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Abstract

A search for the lepton-flavor-violating decays H — 7u and H — Te of the recently discovered
Higgs boson with a mass of 125.09 GeV is performed. The presented analysis uses the full data set
recorded by the ATLAS experiment at the LHC in 2012 at a center-of-mass energy of /s = 8 TeV
corresponding to an integrated luminosity of 20.3fb~!. Tt focuses on the Higgs boson production
mode of the vector-boson-fusion and considers hence only events in a topology enriched in this
production mode. All fully leptonic decays of the 7-lepton (7 — lvv with [ = e, ) in this vector-
boson-fusion topology are analyzed. Events are split into four final states (ee, uu, en and pe) to
increase sensitivity and to isolate both considered lepton-flavor-violating decays of the Higgs boson
from each other. The analysis follows a multivariate approach using the score of Boosted Decision
Trees as the final discriminant in each of the four final states. No hints for lepton-flavor-violating
Higgs boson decays are observed. Model independent upper limits of 1.5 % (1.4 %) and 1.6 % (1.3 %)
are observed (expected) for the branching ratio of the decays H — 7p and H — Te, respectively,
at a 95 % confidence level.

Zusammenfassung

Eine Suche nach den leptonflavorverletzenden Zerfallsprozessen H — 7u und H — 7e des kiirz-
lich entdeckten Higgs-Boson mit einer Masse von 125,09 GeV wird mit dem kompletten im Jahr
2012 aufgezeichneten Datensatz des ALTAS Experimentes am LHC durchgefiihrt. Dieser umfasst
Proton-Proton-Kollisionen bei einer integrierten Luminositéit von 20,3 fb~! und einer Schwerpunkts-
energie von /s = 8 TeV. Die vorgestellte Analyse konzentriert sich auf den Produktionsmechanis-
mus der Vektor-Boson-Fusion und beriicksichtigt ausschliellich Ereignisse in einer Topologie, die in
Vektor-Boson-Fusion produzierten Ereignissen angereichert ist. Alle vollsténdig leptonischen Zer-
fallsprozesse des T Leptons (7 — lvD mit | = e, u) innerhalb dieser Topologie werden analysiert. Zur
Erhohung der Sensitivitéit und zur Trennung der beriicksichtigten Zerfallsprozesse werden die Ereig-
nisse in vier Endzustéinde (ee, pu, ep und pe) unterteilt. Fiir jeden Endzustand wird mittels Boosted
Decision Trees eine multivariate Analyse durchgefithrt und die Verteilung deren Score als finale
Diskriminante genutzt. Es werden keine Hinweise auf leptonflavorverletzende Zerfille des Higgs-
Bosons gefunden. Modellunabhéngige obere Ausschlussgrenzen fiir das Verzweigungsverhéltnis der
betrachteten Zerfille werden auf 95 % Konfidenzniveau abgeleitet. Diese beobachteten (erwarteten)
Ausschlussgrenzen liegen bei 1,5% (1,4 %) fiir den H — 7 Zerfall und bei 1,6 % (1,3 %) fiir den
H — 1e Zerfall.
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Chapter 1

Introduction

The Brout-Englert-Higgs mechanism [1-6], denoted from here on simply as the Higgs mechanism,
was introduced more than 50 years ago. It allows to create mass terms for all massive particles
without violating the gauge symmetry of the Standard Model (SM) [7H9]. The presence of the Higgs
mechanism manifests itself in the existence of a scalar particle, the so called Higgs boson. While the
SM does not predict the Higgs boson mass, it allows to infer all of its properties for a given value of
its mass allowing purposeful searches for the Higgs boson. Although the experimental community
put great effort into the search for this particle during the past 50 years by building and operating
constantly larger particle accelerators pushing the frontier of the achievable energy-scale steadily
higher, it was not discovered until 2012. In the meantime, all other particles predicted by the SM
were discovered and the SM was found to describe physics at collider experiments with a remarkable
precision, making the Higgs boson the last missing piece in the experimental confirmation of the
SM.

In 2012, a candidate for the Higgs boson of the SM was discovered by the ATLAS [|10] and CMS [11]
collaborations at the LHC at CERN in the mass vicinity of 125 GeV. All measured properties of
this candidate are so far in good agreement with the predictions of the SM, but further tests have
to be carried out to identify the candidate as the Higgs Boson of the SM. The search for lepton
flavor violation (LFVD in the Higgs sector forms a intriguing class of such tests, due to multiple
reasons.

First of all, the SM does not allow any LFV processes due to the properties of its lepton sector
meaning that any observation of a LF'V process calls for physics beyond the SM. It is nevertheless
known that lepton flavor is not an exact symmetry of nature, as it is violated in the neutrino sector
by the oscillation of the neutrinos’ flavor during a free propagation in space [12-15] called neutrino
oscillation [16H18]. Furthermore, many extensions of the SM [19H32] predict LFV in the Higgs
sector. Indirect limits on the LFV Higgs boson decays, derived in references [33] and [34], allow
the branching ratios of the decays H — 7u and H — 7e to be individually as large as O(10 %),
while the branching ratio of the decay H — pe is in the absence of cancellations constrained to be
smaller than O(10~%). This yields that there is not much hope for observing the decay H — pe
with the ATLAS experiment at the LHC, while the decays H — 7i and H — Te can be realized
by nature at an observable rate. The CMS collaboration provided an additional motivation for a
search of these LFV decays with the ATLAS experiment by observing a slight excess of events in
the their search for the LF'V Higgs decay H — 7u [35] corresponding to a observed significance of
2.4 0. The search for LFV Higgs decays is therefore a well motivated search for physics beyond the

!The abbreviation LFV will be used for both, lepton flavor violation and lepton-flavor-violating, trusting in the
reader’s skill to discriminate both options from context.



SM and tests furthermore the nature of the Higgs boson candidate.

So far, the ATLAS collaboration has only published a search for the LFV decay H — 7u [36]
considering only hadronic decays of the 7 lepton. The search for the LFV decays H — 7u and
H — 7e presented in this thesis considers, in contrast to this, the leptonic decay modes of the 7
lepton. All fully leptonic final states are considered and the presented analysis exploits furthermore
the distinct signature of the vector-boson-fusion (VBF) production mode of the Higgs boson by
restricting the analysis to the VBF topology. It uses the full data set recorded by the ATLAS
experiment at the LHC in 2012 at a center-of-mass energy of /s = 8TeV corresponding to a
integrated luminosity of 20.3fb~!. Events within the VBF topology are divided into four different
final states, ee, uu, eu and pe, to exploit the different signal and background compositions in each
of those final states. The analysis is based heavily on the SM H — 77 analysis [37] from the ATLAS
collaboration and uses the same background estimates and object definitions. It uses however a
different reconstruction of the Higgs boson mass and introduces the concept of lepton labeling to
utilize the distinct kinematic of the LFV Higgs boson decays. The description of the performed
analysis given in this thesis focuses on the parts of the analysis that differ from the SM H — 77
analysis to emphasize the parts tailored to the LF'V decays of the Higgs boson.

This thesis starts with a discussion of the theoretical background in chapter [2l This chapter gives
an introduction to the SM focused on the absence of LFV in the SM, followed by a description
of non SM LFV Higgs boson decays and a brief introduction to the phenomenology of the Higgs
boson. A description of the ATLAS experiment is provided in chapter [3| which is followed by
a discussion of the considered signal and background processes in chapter The subsequent
chapter [b| describes the reconstruction of physical objects, the used triggers and additionally the
preselection of events defining the VBF topology. The concept of lepton labeling is introduced in
chapter [6] This is followed by chapter [7] presenting the final event selection in all final states and
the derivation of the distributions of the BDT score that are used as the final discriminant in the
statistical analysis described in chapter [0] The intermediate chapter [§] describes briefly the used
systematic uncertainties and how they are treated in this analysis. Eventually, conclusions are
drawn in chapter



Chapter 2

Theory

This chapter gives an overview of the main theoretical concepts underlying the analysis presented
in this thesis. Starting with an introduction to the Standard Model (SM) of particle physics focused
on the Higgs sector and the absence of LE'V. The SMs predictions are used in this analysis for the
modeling of all Monte Carlo based background simulations and, to some extent, in the simulation
of the LFV Higgs boson signal samples. The section on the SM is followed by a section dedicated
to LFV in the Higgs sector, describing a simple way to extend the Lagrangian of the SM such that
it includes LFV decays of the Higgs boson. Furthermore, it contains a discussion of the indirect
limits on LFV decays of the Higgs boson. Finally, the chapter is completed by a section about the
Higgs boson itself. It describes the main properties of the SM Higgs boson and of LF'V Higgs boson
decays and gives a summary of the properties of the Higgs boson candidate discovered at a mass
of approximately 125 GeV.

2.1 The Standard Model of Particle Physics

The Standard Model (SM) of particle physics describes all currently scientifically proven elementary
particles, their relevantﬂ interactions and properties. Gravitation is the only known fundamental
force that is not included in the SM, as it is very weak compared to all other known fundamental
forces and therefore negligible at the energy scale reached by today’s experiments.

The SM contains two fundamentally different classes of particles, the fermions and the bosons. The
criteria that sorts particles in these two groups is their intrinsic spin. Fermions are particles with
a half integer spin quantum number, while bosons have an integer spin. All known elementary
fermions have spin 1/2 and are divided in two subclasses depending on their color charge. Quarks
are color charged elementary fermions and are therefore affected by the strong interaction, while
leptons are neutral with respect to the color charge. Both, leptons and quarks, come in two different
types. There are electrically charged leptons called electron, muon, tau (e, u, 7), that carry the
negative of the elementary charge e and their electrically neutral partners called neutrinos (v, v,
v;) that are assumed to be massless within the SM. The quark sector is divided in so called up-
and down-type quarks. There are three up-type quarks up, charm and top (u, ¢, t) that carry the
electric charge +2/3 e and the three down-type quarks called down, strange and bottom (d, s, b)
carrying the electric charge —1/3e. The SM contains each quark three times, once in each of the

nteractions that are strong enough to leave a visible footprint at the energy scale of current particle accelerators.

10



2.1 The Standard Model of Particle Physics 11

three different possible color charges red, blue and green. For each of the so far described fermions
exists additionally a corresponding anti-fermion having the same mass, spin and absolute value of
electric charge with a sign opposite to the corresponding fermion.

All leptons and quarks of a certain type (charged leptons, neutrinos, up-type and down-type quarks)
have almost the same properties. This manifests itself in the terminology of fermion generations.
There are exactly three generations of each fermion type. Fermions of the same type but a different
generation differ only in their mass and flavor. Each fermion class (leptons and quarks) has one
independent flavor quantum number for each generation, e and v, for example have the same flavor
quantum number. Flavor quantum numbers are additive quantum numbers and the flavor quantum
number of an anti-particle is minus the flavor quantum number of the corresponding particle. The
SM does not allow a violation of the leptons’ flavor quantum numbers, or in short lepton flavor
violation, while the conservation of quark flavor is violated by the charged weak interaction.
Matter, as we know it, is composed completely out of the three lightest fermions of each charged
fermion type which are the electron, the up and down quarks. The two quarks form the protons
(uud) and the neutrons (udd) building the nuclei that are completed by the electrons to form atoms.
All other charged elementary particles are unstable and will decay.

Bosons are the force carriers of the SM mediating the elementary forces between the elementary
particles. All elementary bosons of the SM have spin 1 except the Higgs boson which is with its
spin 0 a unique elementary particle in the SM. The photon - is the mediator of the electromagnetic
force and couples to electric charge. It is neutral with respect to the color, the weak and electric
charge and does not couple to itself due to the latter. The strong interaction is mediated by eight
color charged but electric neutral gluons g that couple to themselves. Both, the photon and the
gluon are massless in contrast to the massive Z, WT and W~ boson that are the mediators of the
weak interaction. The bosonic content of the SM is completed by Higgs boson. It is massive scalar
(spin 0) that couples to all massive particles of the SM. A summary of all particles of the SM and
their main properties is given in Figure 2.1

All charged fermions and spin 1 bosons are experimentally well established and are described
precisely by the SMﬂ A candidate for the SM Higgs boson has been discovered by ATLAS [10] and
CMS [11] at the LHC at CERN in 2012 in the mass vicinity of 125 GeV. All measured properties are
within their uncertainties in good agreement with the SM predictions, but further, more accurate
measurements will have to be carried out to gain enough confidence in stating that this candidate
is in fact the Higgs boson of the SM.

While the SM describes precisely the physics of the elementary particles at colliders, it is known
to have some limitations. E.g. it does not include gravitation, offers no candidate for dark matter,
does not explain why there are exactly three generations of fermions and why the fermion masses
span over so many orders of magnitude.

From a theoretical and therefore mathematical point of view, the SM is formulated as local gauge
invariant quantum field theory (QFT) with the gauge structure SU(3)c x SU(2)r, x U(1l)y,
composed of the SU(3)¢ group of color, the SU(2)y,, group of weak isospin Iy and the U(1)y,,
group of weak hypercharge Yyr. Quantum field theories describe particles as quantized fields, while
obeying the rules of special relativity and quantum mechanics. Naive mass-terms for the particle
content of the SM would break local gauge invariance, make the theory unrenormalizable and
therefore cannot be included in the SM. The Higgs mechanism provides an elegant way to create
mass terms for the massive particles of the SM without violating gauge invariance and destroying
the renormalizability of the theory. It introduces the scalar Higgs field that has a non-vanishing

2Neutrinos are purposely excluded from this statement as neutrino oscillations are not described by the SM but
experimentally well established.
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Figure 2.1: Summary of the SM particle content and its fundamental interactions represented
by the different colors. Bosons with the same color as the box are the force carriers of the corre-
sponding interaction, while all other particles inside each colored box are affected by the interaction
represented by the color. It lists the electric charge ¢, the spin S and the mass m of the particles.
The mass values are taken from reference .

vacuum expectation value and breaks therefore spontaneously the SU(2)r,, x U(1)y,, symmetry.
Due to this, interaction terms arise that are bilinear in the massive vector boson fields and the
vacuum expectation value of the Higgs fields that can be interpreted as mass terms. Fermion
masses are obtained separately by the so-called Yukawa interactions.

This section will provide a phenomenological description of the SM focusing on the Higgs sector
and the absence of LFV processes. It is based heavily on the elegant summary of the SM given
in reference and follows mostly the same notation. Furthermore, a certain familiarity of the
reader with the basics of QFT, the usual notations and tools in this field is assumed from here on,
as an introduction to QFT is beyond the scope of this thesis.

The Lagrangian of the Standard Model Lg\ given by

Loy = Lym + Lr + L + Lyuk- (2.1)

Lsm will be discussed in detail in the following sections, starting with Lyn and Lp.
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2.1.1 EYM and £F

Lynm and L describe both the fermions’ and gauge bosons’ dynamics and their interactions with
each other in an unbroken gauge symmetry. The Lagrangian of the Yang-Mills part is given by

1. 1 1
Lyv = —ZW;VW”“” — ZB’WBW - ZGZVG“’“”, (2.2)
using the following definitions of the field strength tensors
Wi, = 0,W, — 0,W), — g " WIW}, i,j,k=1,2,3, (2.3)
B,, =0,B, - 0,B,, (2.4)
G4, = 0,GS — 0,G% — gs f*"° GG, a,b,c=1,2,...,8. (2.5)

Here, the Wﬁy denote the field strength tensors of the gauge fields Wlﬁ for the SU(2)r,, group of
weak isospin Ij,. By, is the field strength tensor of the gauge field B, for the U(1)y;, of weak
hypercharge Yy and finally GY,, are the field strength tensors for the SU(3)c of color. The gauge
couplings of these groups are given by g, ¢’ and g, respectively. Additionally, there are the structure
constants €% and £ of the non-abelian groups SU(2)1,, and SU(3)¢ defined by the commutation
relations of the groups’ generators.

Equation describes the dynamics of the gauge bosons and their self interaction, while

Lr = iU PV, + iy, Py, + iV QDY + ithyy Py, + it0a, Pibay, (2.6)

describes the fermions’ dynamics and the interaction between fermions and gauge bosons, which is
hidden in the covariant derivative D,, given by

—_— Y
Dy, = 0, +igl, W} + ig’TWBM +igs TGS, (2.7)
JD# is the Feynman slashed of D,, defined by ) = D, ~y*. I%/V? Yw, and Tg are the generators of
the gauge groups in the representation of the fermions they act on. Ij}, = %Z (0" = Pauli matrices)

for left-handed SU(2)r,, doublets and IIi/V = 0 for right-handed singlets. A direct consequence of
this is that the W boson of the SM couples only to left-handed fermions which makes the charged
weak current maximal parity violating. The weak hypercharge Yy is related to the relative electric
charge Q and the third component of the weak isospin Ij}, by the Gell-Mann-Nishijima relation
Q=1I+ YTW T = % (A* = Gell-Mann matrices) for SU(3)c quark triplets and 73 = 0 for
leptons.

Equation [2.6] introduced the SM fermion content that will be discussed below. The SM treats
left- and right-handed fermions differently. The left-handed fermions appear in SU(2)r,, doublets
(Iw = £1/2), while the SM contains their right-handed counterparts only in singlets (Iyy = 0).
There appear two doublets in Equation the left-handed lepton doubletsﬂ U, = (QIDVZL’ML)T
consisting of the spinor ¢y, of the charged Ieptons ! = e, y1, 7 and the spinor leL of the corresponding
neutrinos v; = v,,v,, vy, and the left-handed quark doublet ¥g = (¢UL,1/)dL)T containing the
spinor 1, of the up-type quarks u = u, ¢,t and the spinor 14, of the down-type quarks d = d, s, .
Furthermore, there are the singlets of the right-handed charged leptons vy, of the right-handed

3please note that the subscript L is used twice in different context: Once in labeling ¥, as the doublet containing
left-handed fermions (as ¥ labels the left-handed quark doublet) and once as labeling the left-handedness of spinors
like 4y, . With this in hand, it should be easy to infer the proper meaning of the subscript L from context.
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up-type quarks 1, and of the right-handed down-type quarks v4,. Note, there is no singlet of the
right-handed neutrinos, as the SM does not contain right-handed neutrinos.

So far, the gauge fields were treated in their gauge basis and not as usual in experimental particle
physics in the mass basis (Wj,ZM, A,) with their corresponding particles (W*, Z, v). Requiring
that the coupling structure of the photon in the SM is the same as in quantum electrodynamics
(parity blind and proportional to Qi A1) allows to identify the photon field A, and the Z boson
field Z,, as a rotation of the Wg’ and B, fields given by

()=Gr ) (1) &

The angle of the rotation is the weak mixing angle fy. The abbreviations ¢y and sy are defined

as
/

9

cw = cos by = W sw = sinfy = W (2.9)
The electric charge e is fixed by
oo 99 (2.10)
Furthermore, the Wj[ fields can be identified by
wE= L (W, Fiw2). (2.11)

V2

This section introduced all particles of the SM except the scalar Higgs boson, but so far all particles
remained massless, as naive mass terms such as W,W*"#* for gauge bosons and ¢¢, ¥, + ¢¥ratbys,
for fermions violate gauge invariance.

2.1.2 Higgs Part of the SM

This section introduces the Higgs sector of the SM that provides the possibility of creating mass
terms for all massive particles without violating the gauge invariance of the theory. The Lagrangian
of the Higgs sector is given by

Ly = (D,®) (D'®) — V(®), (2.12)

introducing a complex scalar SU(2)y,, doublet ® = (¢, ¢%)T with four degrees of freedom. @ is
neutral with respect to the color charge and carries the weak hypercharge Yy = 1. ¢ carries
additionally the charge +e, while ¢° is neutral. D, is the covariant derivative introduced in
equation The potential V' of the self interaction of ® is given by

V(D) = — 2 (qﬂ@) + % (@Tq>)2, (2.13)

where p? and \ are two real free parameters. p? is chosen positive so that ® picks up a non-
vanishing vacuum expectation value (vev) @, which is crucial to create mass terms for massive
particles using the Higgs mechanism. Minimizing V with respect to (<I>T<I>) yields

2

DD = 5 (2.14)
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where

=2/ — 2.15
v=2/ (215)

denotes the vev. As ¢T carries the charge e, it is necessary to set (bg = 0 to keep the vev and
therefore the vacuum neutral. With this requirement ® is fixed up to an arbitrary phase. Following

T
the usual choice and not adding an additional phase yields &5 = (0, %) . This choice of the vev

breaks the initial SU(2)r, x U(1)y;,, symmetry spontaneously down to the remaining U(1)gnm
symmetry. Rewriting ® in terms of v, the real physical Higgs field H, and the unphysical would-be
Goldstone bosons ¢T (complex scalar) and x (real scalar) yields

+
o= (vﬁ[“x) : (2.16)
V2

It is always possible to find a gauge that removes the unphysical fields ¢ and y from ®, known as
the unitary gauge. In this gauge ® reduces to

o= \}Q <U EH) . (2.17)

Figure shows the potential V projected onto the ¢ component. The blue line in Figure (b)
shows the continuum of vacuum expectation values and the green dot represents selected vev.

Figure 2.2: Two plots of the Higgs potential V projected to the field component ¢° of ®. The
blue circle in plot (b) shows the continuum of the vacuum expectation values, while the green dot
represents the selected vev.

The interaction between ® and the gauge boson fields of the SM is hidden in the covariant derivative
in equation Expanding the covariant derivative given in equationwith Iye =0", Ywe =1,
T¢ ¢ = 0 and replacing Wlﬁ and B,, with the corresponding fields in the mass basis Wui, A, and
Z,, simplifies the covariant derivative to

92=9? 7 +2A4, V2gW+
: wovey “). (2.18)

1
D, =0, + = | Vo*t+a?
S 2( V2gW, -1z

Cw M

Using this into calculate £y and the unitary gauge yields

LY =10, HOH+ % (v + HPW W+ & (v + H)? Z,2'+ & (v + H)?— 3 (v + H)*. (2.19)
w
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This contains terms bilinear in the fields W*, Z# and H, which can be identified as mass terms
giving the corresponding bosons (W*, Z, and H) their mass M. These mass terms are given by

, My =52 = AC/[V‘[//V7 My = v\/gz V2u2. (2.20)

Expanding equation and replacing the parameters p?, v, A with the bosons’ masses yields

My =

NE

2 27072
Ll =50, HO"H — My H® — it H® — Gy '
+ MWW =r + SMZZ, 2" (2.21)
— 2 _ 2
+ g My HW, W™+ SH2W W+ [ 2,20+ 5 7,2

The first line of equation describes the kinematics and self-interaction of the real, scalar and
now massive Higgs field that inherited one of the four degrees of freedom of the initial Higgs doublet
®. The residual three degrees of freedom are transfered to the fields W/j , W, and Z,, as they
became massive due the mass term given in the second line of the equation. Each of them picks up
one additional degree of freedom, as massive fields with spin one have three possible spin states,
while massless fields with spin one have only two spin states. The last line of equation [2.21] describes
the couplings between H and the massive gauge bosons.

The introduction of Ly allows to create mass terms for the Wiﬁ and Z,, fields, while keeping the
photon field A, massless, which matches the observation of massive W=, Z boson and a massless
photon ~ in nature, without breaking the gauge invariance of the theory. This achievement comes
with the price of having to add the Higgs boson H to the particle content of the SM interacting
with all massive gauge bosons.

Ly introduced two free parameters p? and X. They are both fixed with the input of the Higgs
boson mass and the vev v = 247 GeV derived from the Fermi constant.

2.1.3 Yukawa Couplings

The SM includes interactions between fermions and the Higgs sector realized by so called Yukawa
[40,41] interactions. From these interactions arise the fermions’ mass terms and couplings between
fermions and the Higgs boson. This is achieved by coupling a left-handed fermion doublet ¥ with
a right-handed fermion singlet ¢ to the Higgs doublet ®. The most general Lagrangian for these
couplings is given by

Lk = — \I’LGI'(MR(I) — \IIQdedR(I) - \IJQGuﬂ)uR(i) +h.c., (2.22)
A B <

where Gy, with (f = [,u,d), denotes an arbitrary complex 3x3 matrix in flavor space containing the
coupling constants G;; between the fermion flavors of the lepton generation i and j and P = jo2d*
denotes the charge-conjugate Higgs doublet.

Part A of equation describes the Yukawa interaction for charged leptons, part B for down-type
quarks and part C for up-type quarks. The SM Yukawa couplings treat leptons and down-type quarks
analogously, as can be seen easily by comparing Part A and B, but there is no corresponding term
to part C for leptons. This is due to the fact that the SM does not contain right-handed neutrinos
(and left-handed anti-neutrinos) which are essential to form the corresponding term for leptons.
This difference between quarks and leptons leads to a different behavior of quarks and leptons in



2.1 The Standard Model of Particle Physics 17

terms of flavor violation, which will be shown in section [2.1.4] Expanding equation in the
unitary gauge yields

Lyuk,U-gauge = % (v+ H) (=, Gitiy — Ya, Gatay — Yup Gutbuy) + hec.. (2.23)

The expanded version of equation [2.22| contains terms that are already quite similar to mass terms
and Higgs-fermion interactions, but in general the arbitrary G-matrices mix different lepton (quark)
flavors with each other. This mixture would lead to an oscillation of a lepton (quark) with flavor f;
of the it" generation (i=1,2,3) into a lepton (quark) with flavor f; (i # j) simply by free propagation
of the lepton (quark) in time and space. It is not very convenient to keep those flavor mixing terms
in the SM as they complicate the theory unnecessarily. Fortunately, it is possible to remove them
by a simple redefinition of the fermions’ fields shown in the next section.

Fermion Masses and Higgs Boson Couplings to Fermions

Changing the fermions’ basis from their previously used flavor basis (¥ 1,9 2,¢x 3) into their mass
basis (Llsﬂ,l,?j;ﬁg,l/;ﬂyg) for both, left-handed (7 = L) and right-handed (7 = R), fermions provides a
convenient method to eliminate flavor mixing terms from equation [2.23] This change of basis can
be expressed as

1’[}fﬂ',i = Uz/;wwfmj? f = lu u, da (224)

using the unitary matrices U/™ that diagonalize G ¢ by definition of the mass basis. Please note
that here it is necessary to introduce two different types of matrices, namely U%r and U%, for the
quarks sector while there is only U'r for the lepton sector, as only the charged leptons remained in
Lvuk, while both, up- and down-type of quarks, are still present. Although it is not necessary to
introduce the corresponding U matrix for the neutrinos at this stage, it will be crucial later, once
the change of the fermion basis is performed on the entire Lagrangian of the SM. So it is convenient
to define the transformation matrix for the neutrinos at this stage. Fortunately, it is possible to use
Ulr for both the charged leptons and the neutrinos, while working in the approximation of massless
and therefore mass degenerate neutrinos, as in the SM.

A notationally convenient choice for the parametrization using the actual fermions mass my of the
mass eigenvalues is given by

T 2
Uty (UfR> = \U[diag{mfl,mfz,mf?)}. (2.25)
By applying this notation and using v fr = IZ fr (U f”)T, equation reads
H = o = o
Ly Ugange = = Y > _my, |1+ o (W-L Vi T Vs wm) ) (2:26)
foi

where the subscript i represents the fermion’s generation and f the fermion’s type (l,u,d). Equa-
tion [2.26] contains two types of terms. First of all, there are the fermions’ mass terms providing
each prior massless fermion with its correct mass my. Furthermore, there are terms describing a
coupling between each fermion and the Higgs boson of the SM, that is proportional to % This
means that the Higgs boson couples only to massive fermions and favors heavy fermions in its
decay. Additionally, there are no terms left in equation that mix fermions of different flavor
with each other. Thus, the Higgs boson of the SM can, at tree level, only decay into pairs (fermion
and anti-fermion) of massive fermions with the same flavor, considering only fermionic decays. So,
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the SM does not allow any lepton flavor violating decays of the Higgs boson and observing such
a decay would call for physics beyond the SM. Obviously, it is not possible to change the basis
of the fermions in the Yukawa sector of the SM without changing it in the whole SM. Therefore,
it is necessary to switch from the fermions’ flavor basis into their mass basis in the entire SM
simultaneously. The consequences of this will be discussed in the next section.

2.1.4 Flavor Violation in the Quark Sector and Absence of Lepton-Flavor-
Violating Processes in the Standard Model

Fermions appear twice in the SM, once in the Yukawa couplings Lyyk and once in Lp given in
equation As the effects of the change of the fermions’ basis on Ly were already discussed in
detail in the previous section there is with L£r only one place left to enforce this change of basis.
Carrying out the change of basis in Lp yields

(2 L L UlL TTZ}VlL .7 R R ro
L =i (G, U, U ) D <((UZL))T %) + it U (U'F)

NS S (U ) 4y, (2.27)
)8 ()

F it U (U i, U (095 i

Here, it is worth stressing once more that the neutrinos are transformed with the same matrix
as the charged leptons, which is possible in the approximation of mass degenerate neutrinos as
discussed in the previous section.

Equation can be simplified easily by using the unitarity of the U/* matrices and the fact that
I and Ufr commute as U/ is defined in the flavor space and I is proportional to the identity in
flavor space. With this in hand it is easy to see that all U/ and (U/~)" matrices cancel each other
(U (U)t = 1) for all terms containing the right-handed fermions’ singlets and for the left-handed
lepton doublet. Applying this to L yields

= ~ = ~ = = ur, T P
Ly =iV DV, + iwlmelR + i <wuLUuL7¢dLUdL) D <(U )TdiuL>

(U2) g, (2.28)

+ '“ZuRlpéuR + Z'Q/T)deDQ/A)dR,

where the notation ¥; = (1[114 L,¢1L> was introduced. The term for the left-handed quarks was

left untouched. This is due to the fact that the same procedure does not work for the left-handed
quark doublet, as up- and down-type quarks transform with respect to two different matrices U%~
and U% . The off diagonal elements of J) mix dzuL and de with each other causing bilinear terms
in U“L and U, As these matrices are in general not identical and therefore cannot cancel each
other, there will be a residual effect of the change of basis in the quark sector on the off diagonal
elements of I). The diagonal elements will be left unmodified, as there appears no mixture of U%L
and U? . The off-diagonal elements in I) are the source of the charged weak current transmitted
by the W¥ boson exchange. The interaction of the W+ bosons with the left-handed quarks is given
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by
=7 0 V2gWF (U“L)Wu
s =4 () (o ) (05
i L

1 ~ ~ = A
==/’ (”%L VAW, gy, + 1, ViAW, 1%) , (2.29)

where the Cabibbo-Kobayashi-Maskawa (CKM) [42,43] matrix V = U“t (U dL)Jr was introduced.
The CKM matrix is the only left-over of the change into the fermions mass basis in the entire SM.
There is no prediction of the elements of the CKM matrix by the SM which means that they have
to be determined in experiment. In fact, it is found to be non-diagonal, such that it mixes quarks
of different flavor in the charged weak interaction and therefore, there is no conservation of quark
flavor in the SM.

The equivalent to the CKM matrix in the lepton sector of the SM is the identity matrix, as neutrinos
and charged leptons transform in the SM under the same matrix U. So, there is no mixture of
leptons in the weak interaction and therefore no source of lepton flavor violation due to the change
of the fermions’ basis. In summary, it was possible to remove the lepton flavor violating terms from
the Yukawa interactions by transforming the fermions into their mass basis and this change of basis
did not introduce any lepton flavor violating processes in the SM. So, lepton flavor is conserved in

the SM and any observation of a violation of lepton flavor conservation calls for physics beyond the
SM.

