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Abstract

In July 2012 both the ATLAS and the CMS experiments at CERN announced the obser-
vation of a new resonance with a combined result for the mass of (125.09 +0.21(stat.) £
0.11(sys.)) GeV [1]. Several subsequent measurements have confirmed that the observed
boson is consistent with the SM predictions of the Higgs boson. The H — 77 decay mode is
the most sensitive one at the LHC to measure Yukawa couplings of the Higgs boson. This
makes it an important decay channel for the ATLAS and CMS experiments in the analysis of
the new dataset collected since 2015 at the LHC. This thesis presents the result of the signal
strength (= Gbs/o5 = 0.80 0.4 with a cut-based analysis of the H — 7)., Thaq decay mode,
where one T-lepton decays leptonically and one hadronically, for a combined 2015 and 2016
dataset with an integrated luminosity of 36 fb~! at a centre-of-mass energy of 13 TeV. The
observed (expected) po-value is given by 0.032 (0.017) corresponding to a significance of
1.9 (2.1)o. Events with jets misidentified as hadronically decaying 7-leptons are one of the
dominant backgrounds for this analysis. A new data-driven estimation for this background is
developed, validated and applied in this thesis. Furthermore first Simplified Template Cross
Sections (STXS) sensitivity studies are performed for the H — 7., Tpqq decay channel and the
observed (expected) cross sections for gluon fusion Gger and vector boson fusion oy gr STXS
bins of Ggr = (2.6 £2.1) pb (2.8 pb) and oypr = (0.1540.17) pb (0.22 pb) are discussed.

Zusammenfassung

Im Juli 2012 haben das ATLAS und das CMS Experiment am CERN die Entdeckung einer
neuen Resonanz mit einem kombinierten Ergebnis fiir die Masse von (125.09 +0.21(stat.) +
0.11(sys.)) GeV beobachtet [1]. Verschiedene anschlieBende Messungen haben bestitigt, dass
das beobachtete Boson den Vorhersagen des Higgs Bosons des Standard Models entspricht.
Der H — t7 Zerfallskanal ist der sensitivste fiir die Messung der Yukawa-Kopplung des
Higgs Bosons. Dies macht ihn zu einem wichtigen Zerfallskanal fiir das ATLAS und CMS
Experiment bei der Analyse des neuen Datensatzes, welcher seit 2015 am LHC aufgenommen
wird. Diese Arbeit prisentiert das Ergebnis der Signalstirke t = Gobs/o5 = 0.80 4= 0.4 mit
einer schnittbasierten Analyse des H — Ty, Tpqq Zerfallskanals, in welchem ein 7-Lepton
leptonisch und eines hadronisch zerfillt, fiir einen kombinierten Datensatz aus den Jahren
2015 und 2016 mit einer integrierten Luminositit von 36 fb~! und einer Schwerpunktsenergie
von 13 TeV. Der beobachtete (erwartete) po-Wert ist 0.032 (0.017) und entpsricht einer
Signifikanz von 1.9 (2.1)c. Ereignisse mit Jets, die als hadronisch zerfallendes 7-Lepton
fehl identifiziert werden, sind einer der dominanten Untergriinde in dieser Analyse. Eine
neue datenbasierte Bestimmung dieses Untergrunds wird entwickelt, gepriift und angewendet.
Zusitzlich werden erste Studien fiir "Simplified Template Cross Sections" (STXS) Messungen
fiir den H — Ty, Thaa Zerfallskanal durchgefiihrt und die Ergebnisse fiir die beobachteten
(erwarteten) Wirkungsquerschnitte fiir die Gluon-Fusion 0,4, und Vektor-Boson-Fusion
oypr STXS bins von Gger = (2.6 +2.1) pb (2.8 pb) und oypr = (0.1540.17) pb (0.22 pb)
diskutiert.
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1 INTRODUCTION

Particle physics studies the properties and interactions of the fundamental constituents of
nature. The Standard Model (SM) developed in the 1960s is the precisest description of the
micro cosmos and is able to describe nearly all observations in experiments. The matter
surrounding us consists of half-integer spin particles, so called fermions and their interactions
are described by integer spin particles, so called bosons. The SM explains three out of the
four fundamental interactions, the electromagnetic, weak and strong interaction based on
relativistic quantum field theories. Only gravity, which is negligible at the energy scales
considered in particles physics, is excluded.

