentum, obtained likewise from the informa-
tion of the trackers, is between 2-5%. In the case of high Pr events, where
the curvature is very small, too high values of P are determined. If only
the transverse momentum of one particle is over-estimated, a high value of
missing transverse momentum P7$% will be observed as a consequence. Fig-
ure 4.2 shows the P7¢ distributions in the di-muon channel. The missing
transverse momentum in the MC events can go up to 20 GeV. The slope
is described by data. Hence, the goal is to correct the initial Pp-values for
muons. The method chosen to do this, is called Pr-Balance and is based on
the assumption that the total transverse momentum of the event is zero:

P,=P,=0 = P =,/P2+P2=0 (4.5)

Furthermore, since only the momentum of the muon with the biggest error on
Pp will be corrected, it is presumed that the momenta of the other particle(s)
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Figure 4.3: Comparison of reconstructed and generated invariant masses
before and after the Ppr-balance.

in the event are determined properly.
The total momentum vector of an event with two muons is

Ptot = Pﬁz + ng + Pres- (46)
Pres is the residual momentum due to electrons or hadrons.
We calculate the difference between the total momentum py,; and the mo-
mentum of the muon with the bigger error d(Pr¢!). Without loss of generality
here it is supposed to be muon 1:

Pdif = Ptot — Piﬁi (4.7)
Now we have
Py =Py (4.8)
and
Py, = PT,,- (4.9)

The effect of the method was tested on a MC GRAPE sample. The
invariant masses of the reconstructed particles M{5¢ were compared to the

invariant masses of the generated particles M{y":
rec gen
_ My — My,

Ay = (4.10)

Miy"
The distributions of Aj; are shown in figure 4.3. On the left, the initial mass
of the reconstructed particles has been used, on the right A,, is displayed
when the Pp-correction has been performed. This way the resolution of the
mass is improved and the tail on the right side of the distribution is removed.
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Figure 4.4: Invariant mass distributions of the two highest-Pr leptons for
the total 1994-2004 sample in the di-lepton (left) and the tri-lepton-channel
(right).

4.2 Results of the Analysis

In section (4.1) we describe the cuts of our final selection and illustrate which
way the cosmic events in the di-muon channel can be suppressed. We will
now present the results of the multi-lepton analysis covering HERA-I and -II
data with an integrated luminosity of 172 pb~!. We will start with a general
discussion focussed on the characteristic variables, the invariant mass of the
two highest Pp-leptons, M;i,, and the sum of transverse energies Y. Ep, and
then proceed with a detailed description of each channel.

The invariant mass distributions of the two highest- Pr leptons are pre-
sented in figure 4.4 for the di- and the tri-lepton channel.

Both in the di-lepton and in the tri-lepton class, data are in good agree-
ment with the Monte Carlo simulation. It is excellent for smaller invariant
masses where statistics are good. In the region of high M5 we observe a slight
excess of data compared to the Standard Model prediction. For the di-lepton
channel the three high-mass e-e-e events, found in the Multi-Electron Anal-
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ysis [H103a] (see also Chapter 1.5), become manifest in the presented plot.
In the tri-lepton channel five events with invariant masses M, > 100 GeV
were detected. Three events stem from the HERA-I sample and have already
been presented in [H103a], while two high-mass events were found in the 2004
data. It can be seen in the next section that both of them were observed in
the e-pu-p-channel.

10-0 20 40 60 80|10£t(33%§) 1%_?&]&%&?0

10 it Ao,

0 20 40 60 sol 109 179, 149p 380
Figure 4.5: Distributions of the scalar sum of transverse energies of all leptons
merging di- and tri-lepton classes (top). The plot covers the total 1994-2004
data sample. Bottom pictures: On the left, the Y Ep-distribution in the di-
lepton class is shown for HERA-I data, on the right, the ) Ep-distribution
in the tri-lepton class is displayed for HERA-II data.

The distributions of the scalar sum of transverse energies of all leptons
> Ep are presented for 1994-2004 data (HERA-I and -II) in figure 4.5 merg-
ing the [-I- and the [-l-l-classes.
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The agreement between experiment and theory is satisfying. Nevertheless,
a small deviation between data and MC at high energies is observed. Four
events with Y Fr > 100 GeV were recorded, three from HERA-I in the di-
lepton channel (e-e, see bottom left), and one event from HERA-II in the
tri-lepton channel (e-p-p, see bottom right). The Standard Model prediction
for the range Y- Er > 100 GeV is 0.69 £ 0.11 (see Chapter 4.5).

Table 4.3 summarises the number of events in all channels for the totality
of the collected data sample from the years 1994-2004.

Selection | Data SM Pair Production (GRAPE) | DIS + Compton
e-¢ 156 | 160.6 = 19.1 134.4 £ 10.9 26.2 £9.9
g1 66 | 68.4+9.7 68.4 + 9.7 -

e-1 86 82.7 + 9.3 494 + 3.4 337+ 7.3
e-e-¢e 26 32.5 + 34 325 £ 34 0.02 £ 0.02
e- - 42 42.1 £ 5.2 42.1 £ 5.2 —

Table 4.3: Comparison between experiment and theory in the sub-classes of
the multi-lepton analyis.

From left to right, the first column gives the name of the sub-channel,
starting with the di-lepton channels. In the next two columns, the number of
events in the data and the number of predicted events including the system-
atic errors, are presented. The SM prediction is then split up into the signal
(expectation due to pair production) and the background (neutral current
and QED Compton). The numbers show the good agreement between data
and theoretical prediction. Within the error, data correspond to the Monte
Carlo simulation. All sub-channels are dominated by the signal. While the
-, e-e-¢, and e-p-p selection are quite “pure”, the proportion of background
in the e-p channel is at the order of 41%. This will be discussed in further
detail in the next section.

4.3 Sub-Classes of Di-Lepton Channels HERA -
I and -II

Starting with the di-lepton selection we will now focus on the single sub-
channels.
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Figure 4.6: Distributions of transverse momenta in the di-electron channel
for HERA-I (top) and HERA-II data (bottom).

4.3.1 e-e Channel

In figure 4.6 the transverse momenta of the two electrons in the e-e channel
are displayed. The e-e¢ channel is dominated by lepton pair production. For
HERA-I and -II the signal fraction constitutes 83.4% (84% for HERA-I, and
82.1% for HERA-II), the remaining 16.6% concern background events due
to a bad particle identification. They are split up in neutral current (13.4%)
and QED Compton events (3.2%).

In the NC-case, pions, which disintegrate into a photon pair, or other jet
components pretend an electron signature. In the Compton processes elec-
trons are faked by radiated photons.

A good agreement between data and theory can be seen in the Pr distribu-
tions. 156 events were found in the data for 161 £+ 25.3 predicted (HERA-
I: Data: 105, MC: 107.2 + 14.3, HERA-II: Data: 51, MC: 53.9 + 10.9).
The three events in the high mass range from the Multi-Electron analysis
[H103a] are represented in the HERA-I diagrams by the three electrons with
a transverse momentum Pr, between 50 and 65 GeV and a momentum Pr,,
between 40 and 65 GeV.

Consistency between experimental results and theoretical prediction can also
be observed in figure 4.7 for the # distribution.

63



bl
0 20 40 60 80 100 120 140 160 180
Theta(el2) (EE)

i

b 20 40 60 80 100 1.20 140 160 180
Theta(ell) (EE)

Events

10k I
0 20 40 60 80 100 120 140 160 1.

Theta(el2) (EE)

10?

0 20 40 60 80 100 120 140 160 180
Theta(ell) (EE)

Figure 4.7: Polar angle distributions in the di-electron channel for HERA-I
(top) and HERA-II data (bottom).
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Figure 4.8: Distribution of the invariant mass M, in the e-e channel for the

HERA-II run.
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Figure 4.8 shows the distribution of the invariant mass of the two electrons
M5 for the HERA-II sample. The highest M;s-value found in data events is
75.86 GeV.

4.3.2 e-p Channel

10 20 30 40 50 60 70 8 0O 10 20 30 40 50 60 70 80

Pt(el) (EMU) Pt 1)cor (EMU)

0O 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Pt(el) (EMU) Pt(u 1) (EMU)

Figure 4.9: Distributions of transverse momenta in the e-y channel for
HERA-I (top) and HERA-II data (bottom).