2.2 Lepton-Flavor-Violation in non Standard Model Higgs Boson
Decays

The SM does not allow any LFV processes as shown in section There is nevertheless a
LFV process known to exist in nature, which is neutrino oscillation [16H18|. Neutrino oscillation
describes the phenomenon that the flavor of a neutrino oscillates during a free propagation in space
meaning that a neutrino created with the flavor of the i*" generation at the location A has in
general a non vanishing probability to be measured as a neutrino of the flavor of the ' generation
at the location B (i # j and A # B). This was experimentally observed e.g. by references [12H15].
Neutrino oscillation is only possible if the masses of the neutrinos are not degenerate meaning that
at lest two of the three known neutrinos must be massive contradicting the assumptions of massless
neutrinos of the SM.

Due to this, lepton flavor cannot be an exact symmetry of nature contradicting the SM prediction.
Many extensions of the SM, like models containing more than one Higgs doublet [19-22] and many
others [23-32], predict LF'V processes in the Higgs sector. Specific models are not discussed in
this thesis, as the analysis presented is model independent and a discussion of specific extensions
is beyond the scope of this thesis. This section presents however an effective and therefore model
independent Lagrangian as an extension to the SM that introduces LFV Higgs boson decays and
discusses the indirect limits on LFV Higgs boson decays.

2.2.1 Description of Lepton-Flavor-Violating Higgs Boson Decays

Introducing LFV Higgs boson decays in terms of an effective Lagrangian is done by adding non
flavor diagonal couplings between the Higgs field H and leptons. The Lagrangian for these couplings
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can be written as
Lipy = SEH, Py, i#j,  ij=123, (2.30)

where ¢;; is a coupling constant and @li is the spinor of the charged lepton of generation i with
flavor f; in the mass basis, following the notation from section Adding L1pv to Lgyv does not
change the coupling of the Higgs field to same flavor leptons, as it does not add any flavor diagonal
couplings (i = j), but adds non flavor diagonal couplings that result in LF'V decays of the Higgs
boson.

In the SM, it was possible to avoid non flavor diagonal couplings between the Higgs field and
fermions by changing the fermions base from the flavor into the mass basis. This is possible as
the Yukawa couplings introduce the same coupling matrix for the H ,(LliL 121[].R vertex and mﬁliL QZJljR
vertex defining the mass basis, which guarantees that the mass basis diagonalizes the Higgs boson
to fermion couplings in flavor space. Please note that the additional terms introduced with Lipv
modify only the vertex describing Higgs boson lepton coupling and not the leptons’ mass terms.
This makes it in general impossible to remove the LFV terms introduced by Liry with a change
of the fermions’ basis, as it is done in the SM, which means that Lyry introduces LFV decays of
the Higgs boson.

2.2.2 Indirect Limits on Lepton-Flavor-Violating Higgs Boson Decays

Adding a non flavor diagonal coupling between the Higgs boson and leptons has in general more
implications than causing LFV Higgs boson decays. The non flavor diagonal couplings will appear
for example in higher order corrections in processes containing leptons and change, in absence of
cancellations, the rate of the process compared to the SM prediction. Precision measurements of
suitable processes allow therefore to infer limits on the non flavor diagonal couplings and thus on
the branching ratio of a LFV Higgs boson decay.

7
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Figure 2.3: Example of the contribution of the LFV Higgs coupling H pe (red dot) to the process
p — e7y. Null searches for this process allow to infer limits on Br(H — pe).

Sensitive processes for constraining non flavor diagonal couplings are for example null searches for
w— ey [44], 7 — ey and T — py [45,46]. Figure [2.3|shows a contribution of a LFV Higgs coupling
to the process u — ey. References [33] and [34] combine the results of those null searches with
other sensitive low energy measurements to calculate limits on the couplings c¢;; of equation m
and therefore on the branching ratio of LFV Higgs boson decays. The null searches for y — ey
constrain the branching ratio to Br(H — pe) < O(107%) leaving, in the absence of cancellations,
no hope for observing this decay at the LHC. The constraints on H — 7 and H — 7e are less
restrictive. They can have individually a branching ratio of up to O(10%), but the strong limit
on p — ey does not allow them to be large simultaneously. This means that either H — 7u or
H — te, but not both simultaneously, can have a branching ratio of up to O(10%) which is, if
realized by nature, well observable at the LHC.
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2.3 Phenomenology of the Higgs Boson

There is one unambiguous footprint of the Higgs mechanism in the SM which is the existence of
the Higgs boson. Given the mass of the Higgs boson the SM predicts all properties of its Higgs
boson. Measuring the properties of the Higgs boson candidate at 125 GeV provides therefore a good
possibility to test whether it is in fact the SM Higgs boson, or a Higgs boson of an extended model.
The SM does not allow any LFV decays of the Higgs boson, as seen in section This means
observing a LFV Higgs boson decay would be a strong evidence that the Higgs boson candidate is
not the SM Higgs boson, but rather the Higgs boson of an extended theory.

This thesis describes the search for LFV decay of the recently discovered Higgs boson candidate.
The modeling of LVF Higgs boson decays assumes that the production mechanisms, rates and
kinematics are as predicted in the SM, but in addition to the SM decays, also LFV decays are
considered. These assumptions are justified, as all measured properties of Higgs boson candidate
are in good agreement with the SM prediction. This section gives therefore first a brief overview of
the main properties of the Higgs boson followed by a description of LF'V Higgs decays and finally
a discussion of the experimental discovery of the particle.

2.3.1 Properties of the Higgs Boson

Production of the Higgs Boson

There are four main production processes for the SM Higgs boson at the LHC. Figure shows a
leading order Feynman graph for each production process ordered from the largest cross section on
the left to the smallest cross section on the right.

(a) ggH (b) VBF (c) WH and ZH (d) ttH

Figure 2.4: Examples for leading order Feynman diagrams of the Higgs boson production at the
LHC. The diagrams are shown in decreasing order with respect to their cross section (left to right).
Please note that the time axis of the shown diagrams runs from bottom to the top and not from
the left to the right as in all other shown Feynman diagrams.

The dominant production mode at the LHC is gluon gluon fusion (ggH), as can be seen in ta-
ble that gives the theoretical predicted cross sections for the LHC at a center of mass energy
of /s = 8TeV. Vector boson fusion (VBF) is, at the LHC, the Higgs boson production mode with
the second largest cross section. Although its cross section is more than an order of magnitude
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Production mode H ggH ‘ VBF ‘ WH ‘ ZH ‘ ttH
Cross section [pb] H 19.27 ‘ 1.58 ‘ 0.70 ‘ 0.42 ‘ 0.13

Table 2.1: Cross sections of different Higgs boson production processes at the LHC with /s =
8 TeV assuming a Higgs boson mass of 125 GeV according to references [47,/48].

smaller than gluon fusion, VBF is still an important production mode at the LHC, as it offers a
clear signature in the detector. The two scattered quarks in the final state appear as so called
tagging jets in the detector. These tagging jets tend to appear in forward/backward direction with
a large separation in 7, and the tagging jet system usually has a large invariant mass. Cutting on
these properties usually increases the signal to background ratio significantly. Therefore, the search
for LFV Higgs boson decays presented in this thesis focuses on the VBF topology.

Higgs strahlung (WH and ZH) has a small cross section compared to VBF with a negligible contri-
bution in the VBF topology, as the only jets present at tree level originate from the decay of the
vector boson. This jet system tends to be more central and less separated in 1 compared to the
tagging jet system and therefore rarely passes the VBF selection ﬂ The Higgs boson production
in association with top quarks (ttH) has a small cross section and is, due to this, negligible in this
analysis. This analysis considers therefore only the production modes of ggH and VBF, that have
a comparable contribution to the Higgs boson production in the VBF topology, while neglecting
all other production modes due to their very small contribution.

Decay of the Standard Models Higgs Boson

The SM Higgs Boson couples to all massive particles and is therefore able to decay at tree level in
pairs (particle and anti-particle) of all massive particles. Furthermore, it is able to decay into pairs
of massless particles like gluons or photons in loop induced processes. This allows a wide range of

H — H bb ‘WW‘gg‘TT‘cc‘ZZ"yfy‘Z’y‘,u,u
| 8.6 ]6.3[29]26]023]0.15 | 0.02

Table 2.2: Branching ratio (BR) of the SM Higgs boson for a selection of decays assuming a Higgs
boson mass of 125 GeV according to references [47,/48].

possible decays of the SM Higgs boson. The branching ratio of each of these decays depends on the
Higgs boson mass. Table gives the branching ratios for a selection of possible decays assuming
a SM Higgs boson with a mass of 125 GeV.

The H — 77 decay channel of the SM Higgs boson is of special interest for this analysis, as it
can produce a very similar final state to the considered LFV Higgs boson decays. Hence, it is an
important background in the search for these LF'V Higgs boson decays. The branching ratio of the
H — 77 decay is 6.3 %, but only about 12 % of these decays contribute to a fully leptonic final state
considered in this analysis due to the hadronic decay modes of the 7 lepton. The decays H — up
and H — ee are strongly suppressed compared to the decay H — 77, since the Higgs boson favors
heavy fermions in its couplings (as seen in section and hence in its decays. Their contribution
is therefore negligible within the presented analysis.

4The WH and ZH production modes of the H — Te sample combine for example to a total of 0.083 expected
events in the signal region of the ee final state, where 3.0 and 4.5 events are expected for the ggH and VBF production
mode, respectively.
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Lepton-Flavor-Violating Higgs Boson Decays

There is a total of three different LFV Higgs boson decaysﬂ namely H — 7e, H — 7p and
H — pe. As seen in section there are very strict indirect limits on H — pe, which make
a direct observation of this decay at the LHC very unlikely. The analysis presented in this thesis
focuses therefore on H — 7e and H — 7u. Both decays are assumed to have a branching ratio of
1% in all presented figures and in the calculation of the expected event yields throughout the entire
thesis if not stated differently. A branching ratio of 1% is well within the indirect limits presented
in section and of the same order of magnitude as the best fit value for the branching ratio of
the decay H — 7 measured by the CMS collaboration [35].

VT “~\\~ ’,—’ VT V‘[ ~‘~\\
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Figure 2.5: Comparison of schematic graphs of the SM H — 77 — e + 4v decay (left) and the
LFV H — 1e — eu + 2v decay (right) introducing the labels {5 and [ for the charged leptons in
the LFV Higgs boson decay. Both decays yield a similar final state with an electron, a muon and
missing transverse energy.

Figure [2.5] shows a comparison of schematic graphs of the SM H — 77 decay and the LFV H — e
decay in the ey final state. From the experimental point of view both decays produce a very similar
final state in the ATLAS detector, which is an electron, a neutrino and missing transverse energy
(E;‘giss) due to the energy carried away by the neutrinos. The 7 leptons of both decays are boosted
heavily due to the huge mass difference of the Higgs boson and the 7 lepton meaning that the
momenta of all 7 leptons’ decay products tend to be parallel to the initial 7 leptons’ momenta.
Kinematic properties of the charged leptons allow nevertheless to discriminate between both decays.
It can be seen easily that the two leptons of the SM H — 77 decay share the same kinematic
properties, while the two leptons of the LFV H — Te are fundamentally different: the lepton g
(here electron or muon) originating directly from the Higgs boson decay receives on average a total
energy corresponding to one half of the Higgs boson mass, while the charged lepton originating from
the T decay receives on average a total energy of approximately one sixth of the Higgs bosons mass.
This difference in the leptons’ energy yields most likely a measurable difference in the transverse
momenta of both leptons, as the Higgs boson tends to receive a negligible boost in its production.
There is furthermore an angular correlation between [, and the Egiss in the LFV Higgs boson
decays, as only the decay branch of [ includes neutrinos. This, and the tendency of all 7 lepton
decay products to be parallel means that the Eg;liss tends to be parallel to [-. This does not hold
true for the SM H — 77 decay, as the total Er?liss of this event is given by the vectorial sum of the
invisible 7 decay products of both decay branches. These fundamentally different properties of the
SM H — 77 and the LFV decay are exploited in the analysis presented in this thesis.

2.3.2 Properties of the Discovered Higgs Boson Candidate

ATLAS and CMS announced in July of 2012 the discovery of a new boson in the mass vicinity
of 125 GeV [10,/11]. This boson is a promising candidate for the SM Higgs boson and great effort

50nly considering charged leptons.
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has been put into the determination of its properties. So far, no significant differences between
the Higgs boson candidate’s properties and the SM predictions have been observed. The following
gives a brief overview on the most important measured properties of the Higgs boson candidate.
The SM predicts all properties of its Higgs boson once the mass of the Higgs boson is known yielding
that a precise measurement of the Higgs boson mass is crucial for the investigation of its properties.
The mass been measured in a combined analysis of ATLAS and CMS in [49]. The best-fit mass
value was found to be my = 125.09 & 0.21(stat) &+ 0.11(syst) GeV.

ATLAS and CMS Preliminary —ATLAS
LHC Run 1 - CMSs
-o- ATLAS+CMS ATLAS and CMS Preliminary - ATLAS
— —=x10 LHC Run 1
u _ —=x20 un --CMS
9gF T L ) - ATLAS+CMS
L Y —=zx 1o
u e ' -
VBF e L
B uz he——
w ——
WW —
u w .
ZH g _._
M TT ——
ttH u ————
u B e ptbb _
>— ——
W TS S e N SR A N T IR ST I I S IR B
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Parameter value Parameter value
(a) Higgs production (b) Higgs decay

Figure 2.6: Best-fit results for signal strength p of the different production (a) and decay (b)
processes of the Higgs boson candidate normalized to their SM predictions taken from reference [50].

The Higgs boson is the only elementary particle in the SM with spin 0. Hence, the measurement
of its spin quantum number provides a good test for the nature of the candidate. Measurements of
the Higgs boson candidate’s spin have been carried out by ATLAS [51] and CMS [52] favoring the
SM hypothesis of a spin 0 with a positive parity.

The measurement of production and decay rates allow additional test of the Higgs boson candidate.
These measurements were presented recently in reference [50] combining analyses from ATLAS [53]
and CMS [54]. Figure shows the best-fit signal strength p for various production and decay
modes of the Higgs boson candidate normalized to the SM prediction. It can be seen that most
measured properties are individually in good agreement with the SM predictions. Figure [2.6(a)]
shows furthermore the best-fit for the global signal strength of the production and decay of the
Higgs boson candidate. This is measured to be pu = 1.09f8&(1) deviating by less than 1o from the
SM prediction.

The searches for the decay H — 77 of the ATLAS [37] and CMS [55] collaboration show furthermore
excesses with an observed (expected) significance of 4.4 (3.3) and 3.4 (3.7), respectively. The
observed signal strength of this decay is in good agreement with the predictions of the SM. This
corresponds to the first evidence for the Yukawa coupling of the Higgs boson to fermions.



Chapter 3

ATLAS Experiment

The ATLAS (A Toroidal LHC ApparatuS) experiment is one of the two multi-purpose ex-
periments at the LHC (Large Hadron Collider) at CERN. It is designed to cover a varied

25m
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Figure 3.1: Sketch of the ATLAS detector taken from reference .

physics program ranging from the precise measurement of the properties of the SM, to searches
for physics beyond the SM. Figure [3.1] shows a sketch of the ATLAS detector introducing its three
main components that are nested into each other. The innermost component is the inner detector
that is dedicated to the measurement of the tracks of charged particles. The calorimeters form the
next component providing measurements of the energies of electrons, photons an jets. The muon
system is the most exterior component of the ATLAS detector and is dedicated to the measurement
of muons.

This chapter defines first the coordinate system used in the ATLAS detector, followed by a brief

25
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description of the three main functional unit of the ATLAS detector. Finally, a short introduction
to the trigger system is given. More detailed information on the ATLAS detector can be found in
reference on which this chapter is based.

3.1 The ATLAS Coordinate System

ATLAS uses a right-handed coordinate system. The origin of the ATLAS coordinate system is set
to the nominal interaction point and the z-axis is defined parallel to the beam direction meaning
that the transverse plane coincides with the plane spanned by the x- and y-axis. Furthermore, the
x-axis is defined by the straight connection of the nominal interaction point and the center of the
LHC ring such that the positive x-axis points towards this center. Finally, the y-axis is selected to
point upwards.
The azimuthal angel ¢ and the polar angle 0 are introduced in the usual way: measured around and
from the z-axis, respectively. The polar angle is used furthermore to calculate the pseudorapidity
71 defined by

n = —Intan (g) (3.1)

The distance AR in the plane spanned by ¢ and 7 is defined as

AR = /A2 + Ar2. (3.2)

3.2 Inner Detector

The whole inner detector is embedded in the central solenoid creating a magnetic field of 2T to
bend the trajectories of charged particles. The main purpose of the inner detector is to extract
information on the tracks of charged particles hence providing on one hand a measurement of their
momentum and charge and on the other hand a precise measurement of the primary vertex and
potential secondary vertices. It is composed of the pixel and silicon microstrip trackers and the

Pixel detectors

7 v Barrel fransition radiation tracker
ool End-cap transition radiation fracker

End-cap semiconductor tracker
Figure 3.2: Sketch of the ATLAS inner detector taken from reference ||

straw tubes of the Transition Radiation Trackers. The inner detector is constructed such that it
provides the highest granularity in the vicinity of the nominal interaction point. Figure shows
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a sketch of the inner detector and its main subsystems.
The pixel and silicon microstrip trackers cover the n-region of |n| < 2.5, while the Transition
Radiation Trackers cover only the n-region of |n| < 2. The required design resolution of the
transverse momentum P7 is given by

ZEr =0.05% x PT ®1%, (3.3)
using the uncertainty on the P7 measurement denoted o pr. Furthermore, the design resolution of
the impact parameter d0 in the transverse plane is PT and 1 dependent. It follows the function

a0 = Tao(00) X (1 @ %) : (3.4)

where o49(00) and Py are n dependent constants. They take e.g. the values o49(c0) = 10 um and
Py = 14 GeV in the n-region of 0.25 < |n| < 0.5.

3.3 Calorimeters

The calorimeters of the ATLAS detector are designed to absorb all detectable particles, except
the muons, to measure their energies and extract information on the absorbed particles from the
position and topology of the energy depositions. The calorimeters cover a n-range of |n| < 4.9 and
can be divided into two functional units: the electromagnetic and hadronic colorimeters. Figure [3.3]
shows a sketch of the ATLAS calorimeter system and its placement around the inner detector.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic

LAr electromagnetic
barrel

Figure 3.3: Sketch of the ATLAS Calorimeters taken from reference .

The electromagnetic calorimeters consist out of lead/liquid-argon (LAr) detectors and are located
around the inner detector. Their main purpose is the precise measurement of electrons and photons.
The accordion geometry of the electromagnetic calorimeters allows a full coverage of the azimuthal
angle ¢ without having any blind spots, while the fine granularity in the central region allows a
precise measurement of these objects. The electromagnetic calorimeters are designed to allow a
measurement of the energy of the stopped particles in an n-region of || < 3.2 with an energy E
resolution of

B =1%007%. (3.5)
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The information gathered by the electromagnetic calorimeter in the range of |n| < 2.5 is used by
the trigger system of the ATLAS detector.

The hadronic calorimeters form the second functional layer of the ATLAS calorimeters and are
designed to measure the properties of jets. They make use of two types of detectors. The Tile
calorimeters are sampling calorimeters using scintillating tiles as the active material and steel as
the absorbing material, while the forward and end-cap calorimeters are lead-LAr calorimeters as
the electromagnetic calorimeters. The design energy resolution of the hadronic calorimeters in the
barrel and end-cup is

F=Lw3% (3.6)

in the n-range of |n| < 3.2, while the forward calorimeters provide a measurement of the energy in
the range of 3.1 < |n| < 4.9 with a resolution of

100
% =102 0 10%. (3.7)
The trigger system makes use of the information of the hadronic calorimeter in the complete
measured 7-range.

The resolution of the missing transverse energy E;‘Qiss can be parametrized as a function of the total

transverse energy measured by the calorimeters, denoted by ET. It is given by

opr = aX \/ZET. (3.8)

The expected values for the constant o range from 0.53 to 0.57.

3.4 Muon System

Muons are the only detectable particles that are capable to pass the calorimeters, hence it is not
possible to measure their energy properly with the calorimeter system. They are therefore measured
in the muon system forming the exterior component of the ATLAS detector. Figure [3.4] shows a
sketch of this muon system.

The muon system extracts the properties of the muons by tracking their trajectories precisely. This
is possible due to the deflection of the muon trajectories in a magnetic field. This magnetic field is
provided by the large superconducting air-core toroid magnets in the n-region of |n| < 1.4 and the
large barrel toroid in the n-region of 1.4 < n < 2.7.

Monitored Drift Tubes provide a precise measurement of the muon tracks in the n-region of |n| < 2.7
(In] < 2.0 at the innermost layer). Cathode Strip Chambers are additionally used for tracking in
the n-region of 2.0 < |n| < 2.7. Resistive Plate Chambers (|n| < 1.05) and Thin Gap Chambers
(1.05 < |n| < 2.7) are used for triggering and an additional measurement of the muons’ tracks. The
designed resolution of the transverse momentum P by the muon system is given by

T =10% (3.9)
for a muon with a PT of 1 TeV. The muon system provides a measurement of the muons in the
n-range of |n| < 2.7 and information from the 7-region |n| < 2.4 is used for triggering.
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Figure 3.4: Sketch of the ATLAS muon system taken from reference .

3.5 Trigger System

The LHC delivers, when running at its design settings, a bunch crossing rate of 40 MHz. In contrast
to this high rate, the ATLAS detector is only capable to write events with a rate of O(100Hz) to
storage. Therefore, it is important to have an efficient and reliable trigger system that selects events
for recording to ensure that the most interesting (in terms of the intended physical analyses) events
will be recorded. The trigger system of ATLAS detector decides on three consecutive levels if
events are selected for recording. These levels of the trigger system, L1, L2 and event filter, will be
described briefly in the following.

The hardware based trigger L1 makes its decision on keeping an event based on the information of
a subset of the detector systems. It selects events that contain either high transverse momentum
muons, electrons, photons, jets or hadronically decaying 7 leptons or events that show a large
missing or total transverse momentum. It defines additionally Regions-of-Interest (Rol) given by
the regions in the n-¢-plane, where its selection process has identified interesting objects and passes
this information to the L2 trigger. The L1 trigger makes that decision in less than 2.5 us and reduces
the rate to approximately 75 kHz.

The L2 trigger and the event filter are, in contrast to L1, software based triggers. The selection
of L2 is based on the Rol selected in L1. It can make use of the full detector information in these
Rols to decide whether one of the events selected by L1 is kept or discarded by enforcing e.g.
tighter PT-cuts or isolation criteria on the now more precisely measured objects. L2 has an event
processing time of roughly 40 ms and reduces the rate to approximately 3.5 kHz. The event rate is
after L2 low enough to reconstruct the full event in the event filter. This uses then information of
the fully reconstructed event to trim the event rate to a recordable level of 400 Hz, with an average
processing time of 4s.



Chapter 4

Signal and Background Processes

This chapter introduces the signal and background processes considered in this analysis by explain-
ing how the considered background processes contribute to the background of the analysis and by
explaining their estimates (via MC simulation or via a data driven approach). This analysis is
focused on the VBF topology and therefore accepts only events with at least two jets in the event
selection described in section [5.3] This description of the signal and background processes given in
this chapter is hence focused on processes that include already two particles in the final state that
can be detected as jets. The given Feynman diagrams are examples for possible contributions to
a given background illustrating how this background is able to produce a similar final state as the
signal and do neither demand to give a complete picture of all possible processes contributing to
the background, nor demand to show the diagram with the biggest contribution to the background.

4.1 Signal Processes

The signal samples for the LFV decays of the Higgs boson are produced with NLO accuracy
using the POWHEG [59H62] event generator interfaced with PYTHIAS [63] to provide the parton
showering, hadronization and the modeling of the underlying event that is simulated using the
AU2 [64] parameter tuning of PYTHIAS. The CT10 [65] parametrization of the parton distribution
functions is used. Additionally, the LF'V Higgs boson decays are modeled with EvtGen [66].
These signal samples are inclusive samples meaning that they include all possible decays of the 7
lepton. Their cross section is set for this analysis to 1 % of the cross section of the SM Higgs boson.
This corresponds to assuming a branching ratio of the considered decays of 1%. Table lists all
considered signal processes, the used MC event generators and the assumed cross section and the
number of simulated MC events.

Process H Generator ‘ Cross section [pb] ‘ # simulated events
ggH H — 7 || POWHEG + PYTHIAS + EvtGen 0.1927 250000
VBF H — 7 || POWHEG + PYTHIAS + EvtGen 0.01578 250000
geH H — 7e || POWHEG + PYTHIAS + EvtGen 0.1927 250000
VBF H — 7e || POWHEG + PYTHIAS + EvtGen 0.01578 250000

Table 4.1: List of the used signal samples, the used MC generators, the assumed cross section
and the number (#) of simulated events. The cross section corresponds to a branching ratio of 1%
for the considered decays of a Higgs boson with a mass of 125 GeV.

30
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This analysis considers only fully leptonic decays of the signal produced in the VBF topology.
Figure gives an example of a leading order Feynman diagram of a fully leptonic LF'V decay of
the Higgs boson that was produced in the VBF production mode. It shows that the final state
consists of six particles: two opposite charged leptons [ and [, two neutrinos v and two quarks.
The flavor of Iy is fixed by the considered decay, while [ can be either an electron or a muon,
meaning that the signal can produce a final state with two leptons of same or of different flavor.

The reconstructed final state is characterized by two charged leptons of opposite sign, two forward
jets from the scattered quarks and missing transverse energy Egiss caused by the neutrinos that
cannot be detected directly. The two charged leptons and the Egiss in the final state have in the
signal process distinct properties, e.g. a strong angular correlation between Eg;iss and [,, that
is used in this analysis to discriminate signal and background. A detailed description of these
properties is given in section [2.3.1]

q

q

Figure 4.1: Example of a leading order Feynman diagram of the production and fully leptonic
LFV decay of the Higgs boson produced in the VBF production mode.

The advantage of the restriction of the analysis to the VBF topology is the presence of the two
jets, denoted as the tagging jets, in the final state. The properties of the tagging jets allow to infer
information on the production of the Higgs boson. This additional information is independent of
the information obtained from the decay products of the Higgs boson, allowing for an additional
possibility to discriminate signal and background.

The two tagging jets tend to have a large separation in n and a large invariant mass, as discussed
in section 2.3.11

The production mode of ggH does not yield any jets in the final state at tree level meaning that
only higher order processes of the gluon fusion will contain the necessary jets to be selected in
the VBF topology. The relative contribution of the ggH production mode is hence suppressed in
the VBF topology. Figure 4.2| gives a possible Feynman diagram that yields a final state in the
detector that is similar to the VBF topology. The additional two jets that are originating from the
two gluons in the given example, will nevertheless differ most likely in their properties from the
tagging-jets in the VBF production mode, since they were produced by a different mechanism.



32 4 Signal and Background Processes

Figure 4.2: Example of a higher order Feynman diagram of the production and fully leptonic
LFV decay of the Higgs boson produced in the ggH production mode yielding a similar final state
as the same decay of a Higgs boson that was produced in the VBF production mode.

4.2 Background Processes

All background estimates are based on MC simulations, except the Z — 77 and fake-lepton back-
ground. The fake-lepton background describes the contribution of events that contain at least
one reconstructed lepton (p or e) that does not correspond to a physical leptons. This section
discusses at first the background taken from MC simulations and gives then an explanation of the
partially data driven estimate of the Z — 77 background and the fully data driven estimate of the
fake-lepton background.

4.2.1 MC Based Background Estimates

This section discusses first why each of the backgrounds obtained from MC calculation contributes
to the background of this analysis. This is followed by an overview on the MC simulations of these
backgrounds.

Top Quark Background

The top quark background[] considers the single top quark production and the top quark pair
production. Both can yield to a final state very similar to the signal. Figure 4.3| shows an example
of a leading order Feynman diagram of the top quark pair production and an example of a next to
leading order Feynman diagram of the single top production in the Wt-channel with fully leptonic
decays of the W+ boson. Both yield a final state that is very similar to the signal, as it contains
two leptons of opposite charge, two jets originating from the quarks and gluons in the final state
and missing transverse energy caused by the presence of neutrinos. Both processes can produce two
same flavor of two different flavor leptons, due to the independent decays of the two W bosons.

It is nevertheless possible to discriminate between the signal and the top quark background. This
background shows in general not the same correlations between Erigiss and the signal which yields
a good separation between signal and background in variables exploiting these correlation, like
the reconstructed Higgs boson mass. Furthermore, the present jets are produced by a different
mechanism in the VBF signal and the top background allowing to separate both by the properties

'Please note: Top is used as abbreviation for the top quark background in the legend of some figures.
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Figure 4.3: Example of Feynman diagrams of the top quark pair (left) and single top quark (right)
production yielding a final state similar to the signal.

of their jets.

The top quark decays furthermore almost exclusively into a b quark and a W boson yielding that
all processes of the top quark background have most likely a b quark in their final state. The signal
does not produce any b quarks at tree level making it very unlikely that a signal event contains
a b quark in its final state. This allows to suppress the contribution of the top quark background
additionally via a veto against b-tagged jets.

It is nevertheless an important background in this analysis, since the identification of the b-jets
has only an efficiency of about 80 % and the background has a large cross section compared to
the signal, which can be seen in table and This background is normalized to data using
a dedicated control region, if available. Otherwise it is normalized according to the SM prediction
applying systematic uncertainties on the cross section. The data driven normalization procedure
is described in section [7.4.1]

Di-Boson Background WW/W Z/ZZ

This background includes the production of all combinations of two W and Z bosons. Figure
shows three possible Feynman diagrams that produce a final state that is similar to the final state of
the signal in the VBF production mode. The processes described by the Feynman diagrams given in
figure [4.4] (a) and (c) yield at tree level a final state with two same flavor leptons of opposite charge
and two jets originating from the hadronic decay of the W or Z boson, but no objects that cause
Eg;iss. It is nevertheless possible that some E- is associated with them due to a mismeasurement
of Egliss. The higher order diagram given in (b) yields a final state with two jets, two same or
different flavor leptons of opposite charge and missing transverse energy due to the neutrinos.
This discussed diagrams are just a subset of possible diagrams leading to a final state similar
to the one of the VBF signal, but demonstrate nevertheless that the WW /W Z/ZZ background
can produce such a final state with same and different flavor leptons of opposite charge in many
different ways, some with two jets at tree level and some with a physical source for E;‘giss. This and
its relatively large cross section makes this background important for the presented analysis.