The SM predicted several new particles, besides precisely describing the particles known
at the time of its formulation. Since then, all of the predcited particles have been found
experimentally, as the Z° boson, the W* boson and the top quark discovered between 1983
and 1995 [2-7].

In the years 2011 and 2012 the Large Hadron Collider (LHC) [8] at Conseil Européen pour
la Recherche Nucléaire (CERN) near Geneva collided protons with an energy of 3.5 (2011)
and 4 TeV (2012). The data taken by the A Toroidal LHC ApparatuS (ATLAS) and Compact
Muon Solenoid (CMS) collaborations were used to discover the last unobserved particle of
the SM, the so called Higgs boson. The Higgs boson is predicted by the SM to describe mass
terms for fermions and bosons based on the Englert-Brout-Higgs-Guralnik-Hagen-Kibble
mechanism [9-14]. The ATLAS and CMS experiments observed in the years 2011 and 2012
the Higgs boson with a significance of 5.9 ¢ and 5.0 ¢ [15, 16] and performed a combined
Higgs boson mass determination of my = (125.09 +0.21(stat.) £0.11(sys.)) GeV [1]. Sev-
eral subsequent measurements, such as that of the coupling strength in different production
and decay modes [17] or of the spin [18, 19] have confirmed that the observed boson is
consistent with the SM predictions of the Higgs boson. The discovery of the Higgs boson at
CERN lead to a Nobel Prize for Peter Higgs and Francois Englert in the year 2013 for the
theoretical formulation of the underlying mechanism.

With the combined 2011 and 2012 dataset no deviations of the Higgs boson properties from
SM predictions were found. Since 2015 new data is being collected by the ATLAS and CMS
experiment at the LHC with a centre-of-mass energy of 13 TeV. The increased energy of
the collider leads to a higher cross section for the Higgs boson production. Thus substantial
improvements are expected for Higgs boson analyses like the H — 77 analysis, which with
the previous dataset saw 4.50 evidence [20] for this process, but did not have enough statistics
for the customary 50 observation. Furthermore several physics models beyond the SM can
be probed with the additional data by using new analysis techniques like the Simplified
Template Cross Sections (STXS) [21]. The STXS measure cross sections in exclusive regions
of phase space for specific production modes. This reduces the dependences on theoretical
uncertainties in the SM predictions and on the underlying physics model compared to the
coupling strength approaches used previously [17].

The H — t7 decay mode is the most sensitive decay mode at the LHC to measure Yukawa
couplings of the Higgs boson. Furthermore several methods can be used in this decay mode
to measure potential CP mixing of the Higgs bosons. These properties make H — 77 an
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important decay channel for the new dataset of the ATLAS and CMS experiments taken at
the LHC.

This thesis will focus on the H — 7, Tj4q¢ decay channel, where one 7-lepton decays lep-
tonically and one hadronically, with a combined 2015 and 2016 dataset of 36 fb~! at a
centre-of-mass energy /s = 13 TeV collected with the ATLAS experiment.

In Chapter 2 the theoretical background for this thesis is presented, which includes the
Standard Model of particle physics with a focus on the Englert-Brout-Higgs-Guralnik-Hagen-
Kibble mechanism and the Higgs boson.

The ATLAS experiment used to collected the data for this analysis is discussed in the Chapter
3 and the Chapter 4 presents the current results for measurements of Higgs boson proper-
ties, like the mass, coupling strengths and CP properties, at the LHC and introduce the new
measurement technique Simplified Template Cross Sections and show first results for this
technique in Run 2. The data set, the object definition, the background processes and the
event selections used are described in the Chapters 5-8.

This thesis measure and discuss the signal strength pt = /05y, and the significance of the
H — T,y Thaq decay channel in Chapter 9. For this a new data-driven background estimation
for events with jets misidentified as hadronically decaying 7-lepton, which is one of the
dominant background in the H — 7;.,Tpqq decay channel, so called "fakes", is developed,
validated and applied in Chapter 10. This method is based on the "fake-factor" method already
used in this dacay channel for Run 1 [20], but especially a new data-driven approach for
calculation of the relative contribution of multi-jet processes, which contributes to the "fake"
background, is developed and validated. Furthermore several assumption and simplification
are used for the "fake" background calculation with the new combined 2015 and 2016 data-set,
which will be validated by several studies and closure tests.