Lepton pair production leads to e-u signatures if the scattered electron
is detected in the event and if one muon does not satisfy the kinematical
criteria. Although the e-p sub-channel is also dominated by the signal, the
background fraction is higher than in the case of the di-electrons. 59% of the
events in the simulation are produced in lepton pair production whereas 41%
are neutral current events. In a hadronisation process, jets are produced,
which contain pions or kaons. These could pretend muon signatures or could
disintegrate into muons. The background is even higher in the HERA-II run
(Pair production: 50.4%, NC-DIS: 49.6%) than in the HERA-I run (Pair pro-
duction: 64.4%, NC-DIS: 35.6%). This could be explained by the matching
requirement between cluster and track which has been relaxed for HERA-II
(see Chapter 3.2.3)

With respect to the good consistency between data and Standard Model,
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Figure 4.10: Polar angle distributions in the e-y channel for HERA-I (top)
and HERA-II data (bottom).

both background and signal seem to be simulated correctly. Nevertheless, it
should be an objective to reduce the fraction of non-signal events further-
more.

Figure 4.9 shows the Pr distributions of the e-u class. In the whole range
data match the Monte Carlo prediction. It is obvious that a higher cut on
Pr (or Er) would eliminate most of the NC-background. In [Pee03] where
a cut EFp > 20 GeV has been applied on the particles, its fraction is around
2%. However, this cut would also considerably decrease the acceptance for
lepton pair production in the present analysis.

The highest transverse momentum in the e-p selection was determined for
an electron in the 2004 data. The value is Pr, = 43.66 GeV.

In figure 4.10 the distribution of the polar angle are displayed. Data are in
good agreement with the Monte Carlo.

4.3.3 p-p Channel

Since the final topologies for NC-DIS and QED Compton are typically e-j,
and e-y or e-j-v, respectively, the di-muon channel is not influenced by this
kind of background. The main background source in the p-p selection are
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Figure 4.11: Distributions of transverse momenta in the di-muon channel for
HERA-I (top) and HERA-II data (bottom).
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Figure 4.12: Polar angle distributions in the di-muon channel for HERA-I
(top) and HERA-II data (bottom).
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the non ep events due to cosmic muons. Special cuts were made to eliminate
them as described in section 4.1.2. In addition, all events were scanned in
order to recognise remaining cosmics in the sample. 7 events (roughly 10%
of 73 events) were identified as cosmics and excluded from the sample. After
the visualisation, 66 di-muon events are found in the data, which are in good
agreement with the SM prediction of 68.4 + 11.9 events. This is shown in
figure 4.11 and figure 4.12.

The p-p event with the highest invariant mass stems from the HERA-II
period. The transverse momenta of the muons are Pr,, = 46.54 GeV and
Pr,, = 40.97 GeV, the invariant mass and the sum of transverse energies is
evaluated to M, = 87.35 GeV and Y Er = 87.51 GeV.

4.4 Sub-Classes of Tri-Lepton Channels HERA -
I and -1I

This category is formed by the sub-channels e-e-e and e-p-p. Lepton pair
production gives rise to these signatures if an electron or muon pair is pro-
duced and if the scattered electron is also reconstructed in the detector. We
will begin the description with the tri-electron channel.

4.4.1 e-e-e Channel

The background in the e-e-e selection, induced by neutral current processes
for HERA-I and -II, is less than 0.05%. Since only 26 events were detected
in the data, statistics in the e-e-e sample is worse than in the other sub-
channels. Nevertheless, data match the Monte Carlo simulation within the
errors. The agreement can be seen in figure 4.13 and in figure 4.14 where the
transverse momenta of the electrons and their polar angles are presented.

As the distribution of the longitudinal momentum £ — P, for HERA-I

has already been presented in [H103a], here only the plot for the 2004 data is
shown. The distribution of figure 4.16 verifies an accumulation of the events
at values around 55 GeV.
As in the di-electron channel before, there is a slight excess of data in com-
parison to the theory at high P (HERA-I). The common feature of the three
high-mass events is one high energetic electron detected under a small polar
angle 6.
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Figure 4.13: Distributions of transverse momenta in the tri-electron channel
for HERA-I (top) and HERA-II data (bottom).
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Figure 4.14: Polar angle distributions in the tri-electron channel for HERA-I
(top) and HERA-II data (bottom).
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The mass distribution for HERA-II is shown in figure 4.15. The largest in-
variant mass was observed in Run 384390, Event 32486 evaluated to M, =

79.74 GeV. The transverse momenta of the two highest Pr-electrons were
determined to Pr,, = 42.04 GeV and Pr,, = 39.65 GeV.

4.4.2 e-p~-p Channel

Events
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Figure 4.17: Distributions of transverse momenta in the e-y-p channel for
HERA-I (top) and HERA-II data (bottom).

Figure 4.17 shows the Pr control plots in the e-p-p channel. The gen-
eral agreement between data and MC (42 events in the data for 42.0 £+ 5.8
predicted) is good. HERA-I data correspond to the simulation in the whole
range while HERA-II data exceed the prediction in regions of higher trans-
verse momenta. Two events with an invariant mass M, > 100 GeV were
detected:

e R 367354, E 22364:

— Py, = 62.27 GeV, Py, = 64.00 GeV
— MY =128.89 GeV, Y Er = 126.25 GeV
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Figure 4.18: Polar angle distributions in the e-p-p channel for HERA-I (top)
and HERA-II data (bottom).

e R 383168, E 78379:

- PT“1 = 48.76 GeV, PTle = 45.90 GeV
— M =102.09 GeV, S Ep = 94.66 GeV

Additionally, one further event with an invariant mass M{4' = 83.69 GeV
was found. The two muons are the highest-Pp particles in the event with
values at Pr,, =46.59 GeV and Pr,, =34.48 GeV.

The 6 distributions are presented in figure 4.18 showing a good agreement
between experiment and theory. It is obvious that the scattered electron is
mainly observed in the backward region.

4.4.3 Radiative Events
e-e-u Event

In the 1994-2000 data one event with a e-e-u signature was found for 0.92 +
0.56 predicted events. It is presented in figure 4.19.

Besides the muon (Pf = 13.82 GeV), two electrons with Pit = 13.64 GeV
and P#? = 1.30 GeV were detected. The second electron was emitted under
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Figure 4.19: Display of an e-e-u event detected in the 1994-2000 data.

a large polar angle of 0., = 173.87°. The invariant mass is calculated to
M5 = 48.04 GeV. It can be assumed that the second electron is either a
photon which has produced an electromagnetic cluster in the SpaCal, or an
electron generated by photon conversion. In both cases the event may be
interpreted as e-p-event with a radiated photon.

4-Lepton Event

Additionally, one four-lepton event was observed in HERA-II data for a the-
oretical prediction of 0.56 £+ 0.14 events. The event display (figure 4.20)
shows three electrons with transverse momenta between 6 and 12 GeV in
the central part of the detector, and one electromagnetic cluster in the very
backward region (Pr = 1.06 GeV, # = 170.73°). As in the case of the e-e-y
event, the SpaCal cluster can be attributed to a photon or a photon, which
converted into an electron.
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Figure 4.20: Display of an 4-lepton event detected in the 1994-2000 data.

4.5 Events in the High Mass Range

This section is summarising the events which have been found in the high-
mass or high-energy region. In table 4.4 the eight events with an invariant
mass M > 100 GeV are compared to the Standard Model prediction for this
range. The comparison shows a deviation of data with respect to the Monte
Carlo simulation. Nevertheless, statistics are too low to permit profound
conclusions about a possible excess.

An overview of the high-Y" E events for di-, tri and all leptons is given
in table 4.5.

In the following section we will focus on the two high-mass events selected
in the HERA-II data. A method will be presented to improve the resolution
on the event parameters and subsequently on the derived quantities, such as
the invariant mass Mi,.
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Selection Data SM Signal Background

e-e M. > 100 GeV 3 10.51+£0.04]0.33+£0.03|0.18£0.03
p-pp My, > 100 GeV 0 |0.04+£0.01]0.04 £0.01 -

e-p M, > 100 GeV 0 |0.31£0.03]0.31 £0.03 -
e-e-e M, > 100 GeV 3 1038 £0.04]0.38 £ 0.04 -
e-pi-po Me,, > 100 GeV 1 0.04 = 0.01 | 0.04 £ 0.01 -
e-p-p My, > 100 GeV 1 0.02 £ 0.01 | 0.02 £ 0.01 -

Table 4.4: Comparison between data and theory in the high mass range

M5 > 100 GeV.

Selection Data SM Signal Background

[-1 Y Ep > 100 GeV 3 0.42 £ 0.04 | 0.29 + 0.03 | 0.13 £ 0.02
[-I-1 Y Ep > 100 GeV 1 0.11 £ 0.02 | 0.11 4+ 0.02 —

ALL LEP Y Ep > 100 GeV | 4 0.69 =+ 0.11 | 0.57 £ 0.05 | 0.13 £ 0.03

Table 4.5: Summary of the events with Y>> Er > 100 GeV in the di- and
tri-lepton channel and for all leptons in comparison to the SM prediction.
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Chapter 5

Kinematical Fit for High Mass
Events

5.1 Motivation

Chapter (4.1.3) highlights the fact that transverse momenta of muons could
be determined incorrectly in the high Pr range where the track curvature is
small. In the method presented, the transverse momentum of the muon with
the highest error dPr is corrected in such a way that the momenta of all the
particles become balanced. (Pjss = ().