All processes that contribute to this background have in common that the leptons and E;‘fliss and
the jets have in general not the same properties as the signal, since they are produced by different
processes. The invariant mass of the jets originating from the decay of a Z or W boson corresponds

to the reconstructed mass of the boson and is therefore relatively small compared to the invariant
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Figure 4.4: Example of Feynman diagrams of the ZZ (left), WW (middle) and WZ (right)
production yielding a final state similar to the signal.

mass of the two tagging-jets in the VBF signal events. The leptons produced by this process differ
for example in their correlation with Elfliss from the leptons of signal events, since the Egliss is in
general for the WW /W Z/ZZ processes not strictly linked to one of the leptons, as it is in signal
events. This allows nevertheless to separate this background from the signal.

Z — pp and Z — ee Background

The Z/v* — ee and Z/v* — up backgrounds, that will be denoted as Z — ee and Z — pp from
here on, are very similar and will be discussed simultaneously. They have by far the largest cross
section from all processes considered in this analysis, as can be seen in table They do not

(b)

Figure 4.5: Example of Feynman diagrams of the Z — ee and Z — uu production associated
with two jets yielding a final state similar to the signal.

contain any jets at tree level, but they have such a large cross section that their production with
two associated partons, leading most likely to two jets in the final state, is @(10°) more likely than
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the production of the VBF signal. Figure gives two higher order processes yielding a final state
with two same flavor leptons of opposite charge and two jets. The diagram on the left is produced
in a VBF structure analogously to the VBF signal yielding the same kinematics of the jets for both
processes. A process like the one given in the right diagram is however much more likely since it
contains less vertices of the weak interaction, but yields most likely other jet kinematics than the
VBEF signal. This background contains up to higher order corrections no physical source of Egl
but a mismeasurement of Erjrziss can nevertheless associate a E;{liss for this background.

The Z — ee and Z — uu background can, in the absence of detector effects, not produce a final
state with exactly two different flavor leptons (= e, i), while the signal can produce such a final
state. This yields that final states including exactly two different flavor leptons are barely affected
by this large background making them the most promising ones for the search for the signal.

The properties of the leptons, Egliss and the jets of this background differ nevertheless significantly
from the signal, motivating a search for the signal in the final states with two same flavor leptons
despite the overwhelming size of the Z — ee and Z — pp background.

The analysis uses additional VBF-filtered samples for these backgrounds as can be seen in table
giving the used background MC samples. This is necessary as the acceptance probability for a
Z — ee or Z — pup event in the VBF topology is relatively small, due to the lack of jets at tree
level, meaning that huge inclusive MC samples would be necessary to guarantee a sufficient modeling
of these backgrounds in the VBF topology. This is avoided by using samples that are filtered at
generator level such that most of the simulated events will most likely pass the VBF selection. An
overlap removal is performed between the regular and the VBF-filtered samples ensuring that no
part of the phase space is considered twice. It was furthermore necessary to apply scale factors
for both backgrounds to absorb a tension between data and MC prediction in the modeling of the
difference in 7 of the two leading jets. A systematic uncertainty for those scale factors is applied.
The normalization of the Z — ee and Z — pup background is inferred from dedicated control
regions, if available, and otherwise from the MC prediction. The description of the data driven

normalization is given in section and

iss?

SM Higgs Background H — 71

The SM Higgs boson decay in a pair of 7 leptons is the smallest considered background with a cross
section of the same order of magnitude as the considered signal. It is nevertheless an important
background, as this background is produced by the exact same production mode as the signal
and decays into a very similar final state. This can be seen in figure giving two examples of
Feynman diagrams of the SM Higgs boson production and decay that yield a final state similar to
the VBF signal. Since the production mode of this background and the signal is identical, it is only
possible to discriminate between the two by the properties of their decay. This is possible due to
the different kinematics of both decays that were discussed in detail in section The different
kinematics can be exploited in the reconstruction of the Higgs boson mass tailored for the LFV
decays of the Higgs boson described in section [7.2.4] allowing the analysis to discriminate between
both decays. The H — 77 background is normalized to the SM prediction.

Overview on MC Simulation Based Backgrounds

Table gives an overview on the MC samples that were used for the estimate of the MC based
background estimates. It lists the MC generators used for the simulation of the hard scattering
process and the model used for the simulation of the parton showers. The table lists furthermore the
value for the cross section times the branching ratio and the order of the corresponding perturbative
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Background H Sample Generator ‘ CS x BR [pb]
Z/v* — ee 60GeV <my <2TeV; NP =0 ALPGEN (67| + PYTHIAS 848.4 (848.6) NNLO [68[/69]
(Z/v* — pp) 60GeV <my <2TeV; NP =1 207.3 (207.4)
60GeV <my <2TeV; NP =2 69.5 (69.5)
60GeV < my <2TeV; NP =3 185 (18.5)
60GeV < my <2TeV; NP =4 7 (4.7)
60GeV < my <2TeV; NP =5 5 (1.5)
10GeV <my <40GeV; NP =0 ALPGEN + PYTHIAS 699 7 (726.4) NNLO [68[/69]
10GeV <my <40GeV; NP =1 51.1 (52.0)
10GeV <my <40GeV; NP =2 24 9 (25.4)
10GeV < my <40GeV; NP =3 8 (5.8)
10GeV < my; <40GeV; NP =4 8 (1.9)
40 GeV <my < 60GeV; NP =0 ALPGEN + PYTHIAS 36 4 (36.7) NNLO [68[/69]
40GeV <my; <60GeV; NP =1 4 (6.4)
40 GeV < my; < 60GeV; NP =2 2 (2.3)
40GeV < my; <60GeV; NP =3 6 (0.6)
40GeV <my; <60GeV; NP =4 2 (0.2)
VBF-filtered; NP = 2 SHERPA |70 8 (1. 4) LO |70]
VBF-filtered; NP =3 2 (1.2
VBF-filtered; NP = 4 9 (0. 6)
VBF-filtered; NP =5 4 (0.4)
EW SHERPA 4 (0.4)
Top-Quark single Top; s-channel; leptonic decay | POWHEG |59':62: + PYTHIAS 1.8 NNLO |71]
single Top; t-channel; leptonic decay | AcerMC |72| + PYTHIAG 73] 28.4 NNLO |74]
single Top; Wt-channel POWHEG + PYTHIAS 22.4 NNLO |(75]
tt POWHEG + PYTHIAS 129.3 NNLO+NNLL [76[]81]
WW/WZ/ZZ zZ7Z HERWIG (82 1.6 NLO (83
wZz HERWIG 6.8 NLO (83
qq > WW — llvv; NP =0 ALPGEN + HERWIG 3.0 NLO |83
qq — WW — llvv; NP =1 1.5
qq — WW — llvv; NP =2 0.7
qq > WW — llvv; NP =3 0.4
qq — WW — qqlv; NP =0 ALPGEN + HERWIG 12.6 NLO [83]
qq — WW — qqlv; NP =1 6.3
qq — WW — qqlv; NP =2 3.0
qq — WW — qqlv; NP =3 1.7
99— WW — llvv; NP =3 GG2WW [84] + HERWIG 0.2 NLO [84]
SM H — 171 ggH (125GeV): H — Il + 4v POWHEG +PYTHIAS 0.15 NNLO+NNLL [47(|85H93]
VBF (125GeV): H — Il + 4v POWHEG +PYTHIAS 0.01 (N)NLO [47/94196)

Table 4.2: List of the used background samples, the used MC generators, the cross section (CS)
that is multiplied with the corresponding branching ratio (BR) of all non-inclusive samples for
all backgrounds modeled by MC simulations. The variable NP denotes the number of additional
partons that are included in the matrix element used in the MC simulation. Please note that the
Z/v* — ee and Z/v* — pp backgrounds are listed together.

brackets correspond to the ones for the Z/4* — uu background.

The CRxBR values given in the
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Figure 4.6: Example of a leading order Feynman diagram of the production and fully leptonic
decay of the SM Higgs boson via two 7 leptons produced in the VBF production mode (left).
Higher order Feynman graph of the production and fully leptonic decay via two 7 leptons of a SM
Higgs boson in association with two gluons (right) yielding a similar final state as the VBF signal
process.

QCD calculation.

The ATLAS detector response [97] is simulated with the GENAT4 program [98]. The underlying
events are simulated using the AU2 [64] parameter tuning of PYTHIAS. Additionally, the CT10 [65]
parametrization of the parton distribution functions is used. It can be seen that the cross section
of most backgrounds is by multiple orders of magnitude larger than the assumed cross section of
the signal processes that were given in table foreshadowing the main challenge of this analysis:
the poor signal to background ratio.

4.2.2 7 — 77 Background Estimate

The Z — 77 background is an irreducible background in this search for the LFV decays H — 7pu
and H — e, since a fully leptonic decay of Z — 77 — Il +4v (I = u,e) produces a similar final
state of two leptons (= u,e) and missing transverse energy in the detector. This can be seen in
figure showing two possible Feynman diagrams for this background yielding a final state similar
to the VBF signal. The differences in the kinematic of the leptons and their correlations to Erﬂiss
exploited e.g. by the mass reconstruction of the Higgs boson allow nevertheless to discriminate well
between signal and this background.

The Z — 77 background is estimated using the mostly data driven embedding procedure. It is
based on Z — uu data events that are very similar to the Z — 77 events up to small deviations due
to the mass difference of the muon and 7 lepton. They can be used as an input for this background
estimate, as they can be selected with a high purity and the selected Z — pu sample contains
almost no Higgs signal due to the small branching ratio of H — upu.

This background estimate uses the selected Z — pu data events, removes the muons from the
event and replaces them with simulated Z — 77 decays creating hence a hybrid event that is
partially obtained from simulation and data. A detailed description of this procedure can be
found in reference [99]. This procedure has two key advantages compared to a classical fully MC
simulation based estimate. The first advantage is that it is less prone to mismodeling, since all
parts of the event not describing the Z — 77 decay are obtained from data. This yields directly
the second advantage given by the fact that this background estimate is affected by less systematic
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Figure 4.7: Two examples of Feynman diagrams of the production and fully leptonic decay of the
7 boson produced in association with jets via two 7 leptons. The VBF production process shown
in the left diagram yields a final state very similar to the VBF signal.

uncertainties as most components of the event e.g. jets or pile-up are taken from data and not from

simulation.

This background estimate does not predict the expected event yield and is therefore normalized to

the event yield predicted by the Z — 77 MC samples. The normalization factor N is given by
Event yield embedded sample

N = . 4.1
Event yield Z — 77 MC sample (4.1)

This is done for each considered final state introduced in section separately after Cut9 of the
basic VBF selection described in section 5.3l The obtained normalization factor for the embedded
sample are listed in table for each final state.

Final state H Normalization factor

ee 0.192
L 0.136
eu 0.159
e 0.157

Table 4.3: Normalization factors for the embedded Z — 77 background sample.

4.2.3 Fake-Lepton Estimate

Fake-leptonsE] (lepton means here e or p) are reconstructed leptons that do not correspond to
physical leptons. They arise e.g. from jets that are misidentified as leptons, which happens rarely,
but can nevertheless yield to a significant contribution of the total background given the huge
production rate of jets in the ATLAS experiment. Fake-leptons are a background for this analysis
as they basically add a lepton to an event, making events that have only one physical lepton pass
the event selection. The events with a the fake-lepton can be by chance very signal-like, but this is
not very likely resulting mostly in a small contribution of the fake-lepton background to the total

2Please note: Fake is used as abbreviation for the fake-lepton background in the legend of most figures.
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background. It is nevertheless an important background since it is difficult to model, resulting in
large uncertainties on the modeling that can decrease the sensitivity of the analysis. The modeling of
this backgrounds is very challenging as it is not possible to simulate it at a reasonable precision with
MC simulations, as the low misidentification rate would call for gigantic MC samples. Therefore,
the fake-lepton background is estimated in a fully data driven way.

Fake CR: 1 isolated and 1 anti- Legend:
isolated Lepton ~~.. Data
e ™S\ Other BG
sop \s\\\ \ Fake'lepton BG
Fake scale
50 100 150 200 250
. Variable X factor
Subtract other SR: 2 isolated Leptons
BG from Data
- Template
o of Fake for
. Variable X
" 50 100 150 200 250 50 100 150 200 250
Variable X Variable X

Figure 4.8: Illustration of the estimate of the fake-lepton background. BG is used as an abbrevi-
ation for background.

The estimate of the fake-lepton background is a template-based method illustrated in figure (4.8
It uses two different regions: the signal region and the fake control region. The fake control region
is defined exactly as the signal region, but the isolation requirement for one of the leptons is
reversed yielding that this region is enriched in the fake-leptons that tend to be anti-isolated. The
contribution of the fake background in a given variable X is calculated in to steps.

First, the template for the fake-lepton background is calculated. It is derived in the fake control
region by subtracting all other background estimates from the observed data in the distribution
of the variable X. This template corresponds to the fake-lepton background contribution in the
fake control region in the distribution for the variable X. Now it is assumed that the shape of the
distribution of the fake-lepton background in the variable X is identical in both region, as they
are identical with respect to their kinematics due to the application of the same cuts. Within this
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assumption, it is possible to use the template of the fake-lepton background from the fake control
region to model the shape of the fake-lepton background in the signal region. This means that the
fake-lepton background estimate is fixed up to its normalization.

For the calculation of the normalization it is assumed that the ratio of the event yields of the
fake-lepton background between the signal and fake control region is independent of the applied
event selection and therefore constant in the cut-flow. This means that the normalization of the
fake-lepton background can be calculated by scaling the template with a constant normalization
factor, the so called fake scale factor. This fake scale factor is inferred at an early stage of the cut-
flow utilizing the smaller statistic uncertainties due to the larger event count. At this early stage
the scale factor is variated by a fit in the distribution of a selected variable in the signal region.
Eventually, the fake scale factor is selected that yields the smallest x? between the observed date
and the sum of all background estimate in the distribution of a selected variable.

This analysis uses the distribution of variable Plz, described in section This variable was
selected as the distribution of the fake-lepton background peaks at small values of this variable and
its contribution decreases rapidly with higher values of this variable yielding stable fit results. A
fake scale factor is derived for each of the final states introduced in section [7.3.4l In the different
flavor final states the scale factor was determined after Cut9 of the basic VBF selection presented in
section [5.3] For the same flavor final states additional requirements had to be introduced in order
to avoid potential effects of a mismodeling of the Z — pu and Z — ee background on the inferred
fake scale factors. This mismodeling is discussed in more detail in section [7.5.1] The additional
requirements and the derived scale factor are listed in table for all considered final states.

Final state H Additional cuts ‘ Fake scale factor
ee my > 30GeV and bTag =0 0.22 +0.03
o my > 30GeV and bTag =0 0.337 £ 0.017
e - 0.208 £ 0.002
we - 0.212 4 0.002

Table 4.4: Fake scale factors and the additional cuts that were used on top of Cutl to Cut9 of
section [5.3] for their derivation. The variables used in the additional cuts are given in section

Additionally, it was necessary to introduce scale factors for the Z — ee sample in the ee final state
to correct small discrepancies between the background estimates and the the observed data in the
Pg distributions to receive reasonable results for the fake scale factor in this final state. These scale
factors are applied to the Z — ee sample in the ee final state in the entire analysis and a systematic
uncertainty was calculated and considered in the statistical evaluation (see section .



Chapter 5

Physics Object Reconstruction, Used
Triggers and Preselection

This chapter discusses the reconstruction of the physics objects, the used triggers and the preselec-
tion of events. The first section gives a brief overview on the reconstruction of the physics objects
from the recorded response of the ATLAS detector. The next section presents the used triggers
followed by the discussion of the event preselection in the last section.

5.1 Physics Object Reconstruction

This section describes the reconstruction of muons, electrons, jets and missing transverse energy
from the recorded response of the ATLAS detector. The presented analysis uses the same ob-
ject reconstructions as in the fully leptonic channels of the SM H — 77 analysis of the ATLAS
collaboration [37].

5.1.1 Muons

The reconstruction algorithm [100] for the muons uses combined information of the inner detector
and the muon system. This allows to reconstruct muons in the n-range of |n| < 2.5, as the inner
detector covers only this n-range. Muons are furthermore required to have a transverse momentum
of at least 10 GeV[1

Muons are only accepted if they meet requirements on hits in the inner detector to ensure a precise
measurement of the transverse momentum and to reduce the misidentification rate. Additionally,
it is required that the distance in the z-position of the reconstructed vertex and the point of
closest approach of the muons to the beam-line is less than 1 cm to minimize the contribution of
cosmic muons. The reconstruction efficiency of muons fulfilling these criteria is mostly above 95 %.
This can be seen in figure [5.1] showing the muon reconstruction efficiency depending on 7. The
muon reconstruction efficiency drops however in the region of n = 0 for data due to limitations
of the detector. This figure shows additionally small discrepancies between observed data and
the MC simulation. Scale factors are applied to correct for them. For more details on the muon
reconstruction see reference [100].

'This PT threshold can be raised depending on the used trigger as described in section

41
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Figure 5.1: Muon efficiency depending on 7 taken from reference [100]. The muons of this analysis
are reconstructed using the combined algorithm denoted as CB in the legend of the figure.

5.1.2 Electrons

This analysis considers only electrons within the pseudorapidity range of |n| < 2.47. Addition-
ally, electrons are excluded if they were found in the transition region of the end-cap and barrel
calorimeters at 1.37 < |n| < 1.52. The reconstruction of electrons [101] is done in two steps, the
actual electron reconstruction and the electron identification. A detailed description can be found
in reference [101].

The electron reconstruction makes use of information from the inner detector and the electromag-
netic calorimeters. First, clusters in the electromagnetic calorimeters are identified. Then tracks
from the inner detector are associated to these clusters. If multiple tracks are matched to a cluster
the one closest in AR is selected, while tracks with hits pixel or silicon microstrip tracker are pri-
oritized. After a successful matching the electron candidate’s energy is calculated from the energy
deposition in the calorimeter and its estimated energy loss.

The electron identification is realized in a cut based selection defining three types of electrons,
loose, medium and tight listed in increasing (decreasing) order of background suppression (identi-
fication efficiency). Background refers here to hadrons misidentified as electrons and non isolated
electrons originating from semi-leptonic decays of heavy-flavor particles. The definitions of these
three electron types can be found in reference [101].

This analyses uses electrons of the type medium with a transverse momentum of at leastE| 15 GeV.
Combined efficiencies for the reconstruction and identification of electrons depending on n and the
transverse energy ET are given in figure

5.1.3 Jets

Jets of this analysis are reconstructed using the anti-k; algorithm [103}/104] in the n-range of |n| < 4.5
and a minimal transverse momentum of 20 GeV. The anti-k; clustering algorithm is run with a
radius parameter of R = 0.4 taking topological energy clusters [105] in the calorimeters as an input.

2This PT threshold can be raised depending on the used trigger as described in section
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Figure 5.2: Combined reconstruction and identification efficiency for electrons depending on 7
(left) and ET (right) taken from reference [102].

A requirement on the jet-vertex-fraction (JVF) of central jets (|n| < 2.4) is introduced to reduce
the contribution of jets originating from additional interactions. The JVF quantifies the likelihood
of a jet originating from the primary vertex. It is calculated using the the transverse momenta of
the tracks associated to the jet and is defined as

3" PT (tracks pointing towards primary vertex)

JFV =
> PT (all tracks)

(5.1)

Central jets with PT < 50GeV are only considered if their JVF is larger than 50 %. This addi-
tional requirement is introduced to suppress the contributions of jets that originate from additional
interactions happening simultaneously to the considered event.

5.1.4 Missing Transverse Energy

The ATLAS detector is not able to detect neutrinos directly, as they escape the detector without
interacting with it. It is nevertheless possible to infer some information on the neutrinos from
the properties of all other measured particles, as the protons in the initial state do not have any
momentum perpendicular to the beam axis meaning that the initial transverse momentum is zero.
This allows to infer information on the neutrinos from the vectorial sum of the transverse momenta
of all particles in the final state. The negative of this vectorial sum, denoted as the missing
transverse energy E_}giss [106], corresponds in the absence of mismeasurements to the vectorial sum
of the transverse momenta of the neutrinos.
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The absolute value of EZ.__ is defined as

miss
T ) T\’
Emle - (Ermss x) (Emlss y) ) (52)

using the components of the missing transverse energy in in = and y direction denoted by ET

mlSS X

and EITHSS y- These - and y-components are calculated using the contributions to Emlss of all recon-
structed physuzs objects (jets, e, p, Thaq and ) and the soft energy depositions in the calorimeters,

denoted by soft terms, that are not associated to an identified physics object by

ET _ ET’. jets + ET e ) + E ) + ET Thad + E ET’. soft terms. (5.3)

miss, x(y) miss, x(y) miss, X miss, X miss, x(y) miss, x(y) + miss, x(y)

Furthermore, the individual contributions (cont = jets, e, u, Thad, 7 and soft terms) are calculated
by
ET cont ZET cont (54)

miss, X

Pile-up has a large influence on the measurement of £ mlss This influence is caused mainly by the

soft terms, hence it has to be corrected to limit the effects of pile-up on the Egnbs measurement. A

soft term vertex fraction (STVF) is defined in analogy to the JE'V given in equatlon and the con-
tributions to EL. _ is scaled by the STVF to correct for the influence of pileup to this term. Figure

miss
shows the resolution of Egnss depending on the total transverse momentum without a pile-up
suppression and for multiple methods It can be seen that the usage of the STVF suppression
method improves the resolution of EL. = significantly. A detailed description of the measurement

of the missing transverse energy and its performance can be found in reference [106].
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Figure 5.3: Resolution of the F mlss measurement for different pile-up suppression methods de-
pending on the total transverse energy > ET. The figure is taken from reference [106].
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5.1.5 Overlap Removal Between Leptons and Jets

It is possible that one physics object is reconstructed twice meaning that it can happen that e.g
a physical electron is reconstructed as an electron and a jet. Therefore it is necessary to perform
an overlap removal to avoid this double counting. Two objects are considered to be overlapping if
they point towards the same energy deposition in the calorimeter with a smaller separation than
AR < 0.2. The overlap removal of jets and leptons selects a object according to the following order
of priority (highest to lowest): muons electrons and jet candidates.

5.2 Used Triggers

This analysis makes use of the same triggers as the SM H — 77 analysis of ATLAS [37] in its fully
leptonic channels.

Leptons in PT requirement offline
final state Trigger trigger PT requirements
le+1p || EFel2Tvh mediuml mu8 | PT > 12GeV PT > 15GeV
PI'>8GeV PT' >10GeV
EF _e24vhi_medium1 Pl > 24GeV PI > 26 GeV
EF_e60_medium1 PI' > 60GeV -
2 1 EF_mul8_tight mu8_EFFS | P[ > 18GeV P >20GeV
PL >8GeV PL >10GeV
2e EF_2e12Tvh loosel P > 12GeV Pl > 15GeV
PL >12GeV | PL >15GeV
EF _e24vhi_medium1 PI' > 24GeV PI' > 26 GeV
EF_e60_medium1 PI > 60GeV -

Table 5.1: List of used triggers, their PT requirements and the offline P” requirements.

The used triggers are shown in table[5.1]depending on the lepton content of the final state. All listed
triggers in a given final state are combined with a logical OR meaning that an event is accepted if
at least one of the triggers has fired. Additionally, a trigger matching procedure is applied ensuring
that the event contains, after object reconstruction, a physics object corresponding to the one that
caused the trigger to fire. Furthermore, the minimum P” threshold of the leptons is increased such
that they are larger than the minimal PT requirements of the trigger, if the trigger was found to
cause issues for the analysis due to turn-on effects. The raised (offline) PT" thresholds are listed in
the last column of table (.11

Three different triggers are used for final states containing an electron and a muon in the final
state: one di-lepton trigger asking for an electron of PT > 12 GeV and a muon od PT > 8 GeV and
two single electron triggers asking for electrons with PT > 24 GeV and PT > 60 GeV. This triggers
with the higher PT thresholds are introduced to compensate the efficiency loss of the trigger with
a smaller PT threshold.

It was found to be sufficient to use only one trigger for the final states containing two muons. This
trigger is a di-muon trigger asking for two muons of PT > 18 GeV and PT > 8 GeV.

Events containing two electrons in the final state are selected based on the decision of three different
triggers. These triggers are one di-electron trigger asking for two electrons fulfilling PT > 12 GeV
and two single electron triggers asking for one electron with P7 > 24 GeV or PT > 60 GeV.
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5.3 Basic Selection of the Vector Boson Fusion Topology

This chapter explains the cuts defining the basic VBF topology used in this analysis. All cuts
shown in this section are implicitly applied in all following chapters. Table lists all cuts and

I cut name | cut value | applied to data | applied to MC
Cutl Good Runs List flag YES NO
Cut2 Primary Vertex NTracks > 3 YES YES
Cut3 Jet Cleaning flag YES YES
Cut4 Hot Cell Veto flag YES NO
Cutb LAR Error flag YES NO
Cut6 No Tau n, =0 YES YES
Cut? Dilepton Nlepton = 2 YES YES
Cut8 Trigger flag YES YES
Cut9 || Trigger Matching | depending on trigger YES YES
Cutl0 Number Jets NJets > 1 YES YES
Cutll PT Jet 1 PL | >40GeV YES YES
Cut12 PT Jet 2 PL., > 30GeV YES YES
Cutl3 || An Tagging Jets Anjett,get2 > 2.2 YES YES

Table 5.2: List of cuts applied in the basic VBF selection. An event is kept if all criteria stated
in the cut value column are met.

states whether they are applied on data and MC. The cuts can be classified into four different
groups using the intended purpose of the cuts .

Cutl to Cutb form the first group including all cuts that are applied to ensure data quality. Cutl
checks if all subsystems of the ATLAS detector were working correctly during the events recording
accepting only events whose luminosity block is part of the Good Runs List provided by the official
Data Preparation Group. Events with four or more tracks pointing toward the primary vertex pass
Cut2 suppressing events consisting mainly of pile-up. Cut3 rejects events containing bad jets. Jets
are classified as bad jets if they are not originating from a real energy deposition in the calorimeters.
Bad jets can be caused by hardware problems, cosmical rays or beam conditions. Cut4 removes
events that contain at least one jet pointing toward a malfunctioning, so called hot, calorimeter cell,
if the jet gained a significant amount of its energy from that cell. Additionally, events are rejected
in Cuth, if an LAr error is detected during the recording of an event.

The second group of cuts is formed by Cut6 and Cut7. These cuts define the fully leptonic final
state. Cut6 vetoes all events with a reconstructed hadronic 7 lepton decay. This cut is used to
ensure orthogonality of this analysis to the analyses considering hadronic decays of the 7 lepton.
Cut7 demands exactly two isolated leptons (here u or e) of opposite charge in the final state.
Cut8 and Cut9 are both trigger related cuts. Cut8 ensures that one of the triggers used in the
analysis has fired and therefore accepted the event. The triggers used in this analysis are discussed
in section The trigger matching of Cut9 ensures that the PT of the object firing the trigger
is sufficiently larger than the P threshold of the used trigger ensuring that the analysis is not
affected by turn-on effects of the trigger. It ensures additionally that the event contains an object
corresponding to the one that fired the trigger.

The VBF cuts are given by Cutl0 to Cutl3 selecting the VBF topology. These cuts exploit the
signature of the signal produced in the VBF production mode in the detector, which is the presence
of the tagging jets, as discussed in section[2.3.1] The first of the VBF cuts, Cut10, neglects therefore
all events with less than two jets. This spares most of the signal produced in the VBF production
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mode, as can be seen in figure showing the jet multiplicity. The transverse momentum (P7)
spectra of the jets leading and sub-leading in P” is shown in figure The VBF signal tends
to prefer larger values of P than most of the backgrounds. This motivates Cutll and Cutl2
demanding the transversal momentum of the leading and sub-leading jet to fulfill PJT1 > 40 GeV
and PjT2 > 30 GeV, respectively. The 7 separation An;; of the two jets leading in PT is shown
in figure The given distributions indicate that the signal prefers large values of An;; for the
VBEF production mode, while all other shown processes prefer smaller values. Therefore, Cutl3
is introduced demanding An;; > 2.2. The same VBF cuts were used in the H — 77 analysis of
ATLAS [37] as a definition of the VBF topology.

| Cut9 \ Cut10 \ Cutll | Cutl2 | Cutl3
Z — up 9361682 + 5332.3 | 1318378 £ 1171.0 | 699710 + 684.8 | 447354 +497.1 | 117391 + 229.0
Z —ee 6256001 4 4280.6 | 796290 +901.8 | 476743 +549.7 | 282611 +406.1 | 75435 + 182.9
Top quark 137513 + 198.5 122904 + 184.5 | 115842+ 178.5 | 100500 + 165.2 | 20279 & 74.9
WW/WZ/7Z 46753 £+ 111.6 19711 + 68.0 15418 4+ 59.9 10380 + 49.2 1967 + 22.0
Fake 150986 + 340.6 34225 + 142.1 19232 4+ 107.1 11147 + 84.1 3539 + 43.0
Z — 77 (EMB) | 178279 +113.5 25138 + 45.6 15371 4 37.0 9623 +29.7 2582 + 15.1
VBF H — 77 44 £0.1 35+0.1 32+0.1 25 +0.1 21+0.1
geH H — 77 456 + 1.4 122 +0.7 79+ 0.6 51+0.5 1940.3
VBF H — Tt 39+£0.2 30 £0.2 27£0.2 21+£0.2 18 +£0.2
geH H — 1 416 + 2.6 121 +£1.4 80 £ 1.1 48 £0.9 174+05
VBF H — 7e 37+£0.2 28 £0.2 26 £0.2 20 £0.2 174+0.1
geH H — e 405 £ 2.5 115+ 1.3 75 £ 1.1 44£0.8 174+05
Sum H — Tu 455 + 2.6 151 +£1.4 107 £1.2 69 £ 0.9 35+0.6
Sum H — e 441425 143 +£1.4 101+ 1.1 64 +0.8 34+0.5
Sum BG 16131714 £ 6851.1 | 2316802 & 1498.4 | 1342428 +£905.2 | 861690 & 670.6 | 221233 = 306.7
obs. data 16884410 4 4302.3 | 2415566 + 1554.2 | 1382108 + 1175.6 | 858921 4+ 926.8 | 236210 + 486.0
Sig/BG ~3x107° ~6x107° ~8x107° ~8x107° ~1.5x 107*

Table 5.3: Expected event yields and observed (obs.) data after enforcing the stated cuts and
all cuts with a smaller number. The last line shows additionally the signal over background ration
(Sig/BG). Please note that the dominant backgrounds Z — uu, Z — ee and the top quark back-
ground are not normalized to data, hence the discrepancy between observed data and and the sum
of the background (BG). The stated uncertainties correspond only to the statistical uncertainties.

The event yields after Cut9 to Cutl3 are shown in figure It can be seen that the VBF cuts
reduce the expected background significantly. Only 1.4 % of the background events present after
Cut9 pass Cutl0 to Cutl3. However, most of the signal (~ 95 %) produced in the ggH production
process and bout 55% of the signal produced in the VBF production mode is lost as well. The
overall signal to background ratio is nevertheless improved by a factor of roughly 5 without cutting
on a variable that is sensitive to the decay of the Higgs boson.
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Figure 5.5: The left hand side shows distributions of the transverse momentum P7 of the jet
leading (top) and sub-leading (bottom) in P after Cut10. The plots on the right hand side show
the same distributions normalized to unity of some selected processes. The H — Te signal is not
shown in the normalized plots since it has the same shape in the distribution as the H — 7p signal.
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Chapter 6

Lepton Labeling

This chapter describes the lepton labeling used in this analysis starting with the motivation. This is
followed by a section discussing the underlying distributions and a section describing the procedure.
Finally, the last section gives a description of the chosen lepton labeling as applied in the analysis.
The lepton labeling is done after the basic VBF selection described in section All shown
distributions and presented results in this chapter are produced using the cuts of the basic VBF
selection.