Furthermore the same data set and background estimations are used for sensitivity studies and
measurements of the Simplified Template Cross Sections in this channel. The results these
studies and measurements are presented in Chapter 11.



2 THEORETICAL BACKGROUND

This chapter gives an overview of the theoretical background. First the Standard Model (SM)
of particle physics is presented. Further the Englert-Brout-Higgs-Guralnik-Hagen-Kibble
mechanism and the Higgs boson of the SM is explained. Finally the production and decay
modes of the Higgs boson are discussed.

2.1 The Standard Model

The Standard Model of particle physics describes all known particles and their fundamental
interactions with great precision. The model has sucessfully predicted several unknown
particles, like the top quark, the gauge bosons of the weak interaction and the Higgs boson.
It was possible to experimentally prove the existence of all of them. For example the Z°
boson, W* boson and the top quark were discovered between 1983 and 1995 [2—7]. Out of
the four known fundamental interactions three can be described by the SM. Only gravity is
not included, which is negligible at the energy scales of current collider experiments. The
following introduction is based on references [22-24].

2.1.1 Elementary particles

The elementary particles can be grouped into two types. The first type is called fermions
and includes particles with half integer spin. Particles of the second typ are called bosons
and carry integer spin. The fermions consist of colorless leptons (V,,e), (Vy, i) and (vz, 7)
and color charged quarks (u,d), (c,s) and (t,b). Leptons and quarks are organised in three
families or generations. The first generation of fermions includes the electron neutrino, the
electron, the up and the down quark. Our sourrounding matter consists of the last three
of these. The second and third generation are copies of the first generation with identical
quantum numbers, except for a different flavour and an increasing mass. Particles from these
generations only appear in cosmic rays and collider experiments. Each generation of quarks
contain one up-type quark with fractional electric charge ¢ = 2/3 and one down-type quark

carrying ¢ = —1/3. This gives six different quark flavours (up, down, charm, strange, top,
bottom). The families of leptons consist of electrons e, muons i, and 7-leptons with electric
charge ¢ = —1 and uncharged neutrinos of the same lepton flavour: the electron neutrino v,,

the muon neutrino v, and the 7-neutrino v;. For each particle there exists a corresponding
anti-particle. The anti-particle has the same properties in spin, mass, lifetime and strength of
interaction but has an opposite magnetic moment and opposite charge properties.

The fundamental interactions of the SM are the strong, the weak and the electromagnetic
force, described by gauge field theories with corresponding gauge bosons with spin s = 1.
The first well understood interaction was the electromagnetic interaction. Only particles with
electromagnetic charge contribute to this interaction. This means that all fermions except of
neutrinos participate to it. The corresponding exchange particle is the massless photon.

The weak interaction, which among other things causes the beta decay, couples to the weak
isospin I,,. Quarks and leptons have a weak isospin I,,=1/2. This force has three massive
exchange the neutral Z° boson and the charged W= bosons particles, which have a weak
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isospin charge themselves. Owing to the fact that these particles have a mass in contrast to
the photon, the weak interaction is weak at low energies. The exchange of a Z° boson is
called neutral weak current and couples to all fermions, while the exchange of a W* boson
is called charged weak current and couples only to left-handed particles and right-handed
anti-particles.

The strong interaction is mediated via massless gluons and is described by the Quantum

Three generation of fermions

electron-
neutrion neutrion

Figure 2.1: All particles and their properties in the Standard Model [25].

Chromodynamics. The interaction couples to the colour charge. All quarks and the gluons
themselves have a colour charge. The self-interaction ensures that the range of the interaction
is limited.

The last particle of the SM is the Higgs boson, which will be discussed in Section 2.2. An
overview of all particles and their properties in the SM can be found in Figure 2.1.

2.1.2 Interactions in the Standard Model and gauge invariance

The Standard Model uses local gauge symmetries to describe interactions. A group of global
and local transformations is required under which the Lagrangian density should be invariant.
These symmetries constrain the form of the underlying Lagrangian and contribute to the
construction of the theories.