There is, however, a problem with this method with errors on Py of two
muons that are large because only the Pr of one particle is corrected. Thus,
we are trying in this chapter a more sophisticated technique, a constrained
fit.

We are going to give evidence of the fit being based on the requirement of
conserved transverse and longitudinal momentum of the event. The fit is
applied to the four-vectors of the particles in the detector.

The kinematical fit on high mass events is mainly motivated by two rea-
sons. On the one hand it puts us into a position to improve kinematic mea-
surements, e.g. the resolution on transverse momenta, energies and quantities
which can be derived from the former ones like the invariant mass Mi,. On
the other hand we can study if or how the invariant masses are shifted by
the fit, and if the final results are compatible with the interpretation that
the high-mass lepton pairs stem from the decay of a single resonance.

A constrained fit has already been applied to the high-mass events found in
the HERA-I data and published [H103a]. Figure 5.1 shows the three e-e and
three e-e-e events. The results are summarised and presented in figure 5.2.
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Event 3

Figure 5.1: High-mass events from HERA-I, labeled as di-electron (left) and
tri-electron events (right). Event 1 and 3 have an additional low-energetic
electron while 6 contains a hadronic part [H103a].
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Particle

“ E [GeV] l @ [degrees) | @ [degrees] | Charge (significance)

Multi-electron Event 1

(2e)

Run 83507 E— P, =540+ 1.1 GeV Ppiss=3.1 + 1.8 GeV
Event 16817 My =1112 4 2.4 GeV M{} =111.3 £ 0.4 GeV
ey 903+3.1 | 36.6+£0.2 98.48 £ 0.05 -(4o)
es 536414 69.6 £ 0.3 -77.05 £ 0.05 undetermined
low energy e 44403 443 £03 | -15546 £ 0.03 + (700)
Multi-electron Event 2 (2e)
Run 89256 E—P. =439+ 0.8 GeV Pyriss=]1.9 & 1.8 GeV
Event 224212 M, = 130.0 + 2.6 GeV M{i'=129.3 424 GeV
e 1324+43 | 28.6£0.1 8.73 £ 0.06 undetermined
es 824+ 1.8 484 +£0.2 | -171.50 £ 0.03 -(60)
Multi—electron Event 3  (2e)
Run 254959 E—P. =513+ 14GeV Pyriss=3.5 £ 2.0 GeV
Event 17892 Mys=112.5 £ 2.4 GeV M{i=109.5+ 1.0 GeV
e 969+33 | 346+£03 52.66 &+ 0.02 +(100)
es 46.1 £ 1.1 80.1 £0.9 | -125.62 £ 0.01 + (150)
fwd em cluster | 701300 45401 | 1327410 undetermined
photon 1.1 £0.1 132.0£ 5.5 398173 0
“ this error includes the uncertainty due to energy loss in the beampipe
Multi—electron Event 4  (3e)
Run 168058 E— P, =557+ 14GeV P—}"”":].I + 0.8 GeV
Event 42123 Mis = 1374 + 2.9 GeV MIE'=1388 4+ 1.2 GeV
e 358409 | 1156+09 | -598 +0.02 + (180)
ea 1730+ 55| 6.6x0.1 -159.1 £ 0.5 undetermined
e3 448+ 1.7 218402 139.10 £ 0.03 -(12e)
Multi-electron Event 5 (3e)
Run 192864 E—P.=5384 1.4 GeV P?"“:ﬂ.? + 0.6 GeV
Event 123614  Mjs = 118.1 & 2.6 GeV M{}' =121.9 £ 0.6 GeV
ey 13890 4+45 | 102£0.1 44.1 £ 0.6 undetermined
ey 281 £08 | 1347403 | -9585+0.01 +(250)
e3 353k 15 26.6 £ 0.1 172.71 £ 0.05 +(50)
Multi-electron Event 6  (3e)
Run 267312 E—P. =574+ 1.6GeV Ppiss=2.4 + 0.8 GeV
Event 203075 Mis = 1347 + 3.1 GeV MIE'=1323 4 1.4 GeV
e 1860 £ 59 | 7.11 £ 0.05 -71.3+£04 undetermined
es 255+ 08 | 1488402 | 12025 + 0.02 +(320)
es 85+£05 69.7+0.3 | 164.90 £ 0.01 +(570)
hadrons” 1232+ 67 | 6.1x 1.1 535+ 1.1

® mass of the visible hadronic system: 24.0 + 2.5 GeV

Figure 5.2: Results of the kinematical fit for the HERA-I events with M >
100 GeV. From the figure initial M;; and reconstructed invariant masses
M/ can be compared [H103a).
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Figure 5.2 demonstrates that the shift between initial and final invariant
masses is in the order of 1-3 GeV. While the initial relative errors on M,
have been calculated to values of roughly 2-2.5%, the resolution has been
improved by the fit to values of dM;, between 0.5 and 1%.

In order to check the high-mass events carefully and to improve the Pp-
balance method, the kinematical fit has been applied to the two e-pu-u events
with M, > 100 GeV found in the 2004 data. Due to their completely
different signature in the detector, the fit procedure had to be modified for
muons. The fitting of electrons and muons will be discussed in detail in the
following. First, we will introduce the programme “APLCON”, which the fit
makes use of. It has been developed by V. Blobel [Blo97].

5.2 Description of the Fit Programme APLCON

As already mentioned, the kinematical fit is a constrained fit imposing lon-
gitudinal and transverse momentum conservation to adjust a finite number
of particle observables.

The kinematical fit is based on three hypotheses which can be deduced
easily by looking at the 4-vectors of the incident particles:

e Lepton (Electron/Positron): (E,, 0,0, —E,)
e Proton (E,,0,0, E,)

As the initial transverse momentum Pr = /P2 + P} is zero, it has to be

zero in the final state due to momentum conservation if all particles of the
event have been measured.
From the 1- and 4-component of the momentum-vector, we calculate the
conserved quantity £ — P,:

E—-P,=E,+E,—E,+E, =2E,

with an electron/positron energy of E, = 27.5 GeV.
Finally, we can summarise the three constraints deduced above:

P,=0 (5.1)
P,=0 (5.2)
E — P, =55 GeV (5.3)
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Following the notation of [Blo97], we write the measured parameters as

vector x with n components zi, xs, ..., x,, and its covariance matrix as V:
X1 011 012 ... Oip
) 021 022 ... O2p

x=| ... Ve=1| ... ... .. ... (5.4)
T Onl1 On2 --- Onpp

The diagonal elements can be identified with the standard deviations of the
parameters, e.g. o1, = o} is the standard deviation of the vector component
x1. The covariance matrix is symmetric, i.e. Vf = V, and o0;; = oy,
respectively.

For the kinematical fit the derivative matrix of m quantities with respect to
the n components x; is needed. This matrix is called A, and is given by

A A ... Ag ayl/axl 8y1/3x2 e ayl/amn

Ay Agy ... Ay ayQ/a»’Ul 8y2/3x2 e ayQ/axn

Anl An2 EE Ann aym/axl ay2/a$2 EE aym/axn
(5.5)

The vector y is set up by the m parameters.

The principle the programme APLCON relies on is called “the Principle
of Constrained Least Squares”. It uses the Lagrange Multiplier Method.
In the ideal case, the parameters x satisfy one or more constraint equations

f:
Fx) =0 56)

Unlike the mathematical idealisation, we generally have to correct the mea-
sured values, marked by x¢, by a vector Ax to fulfil the conditions:

f(xo+Ax)=0 (5.7)
The search for the corrections Az, which are meant to conform to
Ax"V ' Ax = minimum (5.8)

is realised by the method of Lagrangian multipliers. To each constraint
equation f a parameter A is added. For the function obtained

L(Ax, \) = Ax"V'Ax + 207 f(xg + Ax) (5.9)
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a stationary point need to be determined by demanding that the derivatives
of L with respect to all Ax; and to all A\; disappear.

If the conditions f(xo + Ax) = 0 are non-linear, they have to be linearised.
For these purposes, equation (5.7) has to be expressed in terms of the cor-
rection Azx:

f(xo+ Ax* 4+ (Ax — Ax")) = 0

o 9f _
Flxoraxe + (Ax — Ax7) = e 0
of _ (o .
<8x > Ax = < 8x> Ax* — f (5.10)

The problem is solved in an iterative way, using the quantity Ax* which
denotes the previous correction. f* and the derivative 0f*/0x are calculated
at the point x¢ + Ax*.