6.1 Motivation for Lepton Labeling

The LFV Higgs boson decays H — 7 and H — 7e considered in this thesis contain two charged
leptons[] in the fully leptonic final state. These charged leptons can be two electrons, two muons or
an electron and a muon. The two charged leptons differ in their kinematic properties due to their
different origins, as seen in section One of the leptons, Iy, originates directly from the Higgs
boson decay, while the other lepton, [, originates from the decay of the 7 lepton, as illustrated in
figure The leptons I and [ can both be electrons or muons depending on the decay channel

Figure 6.1: Systematical graph of an LFV Higgs boson decay illustrating the naming convention
for the lepton originating from the Higgs boson decay I (I = e, ) and the lepton I (I = e, u)
originating from the decay of the 7 lepton.

and final state.

Since I and [y differ significantly in their kinematic properties, it is important to identify them
correctly in data. This identification of I and [f is called lepton labeling throughout this thesis to
avoid confusion with the lepton identification in the event reconstruction.

Labeling the leptons properly is important for two reasons: First of all, it allows a better mass

!charged leptons refer here only electron and muon.
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reconstruction since the angular correlation of [, and E%ﬂss, caused by the energy carried away
by the neutrinos, can be exploited. Furthermore, the kinematic differences between the leptons
allow to separate the LFV signal from background processes like H — 77 and Z — 77, since these
processes do not show on average such strong differences in their leptons’ kinematics.

6.2 Underlying Distributions

The label of a lepton is neither depending on the lepton’s flavor (muon or electron) nor on its
charge, as it only gives information about the lepton’s origin. Due to this, it is necessary to use
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the corresponding lepton in the transversal plane. Figure (b) and (c) show the distribution of the
H — 7 MC sample using truth information on the leptons origin for a wrong and right labeling
in (b) and (c), respectively. The color code gives the percentage of events in each bin of the total
amount of events.

Figure 6.2: Figure (a) shows an illustration of the angles A¢; and A¢y, between E

variables in the labeling that are sensitive on the lepton’s origin. Such variables are, for the signal
studied in this analysis, the transverse momentum P7T of the leptons and the angle A¢ in the
plane transverse to the beam axis between the lepton and Egiss, as ly receives on average a larger
transverse momentum than /-, while A¢, tends to be smaller than A¢y. The definition of A¢;,
and A¢y,, is illustrated in figure Assuming the decay of a Higgs boson that does not have
any transverse momentum itself and a perfect measurement of the neutrinos’ transverse momentum
by EL. . as well as a perfectly fulfilled collinear approximation would yield A¢, = 0 and A¢y = 7.
The absolute value of Plz and PE is affected by a boost of the Higgs boson smearing the leptons
PT distributions. The measurement of A¢;. and Ady » is affected by the poor resolution of the
Eg;liss limiting their discriminating power. Therefore, the lepton labeling selected in this analysis
makes only use of the difference of A¢ and P of the leptons, as a boost or a mismeasurement of
Egliss affects both leptons in an event partially canceling their effects.

There are two possibilities to assign the labels [ and Iy to the two charged lepton is the final state.
The right labeling gives the lepton originating from the Higgs boson decay the label Iz and the

lepton originating from the decay of the 7 lepton the label /., while the wrong labeling swaps the
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labels.
Figure|6.2(b)|and [6.2(c)|show the distribution of the H — 71 MC sample in the |Agy,, | —|A¢y, | vs.
Pl:'I; — PE plane for wrong and right labeling, respectively, using truth informatio on the leptons’

origin. The lepton originating from the Higgs boson decay tends to have a larger P and A¢ than
the lepton originating from the 7 lepton decay. Due to this the distribution with the right labeling
favors the upper right corner of the |Agy;,, | —|A¢y. | vs. PZZ — Pg plane, while the distribution with
the wrong labeling prefers the lower left corner.

6.3 Lepton Labeling Procedure

The goal of the lepton labeling is to distribute the labels among the two leptons in the final state
as correctly as possible, while ensuring that the procedure assigns the lepton labels in each event
to avoid a loss of events due to the neglect of events that can not be labeled. The selected lepton

20101 S 300f
200}
100}
~ =< 100
Q ([ Q
| 0 1 of
~I o ~I
-100
Q -100} Q
-200}
-200F, ‘ ‘ ‘ ‘ ‘ S =300}, ‘ ‘
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
A, |-1Ad,| [Agy,|-|Ad,|
(a) (b)

Figure 6.3: Figure (a) and (b) give an illustration of the selection of the lepton label and the
optimization of the lepton labeling, respectively. The blue line represents frimit at a tested value
a, while the dots represent the two possible labelings. The green dot displays the selected labeling.

labeling of this analysis follows a simple procedure: a linear function fiimit is defined as

fLimit (|A¢ZH| - |A¢l7—|) = —(I(‘Agﬁl}[’ - |A¢l7—|)7 (61)

using a as a parametrization of the slope. The first possible labeling is tested by checking if the
requirement of
frimit (A, | — |A¢y, ) > PE — PL (6.2)
First possible labeling
is met by this labeling for a given a. This first possible labeling is selected as the final labeling, if
the statement in equation evaluates as true, else the second possible labeling is selected as the
final labelingﬂ This is justified by the fact that distribution of the right labeling prefers the upper

2MC samples contain information on the origin of each particle of the event allowing to infer the true origin of
the leptons. The term truth information refers to accessing these information.

3This procedure is technically speaking not well defined for all labels that fulfill the equation
Srimit Q@i | — [A¢i|) = Pf; — Plj;. In this case both labeling options lie exactly on top of frimit making it
impossible to discriminate between the two labeling options using this procedure. The default selection for this case
is the second tested labeling option, which corresponds to the assignment of a random label. However, this case is
highly unlikely, as the numerical values used in the calculation have a high precision.
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right corner in the |A¢;_| vs. PE{ — P plane, as seen in figure [6.2(c)} Figure [6.3(a)|illustrates the
procedure of the selection of the labeling. The two dots correspond to to labeling options and the

blue line to frimit- The labeling lying above the blue line (green dot) is selected as the final label.
This procedure is done for a range of possible values of a. The matching ratio r,,, that gives the
fraction of the correctly labeled events from the total number of events, is calculated for each value
of a and that with the best matching ratio is selected. This variation of a corresponds to a variation
of the slope of frimit illustrated in

Multiple functions for frimit have been tested and none of them performed better than the one
presented in this section. Additionally, a Fisher discriminant was calculated using the the PT
and A¢ of the leptons individually resulting in the same matching percentage as the presented
procedure. The presented procedure was selected over the Fisher discriminate due to its simplicity.

6.4 Selected Lepton Labeling

The lepton labeling was optimized for each considered production mode (ggH and VBF) and each
signal (H — 7 and H — Te) separately. The parameter a is scanned in the interval of [0, 200] with

MC sample H best a ‘ rm at best a | r,, at selected a = 92.5

VBF H — 1 103 | 0.917 £+ 0.008 0.916 = 0.008
VBF H — te 82 0.913 £ 0.008 0.911 £ 0.008
geH H — 46 0.908 £ 0.028 0.901 £ 0.028
geH H — re 53 0.879 £ 0.028 0.876 £+ 0.028

Table 6.1: This table gives the best value of the parameter a and the matching ratio r,, for the
best a and for the selected a. The given uncertainties on r,, are statistical nature.

an increment of 1 and in the range of [200,2000] with an increment of 5. It is not possible to have
a different labeling for each production mode and each signal, since the labeling has to be applied
for data as well, for which the production mode and signal process is not known. Therefore, one
common value for a has to be selected. As this thesis focuses on the VBF topology, the mean of the
best a-values in the VBF topology was selected, corresponding to a = 92.5. Table gives the best
a-value, the matching ratio r,, at the best a-value and the matching ratio at the selected a-value.
It can be seen that the best matching ratio at the selected a-value is not far off the matching ratio
at the best a-value. This is due to the fact that the matching ratio is distributed relatively flatly
in the vicinity of the selected a, as can be seen exemplary in figure showing the matching
ratio depending on the parameter a for the H — 71 sample in the VBF production mode. Figure
shows frimit using the selected value of a = 92.5 on top of the previously shown distribution
of the right labeling using truth information.
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(a) matching ratio depending on a for the H — 7 (b) illustration of frimic with the selected a for the
sample in the VBF production mode H — 7 sample in the VBF production mode

Figure 6.4: Figure (a) shows the matching ratio for a range of tested a-values. The red dot
corresponds to matching ratio of the best a-value and the green dot to the matching ratio at the
selected a. Figure (b) shows the frimit with the selected value of a represented by the red line on
top of the leptons distribution with the right labeling using truth information.



Chapter 7

Final Event Selection Using BDT's

This chapter describes the final event selection. First an introduction on Boosted Decision Trees
(BDT) [1074109] is given. This is followed by a section introducing the variables used in the
analysis. The third section discusses the general analysis strategy that is used for the analysis of
all final states. Finally, the last two sections present the analysis of the different and same flavor
final states.

7.1 Boosted Decision Trees

BDTs are a widely used multivariate analysis tool in particle physics, as they are relatively easy
to understand and therefore to control, and robust against both, statistical fluctuations and small
changes in their settings. The presented analysis is based heavily on BDTs exploiting their ability
to separate a small signal from a large background.

Like most multivariate analysis methods, a BDT evaluates how signal- or background-like an event
appears to be, based on all information of a given set of variables. This distinguishes multivariate
analysis methods from a traditionally cut-based analysis, where events are classified as signal- or
background-like, based on the information of one variable at a time. Evaluating the information
of the whole set of given variables simultaneously gives a multivariate analysis tool, like a BDT,
the possibility to identify an event as signal even if it behaves very background-like in one variable,
while it behaves signal-like in all other variables. Such an event would be classified as background
and would consequently be rejected in a cut based analysis, since here an event is rejected if it
was classified as background in one variable. Considering the whole set of variables simultaneously
allows a BDT additionally to utilize correlations in the set of given variables. This is a big advantage
of multivariate analysis over a cut-based analysis, especially when signal and background show
similar distributions in a set of variables, but differ significantly in their correlations.

This section introduces briefly the concept of a BDT, followed by a discussion of the selected settings
of the BDTs used in this analysis.

7.1.1 Introduction to Boosted Decision Trees

This analysis uses the implementation of BDTs in the TMVA framework [110]. A detailed report
on the BDTs in the TMVA framework can be found in reference [110].

56



7.1 Boosted Decision Trees 57

Decision Tree

A decision tree is a binary classifier that divides the parameter-space spanned by the set of input
variables x; into multiple regions and finally evaluates whether an event is signal- or background-
like depending on the parameter-space region it is contained in. In the language of TMVA the
parameter-space regions are called nodes.

Each decision tree has to be trained with a test sample and can afterwards be used for classification.
During the training, the parameter-space is divided consecutively into subspaces using a training
signal sample and background sample of same sizeﬂ All variables x; are scanned for a threshold
value a?f that divides the initial parameter-space in two sub spaces in such a way that one of the
subspaces is as pure as possible with respect to the contribution of signal and background test
events, according to the selected separation criterion for node-splitting. Eventually, the x';’beSt
t,bes‘c7 the

is selected from the set of all ! that creates, after splitting the initial parameter at x;

purest subspace. This xﬁ’beSt is used for splitting the initial parameter-space for the first time. The

procedure is repeated on the newly formed subspaces until a stopping requirement is met. Such
stopping criteria can be for example the amount of events that are left in a parameter-space region,
or the number of consecutive splits that have been performed, the so-called depth of the decision
tree.

After the splitting procedure is completed, each parameter-space region is classified as signal or
background depending on the content of the training samples in the region. A region is classified
as signal if the weighted sum of all events originating from the signal training sample is larger than
the weighted sum of the events originating from background training sample in that specific region.
The training of the decision trees is finished after the classification of the parameter-space region.
An event is classified simply by evaluating in which parameter-space region it is contained. Due to
this, a decision tree classifies an event discretely as either signal or background, but is not able to
give feedback on the accuracy of this classification in terms of how signal- or background-like an
event is. A graphical representation of a decision tree is given in Figure[7.1

Boosting of Decision Trees

Boosting expands the idea of a single decision trees to extract more information than just a discrete
classification of events from the given set of variables. Multiple decision trees are trained with the
same training sample reweighed for each individual tree. A weighted average is used to extract a
common response of the BTD from the classifications of the individual decision trees. This common
response, the so called BDT score, is mapped to the interval of —1 to 1 and enables therefore BDT's
to give a continuous evaluation on how signal- or background-like an event is. Events that are very
signal-like will receive a BDT score close to 1, while very background-like events will most likely
receive a score close to —1.

BDTs are more often used than decision trees, since they usually outperform a single decision
tree significantly. Boosting stabilizes additionally the classifiers output with respect to statistical
fluctuations in the training sample.

7.1.2 Settings of Boosted Decision Trees Used in this Analysis

The BDTs of the TMVA framework have adjustable settings allowing to customize them for an
optimal performance on the given input. An optimal setting of a BTD has to meet two criteria. On

!The actual amount of events in the two samples do not have to be equal, as long as their sum of weights is equal.
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Figure 7.1: Graphical representation of a decision tree. The solid boxes correspond to regions of
the parameter-space, or so called nodes. The black solid boxes are internal nodes, that are split
further, as none of the stopping criteria has been met. The stopping criteria do not allow to split
final nodes, shown in red and green. They are classified as signal or background depending on their
training sample’s content. The blue numbers give the depth of the decision tree, that is defined as
the count of consecutive splitting that had to be performed to reach that node.

one hand, it has to provide an optimal separation of signal and background in the BDT score, while
it has to ensure on the other hand that the BDT is not over-trained. An over-trained BDT becomes
sensitive to sample-specific properties of the training samples that are not physical features of the
signal or background processes considered in the training, like statistical fluctuations of the training
sample. This decreases of course the performance of the BDT on other samples and therefore has
to be avoided.

The parameters of the BDT were optimized for the pe final state but used in all final states, as they
were found to perform well. Furthermore, the BDTs used in this analysis were found to perform
very stably under a variation of the setting parameters in a reasonable range.

The meaning of the settings and their optimized values are listed in the following.

e Number of trees = 300. This setting allows to select the number of decision trees that are
used in the BDT. An increased number of decision trees increases in general the performance
of a BDT with respect to the separation of signal and background, but it makes the BDT
vulnerable to over-training, if it is too large.

e Minimal node size = 1 %. This parameter describes the minimal amount of events that
have to be contained by a parameter-space region in terms of the percentage of the training
sample size. A parameter-space region is not split if the resulting region contains less events.
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A small node size enhances the BD'T’s ability to discriminate between signal and background,
but it makes it vulnerable to over-training.

e Maximal depth = 5. This parameter stops the growth of a BDT, if its depth reaches the
maximal depth. A large maximal depth allows the BDT to discriminate better between signal
and background, but can cause over-training.

e Number of cuts = 20. The variable range is scanned equidistantly for each variable x;
during the selection of the best value x!. This setting gives the number of cuts that are
tested during this process for each variable. A large number of tested cuts can enhance the

performance of the BDT, but increases vulnerability towards over-training.

e Boost type = Grad. There are multiple boosting algorithms to select from in the TMVA
package. The Grad boosting algorithm was selected since it was found perform well in the
SM H — 77 analysis [37] of the ATLAS collaboration.

e Shrinkage = 0.05. This parameter describes the learning rate of the Grad boosting algo-

rithms.
e Separation criterion for node-splitting = GiniIndex. The Gini index [111] G is a
measure for inequality. It is defined as G = p(1 — p) with p = (nsiisng) where the number of

signal and background events are denoted by ng and np, respectively.

The TMVA package allows to adjust more parameters than the listed ones. All parameters that
are not listed were used in their default settings.

7.1.3 Trainings Strategy for Boosted Decision Trees

The BDTs used in this analysis were trained with weighted events. These weights are calculated
such that the sum of weights corresponds to the expected event yield of each contribution at the
stage of training. This ensures that the BDT is trained focusing on the important backgrounds of
the analysis.

For the training of the BDT it is necessary to introduce two classes of training events, signal and
background. The sum of all weighted background events was used as the background class in train-
ing, while only the signal MC of the VBF production mode was used as the signal class, neglecting
the signal MC of the ggH production mode. This allows the BDT to focus on the properties of the
VBF production mode without suppressing actively the signal of the ggH production mode.

Cross Training

The training and evaluation of a BDT should not be done on the same set of events to avoid that
a BDT is gaining its discriminating power from using unphysical, dataset specific properties, like
statistical fluctuations, rather than from real physical properties of signal and background. If this is
not considered, a sufficiently over-trained BDT can gain an unphysical arbitrarily strong separation
power between signal and background that is specific to the dataset used in the training.

This analysis splits therefore all events into two equal sets, s; and s3. These sets s; and so are
then used to train two BDTs, BDT A and BDT B, where BDT A is trained using only events of
set s1 and BDT B is trained using events contained in set ss. BDT A is now evaluated on set so
and BDT B on set s;. This procedure is called cross training and allows to use the all the events
in the training and evaluation of the BDTs without doing the evaluation and training of the BDT
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Figure 7.2: Illustration of cross training.

on the same set of events. Being able to use all events in the evaluation of the BDTs is important
for this analysis, as the available amount of MC simulation for signal and background processes
are very limited in the phase space corresponding to the VBF topology and reducing the amount
of available MC events by 50% would affect the analysis.

BDTs can be checked for effects of over-training by evaluating the BDT on both the sample used in
training and the test sample used in the evaluation of the BDT. An over-trained BDT is sensitive to
the specific non-physical properties of the training sample and will therefore perform significantly
better on the training sample than on the test sample. This means that the distribution of the
BDT score of training and test sample will differ significantly for an over-trained BDT. This analysis
accepts therefore only BDT's that show a good agreement between the distribution of the BDT score
of the training and test sample. A visualization of the cross training is given in figure

Variable Selection

The main goal of the variable selection is keeping the BDT as simple as possible in terms of the
amount of considered input variables while maintaining maximal performance. TMVA produces a
ranking of the input variables based on the variable’s importance. The importance of a variable is
a measure for how much the BDT makes use of a certain variable combining information on the
separation power and number of usages of a variable.

The variable selection of the BDT is started by training a BDT that uses all available variables.
Then the lowest ranked variable is neglected and a new BDT is trained with the new set of variables.
The performance of the new BDT is compared to the performance of the initial BDT that makes
use of all input variables. If both BDTs perform similarly well, the lowest ranked variable is
neglected and the procedure is repeated with the variable that is ranked lowest in the ranking of
the new BDT. Eventually, only variables that are not neglected during this procedure are used in
the training of the final BDT. This final BDT is then used in the analysis.

Constraining the Variable Range

A BDT of the TMVA package scans the whole range of a variable spanned by the highest and
lowest value of the variable equidistantly with the specified number of cuts to find the optimal
value for splitting the initial parameter space into two subspaces. This procedure is problematic
for variables that have extreme outliers in their distributions, as these extreme outliers increase
the scanned variable range drastically. This yields that the distance between the tested scan point
in that variable can get bigger than the characteristic features of the distribution of the variable,
making the BDT insensitive to them. This is especially problematic for variables like m.o; and
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Meon,+r that are introduced in section since they are defined as a fraction which means that a
sufficient small denominator can yield arbitrary large values of this variables.

This analysis deals with this issue by setting the outliers to a fixed value in the training of the
BDT. Two threshold value vmin and vmax are calculated for each variable v, such that 2.5% of
all events have a larger (smaller) value of v than vyax (Umin). With that in hand, all events with
v < Umin (U > Umax) are set to Umin (Umax) in the training of the BDT. This allows to make the
BDT sensitive to variables with extreme outliers, while using all events in the training.

7.2 Variables Used in Selection

This section introduces all variables which are used in the analysis presented in this thesis. Mul-
tiple other variables were tested, but found to contribute insignificantly and were therefore not
considered.

7.2.1 Missing Transverse Energy

Two different measurements for the missing transverse energy are used in this analysis.

Missing Transverse Energy ET

miss

The standard transverse energy denoted as EL.  whose measurement was described in section

miss

Missing Transverse Energy of High PT Objects EL. (hpto)

A missing transverse energy calculated using only objects with a high transverse momentum, namely
all jets and leptons (= e,u) above the PT threshold for these object described in section It is
defined as

Elpto)=— Y BT - > Pl (7.1)

[=leptons j=jets

(hpto) = ’E hpto)’ . (7.2)

T
EII]ISS miss
This version of the missing transverse energy is less affected by pile-up than the regular version of

the missing transverse energy, as it is only calculated from the high PT objects.

7.2.2 Variables Describing Kinematics of the Leptons

The leptons I and [ are the only directly measured particles originating from the LF'V decay of the
Higgs boson considered in this analysis. They contain therefore most of the available information
on the Higgs boson decay. Due to this, variables describing the kinematics of the leptons are used
widely in this analysis.

Transverse Momentum Pl:'I; of ly

The transverse momentum of /[, denoted by Pljl;, tends to be larger in signal processes than in
background processes like H — 77 and Z — 77.
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Invariant Mass of the Lepton System my;

The invariant mass of the lepton system formed by I and [ is a very helpful variable discriminating
against Z — ee and Z — uu, as my corresponds, for these processes, to the reconstructed mass of
the Z boson, causing a narrow resonance in my at the Z bosons mass. Additionally it is an input
variable for the reconstruction of the Higgs boson mass that is described in section
Transverse Mass of the Lepton System mlqi

The variable m% denotes the transverse mass of the lepton system formed by l and . The signal
favors larger values of this variable than most background processes.

Separation AR of Leptons ARy

The separation of [y and I, in R is given by

ARy = \/(UZH —m,)* + (b1 — 1) (7.3)

Impact Parameter d0;_ and its Significance S(d0;,)

While 7 leptons decay too fast to be detected directly, their existence can still leave a small footprint
in the detector. This footprint can be measured by using the impact parameter d0;, describing the

Transverse Plane

,/’ 0
\\«/’ 0{
(%
@&I,”
&7
Vertex

Figure 7.3: Illustration of the variable dO;_.

minimal distance between the track of [, and the reconstructed primary vertex of the event in the
transverse plane visualized in figure A strong enough boost of the 7 lepton can displace the
track of the lepton originating from the 7 decay from the reconstructed vertex, as such a 7 lepton
can travel a small, but measurable distance in the detector before it decays, causing the impact
parameter d0 not to equal zero. The signal tends to favor larger values for d0;_, since here [, is very
likely originating from a 7 decay, while the lepton labeled as [ is not originating from a 7 decay
for background processes like Z — pp and is therefore favoring small values of d0;.. The benefit
of this variable is limited, as it is not perfectly modeled in MC and the resolution of the ATLAS
detector is at the same order of magnitude as the measured effect. It provides nevertheless a good
discrimination of the signal from the Z — puu and Z — ee background.

The significance S(d0;.) is defined by

d
S(dor,) = gty (7.4)
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using the uncertainty o (d0;_) of d0;,. This variable takes the limited resolution of d0;_ into account.
Both variables are used in the analysis.

Difference in ¢ of I, and EL. Denoted as A¢(l, EL. )
A¢(l, EL. ) is defined as

AG(lr, Episs) ’@T (7.5)
LFV Higgs decays favor a small value for A¢(l;, Inlss) since Eg;nss is mainly caused by the neutrinos

originating from the 7 decay, that are almost collinear to [ due to the strong boost of the 7 lepton
in these decays. All other background processes do not show such a strong correlation between

ET. and [, causing them to have a wider distribution of A¢(l,, E than the signal.

miss mlSS )

Transverse Mass of EL. and I, Denoted as mT(EL, ,1,)

The transverse mass of the system Iz and E mlSS, denoted by mT(EZIiSS, ),

is a reconstruction of the

transverse 7 mass for the signal processes and favors therefore small values of m” (EL._ 1.). The
mT(ETL. 1) variable does in general not correspond to a reconstruction of the transverse mass of

a 7 lepton for background processes. This is in particular true for the top quark background for
which m® (EL. | 1;) tends to be large. This variable is therefore a powerful variable for the different

flavor final states that are dominated by the top quark background.

7.2.3 Variables Describing the Kinematics of the Jets

This analysis uses only variables describing the two leading jets in PT. These jets correspond
with a high probability to the tagging jets in the VBF signal samples and are therefore sensitive
to the production of the Higgs boson in the VBF production mode. Due to this, the variables
describing the jet kinematics provide a possibility to discriminate between signal and background
that is independent of the decay of the Higgs boson.

1 Separation of Tagging Jets An;;

The separation in 1 of two leading jests j; and jo is given by

Anj; = [nj1 — njel . (7.6)

This variable was already used in the basic VBF cuts of this analysis described in section
defining the VBF topology. Despite that, it is still a powerful variable, as the signal in the VBF
production mode favors large values of An;;, while most backgrounds prefer smaller values, even
after the basic VBF cuts.

Invariant Mass of the Tagging Jet System m;

The invariant mass of the tagging jet system m,; formed by the the two jets leading in PT is another
variable sensitive to the VBF production mode, as the signal produced in the VBF production mode
favors large values for m;; while most other backgrounds favor small values.
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7.2.4 Variables from the Higgs Boson Mass Reconstruction

The reconstructed mass of the Higgs boson is one of the most sensitive variables used in this analysis.
The so-called collinear approximation is used to reconstruct the Higgs boson mass described first
in reference [112]. Two different approaches are introduced and used in this analysis. The first one
is a collinear mass m.o) tailored for the kinematics of the LFV Higgs decay assuming a decay of
the form H — 7lp, while the second one is the collinear mass meon -+ of the H — 77 analysis of
ATLAS assuming a decay of the Higgs boson into two 7 leptons.

Both methods reconstruct the mass of a Higgs boson in LFV decay correctly, while they give in
general different results for processes containing two 7 leptons such as the SM decays H — 77 and
Z — 77. This can be seen in figure [7.4] showing the mass distribution of both mass reconstructions
for these processes. These plots show furthermore that M. - is not able to separate between the
LFV and SM Higgs decay, while mco separates them. Therefore both collinear masses are used in
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Figure 7.4: Comparison of meoy (left) and Mo - (right) for the LE'V signal H — 74, the decay
H — 77 of the SM Higgs boson and the Z — 77 background after the event selection of the ue final
state described in section All shown distributions are normalized to unity and the stated
errors correspond to the statistical uncertainties.

the analysis, giving the BDT's the option to exploit the different correlation between the two mass
variables for the LFV signal and the SM background.

The crucial part in the calculation of mcon (Mcollr+) is the reconstruction of the initial momentum
(momenta) of the 7 lepton(s). Once the momentum (momenta) of the 7 lepton(s) is reconstructed
it is easy to infer the mass of the Higgs boson by calculating the invariant mass of the system
formed by the reconstructed 7 and I (by both reconstructed 7 leptons). Both use the assumption
that all decay products of the 7 leptons are collinear to the original 7 lepton, hence the names
collinear approximation and collinear mass.

Collinear Mass m¢o; and ¢ Assuming LFV Higgs Decays

This version of the collinear mass, that was taken from reference [35|E|7 assumes that the decay of
the Higgs boson contains exactly one 7 lepton that is boosted significantly, such that the trajectory

2The collinear mass used in the analysis of reference |35] uses the same assumptions and derives the same final
formula for the collinear mass, but its intermediate steps differ from the derivation presented in this thesis.
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of its decay products are collinear to the trajectory of the original 7 lepton and that the neutrinos

originating from the 7 decay are the only contribution to Ef;liss. Within these assumptions, ET

miss
has to be parallel to [ in the transverse plane meaning that a contribution to Egliss that is not
parallel to [, is considered to be a non-physical contribution.

Therefore the transverse momentum PT:': reco Of the 7 lepton is reconstructed by

Pr =P£+H<ET ) (7.7)

T,reco miss

where the projection II of EEHSS on ]35 was introduced. This projection removes the contributions

Transverse Plane

T
miss _ 7
.-"““‘ A¢/T Plr
: ' !
=T
M (Emiss)

Figure 7.5: Illustration of the the projection of E'?Q

iss*

of E}giss that are not parallel to PZ Figure illustrates the projection of Egiss.
With this in hand it is possible to define the the ratio of the 7 lepton’s transverse momentum

carried by [ as

PT
T == (7.8)
PT,reco
This yields
_ P,
PT,reco = L ) (79)
T

making use of the collinear assumption. With this in hand, the momentum of the initial 7 lepton
is fully reconstructed and the Higgs boson mass is reconstructed as
my

Meoll = ﬁ’ (710)
using the additional assumption that the masses of the 7 lepton, of [;; and of [ are small compared
to their momenta and can therefore be neglected.
The collinear mass mco is a powerful variable in all final states and is used in all BDTs. The
variable x has some discrimination power itself and is therefore used as well.

Collinear Mass Mo, for the SM H — 77 Decay, x;,, and x;,

This version of the collinear mass is used to reconstruct the mass of the Higgs boson in the H — 77
decay. It assumes as well that all decay products of a 7 lepton are collinear with the initial 7 lepton

and that Eg;iss is solely caused by the neutrinos originating from the 7 decay. For this decay of

the Higgs boson it is no longer possible to assume that ET

imiss 15 parallel to one of the leptons, since
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Egiiss corresponds to the vectorial sum of the momenta of all the neutrinos from the decay of both
7 leptons. To take this into account x;,, and x;, are introduced by
P, Py (7.11)
Tig = 57> z, = - ) .
* Pl PT

describing the fraction of the initial 7 leptons transverse momentum carried by the visible decay
products g and [l.. Using the collinear approximation to reconstruct the initial transverse 7
momenta and conservation of momentum yields

pT pT
P+ Pl = Py | B, ET 7.12
7-1+ T2_$l +;+ miss’ ( )
H T

assuming that E;}Fnss is caused solely by the neutrinos from the decay of the 7 leptons. This equation
is obviously valid for the x and y component of the transverse plane providing two independent

equations that allow to solve for z;,, and x;_giving the result

pz PL/ _P’!J Pz
lyg  lr g~ Ur

Ty, = 7.13
" PZIH PZZ-_IDlyH PZIT +PZZ{,- Efniss_Plf— E:Jniss ’ ( )
Plely _PlyPlac
T = oyl , (7.14)
T Plac Ply 7Ply Plx +Py Ex _p= Ey
T '‘H T 'H

lgr “miss Lpr “miss

By neglecting the masses of the 7 leptons, g and [, and using once more the collinear approxima-
tion, it is possible to reconstruct the mass to

my

Neron
This expression is only well defined if 2;,,2;, > 0. This issue is solved in this analysis by omitting
the negative sign of x;, ;. by calculating Mcon - with |2;, ;| and setting finally Mcon - to the
negative of the previously calculated value. Due to this, it is possible to calculate M - for all
events at the price of introducing negative values for Mcoll,ﬂ'ﬂ

The analysis makes use of both Moy r- and x;,,. The LE'V decays H — 7 and H — 7e tend to peak
in the vicinity of 1 in x;,, since there is no corresponding 7 lepton for [ in these decays meaning
that all momentum of this decay branch is visible, corresponding to z;,, = 1, while processes like
H — 77 and Z — 77 have neutrinos on both branches of the decay causing x;,, to be in general
smaller than 1.