Quantum Electrodynamics

Quantum Electrodynamics (QED) describes the electromagnetic interaction with an underly-
ing U(1)p symmetry. The corresponding exchange particle of this relativistic quantum field
theory is the photon 7y, which couples to the electric charge Q. The Lagrangian density .Z of
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a free fermion with mass m is given by:
L =gy oty —ymy, (2.1)

with the Dirac spinor y, the Dirac matrices y* and the partial derivative d, = ﬁ [24].
This leads to an equation of motion, which is called the Dirac equation, by applying the
Euler-Lagrange equation:

(iy" 9y —m)y = 0. (2.2)

For the requirement of a locally invariant gauge theory under all transformations of the U(1)o
symmetry group, Equation 2.1 has to be invariant under the transformation of the form:

Y — e 0y, 2.3)

with the electric charge Q and the local phase o/(x). Applying the transformation to equation
(2.1) a new term enters the Lagrangian and breaks the gauge invariance:

Iy — Wy +ie ™V ya, ax). (2.4)

To restore local gauge invariance the derivatives have to be replaced by a covariant derivative
(dy — Dy = dy +ieAy), which corresponds to an additional coupling between the fermion
and a new vector field A, which transform as:

The gauge invariant Lagrangian density .Z° of QED is then given by:
L =y(iy*Dy—m)y. (2.6)

Local phase invariance is ensured with the introduced vector field A, The vector field couples
to fermions with the coupling strength e. The photon 7y can be identified as this gauge field by
adding a kinematic term to the Lagrangian density .#" (Equation 2.6). Its field strength tensor
Fyy is defined as:

Fuy = Ay — 0Ay, 2.7)

and the Lagrangian of the QED .Zpgp is defined as [24]:

_ . _ 1

The introduction of any mass term of the form (— %mzA“A u) to the equation would violate
the gauge invariance. Thus QED requires a massless gauge boson, which is in agreement with
the experimental measurements, where upper limits of the photon mass of m, < 3- 10727 eV
can be set [26].
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Quantum Chromodynamics

Quantum Chromodynamics (QCD) describes the strong interaction of quarks and gluons,
which couples to the color charge. Experiments have observed that quarks appear in three
different flavour states: red, blue and green, or the corresponding anti-color for antiquarks
[27]. Gluons carry combinations of color and anticolor. The QCD is the gauge theory of a
local SU(3)¢ invariance for which the four component Dirac spinor y is replaced by a vector
of three spinors (Y = (Wyed, Wbines lllgreen)T)- The dimension of the vector refers to the color
degrees of freedom. The local SU(3) transformation of a free quark field y(x) is:

8
Y — exp (5’2 y Mw)) v(x) 2.9)
a=1

with the coupling strength g, the eight Gell-Man matrices A, and the eight-component gauge
functions 3 (x) [28].

In contrast to QED the SU(3)¢ structure is non-abelian and the gluons interact with themselves.
Due to this, the field strength tensor Gy, for the gluon fields G (a=1....,8) acquire an additional
term: Gy, = Gy — avGﬁ — g5 f“b"Gz G¢, where [ refer to the structure constants of
SU@3)c¢. Since SU(3)c¢ has eight generator, eight gluon fields are defined. As for the QED a
covariant derivative

Aa
Dy = du+igs5 Gy (2.10)

is introduced and the Lagrangian density of QCD for a single quark flavour state reads:

_ . — Atl a 1 a a
ZLocp = W(lY“au—m)W—gs(WV“EW)GH—ZGWG Y (2.11)

The self-interaction of the gluons, described by the last term of Equation 2.11, introduces a
finite interaction range for QCD. The gauge invariance requires massless gluons in agreement
with experimental observations. The strong force becomes weak at very short distances,
leading to so-called asymptotic freedom [29, 30]. In the opposite direction, a higher spatial
separation between colour-charged particles leads to an increase of the interaction potential.
Thus quarks never occur as free particles, instead they are bound in mesons or baryons, so
called confinement. Due to this experimentally observed particles will always be colorless or
color-neutral. While mass terms for gluons break the SU(3) invariance, mass terms for quarks
are allowed, given that quarks off different color have the same mass.

Electroweak Unification

The carriers of the weak interaction are the charged W™ bosons and the neutral Z° boson,
with a mass of my+=80.4 GeV and m,0=91.2 GeV [31]. Weak interaction with and without a
flavour transition for quarks are observed.