Equation (5.10) can be written in a more suggestive way:

f+AAx—Ax") =0 (5.11)
with the shortcuts
fl(y*) 8f1/8w1 8f1/8x2 Ce afl/al'n
fz(y*) 8f2/8x1 8f2/6x2 . 8f2/8xn
f= A= (5.12)
Fuly?) Ofnf0ny 0fsf0ns ... Ofn)Ou,

corresponding to the definition of A in (5.5).
Now a stationary point of the function

L =Ax"WAx + 2\ (f + A(Ax — Ax*)) (5.13)

need to be found by differentiation. In (5.13) W is equivalent to the inverse
covariance matrix, V', and is known as the weight matrix.
The differentiation with respect to all Ax leads to

WAx + AT =0, (5.14)
and the derivatives with respect to the Lagrangian multipliers A are given by
AAx = —f + Ax" . (5.15)

Thus the equation system can be written as
W AT Ax 0
(%) (3)=(4lae) 0w
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The programme APLCON evaluates (5.16) by matrix inversion. In the case
of non-linear problems, the iteration stops when convergence is reached. This
can be written mathematically by

S | fm(xo + Ax)| < €, (5.17)

m

where the explicit size of € has to be defined by the user.
After the final iteration, the minimised quantity

S =Ax"V 'Ax (5.18)

should follow a y2-distribution with v degrees of freedom, where v is equal
to m, the number of constraint equations. Further details can be found in
the next section and in [Blo97] and [Blo02].

5.2.1 Quality of the Kinematical Fit

The quality of a fit can be checked by a x?-test. For n variables x;, which
follow a normal-distribution around the mean p; and have the variance o7,
x? can be defined as:

z1— 11)% (9 — 19)? Ty — fn)? x; — ;)?
X2:(1 2#1) +(2 2M2) +...+( 2M) :ZM
01 02 Un

(5.19)

=1 )

If the variances of the n quantities have been obtained independently for
each z;, the number of degrees of freedom v is equivalent to the number of
measured variables n.
To test if the values of y; and o? are correct, x* can be compared to the
number of degrees of freedom v. A good quality is accomplished if the x?
is approximately equal to v. For non-correlated parameters, the number of
degrees of freedom is equivalent to the number of parameters. For correlated
quantities, the number of degrees of freedom v is reduced by the number of
relations r between the z;:

v=n-—r (5.20)

If x? > v, the variances (errors squared) have been under-estimated.
The inverse case, x? < v, results from over-estimated errors [Sco00].
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5.3 Choice of Parameters

The quality of the kinematical fit is intimately connected to the choice of fit
parameters which have to meet the requirements as follows:

e Parameters have to be independent of each other
e Precise measurement for the chosen parameters ought to be possible
e Corresponding errors have to be estimated properly

These conditions will require different strategies to fit electrons and muons.

5.3.1 Fitting Electrons

A possible set of independent parameters for electrons is represented by the
Cartesian coordinates of the electron cluster barycenter in the LAr Calorime-
ter or the SpaCal, by the energy E.,, deposed in the calorimeter and by the
z-component, of the event vertex zy. Since the azimuthal angle ¢ is mea-
sured with high accuracy by the tracking system, we decided to transform the
Cartesian coordinates of the cluster to cylindrical coordinates (z,y, 2)c —
(R, ¢, 2)c. The choice of cylindrical coordinates also corresponds to the de-
tector geometry. The cluster is corrected by the vertex position. As men-
tioned above, ¢¢ is subsequently replaced by ¢y, if the electron is found in
the central part of the detector.

Errors on the cylindrical cluster coordinates can be re-calculated from
the errors on Cartesian coordinates of the cluster barycenter. An exception
is made for the angle ¢ where the error is determined by the trackers. The
error on the energy is given by the resolution of the calorimeter % [H197]
and by the error on the calorimetric calibration, which varies as a function
of 6 between values of 0.7 and 3%. [Hei99]

The set of parameters chosen to fit electrons is summarised in table 5.1.
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Vector = of the fit parameters:

Cylindrical cluster coordinates (Rey dury 20 )e,
(exception: ¢¢ replaced by ¢y,)

Calorimetric energy Ec,
z-Component of the event vertex | zy

Diagonal elements of the error matrix V,:

Error on barycenter of clusters dre, dyc, dze — dR¢, dzc
(error on the energy and
the volume of the cells)
Error on ¢, found out by trackers | d¢y,

Error on the energy dEc = 15% /VE + (0.7® 3 %)g(;izb
Error on z-vertex dzy

Table 5.1: Input quantities for the kinematical fit for electrons.

5.3.2 Fitting Muons

The muon signature in the detector is made up of an inner track in the inner
tracking system and an outer track in the Muon Detector. Unlike electrons,
where the measurement of energy, of polar and of azimuthal angles is done
in the calorimeter, the kinematic observables of a muon are measured by the
trackers. Therefore, the fit input for muons has to be chosen differently from
the input for electrons.

The track of a charged particle is characterised by its curvature, which is
used to determine the tranverse momentum Pr by

_ 03¢ B[T]

Fr Klem]

, (5.21)
where B is the magnetic field, and ¢ the particle charge.

The inverse transverse momentum P! is directly proportional to the mea-
sured curvature: P;' oc k. Determined by the curvature of the tracks, only
the errors on the inverse momentum guarantee to be symmetric. Therefore,
Pyt is a valid fit parameter in the case of muons.

However, we have observed that the errors dPr and dP; "' can be overes-
timated if the curvature is small, i.e. in the case of high momenta. We made
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a check with a 1999-2000 MC-GRAPE sample to verify the credibility of the
indicated errors. The selection corresponds to the di-muon channel of the
multi-lepton analysis, only the cuts on Pr were relaxed to investigate also
the low-Pp-range. Thus the criteria are:

o P > 9GeV, P** > 2GeV
e other criteria from the multi-lepton analysis

For the error-check the difference between the inverse momenta of recon-
structed and generated particles was calculated:
1 1
-1 _
This quantity was plotted for several bins in Pr. For each bin the distribution
was fitted by a Gaussian, and the o of the fit was determined. Then the

quantity
0

T E—— 5.23
1/ < Pr >; ( )

del(rec — gEN) el =
was evaluated.

dPp*(rec — gen) was compared to the error on the inverse momentum
provided by the track reconstruction dpti,.. The latter quantity was plotted
for the same Ppr-intervals as above. Then the mean value obtained for each
bin i was divided by 1/ < Pp >;

< dptiy. >

dPrITI(tTCLCk'eTS)Tel == m

(5.24)

to obtain a relative error as in equation (5.23).
The errors in (5.23) and (5.24) were correlated by a pull distribution defined
as follows:
pull dP; (rec — gen)
T dP;(trackers)

The sigma of the Gaussian fit obtained for each bin should be around 1 if
the error is determined correctly. Otherwise we can distinguish between the
two cases:

(5.25)

o P2 > 1: error on the quantity dPy'(trackers) is supposed to be
under-estimated

o PP < 1: error on dPy(trackers) is supposed to be over-estimated
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Figure 5.3: The distribution on the difference of inverse momenta of recon-
structed and generated particles dPy*(rec — gen),¢ is compared to the error
on inverse Py provided by the fit of the muon tracks (left). The errors can
also be compared by a P;' pull distribution (right).

The results of the error studies are presented in figure 5.3. On the left,
dP;'(rec — gen),q from equation (5.23) is compared to dP;'(trackers),q
from equation (5.24). On the right, the P2“" distribution (see equation 5.25)
is displayed.

We expected to see a similar run of the distributions in figure 5.3 (left)
and to find values of o close to 1 in figure 5.3 (right). However, the values
provided by the trackers exceed the values obtained from the comparison
between reconstructed and generated transverse momenta by a factor 2-3 at
high Prs.

Two regions can be distinguished in the P2*" distribution:

o Low Pr: dP;'(trackers) < dP;'(rec — gen)pe
e High Pr: dPy'(trackers) > dPy*(rec — gen)yq

The errors determined by the fit of the muon tracks could be over-estimated
in the high- Py range. However, we have to use dP; ' (trackers) because of our
goal to apply the fit to data events (no availability of generated quantities).

For the muon fit cylindrical coordinates (R, ¢, z) are used. For R the
fixed value of R4, = 100.5 cm is taken, which stands for the radial distance
between the z-axis and the inner edge of the electromagnetic calorimeter.
The azimuthal angle of the muon track ¢L’", measured with high accuracy, is
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Figure 5.4: Comparison between the polar angles theta of reconstructed
muons determined by an inner track ;¢ (left), or determined via an iron

track 07¢¢  (right) and generated muons §9¢".

used. The z-coordinate is given by

Rcalo

Z =
tan 6},

+zyv =2p + 2y (526)

where zy is the z-component of the event vertex.