Mcoll,TT = (715)

7.2.5 B-Tagging

The special topology of jets originating from b quarks, so called b-jets, allows to discriminate them
from jets originating from other quarks. This identification of b-jets is called b-tagging and is done
in this analysis using the tagging algorithm MV1 [113]. This tagging algorithm calculates for each
jet, with PT > 25GeV and |n| < 2.5, a score between 0 and 1 with a high score corresponding to
a high likelihood for the jet being a b-jet. A jet is tagged as a b-jet in this analysis, if its score is
above the threshold of 0.3511 corresponding to a working point with a b-tagging efficiency of 80%
for true b-jets. This working point is stricter than the working point at 70% of the SM H — 77
analysis allowing eventually a better suppression of the top quark background that is the dominant
background in the same flavor final states.

3This negative sign in Mcon, -~ has no physical meaning. It is just a technical solution to cure Mcon, -~ in the ill
defined parameter space of x;, z;, < 0.
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bTag

The discrete variable bT'ag is a global variable for the events. It is 0 if no jet in the event is tagged
as a b-jet and 1 if one or more jets in the event are tagged as b-jets. The signal process does not
contain any b-jet at tree level. So, signal events will most likely have bT'ag = 0, while the top
quark background contains b-jets at tree level, as the top quark decays almost exclusively to a b
quark and a W boson. The variable bTag will therefore most likely be equal to 1 for the top
quark background. Due to this, the variable bT'ag is very powerful in discriminating the top quark
background from the signal and therefore a crucial ingredient to the different flavor final states,
that are dominated by the top quark background.

7.3 Analysis Strategy

This section discusses and motivates the general strategy selected in the presented analysis. First,
a motivation for the usage of BDTs is given, followed by an explanation of the handling of BDTs
throughout this analysis. Finally, the four final states are introduced and discussed.

7.3.1 Use of Boosted Decision Trees

The biggest challenge in this analysis is dealing with the tiny signal to background ratio and the
potentially very small signal yield. The first step taken in this analysis to deal with this issue was
to focus completely on the VBF topology exploiting the clear signature of the VBF production
mode of the Higgs boson to enhance the signal to background ratio.

Nevertheless, the signal to background ratio is with approximately 2.2 x 10° expected background
and 34 (35) expectedﬁ H — 7o (H — 7e ) signal events still poor after the VBF cuts of the basic
selection described in section This small signal to background ratio and the overall small sig-
nal yield are a challenging combination for a traditional cut-based analysis. A cut-based analysis
makes it in this scenario on one hand necessary to cut harshly on discriminating variables to gain a
suitable signal to background ratio and create therefore a sensitive analysis, while it is on the other
hand necessary to spare the precious signal by selecting soft cuts to avoid loosing sensitivity due
to the small remaining signal yield. It is obvious that both are hard to accomplish simultaneously
and therefore its is usually necessary to compromise between both.

This analysis makes use of the multivariate analysis tool of BDTs to avoid this issue. A BDT-based
strategy provides for this analysis two main advantages over a cut-based strategy that are explained
in the following.

The first advantage of a BDT is that no signal or background events are lost due to cuts, while
signal and background are separated in the BDT score. Therefore, the BDT score has two key
features: the high BDT score region is enriched in signal enhancing the significance of the analysis,
while the lower region of the BDT is almost signal free and contains most of the background events
allowing to infer constraints on the background from this region. These constraints can reduce
uncertainties on the background and can hence increase the sensitivity of the analysis.

The second advantage of a BDT-based analysis over a cut-based analysis is that a BDT is able
to exploit the correlations between variables by using variables multiple times. This can be very
useful if signal and background distributions overlap significantly in a set of variables, but have a
different correlation for this set of variables allowing to separate signal and background.

4Assuming a branching ration of 1% for both decays.
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7.3.2 BDT Score as Final Discriminant

This analysis uses the BDT score as a final discriminant by performing a fit in this distribution to
extract information on the signal. This strategy was selected in this analysis over the procedure of
cutting on the BDT score and performing a fit with the remaining events in the distribution of a
different discriminant (e.g. reconstructed Higgs boson mass) for two reasons.

The first and most important reason is that all events with a sufficient high BDT score are very
signal-like meaning that the background has almost the same distribution as the signal in all
variables that were either used directly in the training of the BDT or are correlated to these
variables. This limits the fit’s capability to discriminate between signal and background. The
second reason for performing the fit in the distribution of the BDT score is that this allows to use
all events in the fit. These additional events can constrain uncertainties of the background and
improve therefore the fit’s capability to extract information on the signal.

It was tested to cut on the BDT score and doing a fit in the reconstructed Higgs boson mass, both
with and without using mass-correlated variables in the training of the BDT. Both options were
outperformed by a fit in the distribution of the BDT score and were therefore not pursued in this
analysis.

7.3.3 Binning of Final Discriminant

The selection of the binning of the BDT score used as the final discriminant has a large impact on
the sensitivity of the analysis. Therefore, it is crucial to select a good binning to extract as much
information on the signal from the dataset as possible. A good binning has to fulfill two criteria.
First of all, it has to be selected such that it maximizes the sensitivity of the analysis extracted
by the final fit. However, it has to be ensured that the sensitivity corresponds to a real physical
sensitivity and is not caused by statistical downward fluctuations of the background estimates that
are used as input parameters in the fitting procedure.

Due to the large computational effort it is not possible to perform a complete fit using the full
distributions and considering all systematic uncertainties to calculate the expected significance as
an estimator for the sensitivity for each tested binning. Therefore, the so called Asimov significance
S, is used as an estimator for the sensitivity. It is given by

Sa=1/2((s+0)n(1+3) —s), (7.16)

using the number of signal events s and background events b.

Furthermore, most information on the signal is contained in the events that receive the highest
BDT score, as these are the events that were classified as most signal-like by the BDT. This yields
that the highest bin in the BDT score provides most information on the signal and will most likely
be the major contributor to the overall significance of the analysis. Highest bin denotes the bin
that is closest to a BDT score of 1. It was found that the highest bin contains more signal that
any other bin, while providing the best signal to background ratio. Therefore, it was decided to
optimize the binning by optimizing the bin width of the highest bin in the BDT score.

The bin width of the highest bin in the BDT score is optimized such that it gives the highest possible
S, under the constraint that each considered background has non-zero prediction for this bin with
a relative statistical uncertainty of less than 100 %[ﬂ This constraint ensures that the estimate of all
backgrounds is reliable and does not cause an unphysical sensitivity due to a downward fluctuation

5A relative uncertainty of 100 % might seem huge, but it has to be kept in mind that the fit performed to extract
information on the signal considers these statistical uncertainties.



7.8 Analysis Strategy 69

of the background estimate.

The optimized bin width of the highest bin in the BDT score is additionally used as the bin width
for the other bins in the high BDT score region. The high BDT score region is defined as the region
in the BDT score that contains a reasonable fraction of the signal. The background enriched low
BDT score region is binned using a finer binning to exploit both the high statistics and the different
shape of backgrounds in that region. The remaining medium BDT region, that contains neither a
significant amount of signal, nor a large number of background events, is binned using a wider bin
width. This is done to increase the number of events in these bins and avoid therefore that possible
statistical fluctuations of the event yield in these bins affect the fit.

The previously discussed selection of the binning is overruled, if it suggests a binning that includes
a bin with a zero prediction for any of the considered signal and background processes. In that
scenario, the bin with of the affected bins is increased manually to avoid bins that do not have a
prediction for all considered processes. This is done to avoid a bias in the fitting procedure that
could be introduced by those bins as the fits performed in this analysis cannot consider processes
with a zero prediction in the affected bins. This is critical since a zero prediction for a process
in a bin does most likely not mean that this process has no contribution to this bin due to same
physical reason, but is rather an artifact caused by the limited accuracy of the estimates.

7.3.4 Division into Four Final States

All fully leptonic final states are considered in this analysis meaning that all considered events
contain exactly two leptons of opposite charge that can be either two muons, two electrons, or one
muon and one electron. The analysis is divided in four different final states depending on the flavor
of the leptons and their label. Two same flavor final states, ee and pu, are formed from all events
containing two electrons and two muons, respectively. Two additional final states, pe and ey, are
formed from the events containing two different flavor leptons. The lepton labeled as {7 is a muon
(electron) for all events in the pe (eu) final state.

The events were split into the four different final states, as the considered final states have a sig-
nificantly different background composition and are enriched in one of the two possible signals.
The pp and ee final states are dominated by the overwhelming Z — uu and Z — ee background,
respectively, yielding a very poor signal to background ratio in these final states. The different
flavor final states have a much better signal to background ratio since they are barely affected
by Z — pp and Z — ee. The main background for the different flavor final states is the top
quark background together with a significant contribution of Z — 77 background. The Z — 77
background has a much smaller contribution to the different flavor final states compared to the
Z — pp and Z — ee contribution in the same flavor final states, since only about 6% of the T-pairs
originating from the Z decay into a final state contain exactly one electron and one muon.

The reason for splitting each of the same and different flavor final states in two final states is the
possible existence of the two different signals, H — 7u and H — 7e. The H — 7u (H — Te)
signal will appear, up to detector effects, only in the up (ee) same flavor final state and up to
mislabeling in the pe (ep) different flavor final state. Thus, the pu and pe final state contain most
of the H — 7 signal events while the ee and ey final states contain most of the H — Te allowing
to combine those final states for a search for the corresponding signal. This is done in this analysis
by performing a simultaneous fit for the H — 7u (H — 7e) signal in the pp and pe (ee and ep)
final states described in section [9.3l

A contamination of the same flavor final state with the Wrongﬁ signal is very unlikely, since the

5Wrong Signal denotes here the H — 7 (H — 7€) signal in the ee and ep (uu and pe) final state.
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signal contains already one muon (electron) prior to the 7 decay. This is different in the different
flavor final states, where a mislabeling of the leptons yields automatically that a signal event will
appear in the final state enriched with the other signal. This makes the wrong signal contamination
in the different flavor final states significantly larger than in the same flavor final states, but the
contamination with the wrong signal is still small, since the leptons are labeled correctly with an
efficiency of roughly 90 %, as seen in section The treatment of the wrong signal in the different
flavor final states is discussed in section

7.4 Selection of Different Flavor Final States

The pe and ey final state are treated analogously. Events are split into two different regions, the
signal region and the top quark control region. The latter includes all events containing at least one
identified b-jet, while the signal region is formed from the remainder of events, as there are no b-
quarks present at tree level for signal events in contrast to the b-quark originating from the t-quark
decay. BDTs are trained separately in the signal region of the pe and ey final state using only the
VBF H — 7 (H — 7e) sample as a signal in the BDTs of the pe (en) final state. A detailed
description of the training strategy for the BDT's in given in section The distributions of the
BDT score in signal and the event yield of the top quark control region are used for a fit extracting
information on the signal described in chapter [9}

7.4.1 Event Selection for Different Flavor Final States

Table lists the additional selections defining the different flavor final states of this analysis.
These cuts are applied on all events passing the basic VBF selection described in section The
intention behind the selection of these cuts is explained in the following.

Cuts DF1 and DF2 define first of all the different flavor final states by demanding two leptons of
different flavor and splitting additionally all events in the two different flavor final states, pe and
e, by demanding that [z is a muon or electron, respectively. Cut DF3 is used to split the events of

pe final state ep final state
Cut name || ue Signal Region | pe top quark CR | eu Signal Region | ey top quark CR
DF1 {g is muon lg is muon ly is electron ly is electron
DF2 l; is electron l; is electron [+ is muon [+ is muon
DF3 blag =0 blag =1 blag =0 blag =1
DF4 Pl >20GeV Pl >20GeV Pl >20GeV Pl >20GeV

Table 7.1: Additional cuts for different flavor final states defining the pe and ey final state and
their signal and top quark control region (CR). Events are kept, if the expression given in the table
evaluates as true.

each final state into two different regions, the signal region and the top quark control region. The
signal region is formed by all events containing no jet that was identified as a bTag. It contains most
of the signal and has a reduced contribution of the top quark background. The top quark control
region is in contrast to this enriched in the top quark background and contains only a small fraction
of the signal. It is used to constrain the normalization of the top quark background in the signal
region. The last cut, DF4, is of rather technical than physical nature. It was introduced to limit
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effects of a potential mismodeling of the fake-lepton background by decreasing the contribution of
the poorly modeled fake background that prefers small values of Pg{ in contrast to the signal.

Table gives the normalization and scale factors used for the analysis of the different flavor
final states. A description of the derivation of the embedding normalization and the fake-lepton
scale factors can be found in section [4.2.2] and [4.2.3] respectively. The top quark background

Norm factor H pe final state | ey final state

Top quark background normalization 1.076 1.105
Embedding normalization 0.157 0.158
Fake-lepton scale factor 0.212 4+ 0.002 0.208 4+ 0.002

Table 7.2: Scale and normalization factors used in the different flavor final states.

normalization is derived for each of the final states in their corresponding top quark control region.
It is derived by scaling the top quark MC such that the sum of the scaled top quark MC and
the other background estimates matches the observed data in the top quark control region. The
top quark background normalization is then applied to the top quark control region and the signal
region. This normalization of the top quark background is introduced at this stage to set the overall
event yield of the top quark background to its best estimate. This allows to train the BDTs with
the best estimate of the top quark background distribution. Later in the statistical evaluation, the
normalization of the top quark background is treated as a free parameter in the performed fits.

pe final state eu final state
pe Signal Region ‘ pe Top Quark CR | ey Signal Region ‘ ep Top Quark CR
top quark 684.2 + 14.7 4151.2+ 35.0 738.6 £ 15.6 4736.2 + 37.9
Z — 77 (Emb.) 265.0 £ 5.0 67.7+£2.7 402.7+ 6.2 97.1+3.2
WW/WZ/77 159.8+ 7.0 20.6 £2.7 190.6 £ 7.8 23.8+£3.0
Fake 95.0 £ 5.0 40.0 £ 4.7 313.9+8.5 109.8 £ 6.5
Z — up 25.8£5.8 27+1.0 156+ 1.6 1.54+0.3
Z — ee 1.2+ 1.0 0.0£0.0 24406 1.54+0.9
VBF H — 77 3.1+£0.0 0.4+£0.0 4.0+0.0 0.5+£0.0
ggH H — 77 2.84+0.1 0.4+£0.0 3.7+£0.1 0.5£0.0
VBF H — 1 55+0.1 0.7£0.0 0.5+£0.0 0.1£0.0
geH H — 11 51+£0.3 0.6 £0.1 0.5+£0.1 0.1+£0.1
VBF H — te 0.5+0.0 0.1+0.0 8.24+0.1 1.0+ 0.0
ggH H — 7e 0.8+0.1 0.1+0.1 79+04 1.3+0.2
Sum H — 7 10.7+0.3 1.3+0.1 1.0+ 0.1 0.24+0.1
Sum H — 7e 1.44+0.1 0.2 +0.1 16.1 +0.4 2.3 +0.2
Sum background 1236.8 +18.7 4283.0 + 35.6 1671.4 £+ 20.4 4971.0 &+ 38.7
Observed data 1212.0 £+ 34.8 4283.0 + 65.4 1684.0 £ 41.0 4971.0 £ 70.5

Table 7.3: Expected event yields and observed data for the pe and ee final states in the signal
and top quark control region (CR). Event yields for the LFV processes are calculated assuming a
branching ratio of 1% for H — 7u and H — 7e, while all other event yield are calculated using
the SM prediction. The Z — 77 background estimate is done with die embedding method (Emb.).
Only statistical uncertainties are listed.

Table gives the expected event yields in the different regions of the different flavor final states of
the processes considered in this analysis and compares it to the observed data. It can bee seen that
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the top quark control region is indeed dominated by the top quark background with a purity of more
than 95 % and contains a negligible amount of signal justifying the procedure of its normalization.
The exact agreement of data and the sum of background in the two top quark control regions is
artificial and caused by the normalization procedure of the top quark background.

Both signal regions are dominated by the top quark background and show a good agreement between
the expected event yields and the observed data. The expected signal yield, that is calculated
assuming a branching ratio of 1%, is relatively small. The contamination with the wrong signal
(H — 7e in the pe final state and vice versa) is in both signal regions small compared to the proper
signal. The strategy to deal with the wrong signal is discussed in section

The overall event yield of the signal region of the ey final state is higher compared to the one
of the pe final state. This can be explained by the different trigger P7 thresholds of the leptons
described in section Muons have in the different flavor final states a smaller trigger threshold
than electrons meaning that the trigger accepts events that contain muons with a PT below the
electron P threshold. The lepton labeling will assign in these events the muons most likely the
label I, and the electron the label I, as the lepton labeling depends on the PT difference of the
leptons. This means that the ey final state contains most of these events at the low PT range
of the muon. These events would not have be triggered if the flavor of the two leptons would be
exchanged.

This effect is especially visible for backgrounds that have a high probability of producing one low
PT muon like the fake-lepton or Z — 77 . It can be seen in table that these processes have a
significantly larger event yield in the ey final state, while processes that produce mainly high PT
objects like the top quark background are only affected weakly by this effect.

This effects the signal yield as well, as [, is most likely low in P, causing that more H — Te
events, where the muon is most likely labeled as I, will be accepted by the trigger than H — 7p
events, where the electron is more likely labeled as .. This causes a higher event yield for the
H — 7e signal, as seen in table[7.3

7.4.2 BDT Training

All events from the pe and ey signal regions were used in the training of BDTs in the corresponding
final states.  Table gives the variables that were used in the training of the BDTs for each

Variable H Rank in pe final state ‘ Rank in eyu final state

Mecoll 1 1
777’1—’(‘Er7r—‘1iss7 ZT) 2 2
my 3 3
mjg 4 4
- not considered 5
Anjj 5 6
mh 6 not considered
P 7 7
EL. 8 not considerd
S(doy.) 9 not considered

Table 7.4: Variables used in the training of the BDTs in the pe and e final state with their
ranking.
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Figure 7.6: Distributions of input variables of the BDTs in the ue final state. The definitions of
the variables can be found in section All plots show in the upper box the stacked background
contributions and the observed data (black dots). Additionally, the H — 7u signal that is enhanced
by a factor of 50 is shown as a red (black) line for the VBF (ggH) production process. The lower
box gives the ratio of the observed data and the sum of all background models. All shown error
bars and error bands correspond only to statistical uncertainties.
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Figure 7.7: Distributions of input variables of the BDTs in the ue final state. The definitions of
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by a factor of 50 is shown as a red (black) line for the VBF (ggH) production process. The lower
box gives the ratio of the observed data and the sum of all background models. All shown error
bars and error bands correspond only to statistical uncertainties.
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Figure 7.8: Distribution of the input variable z;, for the BDT's in the ey final state. The definition
of the variable can be found in section[7.2] This plot shows in the upper box the stacked background
contributions and the observed data (black dots). Additionally, the H — 7e signal that is enhanced
by a factor of 50 is shown as a red (black) line for the VBF (ggH) production process. The lower
box gives the ratio of the observed data and the sum of all background models. All shown error
bars and error bands correspond only to statistical uncertainties.

different flavor final states and their ranking by the BDTs. A high rank (small number) corresponds
to a high usage of this variable by the BDTs. It can be seen that both BDTs make use of a similar set
of variables with a very similar ranking pronouncing how similar both same flavor final states are.
Other variables were tested but found to contribute insignificantly and were therefore neglected.
This procedure favors a slightly different set of variables for the two final states, since the final
states have a different background composition.
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Figure 7.9: Distributions of input variables of the BDTs in the ey final state. All plots show in the
upper box the stacked background contributions and the observed data (black dots). Additionally,
the H — 7e signal that is enhanced by a factor of 50 is shown as a red (black) line for the
VBF (ggH) production process. The lower box gives the ratio of the observed data and the sum
of all background models. All shown error bars and error bands correspond only to statistical
uncertainties.
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The distributions of the input variables of the pe final state are shown in figure and figure [7.7]
The corresponding distributions of the input variables of the ey final state are shown in figure [7.9]
and figure[7.8] All variables show a sufficient agreement between data and MC prediction justifying
their use as input variables for the BDTs. It can be seen that the variables describing masses like
Meol and mT(E;‘fﬁss, l7) show good separation between signal and background and it is therefore
not surprising that they are ranked as the most important variables by the BDTs.
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Figure 7.10: Plots of the linear correlation coefficient of the input variables of the BDTs for the
ey (pe) final state in the top (bottom). The plots on the left hand side are for the signal used in
the BDT training, while the plots on the right correspond to the weighted sum of all background
samples used in the BDT training.

The correlation of the input variables are visualized in figure showing the linear correlation
coefficient. These plots show that the correlations of the input variables are different for signal and
background, as for example for the variables my; and mcoy. They are strongly correlated in the
background, while they only show a lose correlation for the signal. A BDT is able to exploit such
correlations in contrast to a cut based analysis.



7.4 Selection of Different Flavor Final States 77

7.4.3 Binning

The optimization of the binning is carried out according to the strategy described in section [7.3.3]
However, the Z — ee and Z — ppu background samples had to be added and treated as a single
background, since only few of the Z — ee MC events pass the selection leaving a wide range of
the BDT score without a prediction of this specific background. Not adding these backgrounds
would therefore yield very large bins to ensure that each background has a predicted event yield in
each bin decreasing the sensitivity significantly. This procedure is justified by the relatively small
contributions of both backgrounds in this final state and the fact that both backgrounds behave
very similarly. The Z — ee and Z — uu background are as well summed up and treated as a single
background in the statistical evaluation of the different flavor final states.
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Figure 7.11: Asimov significance S, of the highest bin of the BDT score that contains all events
in the interval [x¢, 1] depending on the lower bin bound z( on the left (right) for ep (ue) final state.
The Asimov significance corresponding to the selected xg is marked in green, while the Asimov
significance of all other tested zg are shown in black. The selection of a x( lying in the red shaded
area is not allowed by the requirement on the background predictions. The shown uncertainties
are inferred from the statistical uncertainties of the signal and background predictions.

The binning in the signal regions is optimized with respect to the highest bin in the BDT score
containing all events with a BDT score in the interval [zg, 1] using the lower bound of the bin z.
Multiple values of xy were tested with an increment of 0.01 in the BDT score using the optimized
binning. Figure shows the tested xg and the corresponding Asimov significance of the highest
bin of the BDT score. The selected values of xg were 0.92 and 0.88 for the eu and the pe final
state, respectively.

The top quark control regions were selected to consist of only one bin, since they are only used to
constrain the overall normalization of the top quark background. Distributions of the BDT score
with the optimized binning in the signal region are shown in the next section.
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7.4.4 BDT Score

The BDT score for the signal and top quark control region of both different flavor final states is
shown figure in the binning that was selected in the previous section. First of all, it can be
seen that the BDTs are able to achieve a good separation between signal and background enriching
the low BDT score regions of the signal regions with background, while the high BDT score region
is enriched with signal.

None of the distributions shows a significant deviation between the sum of the background estimates
and the observed data. The perfect agreement in the top quark control region is however an artifact
of the normalization procedure of the top quark background. The good agreement between the
sum of the background estimates and the observed data in both signal regions allows to draw two
conclusions. First, no obvious signal is present as this would yield an excess of data in the high
BDT score region. The highest bin of the BDT score of the pe final state shows nevertheless a
mild excess of observed data events compared to the background prediction. This mild excess is
however not statistically significant. The second conclusion is that the BDT scores of both final
states are modeled well by the background estimates. This is important as the BDT score will be
used as the final discriminant in the fits performed in the statistical evaluation of this analysis.
Figure[7.13|shows the comparison of the shape of the BDT score between all considered backgrounds
and the added signal (ggH +VBF). First of all, it can be seen that the signal shows a peak structure
for high BDT scores close to 1, while all backgrounds peak at a BDT score close to —1. This is
an important feature of the distribution of the final discriminant for the fitting procedure, as this
means that none of the backgrounds will be able to fake a peak at a BDT score close to 1 that could
be misinterpreted as a signal. This holds also true for the H — 77 background meaning that the
BDTs are able to discriminate well between the LFV Higgs boson decays, H — 7 and H — Te,
and the SM Higgs boson decay H — 77 preventing that it can be misidentified as a signal.

These plots highlight additionally the justification for the fine binning at a BDT score close to —1.
The two main backgrounds, top quark and Z — 77, show a different peak structure that is only
resolved due to the fine binning. The Z — 77 background peaks at the lowest bin of the BDT
score, while the top quark background peaks in the second to last bin and has a relatively small
contribution in the lowest bin. This can help the fit to constrain the two backgrounds in contrast
to the situation where both backgrounds peak in the same bin. Within this situation, the fit would
be free to scale one background up and the other down while keeping the expected event yields in
the bin constant. This freedom of the fit is obviously limited if both backgrounds show a smaller
overlap.

7.4.5 Handling of Wrong Signal

This analysis considers two different flavor final states ue and eu. They are enriched in the H — 7u
and H — e signal, respectively, but not pure with respect to the other signal, denoted as the wrong
signal in the following.

A wrong labeling of the leptons means that a signal event does not appear in its dedicated final
state, but in the final state dedicated to the other signal. Table [7.5] shows the expected event
yield of both signals in both final states. It can be seen that the expected event yields of the wrong
signal are in both final states about one order of magnitude smaller that the expected event yields
of the signal. Table gives additionally the ratio of events that show up in the right final state,
that is defined as the ratio of the expected yield of the H — 7u (H — 7e) signal in the pe (ep)
final states and the total expected yield of this processes. This ratio agrees well with the matching
ratio of the lepton labeling given in section
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Figure 7.12: Distribution of the BDT score in the signal region (left) and composition of the top
quark control region (right) of both different flavor final states. The top (bottom) row shows the
e (pe) final state. All shown uncertainties correspond to the statistical uncertainties only.

The shape of the BDT score of both signals is compared in figure for both different flavor final
states. The wrong signal shows clearly a different shape compared to the signal. This is due to
the fact that a right labeling is crucial in the calculations of variables like mq and mT(EEﬁSS, l7),
since their calculation relies on the properties of I and [.. A wrong labeling yields therefore that
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Figure 7.13: The left (right) plots shows the shape of the distribution of signal and background
for the signal region of the e (pe) final states in the corresponding BDT score. The contributions
of the ggH and VBF production modes of the various Higgs decays have been added up. The

Z — ee and Z — pu backgrounds have been added up as well and are denoted as Z — Il.

All

shown distributions are normalized to unity and the given uncertainties are statistical. The number
stated in the brackets corresponds to the expected event yield.
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Signal H e and ey SR ‘ e SR ‘ we SR ‘ Ratio in right final state
H—rTp 11.6 £0.3 0.99£0.09 | 10.7+0.3 0.91+0.04
H — e 174+£04 16.1+£04 | 1.38+£0.12 0.92+0.03

Table 7.5: Comparison of expected event yields of both considered signals in the signal region
(SR) of the pe and ey final state assuming a branching ratio of 1%. The last column gives the
fraction of signal events that appear in the signal region of the right final state and the sum of events
of that signal appearing in the signal region of any (ue or eu) final state. All stated uncertainties
correspond to statistical uncertainties.
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Figure 7.14: Theses plots show the shape of the wrong signal in the signal region of both different
flavor final states, left (right) for the ey (ue) final state. All shown distributions are normalized to
unity and the given uncertainties are purely statistical.

a signal event behaves on average more background-like in these variables and receives therefore
a rather low BDT score. The different shape of the wrong signal makes it unlikely that it will be
able to fake a signal in the fit.

Therefore, this analysis neglects the wrong signal in the fitting procedure described in chapter [9
There is an additional physical reason justifying this neglect of the wrong signal. The indirect
limits, presented in section do not allow both signals to be large and therefore observable
simultaneously, justifying to consider only one signal at a time.

7.5 Selection of Same Flavor Final States

The ee and pu final states are treated analogously in this analysis. The main challenge in these same
flavor final states is dealing with the large Z — Il (I=e,u) background. Following the same strategy
as in the different flavor final states was found to be unfavorable, as the BDT is overwhelmed by
the dominant Z — [l background. This means that a BDT trained at this stage is not sensitive to
any other backgrounds than Z — [l, since the contribution of the other backgrounds to the total
background is too small to make a difference. The result of this is that the BDT is only able to
discriminate between signal and the Z — [l background yielding a poor suppression of the other
backgrounds. This is problematic for two reasons. First, this yields a poor signal to background
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ratio in the region of the BDT score containing the signal, because backgrounds other than Z — (I
are not suppressed. Second, it can cause problems in the fitting procedure since the unsuppressed
backgrounds tend to peak at the same position in the BDT score as the signal does. This can affect
the fit’s capability to extract the signal from data. Both issues result in a non optimal sensitivity
of the analysis. This issue is dealt with training two sets of BDT's ﬂ In both sets of BDTs, BDTs
are trained separately in the signal region of the uu and ee final state using only the VBF H — T
(H — 7e) sample as a signal in the BDTs of the uu (ee) final state. A detailed description of the
training strategy for the BDTs in given in section [7.1.3

The first set of BDTs, denoted from here on as BDTsy, are trained on all events of the same flavor
final states in each of the pu and ee final states separately. The BDT score of the BDT's; is then cut
on to suppress the Z — [l background. Events that receive a higher BDT score than the selected
cut value form the signal region, while all other events form a Z — [l control region. The Z — 1[I
control region is used to infer a normalization for the Z — [l background.

The events in the signal region are then used to train a second set of BDTs, denoted as BDTso,
that are sensitive to all backgrounds due to the significantly reduced contribution of the Z — i
background. The BDTsy are then evaluated to calculate BDT scores in the signal region of the
corresponding final states. The distribution of this BDT score in the signal regions and the event
yield of the Z — [l control regions is finally used for the fit extracting the signal, described in
chapter [0] The analysis of the same flavor final states is discussed in the following in detail.

7.5.1 First Set of BDTs
Event Selection

Table list the cuts used in the first part of the analysis of the same flavor final states. These
cuts are applied on top of the basic VBF selection described in section [5.3

Cut name H ee final state e final state
SF1 g is electron lf is muon
SF2 {; is electron l; is muon
SF3 bTag =0 bTag =0
SF4 my > 30 GeV my > 30 GeV

SE5 Meoll > 80 GeV | meon > 80 GeV

Table 7.6: Additional cuts for the same flavor final states. Events are kept, if the expression given
in the table evaluates as true.

Cuts SF1 and SF2 define the ee and pu final state by demanding that both leptons, Iz and [,
are electrons or muons, respectively. The cut SF3 accepts only events that do not contain a jet
identified as a b-jet. This cut was introduced to suppress the contribution of events containing
b-jets, as the Z — ee and Z — pup MC samples used in this analysis do not contain any matrix
elements for the heavy quarksﬂ Not suppressing events with an identified b-jet would therefore
cause an observable difference between the MC prediction and the data. This cut also decreases

"The SM H — 77 analysis of the ATLAS collaboration [37] dealt with this issue by introducing a very effective
upper cut on my; to suppress the Z — [l background. This is unfortunately not possible in this analysis, as the LFV
signal considered in this analysis has a higher di-lepton mass compared to H — 77, causing a significant overlap of
signal and the Z — [l in this variable.