Experimental measurements observed that the weak interaction mediated by a W* boson
violates the parity maximally [32, 33], since the W* boson couples only to left-handed
particles and right-handed anti-particles. As a consequence Glashow, Salam and Weinberg
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proposed a theory of electroweak interaction [34-36]. This theory is able to describe the
weak and the electromagnetic force by using a SU(2); ;, xU(1)y symmetry, where Y is the
hypercharge, I,, the isospin and L refers to the coupling of the weak interaction to left-handed
fermions. The Gell-Mann-Nishijima relation describes the relation between the electric charge
Q. the hypercharge Y and the third component of the weak isospin I3 [37, 38]:

Y

_ 73,5
Q=1+ 2.12)

SU(2), singlets with I,,=0 describe fermions in right-handed states, while the left-handed
fermions are assigned to SU(2);, doublets with I,,=1/2 and I} =41/2. An overview of
fermions and their quantum numbers is shown in Figure 2.2. Recent measurements of neutrino
oscillations indicate that at least two neutrinos have a non zero mass [39-41]. However this
thesis will assume that neutrinos are massless. Thus only left-handed neutrinos are listed in
Figure 2.2, since a right-handed massless neutrino would not interact within the SM.

The quarks appear in weak eigenstates (d’,s’,b’) with [3=—1/2 as mixtures of their mass

Three generation of
fermions

I Il I o LY Qe

Quantum numbers

Figure 2.2: Fermions and their quantum numbers in the Standard Model [24].

eigenstates (d,s,b) defined by the Cabbibo-Kobayashi-Maskawa (CKM) matrix [42, 43]:

d ! Vud Vus Vub d
S| ={Vea Ves Va s (2.13)
b Vie Vis Vin) \b

The probability for a quark flavour transition from i to j by the interaction via a W* boson
is given by |V; j|2. The complex phase of the CKM matrix leads to a violation of the CP
invariance [44]. The transformation of left-handed isospin doublets under SU(2), ;, is:

a=1

3
vL(x) = exp (ig y raaa<x>> v (x), (2.14)

with the coupling strength g and the local phase oy, (x). The generators of the SU(2); ;, group
are presented by 7, (a=1,2,3) and refer to the (2x2) Pauli matrices. The transformation of
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left-handed isospin doublets (L) and right-handed singlets (R) under the U(1)y symmetry is
given by:

/ /

) e (VB wele) and va) ey (7B el @19

here g’ is a further coupling strength, B(x) a local phase and Y the hypercharge generator.
Three vector fields W¥(a=1,2,3) for the SU(2); ;, group and one gauge field B for the U(1)y
group are introduced to retain the local phase invariance. With two covariant derivatives, one
for left-handed (Dﬁ) and one right-handed (Dﬁ) fermions,

g g
2 2

the electroweak Lagrangian density is given by:

/
DL =9, +i YB, and Dﬁ:8u+i%YBu (2.16)

i a ;
= TaWu +1

. . 1 1
Lew = WLy Dy yi + Wiy Dy, wg — AW — 2 Buy B, (2.17)
The field strength tensors W, and B,y are defined as:
W, = oWy — OW, — ge™WiWy and  Byy = duBy — 9By, (2.18)

where £%%¢ defines the structure constant of the SU(2) group. Equation 2.18 enables a self-
interaction of the gauge fields Wi (a=1,2,3), while B, couples only to fermions. Since Wz
and By, couples to neutrinos, which has no electric charge, none of these gauge fields can
be identified with the physical photon field A,,. A linear combination of these gauge fields
has to be constructed, which satisfies the requirements of Aj,. It has to couple to left-handed
and right-handed fermions with the same coupling strength and not to interact with neutrinos.
Further, it has to be orthogonal to the Z° boson. For this construction a mixing angle ®,, is
defined:

c0s(®,) = ———. (2.19)

The photon field A, and the Z° boson field Z,, can be defined orthogonal to each other by a
mixing between the neutral gauge fields Wﬁ and B, of the SU(2), ;, xU(1)y group:

s 3
Zu\ _ 09s(®w) sin(®y) \ (Wy . (2.20)
A sin(®,,)  cos(®,) / \ By
and the charge eigenstates for the W* bosons can be expressed as:

1
Wi =—
V2

The electromagnetic coupling strength e can be rewritten in terms of the coupling strengths of
the U(1)y and SU(2), ;, groups:

(W FiW). (2.21)

_ s _
e=——2— =gsin(0,,) = g cos(0,,). (2.22)
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This electroweak theory requires massless fermions and massless electroweak gauge bosons,
since any mass term in Equation 2.17 would violate the gauge invariance. However experimen-
tal measurements observed gauge bosons of the electroweak interactions with nonzero mass
[31] and massive fermions. The Englert-Brout-Higgs-Guralnik-Hagen-Kibble mechanism
explain this masses by using an additional scalar field in the context of spontaneous symmetry
breaking and is described in Section 2.1.3.

2.1.3 Mass generation and Higgs mechanism

The Higgs mechanism was developed 1964 in [9-14]. The gauge theories described in the
preceding section require invariance under local gauge transformations. The SM does not
explicit by break the electroweak symmetry, instead mass terms are introduced by sponta-
neously breaking the symmetry via the vacuum state of a doublet of complex scalar fields
with 4 degrees of freedom in the Lagrangian. This scalar field is the so called Higgs field and
defined by [28]:

| D3 +iDy _ 1
d>—(q)1+iq)2> <I>IGR,Y—1,IW—§. (2.23)
The corresponding Lagrangian density .Z is:
1
Z = 5(8#43)(8“(13) +V(P). (2.24)

To restore the invariance under the local SU(2) ;, xU(1)y transformation the derivative dy, is
replaced by a covariant derivative D* (Equation 2.16):

Ltiges = (Dy®)* (D' ®) — V() with (2.25)
V(®) = —p’®*®+ A(P*P)?, u,A >0and (2.26)
Dy® = (dy — %ig&Wu — %ig’YBu)CID, (2.27)

where V (®) is the so called Higgs potential. This is the most general potential, which fullfills
the requirement to be invariant under the local SU(2); ;, x U(1)y transformation and providing
renormalizability. It has a local minimum for non-vanishing values of ® and breaks the
symmetry of the SU(2). ;, xU(1)y group. The Higgs mechanism explains the masses of the
W= boson and Z° boson as well as those of the fermions, while the photon remains massless.
The mechanism requires a new massive scalar particle, the Higgs boson. Since the shown
ground state of the Lagrangian has a U(1)y but no SU(2); ;, xU(1)y symmetry, the Higgs
field must have non-vanishing components of weak isospin and hypercharge while it has zero
charge in the second component. Thus the SU(2) ;, xU(1)y symmetry of the electroweak
theory is broken to U(1)y.

In Figure 2.3 a simplified version of the Higgs potential, with two instead of four degree of
freedom, is illustrated. This figure shows that at any fixed point in the potential minimum
no rotation symmetry is given. The choice of one of these infinite points in the potential
minimum refers to a spontaneous symmetry breaking. Minimizing the potential refers to a
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Figure 2.3: Scalar potential in the Standard Model with two degrees of freedom [45, S.12].

vacuum expectation value, which is usually defined by v = #/va = ®3 and | = ®, = &4 =0.
This choice of a particular vacuum state leads to a ground state:

1 0 1
Py — Y=1 L=—-. 2.28
The vacuum expectation value v of the potential is determined by the fermi constant G [31]:
_1/2
v=(V2Gr) = =264GeV. (2.29)
A parametrization of the potential ® around the vacuum expectation values is given by:
1 3 7,G4(x) 0
> = — ] . 2.30
O(x) ﬁexp (la; v V+H(x) ( )

The three fields G;(x),G2(x) and G3(x) refer to three Goldstone-bosons [46, 47]. These
bosons are massless and scalar and an unitary gauge invariant transformation of ®¢ (P (x) —
exp(—iY>_, uGa(x)/v)Py(x)) can eliminate them. H(x) is the Higgs boson, which is the
massive excitation from the ground state. Using the Equations 2.20 and 2.21 the Lagrangian
density .Z reads:

- %(auﬂ)(aﬂm CAVH? — AVHD - %AH“

1/1 \? 1 ve  \?
“(Zvg) wrrwy Y8 ) gz
*3 <2 g> w s (2cos(®w)) .