Since zp corresponds to the distance between the z-components of the im-
pact and the reconstructed vertex, it is denoted by the subscript “D”. zp is
a valid fit parameter because it is calculated independently of z-vertex.

We also had to check in which part of the detector, inner trackers or
muon system, the better measurement of the polar angle is done. For these
purposes, reconstructed and generated particles of a 1999-2000 MC-GRAPE
sample were compared again. We calculated the difference between the re-
constructed polar angle 6}° measured by the inner tracks and the #9°" of the
generated particle. In the same way the angle measured in the iron 67

ron?
were compared to #9°". We summarise:

rec __ f)gen
0rcc — 0

Aeinnertrack — ggen and (527)
grec _ ggen
Aeironclus - MW (528)

The distributions of Ab;npertrack and Ab;onaus are displayed in figure 5.4.
The o-values of the Gaussian fit were calculated to 0.05° for the inner track
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Vector = of the fit parameters:

Cylindrical coordinates (Reatos Pirs 2D) s
(¢C — ¢t7‘)
Inverse transverse momentum (Pp 1) i

z-Component of the event vertex | zy

Diagonal elements of the error matrix V,:

zp (using the error of ) (d2p)
Error on ¢, found out by trackers | d¢y,
Error on the inverse Py (dP;h) i

(2

Error on z-vertex dzy

Table 5.2: Input quantities for the kinematical fit on muons.

angles and to 0.58° for the iron track angles. This demonstrates that a better
resolution on the angular measurement is provided by the inner trackers.
Consequently, 6}, is used to calculate the fit variable zp.

The set, of parameters chosen to fit muons is summarised in table 5.2.

5.4 Tests of the Fit Method for Muons

In order to find out whether the chosen fit method for muons works properly,
we applied it first to Monte Carlo e-p-p events with high invariant masses.
The reconstructed observables were fitted, and their initial and final values
— particularly M5 were compared to the generated quantities. We expected
the reconstruced masses to have appoached the generated masses after the
fit. The results of the kinematical fit applied to three high mass events, are
discussed in the next section.
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5.4.1 MC Event Sample

As a study example three high-mass events were chosen from a GRAPE
Monte Carlo sample.

Event 1

The first event is displayed in figure 5.5:
The survey of the parameters and their corresponding errors is given in

E=-275x920.0GeV B=11.6 kG

D SN=/x03/usr/rothmai/mlep2607/scan/mc_events.dst
RUN 248682 Event 100508 MC date 2003/11/18 21:56
BTOF Global, BG, |A = 000 AST = 20000000 0 920004 40008000
RST = 20000000 0 920004 40008000

o

M

Figure 5.5: Event display of the first MC event.

table 5.3. The dominant uncertainties in the fit input are the errors on the
inverse transverse momentum (for the muons), on the energy (electron) and
on z-vertex:

o (dPrY); =17.98 %

o (dP;');eh =42.80 %

o (dE)"¢ =5.26 %

ele
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a) Input Fit Parameters

Particle P! [GeV 1] R [cm] ¢ [deg] z [em]

ul 0.0222 + 0.0018 100.50 + 0.000001  —73.007 £ 0.013  12.49 + 2.42
) 0.0271 + 0.0116 100.50 + 0.000001  94.620 = 0.041 201.66 + 6.06
e E [GeV]: 8.37 £ 0.44 117.39 4+ 1.05 —172.022 4+ 0.012  —27.98 + 1.03
zy [cm] = 14.96 £+ 1.14

Pmiss [GeV] = 7.91292

Other Event Variables

E — P, [GeV] = 59.78446

Particle  Pr [GeV] (E)u1,2 [GeV] 0 [deg]

pl 45.14 45.49 82.92 £+ 1.52

n2 36.85 82.62 26.49 £ 0.79

e 7.87 see above 109.96 £ 0.68

Invariant Mass: M3 [GeV] = 99.68 & 21.72

b) Output Fit Parameters

Particle P;l [GeV—1] R [cm)] ¢ [deg] z [cm]

nl 0.0258 + 0.0004 100.50 £ 0.000001  —73.007 £ 0.013 12.79 + 2.27
n2 0.0260 £ 0.0004 100.50 £ 0.000001  94.623 £ 0.041 201.88 £ 6.03
e E [GeV]: 8.84 + 0.13 117.42 4+ 1.05 —172.022 £ 0.012  —25.94 £ 1.03
zy [cm] = 14.87 + 1.14

Other Event Variables

Particle  Pr [GeV] (E)p1,2 [GeV] 0 [deg]

pl 38.75 39.06 82.75 £+ 1.45
2 38.34 86.03 26.47 + 0.78
e 8.32 see above 109.89 £ 0.68
Invariant Mass: legt [GeV] = 94.15 £+ 1.34

Pmiss [GeV] = 0.00001 x2 = 5.462

E — P, [GeV] = 55.00001

x2/ndof = 1.821

Table 5.3: Kinematical fit of the first e-u-p MC event. The input can be
seen in a) and the fitted values are given in b).
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o (dzy)® =7.62%

From the input values the quantities P/ = 7.91 GeV, E — P, = 59.78 GeV
and the invariant mass M3 = 99.68 + 21.72 GeV are calculated.

The output result is shown in table 5.3 b). It can be seen that only the
inverse Prs and the electron energy are touched by the fit. The Pr of the
two muons approach each other (Pr,)" = 38.75 GeV, P = 38.34 GeV),

the energy of the electron has slightly increased: nge" = 8.84 GeV. A good
level of convergence has been reached: P ~ (0 GeV, E — P, ~ 55 GeV.
The final errors on the transverse muon momenta and on the electron energy
are now at the order of roughly 1.5%.
The small errors after the fit lead to a relative error on the invariant mass
M, of about 1.4%. The result of the y?-test, which was performed to check
the fit quality, is 1.821 for x? divided by the number of degrees of freedom.
This value indicates that the errors on the parameters were not estimated
correctly.

Unfortunately, we cannot show that the invariant mass of the recon-
structed event approach M{y" = 100.46 GeV. We present the quantities
energy and Pr for reconstructed and generated particles:

Component | Rec. Value (ini) | Rec. Value (fin) | Gen. Value
E,. [GeV] 45.49 39.06 12,10
Py, [GeV] 45.14 38.75 41.41
B, [GeV] 82.62 86.03 96.40
Pr,, [GeV] 36.85 38.34 40.78
Fuie [GeV] 8.37 8.84 8.54
Py, [GeV] 7.87 8.32 8.06

The reconstructed muon quantities are closer to the generated ones after the
fit. In the table below the parameters used to determine M, are shown:

Quantity Rec. Value (ini) | Rec. Value (fin) | Gen. Value
B + B,y [GeV] 128.11 125.09 138.50
Dy + Pryo [GEV] 10.22 8.24 8.81

Py + Dy, [GeV] -6.44 1.15 1.04

P2y + D2y [GeV] 79.55 81.94 94.93

Although the individual values F,; and E,, were improved, the difference
between reconstructed and generated values for the sum of the muon energies
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E,1 + B2 is larger after the fit.

A bad reconstruction of the polar angle could be the reason for this problem.
The reconstructed values of § before (6,1 = 82.92° and 6,57 = 26.49°)
and after the fit (65" = 82.75° and §)5°/™ = 26.47°) are rather far from
the generated ones, 677" = 79.63° and 075" = 25.02°.

The generated and reconstructed masses are summarised in the table below:

Reconstructed Mass Generated Mass

MM = 99.68 4 21.72 GeV
| M{™ =100.46 GeV
M = 94.15 +1.34 GeV

In order to test the sensitivity of the fit as to the input, we varied the er-
rors on the inverse transverse momenta of the muons and the error on the
electron energy. For each value, the final invariant mass lezm was checked,
and a y%-test was performed. Decreasing values of x? results from increasing
values of the errors. The x? is most affected by a variation of dPT’H 11 This is
shown in figure 5.6.

It can be noted that the invariant masses only depend weakly on the errors.

97g SE
E e M,,as function of dPti E O x%as function of dPti
96.5F — fitted rec. mass value 4.5E B — desired value y?/ndof = 1
96 E_ value of error on P} 4E value of error on P;
< %5F 35
> 95: Y— E
0y 3 o E
O, 0a5E T E
N ogb & 25F
— 94:— 04000 ° 1) 25 [}
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Figure 5.6: MC-Event 1: Distributions of M{." and x*/ndof as functions of
the error on Pr, 11 from the reconstuction.