8MC samples of Z — Il background including the matrix elements for the heavy quarks are in principle available,
but it was beyond the timescale of this masters project to include them into the analysis framework.
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the contribution of the top quark background.

Unfortunately, it is not possible to use the events that contain an identified b-jet to form a meaning-
ful top quark control region as in the different flavor final states. This is due to the overwhelming
event yield of the Z — [l background in the same flavor final stats in combination with the missing
MC prediction for the production of the Z — [l background in association with heavy quarks. This
means that such a top quark control region has a large contribution from the Z — (I background
that is modeled very poorly in that specific phase space. This causes such a top control region to
show a significant deficit in MC prediction compared to the observed data, that is not caused by
a wrong normalization of the top quark background. Due to this and the fact that the top quark
background is only a minor contributor to the total background, it was decided not to introduce a
top quark control region for the same flavor final states.

The last two cuts, SF4 and SF5, are introduced to exclude a certain part of the phase space from
the analysis, that is modeled poorly by the MC samples. This is not hurting the sensitivity, as the
signal prefers larger values for both variables than the threshold values of the cuts.

Table gives the applied normalization and scale factors. The normalization of the Z — ee and
Z — pp background is inferred from all events in the corresponding final state, that are included
in the Z-peak region, defined by 80 GeV < my < 100 GeV. The Z peak is very pure with respect

Norm factor H ee final state ‘ pp final state
Z — ee normalization 1.120 n.a
Z — pp normalization n.a. 1.000
Embedding normalization 0.192 0.136
Fake scale factor 0.22 +0.03 0.337 £ 0.017

Table 7.7: Scale and normalization factors used in the same flavor final states. The normalization
factors for the Z — uu and Z — ee are only used for the training and evaluation of BDTs; and
will be replaced by normalization factors from the proper Z control regions, once they are at hand.

to the other backgrounds and the signal, as can bee seen in table justifying the use of it for the
calculation of the norm factors. The norm factor is calculated by scaling the Z — [l background
in the Z-peak region such, that the expected event yield matches the observed data.

Table[7.8] shows the event yields for both final states, once for all events contained in the final state
and once for the Z-peak region. It can be seen that both final states are overwhelmed by Z — [l
background and contain an expected signal yield of the same order of magnitude as the different
flavor final states. The up final state has a higher event yield than the ee final state due to different
trigger PT thresholds and efficiencies. The overall expected event yields are in a good agreement
with the observed data.

BDT Training

Individual BDTs are trained with all events contained in each individual final state, starting with
the whole set of variables except d0;. and S(d0;, ). These variables were excluded from the training
of the BDTs, as they were found to be modeled unsatisfactory in the MC samples at this stage.
The final set of variables used for the training of BDTs; is listed in table for both final states.
Additionally, the rank that was assigned to each variable by the BDT's is given. A high rank (small
number) corresponds to a high usage of that variable in the BDTs.

The fact that BDTs of both final states prefer to use the same set of variables is expected, since
the Z — up and Z — ee behave very similarly and the composition of the backgrounds are almost



Sum background
Observed data

64368.3 +181.8
64853.0 4= 254.7

57991.3 £174.0
57991.0 £ 240.8

91365.4 4= 207.4
91182.0 4 302.0
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ee final state ppe final state
all events Z-peak region all events ‘ Z-peak- region
Z = pp 0.0+0.0 0.0£0.0 89668.4 + 205.7 80791.8 £ 195.3
Z — ee 63105.5 + 180.5 57485.5 + 173.3 0.0£0.0 0.0£0.0
top quark 471.44+11.5 84.5+ 5.0 623.2 +13.8 119.6 6.2
Z — 77 (EMB) 108.2 + 3.7 6.3+1.0 220.4+£4.2 11.7£1.1
WW/WZ/77 489.4 +10.2 354.3 £8.3 660.2 £ 12.3 478.5£9.8
Fake-leptons 189.4 +14.4 60.0 & 12.6 185.6 + 18.9 59.8 £17.6
VBF H —» 71 2.5+0.0 04+0.0 4.1+£0.0 0.5£0.0
ggH H — 77 1.9+0.1 0.3+0.0 3.5+£0.1 0.5£0.0
VBF H — 1 0.0£0.0 0.0£0.0 9.4+0.1 3.3+0.1
geH H — 71 0.0+ 0.0 0.0+ 0.0 9.4+ 0.4 3.940.2
VBF H — te 5.9+0.1 2.3£0.1 0.0+0.0 0.0£0.0
ggH H — Te 58+0.3 20+0.2 0.0£0.0 0.0£0.0
Sum H — 7 0.0 £0.0 0.0 £0.0 18.9+0.4 7.14+0.3
Sum H — e 11.74+0.3 4.3 +£0.2 0.0 £0.0 0.0 £0.0

81462.4 4-196.5
81462.0 4= 285.4

Table 7.8: Event yields in the ee and pu final state in the signal region and at the Z peak of the
signal region, that contains all events of the signal region with 80 GeV < my; < 100 GeV.

Variable H Rank in ee final state | Rank in pp final state
Meoll 1 1
mjj 2 4
my 3 2
x 4 3
A¢(l77 Egliss) o 5
Anjj 6 6

Table 7.9: Variables and their ranking used in the training of the first BDTs in the ee and puu

final state.

identical in both final states.
Figure and show the distribution of all used input variables in the ee and pu final state,
respectively. All variables show a good separation between signal and background and a sufficiently
good modeling to justify their usage in the BDTs.
The correlations between the input variables are shown in figure It can be seen that signal
and background show different correlations in multiple variable pairs that can be exploited by the
BDTs. It is expected that the correlation matrices of both final states are very similar, but the the
fact that they are identical is a coincidence.
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Figure 7.15: Input variables for the training of BDTs; in the ee final state. The definitions of
the variables can be found in section All plots show in the upper box the stacked background
contributions and the observed data (black dots). Additionally, the H — e signal that is enhanced
by a factor of 50 is shown as a red (black) line for the VBF (ggH) production process. The lower box
gives the ratio of the observed data and the sum of all background models. All shown uncertainties

correspond only to the statistical uncertainties.
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Figure 7.16: Input variables for the training of BDTs; in the pp final state. The definitions of
the variables can be found in section All plots show in the upper box the stacked background
contributions and the observed data (black dots). Additionally, the H — 7 signal that is enhanced
by a factor of 50 is shown as a red (black) line for the VBF (ggH) production process. The lower box
gives the ratio of the observed data and the sum of all background models. All shown uncertainties

correspond only to statistical uncertainties.
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Figure 7.17: The linear correlation coefficient of the input variables of the first set of BDT's for
the ee (up) final state on the left (right) hand side. The plots on top are for the signal used in
the BDT training, while the plots on bottom correspond to the weighted sum of all background
samples used in the BDT training.

BDT Score of First Set of BDTs

Figure shows the BDT score of both final states. First of all it can be seen that the BDT
is not able to make use of the whole range of the BDT score given by [—1,1]. This is due to the
fact that the BDT is not able to discriminate well between signal and background. Each decision
tree classifies an event either as signal (=1) or background (=-1). The BDT score is the weighted
average of theses responses of all individual decision trees. This means that an event receives only a
BDT score close to 1 (-1) if almost all decision trees classify the event as signal (background). This
means that the BDTs shown in this section are not able to classify events with very high accuracy,
as they do not assign BDT scores close to 1 or —1.

The BDTs manage nevertheless to gain a certain separation between signal and background, as
the signal peaks for both final states in the bin with the highest assigned BDT score, while the
sum of all backgrounds peaks at the lower range of the BDT score. The BDT score is furthermore
described reasonably by the background estimates, as the distribution of the BDT score of both
final states show no significant deviation between the observed data and the background estimates.
The binning of the BDT scores given in this section is not optimized, since this analysis does not
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Figure 7.18: BDT score of the first set of BDTs in the ee final state (left) and in the uu final state
(right). The shown signal is enhanced by a factor of 50 and the given uncertainties correspond only
to the statistical uncertainties.

use the shown BDT scores as an input for a statistical evaluation.

Motivation for Using Second BDT's

Figure [7.1§ shows additionally two worrisome features of the BDT sore of the first BDTs in the
same flavor final states. It is quite obvious that the signal to background ratio is very low, even
when considering only the highest bins in the BDT score, as the signal that is enhanced by a factor
of 50 does not overshoot the background estimates in the High BDT score region. It can be seen
as well, that some of the backgrounds peak at high values of the BDT score. This problem is
especially visible in figure that shows the normalized distributions of the BDT score for signal
and background processes. The BDTs of both final states are not able to discriminate between
the LFV Higgs boson decays and the SM Higgs boson decay H — 77. The Top, Z — 77 and
fake-leptons background backgrounds also peak in the same vicinity of the signal peak. The only
backgrounds that the BDTs are able to discriminate against are the Z — [l and to some extent
the WW/W Z/ZZ background, that behaves very much like the Z — [l background in some of the
input variables.

This is most likely an effect of the BDTs being overwhelmed by the dominant Z — [l background.
This causes an effective blindness of the BDTs to sufficient small background contributions in their
training, as the BDTs become only sensitive to a tiny background contribution if a specific node of
the BDT is sufficiently enriched in that background. If a background contribution is too small, a
stopping criterion of the BDT training is met before a such node is formed.

A possible solution for this problem would have been to give all backgrounds the same weight during
the training, causing most likely a worse performance of the BDT with respect to suppressing the
dominant Z — [l background. Therefore it was decided to pursue the strategy of cutting on the
BDT score of BDTs; and training with BDTss a second set of BDTs. This is described in the next
section. This approach increases the sensitivity of the analysis significantly. It furthermore avoids
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Figure 7.19: The left (right) plots show the shape of signal compared to the shape of multiple
background processes for the signal region of the ee (uu) final states for the corresponding BDT
score. The contributions of the ggH and VBF production modes of the various Higgs decays have
been added up. All shown distributions are normalized to unity and the given uncertainties are
only statistical. The number stated in the brackets corresponds to the expected event yield.
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implications of the peak structure of some of the backgrounds at a high BDT score, that could
limit the fits capability to extract the signal from data, as a background alone, or the sum of some
of the backgrounds, could either fake or mask a signal.

7.5.2 Second Set of BDTs

Event Selection

The BDT score from BDTs; is now used to split the events from each final state into a signal and
Z — 1l control region. The cut SF6 that is used for this splitting is given in table It is applied
on top of the cuts of the basic VBF selection presented in section and the cuts SF1 to SF5
from the previous section. Cut SF6 was manually selected as it suppresses the Z — [l background

ee final state pp final state
Cut name ee Signal Region ‘ Z — ee CR up Signal Region ‘ Z — up CR
SF6 H BDT score eel > 0.05 ‘ BDT score eel < 0.05 H BDT score ppl > 0.05 ‘ BDT score ppl < 0.05

Table 7.10: Additional cut for the training of the second BDTs in the same flavor final states.
Events are kept, if the expression given in the table evaluates as true.

significantly, while sparing most of the signal. It was not optimized, as an optimization of this cut
is very time consuming, since a new set of BDTs would have to be trained for each cut value.
The cut SF6 introduced a control region for the Z — ee and Z — puu background that is or-
thogonal to the corresponding signal region. These control regions are now used to determine the
normalization of the corresponding Z — [l background, by scaling this background such that the
background prediction matches the observed data. Table gives the new normalization of the
Z — Il backgrounds and the used scale factors for the embedding and fake-lepton background
estimate. It can be seen that the normalization factors of the Z — up and Z — ee background
estimates are almost identical to the ones calculated previously in the Z-peak region listed in given
in table The derived normalizations of the Z — uu and Z — ee background is only used as an
estimate for the normalization in the training of the BDTs to ensure that they are trained with a
approximately correct relative background contributions. These normalizations are free parameters
in the fits performed in the statistical evaluation, allowing the fit to find on the best normalization
of these backgrounds.

Norm factor H ee final state | pu final state
Z — ee normalization 1.126 n.a
Z — pp normalization n.a. 0.999
Embedding normalization 0.192 0.136
Fake scale factor 0.22 £0.03 0.337 £+ 0.017

Table 7.11: Scale and normalization factors used in the same flavor final states. The stated
normalization factors for the Z — ee and Z — pu background replace the preliminary normalization
factors used in the previous section.

The expected event yield for the signal and control regionsﬂ in the same flavor final states are given

Tt can be seen that the total background event yield in the Z — pu and Z — ee control regions does not match
exactly the observed data as it is expected due to some technical issue. The relative discrepancy is however at the
order of 10™° and therefore negligible.
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in table Less than 5% of the Z — [l background of each final state pass the selection of
the signal region, while about 65 % of the signal events pass the selection of the signal regions,
enhancing the signal to background ratio by approximately a factor of 13 in both final states. The
sum of the backgrounds in the signal regions is still dominated by the Z — [l background, but the
the relative contribution from non-Z — [l backgrounds increased significantly from 2 % to 8 % (2%
to 9%)in the ee (uu) final state.

The expected event yields of the pu final state are in good agreement with the observed data, but
there is a shortage of events predicted by the background estimates compared to the observed data
in the ee final state, that is not covered by the given statistical uncertainties. There are multiple
systematic uncertainties in the ee final state, like the jet energy resolution or the energy scale of
the electrons, that can change the expected event yield of the Z — ee background in the signal
region by more that 10 % within a 1o variation. This discrepancy between the observed data and
the background estimates in the signal region of the ee final state is therefore non significant.

ee final state pp final state
ee Signal Region ‘ Z — ee CR pp Signal Region ‘ Z — up CR
Z = pp 0.0£0.0 0.0£0.0 4193.2 £52.4 85228.9 £ 198.6
Z — ee 2874.0 £41.8 60537.7 £ 176.5 0.0£0.0 0.0£0.0
top quark 125.0 £ 6.1 346.4 +9.7 192.8 £ 7.6 4304+ 11.5
WW/WZ/77 56.4 £ 3.7 433.0£9.5 93.1+5.2 567.1 +11.1
Fake-leptons 474449 141.9 +£13.7 659+ 7.1 115.0 £ 18.6
Z — 77 (Emb.) 27.1+2.0 81.1+3.2 83.1+2.6 137.4+3.3
VBF H — 77 1.6 +0.0 0.9+0.0 3.0+0.0 1.24+0.0
ggH H — 71 0.8+ 0.1 1.1+0.1 20+£0.1 1.6+0.1
VBF H — 1 0.0£0.0 0.0£0.0 7.3+0.1 2.24+0.1
gegH H — T 0.0£0.0 0.0£0.0 51+£0.3 4.3+0.3
VBF H — te 4.54+0.1 1.4+0.0 0.0+0.0 0.0£0.0
ggH H — 1e 3.0+£0.2 2.8+0.2 0.0£0.0 0.0£0.0
Sum H — 0.0+ 0.0 0.0 £ 0.0 12.44+0.3 6.5+ 0.3
Sum H — 7e 7.51+0.2 4.2+0.2 0.0+ 0.0 0.0+ 0.0
Sum background 3132.4 +42.8 | 61542.0 +177.6 4633.1 £+ 53.8 86481.5 + 200.1
Observed data 3309.0 £57.5 | 61544.0 £ 248.1 | 4695.0 &+ 68.5 | 86487.0 4 294.1

Table 7.12: Expected event yields and observed (obs.) data of the same flavor final states, after
splitting the events of each final state in a signal and control region (CR). All given uncertainties
are of purely statistical nature.

Table shows as well that there is no observable contamination with wrong signal in either final
state. In fact, not a single simulated H — 7 (H — 7e) signal event passes the selection of the
ee (pup) final state. This can be understood since a miss-labeling of the leptons in the same flavor
final states does not lead to the appearance of the signal in the wrong final state, as in the different
flavor final states. For the appearance of a signal event in the wrong same flavor final state it is,
for example for a H — 7u signal event, necessary that the muon is not detected, the 7 decays into
an electron and another electron is associated with the event e.g. from a misidentified jet. This is
very unlikely and causes that not a single signal event passes the selection of the wrong same flavor
final state. Therefore it is not necessary to make any assumptions on the contamination with the
wrong signal for the same flavor final states.
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BDT Training

The events from the signal region are used to train a new set of BDTs. Table lists the variables
that were found to contribute significantly to the performance and were therefore used for the BDTs
in the analysis. It gives additionally the rank that was assigned to the variable the BDTs. A high
rank (small number) correspond to a high usage of this variable by the BDTs.

Variable H Ranks inee final state | Ranks in pu final state

ARy 1 2

my 2 4

S(doy,) 3 1

Mcoll 4 6

mjj 5 9

Erqxliss (hpto) 6 13

mT(Erziss? lT) 7 7
x, 8 not considered

AT]j 7 9 10

T not considered 11

ET. 10 12

A¢(l77 Erjlliss) 11 8

Mcoll,TT 12 3

do;. 13 5

Table 7.13: Variables and their rank used in the training of the second BDTs in the ee and up
final state.

The number of used variables increased compared to the first set of BDTs. This can be explained
by the fact that the events in the signal region behave very signal-like, since the first set of BDT's
assigned them a high BDT sore. This means that the differences between signal and background
are less pronounced in all variables that were already used in the training of the first set of BDTs.
Therefore, the second set of BDTs makes use of additional variables showing a separation between
signal and background, even if this separation was not large enough to be considered in the training
of the first set of BDTs.

The d0;. and S(d0;.) variables were reintroduced to the set of variables, since they seem to be
modeled sufficiently well by the background estimates in this part of phase-space. They improve
the performance of the BDT's significantly, as these variables show a good separation between signal
and background and provide information on [, that is independent of the other properties of [,
that are used in the BDTs.

The BDTs trained for both final states make use of almost the same set of variables, as the Z — up
and Z — ee backgrounds behave very similar and the composition of the other backgrounds is
comparable. The distributions of all input variables for the second BDTs in the ee final state are
shown in figures [7.20] [7.21] and [7.22], while the corresponding distribution of the pu final state are
shown in figures [7.23] [7.24] and [7.25]

The correlations of the input variables is shown in figure Signal and background show different
correlations between the variables. This can be exploited by the BDTs to discriminate between
signal and background.
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Figure 7.20: Distribution of the input variable EL. (hpto) for the training of the second BDTs in
the ee final state. The definition of this variable can be found in section The plot shows in the
upper box the stacked background contributions and the observed data (black dots). Additionally,
the H — Te signal that is enhanced by a factor of 50 is shown as a red (black) line for the VBF
(ggH) production process. The lower box gives the ratio of the observed data and the sum of all
background models. All shown uncertainties correspond only to statistical uncertainties.

Binning

The binning of the BDT score of the same flavor final states is selected analogously to the binning
in the different flavor final state according to the strategy discussed in section [7.3.3] Figure [7.27]
shows the Asimov significance of the highest bin in the BDT score depending on lower bin edge xg.
The values of zg that lie in the red shaded area cannot be selected due to the requirements on the
background. It is required that each considered background has a contribution in the highest bin
with a relative statistical uncertainty of less that 100 %.

The selected lower value of x( for the lower bin edge is shown in green. This is the lower bin edge
with the best Asimov significance that fulfills the requirements on the background. The selected xg
of the pu final state has the best Asimov significance of all tested values of xg, while the xg with the
overall best Asimov significance can not be selected in the ee final states due to the requirements
on the backgrounds.

The selected values for zg are 0.66 for the pu final state and 0.57 for the ee final state. This
selection of the xg values yields an Asimov significance of S, = 0.94 + 0.09 ¢ for the highest bin
of the pp final state that is significantly larger than the Asimov significance of S, = 0.77 £ 0.07¢
archived in the the ee final state. This is due to the fact that it is not allowed to select the xg values
yielding the highest Asimov significance for the ee final state in contrast to the pu final state.
Additionally, it was decided to shift the high border of the the highest bin in BDT score to 0.74 and
0.72 for the pp and ee final state, respectively, as the BDTs of the same flavor final states do not
make use of the high range of the BDT score. It was carefully checked, that no data or simulated
events were lost by neglecting the high BDT region due to the shift of the upper bin border of the
highest bin in the BDT score.

This procedure fixes the bin width of the highest bin of the BDT score. The width of this bin is
used for the all bins in the high BDT score region, since they contain a reasonable fraction of the
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Figure 7.21: Input variables for the training of the second BDTs in the ee final state. The
definitions of the variables can be found in section All plots show in the upper box the stacked
background contributions and the observed data (black dots). Additionally, the H — Te signal
that is enhanced by a factor of 50 is shown as a red (black) line for the VBF (ggH) production
process. The lower box gives the ratio of the observed data and the sum of all background models.
All shown uncertainties correspond only to statistical uncertainties.
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Figure 7.22: Distributions of input variables for the training of the second BDTs in the ee final
state. The definitions of the variables can be found in section All plots show in the upper
box the stacked background contributions and the observed data (black dots). Additionally, the
H — e signal that is enhanced by a factor of 50 is shown as a red (black) line for the VBF
(ggH) production process. The lower box gives the ratio of the observed data and the sum of all
background models. All shown uncertainties correspond only to statistical uncertainties.
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Figure 7.23: Distributions of input variables for the training of the second BDTs in the pu final
state. The definitions of the variables can be found in section All plots show in the upper
box the stacked background contributions and the observed data (black dots). Additionally, the
H — 7p signal that is enhanced by a factor of 50 is shown as a red (black) line for the VBF
(ggH) production process. The lower box gives the ratio of the observed data and the sum of all
background models. All shown uncertainties correspond only to statistical uncertainties.
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Figure 7.24: Distributions of input variables for the training of the second BDTs in the pu final
state. The definitions of the variables can be found in section All plots show in the upper
box the stacked background contributions and the observed data (black dots). Additionally, the
H — 7p signal that is enhanced by a factor of 50 is shown as a red (black) line for the VBF
(ggH) production process. The lower box gives the ratio of the observed data and the sum of all
background models. All shown uncertainties correspond only to statistical uncertainties.
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Figure 7.25: Distribution of the input variable EL. (hpto) for the training of the second BDTs in
the pu final state. The definition of this variable can be found in section The plot shows in the
upper box the stacked background contributions and the observed data (black dots). Additionally,
the H — 7y signal that is enhanced by a factor of 50 is shown as a red (black) line for the VBF
(ggH) production process. The lower box gives the ratio of the observed data and the sum of all
background models. All shown uncertainties correspond only to statistical uncertainties.

signal and might contribute to the sensitivity of the analysis. The bins in the medium BDT score
region are selected such that they have a bigger bin with. This is done to protect them against
statistical fluctuations. This does not hurt the sensitivity, as these bins have already a very poor
signal to background ratio and a low overall event yield. The low BDT region is combined to one
large bin, because a smaller binning is not suitable, as this would yield bins that have no predicted
contribution from all backgrounds. Such empty bins would be cumbersome in the fitting procedure,
as discussed in section [7.3.3

BDT Score

Figure [7.28| shows the distribution of the BDT score of the second set of BDTs in the signal region
and the composition of the Z — Il control regions for both final states. The binning shown in
the plots is the final binning used in the statistical evaluation. The binning of the signal regions
corresponds to the optimized binning that was introduced in the previous section. All events from
the Z — [l control regions are combined to one bin, since it will only be used by the fit to infer the
normalization of the Z — [l background.

The second set of BDTs is capable to identify the signal better than the first set of BDTs. This
is indicated on one hand by the capability of the BDTs to assign higher BDT scores and on the
other hand by a significantly improved signal to background ratio in the highest bins of the BDT
score. This improved signal to background ratio can bee seen by comparing the distributions of
both BDT scores given in figure for the second sets of the BDTs and in figure for the first
set of BDTs. The signal shown in all distributions is enhanced by a factor of 50. The plotted signal
of the second sets of BDTs is able to overshoot the plotted background estimates in the highest
bins, while this does not happen for the first sets of BDTs. The assignment of higher BDT scores
means that more of the individual decision trees are capable to identify signal-like events as signal,
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Figure 7.26: The linear correlation coefficient of the input variables of the second BDTs of the ee
(up) final state on the left (right) hand side. The plots on top are for the signal used in the BDT
training, while the plots on bottom correspond to the weighted sum of all background samples used

in the BDT training.

and is therefore an indication of an improved performance of the BDTs.

The first set of BDTs showed the cumbersome behavior of not being able to separate between signal
and all considered backgrounds, as some of the backgrounds showed a peak-structure in the BDT
score that is very similar to the one of the signal. The separation between the peaks of signal and
backgrounds in the BDT score has improved significantly compared to the first set of BDTs. This
can be seen in figure [7.29) that compares the shape of the signal with all considered backgrounds
for the second set o0 BDTs. None of the backgrounds peaks in the direct vicinity of the peak of the

signal in the highest BDT score.

The Z — ee and Z — upu control region, that are shown in figure (b) and (d), are very pure
in the Z — ee and Z — pu background, respectively, justifying their usage in the derivation of the
normalization of the corresponding Z — [l background.
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Figure 7.27: Asimov significance S, of the highest bin of the BDT score that contains all event
in the interval [z¢, 1] depending on the lower bin bound z¢. The left (right) plot shows the ee (uu)
final state. The Asimov significance corresponding to the selected x( is marked in green, while the
Asimov significance of all other tested xg are shown in black. The selection of a xg lying in the red
area is not allowed by the requirement on the background predictions. The shown uncertainties
are inferred from the statistical uncertainties of the signal and background predictions.

Unfortunately it can bee seen that the BDT scores of the second BDT are not modeled very well
by the background estimates. The previously discussed overall too small background prediction of
the signal region of the ee final state causes a tension between data and the background estimates,
as can be seen in figure (a). Almost all bins show a shortage of the background estimate
compared to data. Nevertheless, the shape of the BDT score of the signal region of the ee final
state is modeled sufficiently. The BDT score of the pu final state is shown in figure (c). It can
be seen that the modeling of the shape of the BDT score has some issues in this final state, while
the background estimates predict the overall event yield well. There are two bins, the highest bin
and the bin in the vicinity of a BDT score of 0.2, with a significant gap between the background
predictions and the observed data.

It was unfortunately not possible to track down the sources of the miss-modeling and correct
them within the timescale of this master’s thesis. Therefore the distributions of the second BDT
score were used in the statistical evaluation, although they show the previously discussed tensions
between data and the background prediction.

The presence of a large signal would be visible in the highest bin of the BDT score, as it provides
a reasonable signal to background ratio. The highest bin of the BDT score shows a shortage of
observed data in the pp final state and a good agreement between observed data and the background
estimates in the ee final states. This means that there is no obvious footprint of a signal in the
same flavor final states.
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Figure 7.28: Distribution of the BDT score in the signal region and composition of the Z — [I
control regions of both same flavor final states. Figure (a) and (b) correspond to the ee final state,
while Figure (c) and (d) correspond to the ppu final state. The shown signal is enhanced by a factor

of 50.
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Figure 7.29: The left (right) plots show the shape of the signal compared to the shape of multiple
background processes for the signal region of the ee (uu) final states for the corresponding BDT
score. The contributions of the ggH and VBF production modes of the various Higgs decays have
been added up. All shown distributions are normalized to unity and the given uncertainties are
purely statistical. The number stated in the brackets correspond to the expected event yield.



Chapter 8

Systematic Uncertainties

This chapter gives an overview of the considered systematic uncertainties and their treatment.
Systematic uncertainties arise typically if a quantity is used in the analysis that is not known
precisely. Such a quantity can be for example the energy scale of the electrons. These quantities
are measured carefully and their best estimated value, denoted by the nominal value, is used in the
analysis as an estimator for them. The nominal value is nevertheless not necessarily the correct
value and hence introducing a bias to the analysis. This possible bias of the analysis is usually
estimated by changing the considered quantity from its nominal value to its nominal value plus
(minus) its estimated upper (lower) uncertainty and inferring the effects of this on the distribution
of the final discriminant of the analysis in terms of the variation of the event yield and the variation
of the shape. These effects are then considered as additional uncertainties in the fit model.

8.1 Considered Systematic Uncertainties

This analysis uses almost the same set of systematic uncertainties as the H — 77 analysis of ATLAS.
This thesis describes therefore only uncertainties in detail that are specific to the presented analysis.
A more detailed description of the systematics that were also used in the H — 77 analysis can be
found in reference [37]. The considered systematic uncertainties can be divided into three groups:
experimental uncertainties, background modeling uncertainties and theoretical uncertainties of the
Higgs boson samples.

8.1.1 Experimental Uncertainties

This group includes the important experimental uncertainties originating from uncertainties on the
efficiencies for triggering, object identification and reconstruction, uncertainties on the energy scale
and resolution of objects and the uncertainty on the luminosity. This group of uncertainties is not
discussed in detail, since the presented analysis uses exactly the same experimental uncertainties
as the SM H — 77 [37] analysis of the ATLAS collaboration.

8.1.2 Background Modeling Uncertainties

The following list gives the uncertainties that affect only specific backgrounds.

e Z — 77 (Emb.): This analysis applies the same systematic uncertainties on the embedding
background estimate as the SM H — 77 analysis of the ATLAS collaboration.
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e Fake-leptons: Two uncertainties are considered for the estimation of the fake-lepton back-
ground. The first uncertainty, denoted by FakeHistoSys, is calculated by repeating the fake

Final state | Effect on event yield

Lo +14.8%
ee +43.4%
e +7.9%
e +7.2%

Table 8.1: Effects of the uncertainty FakeHistoSys on the event yield of the fake-lepton background
in the four final states.

estimate in a same-sign control region with the same event selection as in the main analysis,
but asking for two leptons of the same charge. The template for the fake-lepton background
that was extracted in the same-sign control region is then scaled to the expected event yield
of the signal region times the difference of the fake-scale-factors of the signal and control
region normalized to the fake-scale-factor of the signal region. This modified prediction of
the fake background is then used as an estimate for the uncertainties on the derivation of the
fake-lepton estimate. Table gives the uncertainties on the event yield of each final state
due to this uncertainties. They range between 7.2 % and 43.4 %.

Since the fake-lepton estimate is known to be not modeled precisely, a second uncertainty of
+20 % is applied on the event yield of this background estimate, to make sure that a potential
small mismodeling of this background is covered by the applied uncertainties, as in the SM
H — 77 analysis of the ATLAS collaboration.

e Top quark background: It was not possible to realize a data driven normalization of the
top quark background in the same flavor final state, due to some issues in the modeling
of the Z — pp and Z — ee background in that specific phase space (for more details on
this see section . Therefore additional uncertainties on the event yield of the Top
background are applied in the same flavor final states: one for the uncertainty of the QCD
scale (+2.53 %; —3.40 %) and one for for the uncertainty on the PDFs and «a (+4.63 %). These
uncertainties were estimated from the theoretical uncertainties on the top quark production
cross section from reference [114]. They do however not cover any effects on the shape of the
Top backgrounds.

e Z — ee in the ee final state: It was necessary to introduce scale factors for the Z — ee
background in the derivation of the scale factor for the fake-leptons background of the ee
final state, as discussed in section An uncertainty on this is estimated by rerunning
the analysis without applying the scale factors. The obtained distribution of the BDT score
is then used as an estimate for the effects of potential systematic uncertainties caused by the
reweighing procedure. It has an effect of 0.8 % (0.03 %) on the event yield of the Z — ee in
the ee signal region (Z — ee control region).