The fit is stable. We compared the differences between the reconstructed
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and generated values A,.._gep to the errors obtained from the reconstruction
software dgirrc. This is shown in the table below:

Quant lty A7"ec—gen dHlREC
Pr,, [GeV] [0.0020 | 0.0018
Pr,, [GeV] | 0.0026 | 0.0116

B [GeV] | 0.17 0.44
2 [cm] 5.90 2.42
Zu2 [cm] 13.63 6.06
Zele [cm] 1.25 1.03

The errors on the polar angles of the muons from the event reconstruc-
tion were under-estimated with respect to the differences between the re-
constructed and generated 6 values. Consequently, the errors on z,; and 2,9
determined from # were under-estimated.

Event 2

The display of the second event is presented in figure 5.7. All parameters can
be found in table 5.4. As for the first event we look at the highest relative
errors:

o (dP; ')t =33.13 %
o (AP ')t =729 %

o (dE)S =318 %

ele

From the 4-vectors of 1 and ;2 the invariant mass is determined to the value
Mt = 107.45 + 18.22 GeV. Due to the big errors on the inverse transverse
momenta, the relative error on the invariant mass is dM7¢ = 16.96%. The
generated mass is M{5" = 116.52 GeV.

The quantity most affected by the fit is the transverse momentum of
muon 1. This parameter has increased. The final value is PT,JZ”’T“ =
64.09 GeV. The generated value was calculated to Pri" = 64.19 GeV. The
parameters of muon 2 and the electron have hardly changed.
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a) Input Fit Parameters

Pmiss [GeV] = 10.51632

Particle P! [GeV 1] R [cm] ¢ [deg] z [em]

ul 0.0183 + 0.0061 100.50 + 0.000001  —96.308 £ 0.022  249.54 %+ 0.73
) 0.0217 + 0.0016 100.50 + 0.000001  61.979 & 0.011  90.88 + 0.21
e E [GeV]: 28.60 £ 0.91  114.38 + 1.34 121.072 + 0.011  16.86 =+ 1.34
zy [cm] = —6.76 £ 0.01

E — P, [GeV] = 53.87662

Other Event Variables

Other Event Variables

Particle  Pr [GeV] (E)p1,2 [GeV] 0 [deg]

nl 54.59 146.14 21.94 £ 0.06

n2 46.12 62.19 47.88 £+ 0.06

e 28.01 see above 78.33 £ 0.66

Invariant Mass: M{} [GeV] = 107.45 + 18.22

b) Output Fit Parameters

Particle PT_1 [GeV—1] R [cm] ¢ [deg] z [cm]

nl 0.0156 4+ 0.0001 100.50 £ 0.000001  —96.308 4+ 0.022  249.54 £+ 0.73
n2 0.0221 4 0.0001 100.50 £ 0.000001  61.979 £ 0.011 90.88 £ 0.21
e E [GeV]: 28.21 + 0.20 114.35 4+ 1.34 121.072 £+ 0.011 17.00 &+ 1.30
zy [cm] = —6.76 £ 0.01

Particle  Pr [GeV] (E)p1,2 [GeV] 0 [deg]

pl 64.09 171.54 21.94 £ 0.06
2 45.32 61.10 47.88 £ 0.06
e 27.62 see above 78.26 £+ 0.64
Invariant Mass: legt [GeV] = 115.40 £ 0.54

Pmiss [GeV] = 0.03817 x2 = 0.461

E — P, [GeV] = 55.00740 x2/ndof = 0.154

Table 5.4: Kinematical fit of the second e-p-p MC event. The input can be
seen in a) and the fitted values are given in b).
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E=-275x920.0GeV B=11.6 kG

D SN=/x03/usr/rothmai/mlep2607/scan/mc_events.dst
RUN 253700 Event 102293 MC date 2003/11/18 21:56
BTOF Global, BG, |A = 000 AST =20000000 7808 20000 304C000
RST = 20000000 7808 20000 304C000

M

Figure 5.7: Event display of the second MC event.

Consequently, the final invariant mass approaches the generated mass.
The comparison can be seen in the table below:

Reconstructed Mass Generated Mass

ME“™ = 107.45 + 18.22 GeV
. ME" =116.52 GeV
Mpged™ = 115.40 4 0.54 GeV

The final errors on the Pr of the muons and the electron energy (all in the
order of 0.4 - 0.7%) are supposed to be too small. Due to the small relative
error dMJ$" = 0.45%, generated and reconstructed mass do not match within
the error interval.

The level of convergence for the fit is not satisfying. As for the first event,
the invariant mass and the x? were plotted as functions of the errors dP;*
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Figure 5.8: MC-Event 2: Distributions of lezm and x?/ndof as functions of
the inverse transverse momentum of y;.

and dF, respectively. In addition, the transverse momentum of muon 1 was
varied to check as to whether the level convergence could be improved. The
distributions are shown in figure 5.9 and figure 5.8.

The three plots on the right in figure 5.9 indicate that the errors on the
energy and the transverse momentum were over-estimated. This statement
is veryfied by the comparison between A¢._gen and dpyirpc provided in the
table below:

Quant lty A7"ec—gen dHlREC
Pr,, [GeV] [ 0.0027 | 0.0061
Pr,, [GeV] | 0.0001 | 0.0016

E.. [GeV] | 0.91 0.91
2 [cm] 0.11 0.73
2o [em] | 0.56 0.21
Zele [cm] 0.01 1.33

Additionally, this conclusion is consistent with the value for x*/ndof < 1.
At a value of PT’HI1 = 0.015 GeV~! a minimum for 2 is reached by the fit.
This value corresponds to the generated value for muon 1.
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Figure 5.9: MC-Event 2: Distributions of lezm and x?/ndof as functions of
the errors on Pﬂh,z and on F, from the reconstruction.
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Figure 5.10: Event display of the MC event 3.

Event 3

The third event is visualised in figure 5.10.
The fit parameters are summarised in table 5.5. Since the dominating
relative errors are smaller than in the two former cases — (dP;')1¢ = 13.33%,

(dP; ")t = 8.97% and (dE)if! = 4.77% — the relative error on the initial

ele
invariant mass is calculated to 8.12%.
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a) Input Fit Parameters

Particle P! [GeV 1] R [cm] ¢ [deg] z [em]

ul 0.0127 + 0.0017 100.50 + 0.000001  52.606 = 0.011 141.77 + 2.86
) 0.0156 =+ 0.0014 100.50 + 0.000001  -136.968 & 0.010  96.97 = 3.00
e E [GeV]: 11.54 £ 0.55  114.58 + 0.76 —71.304 & 0.012  48.34 + 0.76

zy [em] = 1.35 £ 1.32
Pmiss [GeV] = 9.93774

Other Event Variables

E — P, [GeV] = 59.49870

Particle  Pr [GeV] (E)u1,2 [GeV] 0 [deg]

pl 78.90 136.43 35.33 £ 0.61

n2 64.07 89.03 46.02 £+ 0.98

e 10.67 see above 67.70 £+ 0.67

Invariant Mass: M{? [GeV] = 143.18 £ 11.62

b) Output Fit Parameters

Particle P;l [GeV—1] R [cm] ¢ [deg] z [cm]

nl 0.0151 £ 0.0001 100.50 £ 0.000001  52.605 £ 0.011 141.70 £ 2.82
n2 0.0166 £ 0.0001 100.50 £ 0.000001  -136.968 £+ 0.010  96.55 + 2.89
e E [GeV]: 13.05 + 0.11  114.64 £+ 0.76 —71.304 £ 0.012  48.19 £ 0.76

zy [cm] = 1.80 £+ 1.31

Other Event Variables

E — P, [GeV] = 55.00001

Particle  Pr [GeV] (E)p1,2 [GeV] 0 [deg]

pl 66.29 114.59 35.35 + 0.60
u2 60.38 83.73 46.15 £ 0.95
e 12.10 see above 67.97 £+ 0.66
Invariant Mass: M/’ [GeV] = 126.89 + 1.38

Pmiss [GeV] = 0.00005 x? = 10.202

x2/ndof = 3.401

Table 5.5: Kinematical fit of the third e-p-u MC event. The input can be

seen in a) and the fitted values are given in b).
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Figure 5.11: MC-Event 3: Distributions of lezm and x?/ndof as functions
of the error on E,. from the reconstruction.

The final values for the constraint equations are satisfying and the recon-
structed mass converges to the generated mass as can be seen in the table
below:

Reconstructed Mass Generated Mass

ME“™ = 143.18 + 11.62 GeV
. ME" = 128.68 GeV
Mygedn — 196.89 4 1.38 GeV

However, the x*/ndof = 3.401 indicates that the size of the errors were

under-estimated. Despite the comparable values of M7%5" and MJs¢ there is
no matching within the error interval. Further checks on the size of the un-
certainties were done, and the result is presented in figure 5.11.
It is found that the final invariant mass is influenced by a variation of dF.
At higher values, the final reconstructed mass increases, and shows a further
approach to the generated mass. The x?, divided by the number of degrees of
freedom, converge to a value of 1. For dF,,. = 0.88 GeV, which is the value
of AE,ec—gen, the x? is at around 1.5. The check above shows how sensitive
the fit reacts to the input parameters.
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5.4.2 Conclusion

Three e-p-p1 Monte Carlo events were fitted by the method of constrained
least squares. It has been shown that in two of the three cases the recon-
structed invariant mass M{5¢ was improved and values of parameters ap-
proached the generated values. However, the x? test indicated that the
kinematics of the events were not completely understood within the mea-
surement errors. Subsequent checks showed that errors on some variables
could be slightly under- or overestimated. This results from the difficulties
to estimate the errors on Pr, and 6, correctly. In addition, we veryfied that
the x? is a good estimator for the quality of the fit.

In the next section the kinematical fit is applied to the two high-P; events
from the e-pu-p-channel.

5.5 Fit Results

5.5.1 Run 367354, Event 22364

The display of Run 367354, Event 22364 is provided in figure 5.12. In the
event one high-Pr muon (PTZ"f = 73.12 GeV, 0,; = 36.62°), and one low-
Py muon (PTZ;i = 2.75 GeV, 0,5 = 105.73°), were detected. The scattered
electron was found to also have a large transverse momentum at a value of
PTim = 64.00 GeV. It was emitted under a polar angle 6., = 52.93°. In
the forward direction between —5° < # < 5°) a small hadronic activity was
observed. A transverse momentum of Pr? = 0.43 GeV was determined by
the reconstruction software.

In table 5.6 the input quantities of the fit are summarised. Due to the
hadronic fraction, the set of parameters is extended to four hadronic param-
eters:

® Phoa = \/pzad,z + p}2zad,y + pzad,z
® Ohad

® Ohad

® Mhaa = \/ Ejq — Piaa-
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a) Input Fit Parameters

Particle P;l [GeV~1] R [cm)] ¢ [deg] z [cm]

nl 0.0137 £ 0.0020 100.50 £ 0.000001  —151.821 £ 0.017  135.22 £ 2.97
n2 0.3632 + 0.0049 100.50 £ 0.000001  153.592 £ 0.032 —28.33 £ 3.30
e E [GeV]: 80.21 + 2.09 113.73 4+ 0.54 28.940 £ 0.018 73.58 £ 0.54
zy [em] = —12.34 & 1.60

Hadronic Part:

Ppoq [GeV]: 38.80 £+ 10.00 Mpaq [GeV]: 3.77 £ 1.00

Onaq [deg]: 0.55 & 5.73 Bhad [deg]: —74.71 £ 8.59

Pmiss [GeV] = 11.14367 E — P, [GeV] = 57.80988

Other Event Variables:

Particle  Pr [GeV] (E)u1,2 [GeV] 0 [deg]

pl 73.12 122.58 36.62 £ 0.61

n2 2.75 2.85 105.73 £ 1.70

e 64.00 see above 52.93 £ 1.09

Invariant Mass: Mi}¢ [GeV] = 139.68 & 10.17

b) Output Fit Parameters

Particle P! [GeV~!] R [cm] ¢ [deg] z [em]

pl 0.0160 + 0.0002 100.50 £ 0.000001  —151.821 £ 0.017  135.17 &£ 2.92
n2 0.3632 £+ 0.0049 100.50 £ 0.000001  153.592 + 0.032 —28.35 £+ 3.30
e E [GeV]: 80.91 + 1.29  113.69 £ 0.53 28.940 £ 0.018 73.56 £ 0.53
zy [em] = —12.15 + 1.34

Hadronic Part:

Phaa [GeV]: 40.12 + 9.80 Mpqq [GeV]: 3.78 & 1.00

Onaq [deg]: 4.53 £ 1.11 Bhad [deg]: —73.84 £ 8.55

Other Event Variables:

Particle  Pr [GeV] (E)p1,2 [GeV] 0 [deg]

pl 62.36 105.04 36.42 £+ 0.59

n2 2.75 2.85 105.29 £ 5.27

e 64.32 see above 52.65 £ 1.06

Invariant Mass: M{th [GeV] = 129.63 £ 1.46

Pmiss [GeV] = 0.00002 x2 = 2.098

E — P, [GeV] = 54.99999 x2/ndof = 0.699

Table 5.6: Kinematical fit of the e-p-p event: Run 367354, Event 22364. The
upper part a) shows the input, in the lower part b) the fit result is presented.
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Figure 5.12: Event Display for Run 367354, Event 22364.

Because of the location of the hadronic noise around the beam pipe,
large errors on the hadronic observables were expected. The error on 6 was
supposed at the order of 0.1 rad (5.73°). This value corresponds to the
dimensions of the region where hadronic activity was found.

Large values of the relative error were determined on the following quantities:

e dPp, =14.60 %
o dz,, = 11.48 % due to a large error on ¢
o dz, =1297%

The momentum of the low-energetic muon was determined with high accu-
racy. This shows that a good Pr-measurement is obtained if the curvature of
the track is large. From the input quantities the invariant mass is calculated
to M = 139.68 + 10.17 GeV. The value of the relative error on the initial
mass is 7.28%.
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In figure 5.12 b) the fit output is presented. The level of convergence
is satisfying. A value of x?/ndof around 0.7 shows that kinematics of this
event are well understood. The quantities most affected by the fit are the
transverse momentum of the high-energetic muon and the polar angle of the
hadronic part. Pr,, has decreased to a value of 62.36 GeV. 0444 has also
been used to balance the fit. Its final value has increased to 4.53°, and the
error has been reduced to a value of 1.11°. Due to the smaller transverse
momentum of muon 1, the final invariant mass is Mf;m = 129.63+1.46 GeV.
The relative error dM{i" is at the order of 1%.

The fitted invariant mass M, is compared to the mass value obtained
from the Pr-balance method in table 5.7.

Variable Pr-Balance ‘ Kinematical Fit
Pﬂﬁ [GeV] 73.12
P%’:; [GeV] 2.75
M2t [GeV] 139.68

[ ] 62.27 62.36
Pﬁ; [GeV] 2.75 2.75
Mg [GeV] 128.89 129.63

Table 5.7: Comparison between the “Pr”-balance method and the kinemat-
ical fit for Run 367354, Event 22364.

It is shown that the result of the kinematical fit corresponds to the re-
sult of the Ppr-balance correction. Within the error interval the final masses
match each other. In this event, there is only one high-energetic muon with
a large error on Pr. The momentum of the second muon was determined
precisely. By both methods, the transverse momentum of p1 has decreased
to a final value at around 62 GeV.

5.5.2 Run 383168, Event 78379

The display of Run 383168, Event 78379 is in figure 5.13. Two high-energetic
muons with transverse momenta in the range between 45 GeV and 50 GeV,
and the scattered electron with Pr,,, = 4.64 GeV were observed in the event.
For muon 1 a polar angle of 6,; = 50.44° was determined, for muon 2 a value
of 6,5 = 24.01° was measured. The electron was observed in the SpaCal
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E=-27.6x920.0GeV B=11.6kG
DSN=/x03/usr/rothmai/mlep2607/scan/EMuMu_2003_04.dst
RUN 383168 Event 78379
AST (DMIS) = 0 2020000302 68209
RST (DMIS) = 0 706150031E 68219

=

M

Figure 5.13: Event Display for Run 383168, Event 78379.

(0ere = 159.94°). No hadronic activity was found in the event.

Table 5.8 summarises the input and output parameters of the fit.

A very large error on the inverse Pp of u, was determined. The relative
error is 68.37%. Large uncertainties were also indicated on the inverse Pr of
muon 1 (at about 10%), on the electron energy (at about 4%), and on z, (at
the order of 14%). The error on the energy of the SpaCal electron was cal-
culated by the formula oz /E = 0.071/v/E @ 3% considering the calibration
for new data. By the value of dz,. = 3 cm, the uncertainty was taken into
account to determine the z-position of the electron in the SpaCal.