8.1.3 Theoretical Uncertainties of the Higgs Boson Samples

The timescale of this master’s thesis did not allow to calculate the theoretical uncertainties on the
Higgs boson samples in detail. They are nevertheless important, since they can have a large impact
on the event yield of the Higgs boson MC samples. Therefore, it was decided to use the effect of
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these systematic uncertainties on the event yield of the fully leptonic final state of the SM H — 77
analysis of the ATLAS collaboration [37] as an estimate. This procedure does obviously not allow
to consider effects of these uncertainties on the shape of the BDT score distributions.

Production Name Effect on event yield
mode —1lo ‘ +1o
ggH pdf Higgs gg ACCEPT | —10.3% | +5.5%
ggH pdf_Higgs_gg —6.9% +7.7%
ggH QCDscale_ggH —21.0% | +26.0%
ggH ATLAS_UE gg —4.0% +4.0%
VBF pdf Higgs q ACCEPT | —22% | +0.9%
VBF pdf Higgs_qq —2.8% +2.6 %
VBF QCDscale_qqH 25% | +25%
VBF ATLAS UE qq T10% | +1.0%
VBF NLO_EW Higgs —2.0% +2.0%

Table 8.2: Effects of the theoretical uncertainties of the Higgs samples in the fully leptonic final
states of the H — 77 analysis of the ATLAS collaboration on the expected event yield. They are
used as an estimation for these uncertainties in the presented analysis

The considered uncertainties and their effects on the event yield are listed in table They corre-
spond to the theoretical uncertainties in the parton distribution functions (pdf), the uncertainties
in the molding of the underlying events (UE), the QCD scale and the uncertainties on the NLO
electroweak corrections on the production of a Higgs boson via the VBF production mode. These
uncertainties are applied on the LFV signal and the SM Higgs boson background samples, but the
uncertainties are assumed to be uncorrelated between these two sets of samples in order to have a
more conservative estimate.

8.2 Treatment of Systematic Uncertainties

This section summarizes the treatment of systematic uncertainties. At first, the used methods are
introduced, followed by a discussion of the actual treatment of systematic uncertainties.

The systematic uncertainties are handled mostly at the level of histograms of the final discriminant
in the binning used in the statistical evaluation. Usually, there is one nominal histogram inferred
from the analysis using all nominal values of the error-prune quantities and two histograms for each
systematic uncertainties corresponding to the analyses carried out with the value of the quantity
linked to the systematic uncertainty being set to the nominal value plus (minus) its upper (lower)
uncertainty denoted by up-type (down-type) histogram.

8.2.1 Symmetrization of Missing Histograms

Not all estimates of the systematic uncertainties provide information on both, the upper and lower
uncertainty, hence either the up-type, or down-type histogram is not available for these uncertain-
ties. This lack of information on the effects of the upper or lower uncertainty is artificially caused by
limitations on the estimates of these uncertainties and therefore not scientifically motivated. Due
to this, it is necessary to find a reasonable way to estimate the missing information on the effects of
the upper or lower uncertainty on the analysis. This analysis deals with this issue by creating the
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missing histogram by symmetrizing the available histogram with respect to the nominal histogram.
The algorithm needs two input histograms, the nominal histogram, and the available up- or down-
type histogram. For notational convenience it is assumed in the following that the available his-
togram is the up-type histogram. First, both input histograms are normalized to unity. The content
of the missing down-type histogram, is calculated bin-wise. A factor f; s calculates for each bin ¢

by
f‘ __ content of bin ¢ of up-type histogram (8 1)
? ™ content of bin i of nominal histogram ’ :

that is capped at 2 meaning that values larger than 2 of f; are set to 2. This is necessary to limit
the bin content of the created histogram to physical meaningful values. The content of bin ¢ and
its uncertainty of the down-type histogram is than calculated by scaling the bin content and the
uncertainty of bin ¢ of the nominal histogram by the factor (2 — f;). So far, this procedure sym-
metrized the effects on the shape of the final histogram. The down-type histogram is now scaled
such that its integral shows the same absolute difference to the nominal histogram, as the up-type
histogram, but in the opposite direction. Figure gives an example of a histogram that was
created by the symmetrization process.

on [ .
§ 1400 —+ nominal
o N up-type
3 1200¢ ~i-- down-type
(&] L
§ 1000 ——
® 8ooF
600F [ |
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400 e
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Figure 8.1: Example of the result of the symmetrization process. The down-type histogram,
shown in red, was created by the symmetrization process. The corresponding nominal and up-type
histograms are given in black and green, respectively.

8.2.2 Pruning of Systematic Uncertainties

The influence of a systematic uncertainty on the shape of the distribution of the final discriminant is
tested with a so called pruning procedure. This pruning procedure is done for each of the considered
systematic uncertainties separately using the nominal, up- and down-type histograms. In the first
step, these histograms are normalized to unity to eliminate effects on the total event yield. Then
two x? test are executed: one between the up-type and the nominal histogram and one between the
down-type histogram. A systematic uncertainty is considered to not have an effect on the shape
of the distribution of the final discriminant if both test yield a y? square probability of more than
95 %. In this case it is said that the systematic is pruned meaning that its effects on the shape of
the final discriminant will not be considered in the fit model, as they were found to be insignificant.
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8.2.3 Applied Treatment of Systematic Uncertainties

Each systematic uncertainty is tested for each considered process (background and signal estimates)
for its impact on the analysis. This testing procedure decides how, or whether at all, a systematic
uncertainty is introduced to the fit model for the given process. The whole treatment is visualized
in figure 8.2

Systematic

No Histogram Has Histogram
3 3~

All Histos exist 1 Histo does All Histos exist
and are OK not exist But are not OK

| ! !

: - Symmetrize Neglect Histo
Pruning missing - With smaller

’ Hi effect on event
istogram yield

Influence: changes event
yield more then 0.5%

‘ ‘ Legend

neglect OverallSys | | OverallSys + HistoSys ® Yes B No

Figure 8.2: Illustration of the treatment of systematic uncertainties in this analysis. Histo is used
as an abbreviation for histograms.

First it is checked if any histogram is available for this systematic uncertainties. Most systematic
uncertainties have associated histograms, except the ones that affect by definition only the event
yield and not the shape of the final discriminant. Such uncertainties are within this analysis for
example the uncertainty on the luminosity or the applied estimates of the theoretical uncertainties
on the Higgs samples. These systematics are checked for influence on the total event yield. They
are introduced as an QuerallSys (Systematic on the overall event yield) to the fit model, if they
have an effect on the event yield of more than 0.5 %, and neglected if they do not.

The treatment of systematics that come with at least one histograms is shown in the right branch
of figure First it is checked if the up- and down-type histograms are available and if the
histograms are OK. The histograms are considered to be OK if the up- and down-type histograms
change the event yield in a different directiorﬂ If the histograms were found to be not OK, the
histogram (up- or down-type) with the smaller effect on the yield gets removed from the procedure
an the systematic uncertainty is treated from here on in the same way as systematic uncertainties
that have only one of the up- or down-type histograms. This is done since it might cause trouble
in the fitting procedure if both the upward and downward variation of the systematic causes the

!This means that one of the up- or down-type histograms decreases the event yield, while the other is increasing
the event yield.
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event yield to be shifted in the same direction and it is anyway the more conservative approach.
All systematic uncertainties that have only one of the up- and down-type histograms are given
to the symmetrization algorithm to create the missing histogram and are treated from here in the
same way as the histograms that had both histograms from the beginning and were found to be OK.
The histograms of these systematic uncertainties are tested by the pruning procedure, described
above, if their effect on the shape of the distribution of the final discriminant can be pruned away.
If this is the case, they are tested for their influence on the event yield and either introduced as an
OwverallSys or neglected depending if they have an effect on the event yield of more that 0.5% or
not. If their effect on the shape of the final discriminant is not pruned away, they are introduced
as an OverallSys and a HistoSys (Systematic on the shape of the distribution).

The main idea behind this whole process of neglecting the effects of the systematic uncertainties, if
they were found to be insignificant, is to keep the fit model as simply as possible. This is desirable as
it helps to prevent potential numerical issues and reduces the computational effort in the statistical
evaluation.



Chapter 9

Statistical Analysis and Results

This chapter presents the statistical evaluation of the distributions of the final discriminant, the
BDT score, that were derived in chapter Fits are used to extract information on the possible
present LFV signal from the observed data, by adjusting the distributions of the BDT score of all
considered signal and background processes to the observed data. The contributions of the Z — ee
and Z — pp background were summed in the same flavor final state due to their small event yield.
The sum of these two backgrounds is denoted as Z — II.

The first section describes briefly the used fit model. It is followed by a section discussing the
results of the fitting procedure in each final state. A combined fit for the H — 7 (H — 7e) signal
is presented in the third section using a simultaneous fit in the pe and pp (e and ee) final state.
The last section of this chapter summarizes the obtained results.

9.1 Fit Model

Extended maximum-likelihood [115] fits are performed to extract information on the signal strength
of the LVF Higgs boson decays from the distribution of the BDT scores in the various signal
regions and the event yields in the background control regions. The statistical model used in the
fits performed in this analysis are built using the tool HistFactory [116]. It is used to create the
likelihood function that is needed as an input for the fits and the calculation of the upper limits
on the branching ratio of the signal. The underlying statistical model and the exact form of the
likelihood function is described in detail in reference |116].

The derived upper limits on the branching ratio of the LF'V Higgs boson decays limits are calculated
using the C'Ls modified frequentist formalism [117]. All presented limits are calculated at 95 %
confidence level.

9.1.1 Systematic Uncertainties in the Fit Model

Systematic uncertainties are included into the fit model as constrained nuisance parameters. This
means that the fit is allowed to pull these parameters from their nominal values, but the likelihood
is modified directly by this pull, as it contains a Gaussian term for each of the constrained nuisance
parameters.

HistFactory offers two different ways to include systematic uncertainties, OverallSys and HistoSys.
A systematic uncertainty introduced as OverallSys considers only the effect of the systematic un-
certainty on the event yield of the process and does not consider any effects on the shape of the final
discriminant. In contrast to this, a systematic uncertainty introduced as a HistoSys considers only
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the effects of the systematic uncertainty on the shape of the distribution of the final discriminant.
Whether the effect on the event yield and the shape of the distribution or only the event on the
event yield is considered in the fit is explained in section

Systematic uncertainties are considered to be fully correlated between the signal and control region
in each individual final state. The combined fits performed simultaneously in two final states treat
most of the systematics as fully correlated. Only the systematics of the fake-lepton background
estimate are assumed to be uncorrelated between the final states in those combined fits.

9.1.2 Treatment of Statistical Uncertainties of the Considered Processes

The statistical uncertainties are fully considered in this analysis, since the statistic of most MC
samples is relatively small in the selected phase space region of the VBF topology. HistFactory
treats them as constrained bin-by-bin scale factors that are shared by all considered processes. For
more details on this see reference [116].

9.1.3 Free Parameters of the Fit

The fit model includes a handful of free parameters. The fit is allowed to pull these parameter to
any value, within their given range, without modifying the likelihood directly. This is possible, as
the likelihood does not contain any terms restricting the value of these free parameters directly.
This analysis uses free parameters for two purposes in its fit model. They are used for the
parametrization of the signal strength p and for the normalization of the dominant background
contribution in each final state. Table gives an overview of the free parameters in the fit model
sorted by the final states.

Final state H Name ‘ Range
ee w (H — te) [—10, 10]
norm_Zee [0.5,1.5]

en w (H —Te) | [-10,10]
norm_TopEMu | [0.5,1.5]

o p (H — 7p) | [-10,10]
norm_Zmumu | [0.5,1.5]

ep p(H—7p) | [-10,10]
norm_TopEMu | [0.5,1.5]

Table 9.1: Free parameters of the fit model sorted by the final states. A value of the signal
strength of 1 = 1 corresponds to a branching ratio of the corresponding decay of 1 %.

It can be seen that the signal strength u is allowed to take negative values. It is necessary to intro-
duce these negative values of the signal strength, although they are not physically motivated, as
limiting p to positive values would introduce a bias to the fit model and is therefore not acceptable.
This is especially an issue in combined fits with multiple signal regions, where a fit limited to p > 0
is only able to absorb upward fluctuations in the observed data in a given set of signal regions in
the fitted p, while it is not able to absorb downward fluctuations in another set of signal regions
into the fitted p, introducing obviously a bias.

The normalization of the main background in each final state is inferred from data by keeping it a
free parameter in the fit. Chapter [7] introduced a control region for each of these backgrounds to
constrain the free floating normalization constants. The normalization factors of the background
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are only applied to those final states that include a control region for this specific background,
otherwise the backgrounds are normalized according to their estimated event yields.

9.1.4 Asimov Dataset

The so-called Asimov dataset is a toy dataset built from the background and signal estimates, hence
does not contain any observed data. It is constructed by adding all pre-fit background estimates
and the pre-fit signal expectations that are scaled to a specific input signal strength p. A p =1
corresponds in this analysis to a branching ratio of the considered decay (H — 7u or H — Te) of
1%. This analysis uses Asimov datasets with an input of © = 0,1,5, to test the performance of
the fit. The fit’s capability to retrieve the input p is tested and the observed significance on the
Asimov dataset is used as an estimation for the significance for a given pu. The Asimov dataset
with p = 0 is used additionally to extract the expected upper limit on the branching ratio.

9.2 Expected Sensitivity and Results in Individual Final States

This section presents the fits performed separately on each of the four final states. This provides
two independent measurements of both possible signals, as each fit in the pe and pp final states
extracts information on the possible H — 7 signal, while the individual fits in the ey and ee
extract information on the possible H — 7e signal. All final states are treated analogously.

9.2.1 Fit for H — 7p in the pe Final State
Expected Sensitivity

The performance of the fit is tested using Asimov datasets with different input values for the signal
strength . A value of u = 1 corresponds to a branching ratio of 1% of the decay H — 7pu.
Table gives the tested input values of the signal strength p, the best fit value f of p and the

1 in Asimov data H I expected significance
0 0.00 £0.71 -0.01
1 1.00 +0.87 1.30
5 5.00 £+ 1.45 5.30

Table 9.2: Performance of the fit in the pe final state on Asimov data with a different input value
of the signal strength .

expected significance. It shows first that the fit is able to recover the input value of u well, without
a bias. Second, the expected significance shows that the fit has sensitivity for the tested input
values p that are allowed by the indirect limits on the H — 7u. A signal strength of u = 5 yields
for example an expected significance of more that 5o.

Table gives the expected upper limit and its uncertainties for the branching ratio of the H — 7
decay at 95 % confidence level. The limit and its uncertainties were calculated using Asimov data
with g = 0. The expected limit of the fit in this single final state is already better than the indirect
limits discussed in section 2.2.2
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+20 4.0%
+1lo 2.6 %
Median || 1.7 %
—lo 1.2%
—20 0.8%

Table 9.3: The expected upper limit and its uncertainties on the branching ratio for the decay
H — 7 at a confidence level of 95 % derived from the fit in the pe final state.

Results in Data

No hints for the LFV decay H — Tu are observed. Table summarizes the information on the
H — 7 decay that was extracted by the fit. Applying a fit to the observed data yields a best

[ ‘ observed significance ‘ observed limit BR(H — 7pu)
0.9 £0.8 | 120 \ 2.5%

Table 9.4: Best fit value ji for the signal strength p of the H — 7 signal, the observed significance
and the observed upper limit on the branching ratio (BR) of the decay H — 7 at 95 % confidence
level for the fit in the pe final state.

. pe Signal Region pe Top Quark CR
Process/Region Total 2nd last bin Last bin Total
Top quark 660 4 40 6.6 +1.8 6.3+0.9 4150 £ 70
Z — 77 (Emb) 265 + 15 3.2+04 2.03 +£0.25 68 +5
WW/WZ/ZZ 158 + 12 1.07 £ 0.22 1.10 £ 0.26 20.3£3.3
Fake-leptons 91 £17 1.9+0.8 0.14 +£0.31 387
Z =l 25 +4 0.22£0.08 | 0.160 + 0.033 2.7+0.5
VBF H — 77 | 3.02+0.22 | 0.26 +0.04 0.38 + 0.06 0.38 £0.04
ggH H — 771 2.7+0.8 0.16 £ 0.05 0.20 4+ 0.06 0.44 +0.13
VBF H — 7u 5+4 0.7+0.6 29426 0.6 0.5
ggH H — T 444 0.6 0.6 1.2+1.1 0.5+0.5
Total Bkd. 1205 + 32 13.54+24 10.3 £3.5 4280 + 70
Data 1212 12 16 4283

Table 9.5: Expected event yield and data in the pe signal region and in the pe top quark control
region (CR) after the fit in the pe final state using best fit-values for all parameters. The composition
of the last and 2nd last bin of the BDT score (two highest bins in the BDT score) of the pe signal
region is given additionally. The uncertainties of the individual processes are only systematic
uncertainties, while the given uncertainty on the total background (Bkd.) correspond to systematic
and statistical uncertainties.

fit value [ of the signal strength of & = 0.9 + 0.8 which is in good agreement with the SM only
hypothesis corresponding to u = 0. This is emphasized as well by the observed significance of 1.2 o.
The mild observed excess of events in the highest bin of the BDT score in the signal region of this
final state causes nevertheless the observed limit of 2.5 % to be larger than the expected limit.

Figure [9.1] shows the post-fit distribution of the pe signal region and the composition of the pe top
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quark control region. Post-fit means here, that the best fit values for all nuisance parameters and
the signal strength are used for the shown distribution. Please note, that the signal is, in contrast
to all pre-fit plots, stacked with the backgrounds. The plots demonstrate that the observed data
are described well by the post-fit signal and background model.

Table gives the post-fit event yields meaning that the best fit values for all nuisance parameters
and the signal strength are used. It lists the event yields of all processes considered by the fit for
the pe top quark control region, the pe signal region and the two highest bins in the BDT score of
the pe signal region. It can be seen that the observed data are in good agreement with the fitted
event yields of background and signal. The large uncertainties on the signal yield are due to the
large uncertainties on the signal strength p.

The so called pull-plot for the fit performed in the pe final state is given in figure 0.2 A pull-plot
illustrates the impact of all considered nuisance parametersﬂ 0 on the best fitted signal strength
it and the effect of the fit on the nuisance parameters themselves. The nuisance parameters are
ranked with respect to their post-fit impact on i from large impact on the top to a small impact on
the bottom. The impact of a nuisance parameter on the signal strength is measured by changing
the nominal value of one nuisance parameter at a time to its nominal value plus (minus) its upper
(lower) uncertainty and performing a fit with each shifted value of the nuisance parameter. Then
the difference in i between the fit with the nominal and shifted value of the nuisance parameter,
denoted by Aji, is calculated. This is done once with the pre-fit and post-fit values of the nuisance
parameters corresponding to the pre- and post-fit impact of the nuisance parameter. A large value
of Afi corresponds to a large impact of this nuisance parameter on the fitted signal strength. The
color code of the nuisance parameters in the labels of the y-axis illustrates the nuisance parameters’
origin.

A pull-plot illustrates furthermore the impact of the fit on the nuisance parameters 6 themselves
by showing their so called pulls and constraints. A nuisance parameter is said to be pulled if the
best fit value of the nuisance parameter 0 is shifted to another value than the nominal pre-fit value,
denoted by 0y. The pull-plots show the pull of each systematic and a relative scale by dividing 6—0,
by the pre-fit uncertainty of the nuisance parameter which is given by Af. A nuisance parameter is
said to be constrained if its pre-fit uncertainty is larger than its post-fit uncertainty. The pull-plot
for this fit shows that none of the considered nuisance parameters is pulled by the fit to a best-fit
value lying outside of its pre-fit uncertainties. It can be seen that nevertheless one of the nuisance
parameters is pulled relatively strong compared to all other nuisance parameters. This nuisance
parameter describes the systematic uncertainty of the shape of the distribution of the fake-lepton
background (labeled by FakeHistoSysMuFE). The prediction of this background is known to be not
precise, as its modelling is very challenging.

The fit is able to constrain the uncertainties of some nuisance parameters due to the observed data.
This can be seen in the pull-plot by comparing the pre-fit uncertainties of the nuisance parameters,
denoted by the red error bars, with the post-fit uncertainties given by the black error bars. It can
be seen that one nuisance parameter, the normalization of the top quark background (labeled by
ATLAS norm_Top_MuFE), gets constrained a lot. The normalization of the top quark background
is a free parameter in the fit that is allowed to float in a relatively wide range, hence the large

!Please note that the systematic uncertainties on individual background contributions can be of the same size,
or even larger than the statistical and systematical uncertainties of the total background, as the fit might not be
able to constrain the contribution of an individual background as much as the total background contribution due to
correlations between the different background contributions.

2The term nuisance parameters denotes here all systematic uncertainties and the free-floating normalization factors
considered in the fit.
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pre-fit uncertainty. The fit is able to constrain this parameter significantly due to the top quark
control region that was solely introduced for this purpose. In a nutshell, the pull-plot shows no
worrisome feature making the fit results trustworthy.
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Figure 9.1: Post-fit distribution of the BDT score in the pe signal region (top) and post-fit com-
position of the pe top quark control region (bottom) in the pe final state. The shown uncertainties
correspond to the full systematic and statistic uncertainties of signal and background. Best fit val-
ues are used for all shown distributions. Please note that these plots show signal and background
stacked on each other in contrast to the pre-fit plots.
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Figure 9.2: Pull-plot of the fit performed in the pe final state. This plot has two different x-axes,
one on the top and one on the bottom. The x-axis given on the top quantifies the impact of each
listed nuisance parameter ¢ on the best-fit value of the signal strength [ given by the yellow and
blue dotted bands corresponding to the pre- and post-fit impact, respectively. The lower x-axis
quantifies the impact of the fit on the nuisance parameters themselves. The black dots represent
the so called pull of each nuisance parameter given by the difference of the best fit value 6 and the
pre-fit value 6y normalized to the pre-fit uncertainties Af. The red and black error bars represent
the pre- and post-fit uncertainties of the nuisance parameter, respectively.
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9.2.2 Fit for H — 7p in the pp Final State
Expected Sensitivity

The expected sensitivity from fits to various Asimov datasets is summarized in table The fit
is capable to retrieve the input value of the signal strength p well without showing any hints for a
bias. It can be seen that the pp final state is less sensitive that the previously discussed pe final
state, since the expected significance is lower and the expected upper limit on the branching ratio
of the H — 7u decay, given in table is weaker. This is expected due to the overwhelming
Z — up background in this final state yielding a smaller signal to background ratio.

1 in Asimov data H 7} expected significance
0 0.00+1.14 0.01
1 1.00 + 1.33 0.79
5 5.00 £1.98 2.98

Table 9.6: Performance of the fit in the pu final state on Asimov data with a different input value
of the signal strength .

+20 6.3 %
+1o 4.2%
Median || 2.7%
~1lo 1.9%
—20 1.3%

Table 9.7: The expected upper limit and its uncertainties on the branching ratio for the decay
H — 7 at a confidence level of 95 % derived from the fit in the pu final state.

Results in Data

No hints for the LF'V decay H — T are observed. The results of the fit performed on the observed
data in the pp final state are given in table The signal strength is fitted to a negative value
of i = —3.5+1.00. This is due to a lack of observed data in the highest bin of the BDT score in
the pp signal region compared to the background predictions. This lack of observed data explains
as well the fact that the observed limit is with 1.5 % much stricter than the expected limit of
2.7%. The observed limit is nevertheless still covered by the 20 uncertainty of the expected limit.
Table gives the post-fit event yields in the Z — pp control region, the up signal region and the

A~

il ‘ observed significance ‘ observed limit BR(H — Tu)
—3.5 £1.00 | —2.60 \ 1.5%

Table 9.8: Best fit value for p, observed significance and upper limit on BR(H — 7u) at 95%
confidence level for the fit in the pe final state.

two highest bins of the BDT score in this signal region. The negative event yields for the H — 7
signal correspond to the negative best fit value for the signal strength caused by the deficit of data
compared to the background estimate in the highest bin of the BDT score. In this table, it can be
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observed how the fit compensates for the over-estimation of the background in the highest bin of
the BDT score: The too large post-fit background estimation of 8.6 events is corrected by a fitted
negative signal yield of —7 events, such that the combined event yield of signal and background is
in good agreement with the observed data of 1. Another effect of this downward fluctuation is that
the observed limit is much stricter than the expected limit.

The pull-plot for this fit is shown in figure Please note that not all post-fit uncertainties of
the nuisance parameters are shown in this plot, as their numerical evaluation failed. This affects
obviously the post-fit impact on i and therefore the ranking of the nuisance parameters, since the
post-fit uncertainties are used for the derivation of the post-fit impact on ji. The ranking and
post-fit impact on [ is therefore not trustworthy for all nuisance parameters that are affected by
this (nuisance parameters with no or only an upper or lower black error bar). These nuisance
parameters were shown nevertheless since their pre-fit impact on f and the pull is calculated
correctly. Unfortunately, it was not possible to solve this technical issue within the timescale of
this masters thesis. The shown properties of nuisance parameters that are not affected by this
should be trustworthy.

The pull-plot allows nevertheless to draw some conclusions: First of all, it shows that the nuisance
parameters have a much bigger pre- and post-fit influence on the best fit value of u, compared to
the pe final state. Additionally, it can be seen that multiple nuisance parameters are pulled by the
fit from their nominal value, but none of the nuisance parameters is pulled to a best fit value that
lies significantly outside of its pre-fit 1 o uncertainty. The presence of the pulls is an artifact of the
fit’s effort to absorb the observed discrepancies between the background estimates and data in the
two poorly described bins that were discussed in section This discrepancies are either some
very unfortunate fluctuations or caused by a minor mismodeling. Unfortunately, it was beyond the
time scale of this master thesis to investigate the mechanisms possibly causing these discrepancies
and to cure the analysis from them.

Process/Category SR . . CR
Total 2nd last bin Last bin Total
Z — pp 4280 + 60 15.2+£1.8 2.3+0.5 85110 £ 300
Top quark 203 £ 24 3.3+0.5 1.44 +£0.34 460 4+ 60
Z — 77 (Emb) 86 + 4 47404 1.91 4+ 0.27 139 £ 6
WW/WZ/ZZ 97+ 4 1.53+£0.14 0.249 4+ 0.035 603 £ 15
Fake-leptons 90 + 18 6.6 2.7 2.34+0.9 155+ 31
VBF H — 77 3.11 +£0.18 | 0.284 + 0.028 0.26 +0.04 1.17 £ 0.06
geH H — 77 2.1+0.6 0.17£0.05 0.15 £ 0.05 1.6+04
VBF H — 1 —23+5 —-3.8+0.9 —4.6+1.3 —6.8+£1.6
geH H — 74 1745 | —30£1.0 | —2440.8 —13+4
Total Bkd. 4760 £ 60 31.7+3.4 8.6+ 1.6 86470 £ 290
Data 4695 28 1 86487

Table 9.9: Expected event yield and data in the uu signal region and in the Z — pu control
region (CR) after the fit in the pp final state. The composition of the last and 2nd last bin of
the BDT score (two highest bins in the BDT score) of the pu signal region is given additionally.
The uncertainties of the individual processes are only systematic uncertainties, while the given
uncertainty on the total background (Bkd.) correspond to systematic and statistical uncertainties.
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The previously discussed pulls of the nuisance parameters are nevertheless a reasonable behavior of
the fit allowing it to bring the background and signal estimates into agreement with the observed
data. This can be seen in table[9.9]that shows a good agreement between the sum of the background
estimates and the negative signal yield and the observed data in all listed bins and regions. This
is additionally illustrated in figure showing the post-fit distribution of the BDT score in the uu
signal region and the composition of the Z — uu control region. Please note that these plots do
not show the fitted signal due to its negative signal yield. This causes that the post-fit distribution
of the BDT score in the ppu signal region appears to have a tension between observed data and
background and signal estimates in the highest bin of the BDT score. Considering the negative
fitted event yield, as previously discussed, reveals that observed data and post-fit background and
signal estimates are in this bin in good agreement.

Concluding, the pulls of the nuisance parameters should be studied and understood to trust the
fit results completely, but the behavior of the fit is nevertheless reasonable, since it absorbs the
tensions between the background and signal modeling and the observed data. This and the fact
that there are no pulls of nuisance parameters that are significantly larger than their 1o pre-fit
uncertainties allows to have some confidence in the fit results.



9.2 Expected Sensitivity and Results in Individual Final States 119

[72]
= 7
§ 106 - Data B Z-pu
i 10°F [ ff+single-top I WW/Wz/zZ
10°EF I Fake Bl Z—1t (Emb)
10 B H(125)—>11 72 Uncert.
10° Vs =8TeV, 20.3 b
10°
10
1
E III|III|III|III|III|IIIIIIIII'I/
g "
=
8 05
©
D IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlI

-1 -08 -06 -04 -02 0 02 04 06
BDT score uu2

1olg— T
9 —-¢-Data B Z—pp

1 08 Il (T+single-top o wwwz/zz

1 07 Il Fake [ Z -t (Emb)

10 F g H(125)= /2 Uncert.

s=8TeV,20.3fb"

Events
=)
o

1,004 T T I T

1.0020

= -

£0.998

o e e e e e e e e e T T

-1 -08-06-04-02 0 02 04 06 08 1
BDT score uu2

Figure 9.3: Post-fit BDT distributions of pu signal region and the Z — uu control region for the
fit in the pp final state. The fitted signal is not shown due to the negative fitted ji. The given
uncertainties correspond to the systematic and statistic uncertainties of the background.
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main text. Pull-plots in general are explained in the caption of figure
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9.2.3 Fit for H — 7e in the eu Final State

Expected Sensitivity

The fit in the ey final state for the H — 7e signal is tested using Asimov data with different input
values of the signal strength p. Table gives the performance of the fit on the tested Asimov
datasets. It shows that the fit is capable to recover the input value of u well without showing a
bias. The expected upper limit on the H — e signal of 1.5 % and its uncertainties are given in

table

1 in Asimov data H il ‘ expected significance
0 0.00 +£0.73 -0.01
1 1.00 4+ 0.85 1.08
) 4.99 +1.32 4.20

Table 9.10: Performance of the fit in the eu final state on Asimov data with a different input value
of the signal strength p. The best fit value i of the signal strength and the expected significance
is stated for each input value of p.

+20 3.1%
+1lo 2.2%
Median || 1.5%
—1lo 1.0%
—20 0.8%

Table 9.11: The upper limit and its uncertainties on the branching ratio (BR) for the decay
H — 7e at a confidence level of 95% derived from the ey final state.

Results in Data

No hints for the LFV decay H — 7e are observed. The information on the H — te signal ex-
tracted from the fit in the ey final state is summarized in table The best-fit signal strength

best fit for u ‘ observed significance ‘ observed limit BR(H — 7pu)
01+10 | 01lc \ 1.9%

Table 9.12: Best fit value for u, observed significance and upper limit on BR(H — 7e) at 95%
confidence level for the fit in the e final state.

is i = 0.1 £ 1.0 and is therefore in good agreement with the SM prediction of p = 0, which is
highlighted as well by the small observed significance of 0.1 ¢. The observed upper limit on the
branching ratio of the decay H — 7e is with 1.9% in good agreement with the expected upper
limit of 1.5 %, as it is well within the 1o uncertainty of the expected limit.

Figure shows the post-fit distribution of the BDT score in the ey signal region and the com-
position of the eu top quark control region using the best fit values for all parameters. These
plots pronounce a good agreement between observed data and the fitted signal and background
estimates.
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The pull-plot for this fit is given in showing no large pulls of the nuisance parameters. The
only nuisance parameter that is constrained significantly is the normalization of the top quark
background, which is expected due to its wide pre-fit parameter range. The two uncertainties on
the fake-lepton background estimate have the largest impact on the fitted signal strength. This

. ep Signal Region ep Top CR
Process/Region Total 2nd last bin Last bin Total
Top quark 740 4+ 50 8.5+1.6 2.8+ 0.6 4730 £ 70

Z — 77 (Emb) 397 4+ 22 3.9+0.5 1.56 + 0.20 9 + 7
WW /WZ/7Z 183 £17 1.7+ 1.3 1.0+04 23.3+2.8
Fake-leptons 340 4+ 50 714+1.8 2.94+3.2 117 + 18

Z =l 171+£2.2 | 0.64+0.21 | 0.82+£0.24 | 2.940.8

VBF H— 77 |390+£0.28 | 0.30£0.04 | 0.31 £0.05 | 0.48 + 0.05

ggeH H — 771 3.6+1.0 0.15 4+ 0.05 < 0.1 0.50 £0.15

VBF H — re 1+£8 02+1.7 0.4+3.5 0.1+£1.0

ggH H — Te 1£8 0.2£1.5 0.1+1.1 02+1.3

Total Bkd. 1680 £ 40 22.3+£34 9.5£28 4970 £ 70
Data 1684 21 10 4971

Table 9.13: Expected event yield and data in the ey signal region and in the eu top quark control
region (CR) after the fit in the ey final state. The composition of the last and 2nd last bin of
the BDT score (two highest bins in the BDT score) of the ey signal region is given additionally.
The uncertainties of the individual processes are only systematic uncertainties, while the given
uncertainty on the total background (Bkd.) corresponds to systematic and statistical uncertainties.

can be understood by the post-fit composition of the backgrounds in the highest bins of the BDT
score of the ey signal region, given together with the event yield of the ey signal and top quark
control region in table[0.13] These two bins contain most information on the signal. The fake-lepton
background is one of the dominant backgrounds in these bins, contributing roughly one third of
the total background. The systematic uncertainty on the fake-lepton background is in these bins
relatively large. This is especially true for the highest bin in the BDT score meaning that a pull
of its systematic can either fake or mask a signal, hence the large impact of its uncertainties on
it. These systematic uncertainties are not pulled significantly meaning that it is unlikely that they
faked or masked a signal in this fit, but their large impact can limit the sensitivity of the analysis.
This issue could potentially be solved by improving the estimate of the fake-background with re-
spect to its systematic uncertainties or by reducing the contribution of the fake-lepton background
significantly. Both would yield extended studies that could not be performed in the timescale of this
thesis. The pull-plot of this final states does not show any worrisome behavior of the fit besides the
previously discussed possible limitation of the sensitivity due to the large impact of the fake-lepton
background on the fitted signal strength.

The post-fit event yields, shown in table are in good agreement with the post-fit background
and signal estimates. The large uncertainties on the post-fit signal yield can be explained by the
large uncertainty on ji.
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Figure 9.6: Pull-plot of the fit for the H — 7e signal in the ey final state. A detailed discussion
of this pull-plot is given in the main text. Pull-plots in general are explained in the caption of

figure
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9.2.4 Fit for H — 7e in the ee Final State

Expected Sensitivity

The behavior of the fit for the decay H — Te in the ee final state on Asimov data is given in
table The fit shows no bias as it is able to recover the input value of the signal strength well.
The large uncertainties on ji and the small expected significance indicate both the small sensitivity
of this final state compared to the other final states. This is reasonable since both same flavor final
states are less sensitive than the different flavor final state due to their large Z — [l background
contribution yielding a small signal to background ratio. Furthermore, it was already seen in the
selection of the binning for the BDT score of the same flavor final states, described in section
that the binning of the ee final state yields a smaller Asimov significance for the highest bin of the
BDT score than in the pu final state. The small sensitivity of this final state is reflected as well
by the expected upper limit on the H — 7e decay of 3.6 % that is given with its uncertainties in

table 0. 151

@ in Asimov data H i ‘ expected significance
0 0.00 4 1.47 0.00
1 1.00 £ 1.675 0.62
5 5.00 £+ 2.42 2.42

Table 9.14: Performance of the fit in the ee final state on Asimov data with a different input
value of the signal strength u.

+20 8.6 %
+1lo 5.6 %
Median || 3.6 %
—1lo 2.4%
—20 1.7%

Table 9.15: The upper limit and its uncertainties on the branching ratio (BR) of the decay
H — 7e at a confidence level of 95 % derived from the ee final state.

Results in Data

No hints for the LFV decay H — 7e are observed in this final state. Table gives the results
of the fit for the H — 7e signal in the ee final state. The fitted signal strength of —0.5 £ 1.7 is

best fit for u ‘ observed significance ‘ observed limit BR(H — Te)
—0.5 £1.7 | —0.30 \ 3.3%

Table 9.16: Best fit value for u, observed significance and upper limit on BR(H — 7e) at 95%
confidence level for the fit in the ee final state.

negative but is within its uncertainties well compatible with the SM prediction of u = 0, which is
confirmed by the observed significance of —0.3 0. The observed upper limit on the branching ratio
of the decay H — Te of 3.3% is a little better than the expected limit of 3.6 % which is reasonable
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due to the negative value of fi. It is nevertheless still covered by the 1o uncertainties of the expected
limit.

A good agreement of observed data and post-fit signal and background estimates can be seen in
the post-fit plots given in figure They show the post-fit distribution of the ee signal region
and the composition of the Z — ee control region after the fit in the ee final state. These plots do
not show any signal due to its negative expected event yield. The fitted negative event yield of the
signal reduces the predicted event yield in the highest bins of the BDT score slightly making the
agreement of the data and predicted event yield in the two highest bins of the BDT score of the ee
signal region even better than shown in the plots.

ee Signal Region Z — ee CR
Process/Category Total 2nd last bin Last bin Total
7 — ee 3050 + 60 23.1+2.5 1.79 +£0.27 | 60530 + 270
Top quark 125+ 16 54409 1.8+04 350 £+ 50

Z — 77 (Emb) 27.7£238 2.13£0.27 | 1.09£0.18 84+6
WW/WZ/7Z 27.6 £3.0 0.68£0.09 | 0.50£0.08 433 +£11

Fake-leptons 51 £26 3.8£1.6 0.9+1.8 150 £ 80
VBF H — 77 1.65+0.10 | 0.186 £ 0.019 | 0.27 £0.04 | 0.86 £ 0.05
ggH H — 771 0.86 +£0.23 < 0.1 0.14+£0.04 | 1.09+£0.29
VBF H — te —24+6 —-0.3+1.0 —05+16 | —0.6+1.9
ggH H — Te —14+4 —-0.2+0.7 —-0.3+1.1 —1+4
Total Bkd. 3310 £ 60 35.4+3.5 6.5+2.3 | 61550 4 260
Data 3309 29 6 61544

Table 9.17: Expected event yield and data in the ee signal region and in the Z — ee top quark
control region (CR) after the fit in the ee final state. The composition of the last and 2nd last bin
of the BDT score (two highest bins in the BDT score) of the ee signal region is given additionally.
The uncertainties of the individual processes are only systematic uncertainties, while the given
uncertainty on the total background (Bkd.) correspond to systematic and statistical uncertainties.

The pull-plot for this fit is given in figure It shows that none of the considered nuisance param-
eters is pulled significantly by the fit. The nuisance parameter with the biggest influence on i is the
systematic for the shape of the distribution of the fake-lepton background. This can be understood
by the large systematic uncertainty of the fake-lepton background in the highest bin of the BDT
score of the ee signal region given in table that can fake or mask a signal in the highest and
most sensitive bin, hence the large impact of the systematics of the fake-lepton estimate on ji.

Table [0.17] gives additionally the post-fit event yields in the Z — ee control region, the ee signal
region and the two highest bins in the BDT score of the ee signal region. The negative event yields
for the H — 7e signal and the the negative best fit value for the signal strength are caused by
the deficit of data compared to the background estimate in the highest bins of the BDT score. All
predicted event yields agree well with the observed data. The fit is therefore able to compensate
for shortage of predicted events prior to the fit in the ee signal region. By comparing the pre-fit
event yields that were given in table it can be seen that this is achieved by increasing the
event yield of the dominant Z — ee background. The fit is able to do this by pulling systematic
uncertainties with a large impact on the expected event yield slightly. It cannot pull the Z — ee
normalization factor since this is constrained strongly by the Z — ee control region. Table
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Figure 9.7: Distribution of the BDT score in the ee signal region (left) and composition of the
Z — ee control region (right) using the best-fit parameters of the ee final state. The fitted signal
is not shown due to the negative fitted signal strength. The shown uncertainties correspond to the
systematic and statistic uncertainties of the background.
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gives the three systematic uncertainties that have the biggest influence on the event yield of the
Z — ee background estimate in the ee signal region. Their impact on the ee signal region is enough
to compensate easily the shortage of the Z — ee pre-fit estimate. The pull-plot given in figure
shows that all these systematics are pulled sightly towards larger values than their nominal value,
while the nuisance parameter describing the normalization of the Z — ee background is not pulled

at all.

Change of event yield by a shift of
Systematic uncertainty —1lo ‘ +1lo
e ES -3% +24 %
jet_Etalntercalibration_Modelling —-13% +16 %
jet_JER —-14% +15%

Table 9.18: The three systematics with the biggest influence on the event yield of the Z — i
background in the signal region of the ee final state and their effect on the event yield by pulling

them to the edges of their 1o confidence interval.
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9.3 Combined Fits

This section presents combined fits for the H — 7 and H — 7e signal. A simultaneous fit for the
H — 7 (H — 7e) signal is performed in the pe and pp (ep and ee) final state. All systematic
uncertainties are assumed to be fully correlated in all final states considered in each simultaneous
fit, except the systematic uncertainties of the fake-lepton estimate, which are assumed to be un-
correlated. The normalization of the Z — ee, Z — uu and top quark background is only allowed
to float in those final states that have a dedicated control region for that background.

The main idea behind these simultaneous fits is to increase the sensitivity for the signal by evalu-
ating all available information simultaneously. This limits furthermore the influence of statistical
fluctuations in data and in the background modeling on the nuisance parameters and on the fitted
signal strength due to the larger and more constraining datasets.

9.3.1 Simultaneous Fit for H — 7 in the pu and pe Final State
This fit is carried out in the pe signal region, the pe top quark control region, the pu signal region
and the Z — pu control region.

Expected Sensitivity

The performance of this simultaneous fit is tested on a set Asimov data with different input values
for the signal strength u. Table summarizes the results of these tests. It shows that the
fit is able to recover the input value of p well without a bias. The expected significance of this

p in Asimov data H fitted p ‘ expected significance
0 0.00 +0.61 -0.01
1 1.00 £+ 0.735 1.52
) 5.00+1.21 6.1

Table 9.19: Performance of a combined fit for H — 7p on Asimov data.

simultaneous fit is larger than the expected significance of the previously shown fits on the individual
final states. The expected upper limit on the branching ratio of the H — 7 signal, given with its
uncertainty in table of 1.4 % is stricter than the ones derived from the individual fit in the pe
and pp final state of 1.7 % and 2.7 %, respectively.

+20 3.0%
+1lo 2.1%
Median || 1.4 %
—1lo 1.0%
—20 0.7%

Table 9.20: The upper limit and its uncertainties on the branching ratio for the decay H — 7p
at a confidence level of 95% .

Results in data

No hints for the LFV decay H — 7u are observed in the combined fit in the pe and pu final state.
This can be seen in table that summarizes the fit results on the H — 7 signal from the
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~

i ‘ observed significance ‘ observed limit BR(H — 7pu)
0.2 £0.6 | 040 \ 1.5%

Table 9.21: Best fit value for u, observed significance and upper limit on the branching ratio (BR)
of the decay H — 7 at 95 % confidence level.

simultaneous fit. The best fit value [ of the signal strength is fitted to 0.2 & 0.6, with an observed
significance of 0.40. The fitted signal strength agrees therefore well with the SM prediction of
i = 0. The observed upper limit on the branching ratio of H — 7p is with 1.5 % marginally weaker
than the expected limit, but still within its 1o uncertainties.

e Signal Region pe Top Quark CR
Process/Category Total 2nd last bin Last bin Total
Top quark 666 + 35 7.7+ 1.6 6.3+ 0.8 4150 £ 70
Z — 77 (Emb) 267 £ 11 3.2+04 2.12+£0.25 68 +4
WW/WZ/ZZ 157+ 9 1.18 £ 0.18 1.27+0.23 19.6 + 2.9
Fake-leptons 91 £17 1.9+0.8 0.13£0.31 38E£7
Z — 1l 23.4+2.0 0.21 £ 0.06 0.151 £ 0.026 2.60 +0.34
VBF H — 77 3.07+0.20 | 0.259 +0.034 | 0.41 +0.06 0.38 £0.04
geH H —» 77 29+0.8 0.18 £0.05 0.21 +£0.06 0.45+0.13
VBF H — 11 1.3+3.3 0.2+£0.5 0.8£2.1 02+04
geH H — Tp 1.24+3.1 0.2+0.5 0.3+09 0.2+04
Total Bkd. 1210 £ 32 14.7+ 2.2 10.6 2.9 4280 + 70
Data 1212 12 16 4283

Table 9.22: Expected event yield and data in the pe signal region and in the pe top quark control
region (CR) after the simultaneous fit in the pe and pp final state. The composition of the last and
2nd last bin of the BDT score (two highest bins in the BDT score) of the ue signal region is given
additionally. The uncertainties of the individual processes are only systematic uncertainties, while
the given uncertainty on the total background (Bkd.) corresponds to systematic and statistical
uncertainties.

Table and give the post-fit event yields and observed data for all regions considered by
the fit. The listed accumulated event yields of fitted signal and background are in good agreement
with the observed data, except the highest bins of the BDT score in both signal regions. The
simultaneous fit has to compromise in these two bins between the excess of data in pe signal region
and the lack of data in the pu signal regions and cannot match the observed data by a fitted signal
that is positive or negative, respectively. This yields a tension between the observed data and the
expected accumulated event yield of the fitted signal and the background estimate in the highest
bin of the BDT score of the pu signal region. This is as well visible in the post-fit plots of the pe
and pu signal region that are given in figure Nevertheless, the post-fit background estimates
and the fitted signal model the observed data well in all other bins.

The pull-plot of the combined fit is given by figure It shows that the fit pulls some of the
systematic uncertainties away from their nominal value. Only one of the nuisance parameters is
pulled to a value that is not covered by its pre-fit uncertainties. This nuisance parameter is the
systematic uncertainty on the shape of the fake-lepton background. The pulls are most likely caused
by the pu final state, since most of the strongly pulled uncertainties were already pulled by the fit in
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Signal Region Z — CR
Process/Category Total Mgndglast bing Last bin T(ﬁcgl
Z — pp 4240 +£ 70 122421 1.54+0.6 85160 +£ 320
Top quark 192 + 17 3.1+04 0.98 £0.33 430 £ 40
Z — 77 (Emb) 85+4 4.6+04 1.70 £0.24 139+ 6
WW/WZ/ZZ 92+ 8 1.42+0.17 | 0.213 £0.035 570 + 40
Fake-leptons 86 + 19 574+2.38 21409 148 + 34
VBF H — 77 2.99 +£0.23 | 0.267 £ 0.034 0.22 +0.04 1.16 £0.07
ggH H — 77 2.0+0.6 0.16 +£0.05 0.11+0.04 1.6+04
VBF H = 1 2+4 0.3+0.7 0.3£0.8 0.5+1.3
ggH H — T 1.2+ 3.0 0.24+0.5 02+04 1.0+ 2.5
Total Bkd. 4700 + 70 27 +4 6.8+ 1.7 86460 + 320
Data 4695 28 1 86487

Table 9.23: Expected event yield and data in the pu signal region and in the Z — uup control
region (CR) after the simultaneous fit in the pe and pp final state. The composition of the last
and 2nd last bin of the BDT score (two highest bins in the BDT score) of the uu signal region is
given additionally. The uncertainties of the individual processes are only systematic uncertainties,
while the given uncertainty on the total background (Bkd.) correspond to systematic and statistical

uncertainties.

the pp final state and did not receive a significant pull in the fit of the pe final state. The modeling
of the BDT score in the pu final states has, as previously discussed, some issues that could not
be fixed within the timescale of this thesis. The pulls are nevertheless within a reasonable range,
since the best fit values of all nuisance parameters lie either within or barely outside their pre-fit
uncertainties. The post-fit plots for the considered signal and control regions, given in figure [9.10]
and respectively, show additionally a good agreement between the data and the accumulated
fitted signal and background estimates.
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Figure 9.11: Pull-plot for the simultaneous fit for H — 7y in the up and pe final state. A
detailed discussion of this pull-plot is given in the main text. Pull-plots in general are explained in
the caption of figure
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9.3.2 Simultaneous Fit for H — 7e in the ee and ey Final State

This fit for the H — 7e signal is performed in all regions of the ey and ee final state.

Expected Sensitivity

The fit’s ability is tested on Asimov data with a different input value for the signal strength wu.
Table summarizes these tests by giving the best-fit value i for the signal strength and the
corresponding expected significance. The combined fit is more sensitive than any of the considered
final states individually and does not show any bias with respect to the signal strength.

1 in Asimov data H il expected significance
0 0.00 £+ 0.65 0.01
1 1.00 +0.77 1.25
5 5.00 £ 1.20 4.88

Table 9.24: Performance of the combined fit for H — 7e on Asimov data.

+20 2.8%
+1lo 1.9%
Median || 1.3 %
—1lo 0.9%
—20 0.7%

Table 9.25: The upper limit and its uncertainties on the branching ratio for the decay H — e
at a confidence level of 95 % .

The expected upper limit on the branching ratio of the H — 7e and its uncertainties are listed in
table It is with 1.3 % stronger than the limits derived from the individual fits in the eu and
ee final states of 1.5 % and 3.6 %, respectively.

Results in Data

No hints for the LFV decay H — 7e are observed, as can be seen in table summarizing the
results of the fit performed on data. The best fit signal strength is given by £ = 0.1 4+ 0.8 with an
observed significance of 0.1 ¢ and is therefore in good agreement with the SM prediction of u = 0.
The observed upper limit is with 1.6 % marginally weaker than the expected limit, but still well
within the 10 confidence interval of the expected limit.

i ‘ observed significance ‘ observed limit BR(H — Tu)
0.1 +0.8 | 0.1c \ 1.6%

Table 9.26: Best fit value [i for the signal strength, observed significance and upper limit on the
branching ratio (BR) of the decay H — 7e at 95 % confidence level.

The pull-plot for this combined fit is given in figure showing no significant pulls of any nuisance
parameters. The nuisance parameters describing the systematic uncertainties of the fake-lepton
estimate are ranked very high meaning that they have a large impact on . This behavior was



156

9 Statistical Analysis and Results

already observed in the fits on the individual final states and stresses that the considered final
states might profit in terms of sensitivity from a better fake-lepton background estimate.

ey signal region e Top Quark CR
Process/Category Total ;nd gl;ast bii Last bin 8 Total
Top quark 720 + 40 75+1.0 2.5+04 4730 + 70
Z — 77 (Emb) 411 £ 20 4.24+0.4 1.76 +0.24 99 £ 7
WW /WZ/7Z 189 +6 1.5+0.7 1.14 +0.23 24.2+24
Fake-lepton 330 + 40 71+£15 2.9+2.6 117+ 16
Z — 1l 18.1+1.1 0.62 + 0.08 0.98 +0.12 2.9+0.6
VBF H —» 71 4.03+£0.22 | 0.328 £0.034 | 0.35+£0.04 0.50 £ 0.04
geH H — 771 3.7+1.0 0.17£0.05 | 0.110 £+ 0.032 0.53 £0.15
VBF H — 7e 0+6 < 0.1 0.24+2.5 < 0.1
ggH H — Te 0+6 < 0.1 < 0.1 <0.1
Total Bkd. 1680 + 40 21.5+2.7 9.7+2.6 4970 + 70
Data 1684 21 10 4971

Table 9.27: Expected event yield and data in the ey signal region and in the eu top quark control
region (CR) after a simultaneous fit in the ep and ee final state. The composition of the last and
2nd last bin of the BDT score (two highest bins in the BDT score) of the ey signal region is given
additionally. The uncertainties of the individual processes are only systematic uncertainties, while
the given uncertainty on the total background (Bkd.) corresponds to systematic and statistical

uncertainties.
ee Signal Region Z — ee CR
Process/Category Total 2nd last bin Last bin Total
Z — ee 3050 + 60 22.3+24 1.70 £0.22 | 60540 + 270
Top quark 122 £ 11 5.3 £0.6 1.78 £0.33 340 + 29
Z — 77 (Emb) 28.1 £ 2.7 2.17 £ 0.27 1.10 £0.18 84+5
WW /WZ/7Z 57.2+2.8 0.64 £ 0.08 0.52 + 0.08 432 £ 11
Fake-lepton 48 + 23 4.0+1.2 0.7+1.4 140 £ 70
VBF H = 77 1.63+0.10 | 0.184 + 0.018 | 0.259 +0.034 | 0.86 4+ 0.05
geH H — 77 0.85+0.23 < 0.1 0.14 +0.04 1.09 +0.29
VBF H — 7e 0.24+3.1 <0.1 0.1 £0.8 0.1£0.9
geH H — Te 0.2+2.1 < 0.1 <0.1 0.2+2.0
Total Bkd. 3310 £+ 60 34.7+ 3.3 6.2+ 1.7 61540 + 260
Data 3309 29 6 61544

Table 9.28: Expected event yield and data in the ee signal region and in the Z — ee control
region (CR) after a simultaneous fit in the ey and ee final state. The composition of the last and
2nd last bin of the BDT score (two highest bins in the BDT score) of the ee signal region is given
additionally. The uncertainties of the individual processes are only systematic uncertainties, while
the given uncertainty on the total background (Bkd.) corresponds to systematic and statistical

uncertainties.
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Figure 9.12: Pull-plot for the combined fit for H — 7e in the ee and ey final state. A detailed
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The post-fit event yields in for all signal and control regions used by the combined fit are given in
table [0.27] and [9.28] They show no significant deviation between observed data and the the sum of
fitted signal and post-fit background estimates. The same holds true for the post-fit plots of the
distribution of the BDT score in the ey and ee signal region and the composition of the Z — ee
and ey top quark control region shown in figure and respectively. The combination of
the good agreement of observed data and post-fit background and signal estimates and the well
behaved pull-plot make the results of this combined fit very trustworthy.
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Figure 9.13: Post-fit composition of the eu top quark control region (left) and the Z — ee control
region (right) using the best-fit parameters from the simultaneous fit in the eu and ee final state.
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9.4 Summary of the Results

The results of the fits in the individual final states and the combined fits are summarized in
table All fits of the individual final states are in good agreement with the combined fit,

Results for H — T in Results for H — Te in
ue ‘ L ‘ pre + pp e ‘ ee ‘ eu +ee
Exp. upper limit 7+0 2 5 %o 7"'1 2 g %0 4+O 7 ) 1-51_8:; % 6+2 - 5 % 1-31_822 %
Obs. upper limit 2.5% 1.5% 1.5% 1.9% 3.3% 1.6 %
i 09+08 | -35+1.0(0.24+0.6 || 0.1+1.0 | -05+1.7| 0.1 0.8
Obs. Significance 120 —2.60 040 0.1c0 —0.30 010

Table 9.29: Summary of the results of the fit in each final state and the combined fits. The
stated expected (Exp.) and observed (Obs.) upper limits on the branching ratio of the considered
signal are calculated at 95 % confidence level. The best fit value fi of the signal strength p and
the observed significance of this fitted signal is given as well. A signal of u = 1 corresponds to a
branching ratio of 1% for the corresponding decay.

except the fit of the pu final state. In this final state, an overestimation of the background in the
highest bin of the BDT score compared to the observed data yields a negative fitted signal strength
that is not compatible with u = 0. The observed significance of this lack of data compared to the
background estimates is —2.6 0. A further investigation of this issue, that was discussed in more
detail in section was not possible within the timescale of this master’s thesis.

Furthermore, it can be seen that the different flavor final states are significantly more sensitive than
the same flavor final states as they yield much stricter expected limits. The same flavor final states
allow nevertheless to derive stricter limits in the combined fits. The improvement of the expected
limits, due to the combination, is however relatively small. This means that it would be in principle
desirable not to refrain from the same flavor final states in a future search for LFV to be able to
derive as strict limits as possible. However, it should be considered carefully whether the same
amount of effort that is necessary to carry out the analysis in the same flavor final states being put
in an expansion of the analysis to the different flavor final states beyond the VBF topology would
yield more sensitive results.
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Conclusion

A search for the LFV Higgs boson decays H — 7 and H — Te of the recently discovered Higgs
boson at a mass of 125.09 GeV has been performed. The analysis of the presented search uses the
topology of the VBF production mode and considers all fully leptonic final states. It was carried
out on the full data set recorded by the ATLAS detector at a center-of-mass energy /s = 8 TeV
corresponding to an integrated luminosity 20.3fb~!.

The new concept of lepton labeling is introduced. It allows to exploit the specific and distinguished
properties of the two detected leptons of the LFV Higgs boson decay caused by their different
parentage: one of the leptons originates directly from the Higgs boson decay, while the other one
originates from the decay of the 7 lepton. The used lepton labeling procedure allows to identify
the leptons origin with an efficiency of O(90 %) and assigns the two detected leptons the labels Iz
and [ according to their reconstructed origin.

The analysis is split into four final states to utilize the different background and signal contributions.
Two same flavor final states, ee and pu, are formed. They are dominated by the overwhelming
Z — ee and Z — pu backgrounds, respectively. The events containing two leptons of different
flavor are split in the pe and ey final state depending on the flavor of the lepton labeled as Ig.
Events are sorted into the pe (ep) final state if Iy is a muon (electron). Both same flavor final
states are dominated by the top quark background. The puu and pe (ee and ep) final state are
enriched in the H — 7 (H — 7e) signal and their contamination with the wrong signal, meaning
the H — 7e (H — 7u) signal, was found to be negligible. Each final state is split into a signal
region and a control region for the dominant background. These control regions are used to infer
the normalization of the dominant background for this final state from data.

The main challenge in the search for LF'V decays of the Higgs boson is dealing with a tiny a-priori
signal to background ratio and a potentially overall small signal yield. The presented analysis is
therefore based on the multivariate analysis tool of Boosted Decision Trees (BDT) that provide
a good separation between signal and background, while sparing the rare signal. The output of
the BDTs, the so-called BDT score, separates the signal well from all background processes and is
hence used as the final discriminant.

Individual BDTs are trained in the signal region of each final state. Then, the distributions of their
BDT score in the signal region and the event yields of the control regions are fitted to extract infor-
mation on the signal processes in the statistical evaluation of the analysis. The used fits consider
all dominant systematic uncertainties. First, a fit is performed in each of the final states separately,
providing two independent measurements of both considered LFV decays. Then, a combined fit
for the H — 7u (H — Te) signal is performed simultaneously in the pe and pp (ep and ee) final
states.
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The best fit value of the combined fits for the H — 7u and H — 7e are i = 0.2 + 0.6 and
i = 0.1 £ 0.8, respectively. A signal strength of ;1 = 1 corresponds to a branching ratio of 1 %.
Both best fit values of the signal strengths are in good agreement with the SM prediction of u = 0.
The observed (expected) upper limits at 95 % confidence level on the branching ratio of H — u
and H — 7e are 1.5% (1.4%) and 1.6 % (1.3 %), respectively. These observed limits are by an
order of magnitude better than the indirect limits. The main contribution to the sensitivity of the
combined fits originates from the different flavor final states.

Both, the CMS and the ATLAS collaborations have published searches for LFV decay H — 7 of a
Higgs boson with a mass of 125 GeV. The CMS collaboration has performed a search for the decay
H — 7p [35] using the decay channels H — 7y — Thaqe and H — 7y — e, where 7,4 denotes
a hadronic decay of the 7 lepton. Their best fit-value for p is i = 0.84f8:§(‘; corresponding to a
small excess with a significance of 2.4 0. The observed (expected) limit on the branching ratio of
the H — 7pis 1.51% (0.75 %) at 95 % confidence level. The ATLAS collaboration has published a
search for the LFV decay H — 7u [36] in the decay channel H — 7u — Thaqp. This analysis yields
an observed (expected) upper limit on the branching ratio of the decay H — 7p of 1.85% (1.25%)
and a best fit signal strength of i = 0.77 £ 0.62. The results derived in the analysis presented
in this thesis for the H — 7 are in good agreement with the published results from the ATLAS
and CMS collaboration, since their best fit value for the signal strength is covered roughly by the
1 0 uncertainties of the best fit value derived in this analysis. The observed upper limits on the
branching ratio of H — 7u of this analysis is compatible with the limits observed by CMS and
ATLAS.

So far, only the CMS collaboration has published results on the search for the lepton flavor vi-
olating decay H — e [118]. Their search considers the decay channels H — 7e — m.qe and
H — 1e — pe and did not show any excess. Their best fit value for the signal strength is con-
sequently with o = —O.lfg:gg in good agreement with the SM prediction of u = 0. They set
preliminary observed (expected) limits on the branching ratio of the H — 7e decay of 0.69%
(0.75J_r8:§§ %). The best fit values of the signal strength for the H — 7e decay of the presented and
the CMS analysis are in good agreement, while the CMS experiment is able to set a stricter limit,
which is not surprising since the CMS analysis considers more decay modes than the presented
analysis. Their observed (expected) limit in the fully leptonic decay channel with two jets, that
is to some extent compatible to the presented analysis, is 1.49% (1.59702%: %) yielding about the
same sensitivity for both analyses in this decay channel.

There is currently an effort in the ATLAS collaboration to publish results using the H — 7e decay
and to expand the analysis of the H — 7u decay to the different flavor fully leptonic final state,
but none of these results were published at the time this thesis was written.

The presented analysis could be improved, first of all, by investigating and removing the poten-
tial miss-modeling of the BDT score in the uu final state and by improving the estimate of the
fake-lepton background to minimize its influence on the fitted signal strength. Furthermore, the
presented analysis makes only use of the fully leptonic final states in the VBF topology. Expanding
the analysis to fully leptonic final states beyond the VBF topology and combining it with an anal-
ysis of the semi-leptonic final states (H — Thaqp and H — Thaqe) will most likely help to improve
the sensitivity of the analysis significantly. This and the additional dataset recorded during the
Run 2 of the LHC would help to investigate whether LF'V decays of the Higgs boson are realized
in nature.
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