Due to the large value of (dP; '), the error on the invariant mass is eval-
uated to 35.40 GeV. This corresponds to a relative value of 34.45%. The
initial mass M{%" is in the region around 100 GeV.
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a) Input Fit Parameters

Particle P;l [GeV—1] R [cm)] ¢ [deg] z [cm]

pl 0.0205 % 0.0020 100.50 £ 0.000001  —143.115 £ 0.020  83.01 & 3.60
n2 0.0215 + 0.0147 100.50 £ 0.000001  42.554 £ 0.055 225.65 £+ 7.61
e E [GeV]: 13.54 £ 0.86  63.19 £ 0.82 —12.900 & 0.746 —158.02 £ 3.00

zy [cm] = 15.08 £ 2.15
Piss [GeV] = 1.18866 E - P, [GeV] = 59.12221

Other Event Variables

Particle  Pr [GeV] (E)u1,2 [GeV] 0 [deg]

pl 48.76 63.24 50.44 + 1.123
u2 46.54 114.39 24.01 £ 0.70
e 4.64 see above 159.94 + 0.42

Invariant Mass: M|} [GeV] = 102.80 + 35.40

b) Output Fit Parameters

Particle P;l [GeV—1] R [cm)] ¢ [deg] z [cm]

pl 0.0243 + 0.0004 100.50 £ 0.000001  —143.114 + 0.020 83.41 & 3.53
u2 0.0262 + 0.0005 100.50 £ 0.000001  42.545 + 0.054 226.05 + 7.57
e E [GeV]: 14.22 £ 0.22  63.37 £+ 0.82 —13.024 + 0.743 —157.14 £+ 2.97

zy [cm] = 14.62 £+ 2.14

Other Event Variables

Particle  Pr [GeV] (E)p1,2 [GeV] 0 [deg]

pl 41.17 53.40 50.31 £+ 1.20
2 38.20 94.00 23.97 £+ 0.68
e 4.89 see above 159.75 £ 0.41

Invariant Mass: lezlt [GeV] = 85.55 + 1.50

Pmiss [GeV] = 0.00023 x2 = 4.72
E — P, [GeV] = 55.00001 x?/ndof = 1.57

Table 5.8: Kinematical fit of the e-p-p event: Run 383168, Event 78379. The
input can be seen in a), while the fitted values are given in b).
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A good level of convergence is reached by the fit. The fit mainly changes

the transverse momenta of the muons and the energy of the electron. Both
muon momenta have decreased whereas the electronic energy has slightly
increased. The final relative errors on these quantities are at values between
1.5% and 2%. Consequently, the invariant mass has decreased after the fit.
It is re-calculated to lezm = 85.55£1.50 GeV. The relative error on the final
mass is 1.8%.
The result of the y?-test indicates that the errors on the fit parameters were
slightly under-estimated. Considering x? a function of the errors it is ob-
served that with larger errors on (P:Lll) and F,., the value of x?/ndof ap-
proaches 1.

In table 5.9 the kinematical fit is compared to the Pp-balance method.

Variable Kinematical Fit

Pr-Balance ‘

P [GeV]
Pt [GeV]
Mig' [GeV]

48.76
46.53
102.80

48.76
45.90
102.09

41.17
38.20
85.71

Table 5.9: Comparison between the “Pr”-balance method and the kinemat-
ical fit for Run 383168, Event 78379.

In this case a large error on the transverse momenta of both muons were
determined. The transverse momenta of muon 1 and muon 2 were reduced
by the kinemtical fit. The balance method only changes the Pr of muon 2.
Thus, the results are very different. The relative difference between initial
mass and final mass is 0.7% for the balance method, and 16.6% for the kine-
matical fit.
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Figure 5.14: Kinematical fit: improvement of the resolution on invariant
masses shown for eight high mass events. Six multi-electron events are from
HERA-I (the filled points correspond to the initial masses, the triangles cor-
respond to the fitted masses). Two e-p-p events are from HERA-IT (open
points for the initial masses and rectangles for the fitted masses).

5.5.3 Summary

In figure 5.14 the results of the kinematical fit on the high-P; events of the
multi-lepton anlysis is summarised. For each fitted event the initial and final
invariant masses have been plotted. Due to large errors obtained from Pr-
measurement at high Pp, the initial errors on the initial masses are much
larger for e-p-p events than for e-e-e or e-e events. Final errors are at the
same order. The largest initial values of £ — P, and Py for the fitted
multi-electron events were 57.38 GeV and 3.54 GeV, respectively. For the
e-p-p events, the fit had to be accomplished with a £ — P, value of 59.12 GeV
(Run 383168, Event 78379) and a missing transverse momentum of 11.14 GeV
(Run 367354, Event 22364). The x? obtained from the HERA-II fit are 0.70
and 1.57. This result is consistent with the y? values between 0.68 and 1.74
obtained from the HERA-I fit.

Unfortunately, no indication for the decay of a resonance at high invariant
masses has been found.
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Chapter 6

Conclusion and Outlook

High- Py multi-lepton production was investigated in events taken by the H1
detector during 1994-2000 and 2003-2004. Di- and tri-lepton classes were
studied in detail. Data were compared to Standard Model prediction in the
two and three lepton classes and their derived sub-classes, e-e, e-p, p-pi, e-e-
e, and e-p-p. A good general agreement between experiment and theory was
veryfied. However, in some channels a slight excess of data with respect to
the Monte Carlo prediction was observed. In the range of >~ Ey > 100 GeV
three events in the [-/ class and one event in the [-[-] class were detected,
compared to SM expectations of 0.42 + 0.04 and 0.11 + 0.02, respectively.
With invariant di-lepton masses larger than 100 GeV, eight events were
found. To improve kinematics resolution, a kinematical fit was developed
and applied to these events. Good results were obtained from the fit, indi-
cated by a good convergence level and the x?. The value of the latter between
0.7 and 1.7 shows that the kinematics of the high mass events are well under-
stood within the error measurement. The My values obtained were found
to be incompatible with the assumption that the lepton pairs were possibly
produced by the decay of a single narrow resonance.

Outlook

In the analysis, the non-leptonic background due to photons and pions was
suppressed by adequate criteria. Additional cuts were applied in the di-muon
channel to reject cosmic muon events in the detector. However, purifying the
di-lepton channels, particularly the e-u class, should still be an objective for
future research.

It would also be an attractive goal to extend the phase-space of the di-lepton
class in the forward region down to 10°. This region is supposed to provide
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a good source for high masses.

Since statistics are insufficient, the small deviation between data and theory
in the high Pr range can not exclude a statistical fluctuation. More inte-
grated luminosity would be required to allow further interpretations.

It should also be an objective to obtain a more profound knowledge of error
measurement. The kinematical fit method could be extended to all events
as was done in case of the Pp balance method. This would provide a better
understanding of event kinematics.
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Appendix

In the appendix we show event displays of each class. All events displayed
here, were recorded in the HERA-II run.

E=-27.6x920.0 GeV B=11.6 kG
DSN=/x03/usr/rothmai/mlep2607/scan/2EHera2.dst
RUN 386346 Event 81626
AST (DMIS) = 0O 1808 0 O
RST (DMIS) = 0 185842500000 O
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[ | . 0l D D
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Figure 1: Longitudinal view of a di-electron event with invariant mass M, =
75.86 GeV in the 2004 data.
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E=-27.6x920.0 GeV B=11.6 kG
DSN=/x03/usr/rothmai/mlep2607/scan/EM uHera2.dst
RUN 384095 Event 110801
AST(DMIS)= 0 7808 0 3048000
RST (DMIS)= 0 78D842500000 304A000

| g
Inim =

Figure 2: Longitudinal view of an event with one electron (P, = 29.35 GeV)
and one muon (Pp, = 31.07 GeV) in the detector. The invariant mass is
M12 = 77.34 GeV.
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E=-27.6x920.0GeV B=11.6 kG
DSN=/x03/usr/rothmai/mlep2607/scan/MuMuHera2.dst
RUN 369195 Event 24677
AST(DMIS)= 0 0 0 40000
RST (DMIS)= 0 5040500004 48000

L] .-F%IIIH_H
e

1
]
]

Figure 3: Event display of a di-muon event with an invariant mass My =
87.35 GeV. The transverse momenta of the muons were evaluated at Pr,, =
46.54 GeV and Pr,, = 40.97 GeV.,
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E=-27.6x920.0 GeV B=11.6 kG
DSN=/x03/usr/rothmai/mlep2607/scan/3EHera2.dst
RUN 384390 Event 32486
AST (DMIS) = 0O 788 0 O
RST (DMIS) = 0 1078C842500001 O

[

[
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d

M G

N

Figure 4: Display of a tri-electron event with an invariant mass (M, =
136.60 GeV). Two high-Pr electrons were found in this event. The values
were determined to Pr,, = 42.04 GeV and Pr,, = 39.65 GeV.
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E=-27.6x920.0GeV B=11.6 kG
DSN=/x03/usr/rothmai/mlep2607/scan/EMuMuHera2.dst
RUN 373470 Event 48834
AST(DMIS)= 0 0 0O 8C0000
RST (DMIS)= 0 100000 50500005 8C8000

1] g—
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1
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]

Figure 5: Display of an e-u-p event with an invariant mass (M =
83.69 GeV). The transverse momentum of the muon pair was evaluated at
Pr,, =46.59 GeV and Pr,, = 34.48 GeV.
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