Vg) Fr— Vg

= VHW*TW —2 ___VHZ7Z"Z

+g( 2 w8 <4cos2(®w)> H

g 2 + g’ 2

S HWHTW— — ____VH*ZMZ t. 2.31
+ 1 iy (40052(®W)> u +cons ( )
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From this equation relations between different weak vector boson masses can be derived:

vete  Mw
2 cos(0,,5)

My = vg and My =v (2.32)
The mixing angle ©,, defines the mass ratio of the W=-bosons and the Z° boson. Further a
new scalar particle with the mass My = vv/2A is defined. Equation 2.31 contains interaction
terms of the Higgs boson H(x) with the electroweak bosons and self-interaction terms. The
coupling strength of the cubic interactions of the Higgs field with the electroweak boson
(HVV) are proportional to the mass of the weak vector boson. The cubic (H?) and the quartic
(H*) terms describe the Higgs self-coupling. The spontaneous symmetry breaking predicts a
relation between the coupling strength and gauge boson masses, which can be experimentally
tested.

Further an additional coupling is introduced to describe the fermion masses. This coupling
should also be invariant under SU(2); ;, xU(1)y transformations. It describes interactions
between left-handed fermion SU(2); ;, -doublets, right-handed fermion singlets and the Higgs-
doublet. This so called Yukawa coupling is for the first generation of leptons given by:

Ly = —go(Ve,8) Per + hc., (2.33)

where /.c. is the corresponding hermitian conjugate term. The equation acquires a mass for
electrons, while neutrinos remain massless. For quarks an additional charge conjugated Higgs

doublet
_ 1 (v+H(x)
e 239

must be defined, to enable also interaction with I> = 1/2 quarks. Thus the Lagrangian density
f;’u”,f "* for the first generation of quarks is:

Lk — _ gy (it,d) PR + gu (i1, d) [ Dettg + h.c.. (2.35)

The interactions of higher generations can be provided in the same way and the coupling
constant g is directly proportional to the mass of the participating fermion My:

8f

M;=v==. 2.36
Y (2.36)
The Lagrangian density of the fermion %y, is defined by:
= H
Ly = —Myff <1 + v) , (2.37)

where the excitation from the ground state is considered. The final Lagrangian .# of the SM
reads:

L = Lhiggs + Lew + Locp + Lyuk- (2.38)

The masses of the gauge bosons and fermions are determined by experiments with a high
precision, such that only A and My remains as free parameter. Thus with the measurement of
the Higgs boson mass My all coupling parameters in the SM are determined.
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2.2 The Higgs boson
2.2.1 Higgs boson production at the LHC

The Higgs boson can be produced in proton-proton collisions at Large Hadron Collider
(LHC). The interactions of composite protons can be described at high momentum transfer
in the context of hard scattering processes of quarks and gluons. The probability to find a
particular parton i with a momentum fraction x; of the total proton momentum is determined
by parton distribution functions (PDF) f(x;,Q%) and depends on the momentum transfer 0?
in the collision. The total cross section ox for the process pp—X can be derived by an
integration over the partonic cross section &;; for the interaction of parton i and j multiplied
with the PDFs according to the factorization theorem [48]:

ox = / / dxidx; f (xi, 07 f(x;,0%)6, (2.39)

while the partonic cross section &;; is given by:

o [ MG x)P
Oij —/ F dQ. (2.40)

M corresponds to the matrix element for the transition from the initial state ij to the final
state X, F gives the particle flux, dQ is the phase space factor of the given kinematics and the
squared amplitude |M|? gives the transition probability.

Different processes, which can be classified by the phenomenology and cross section, con-
tribute to the Higgs boson production. The Feynman diagrams in Figure 2.4 illustrate the
dominant production mechanisms at the LHC.

a *H 9400008

[ 2 + .
g 4 W,z 9400008
W, Z -—---0 K g e t
*-----0 [

' (p) vector boson fu- (c) Higgs radiation ~ (d) associated produc-
(a) gluon fusion sion tion with top-quarks

Figure 2.4: Feynman diagrams of the dominant Higgs production processes at the LHC,
ordered by decreasing cross section: Gluon fusion (a), vector boson fusion (b), Higgs radiation
(c) and associated production with top-quarks (d).
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Figure 2.5: Cross sections for different production modes of the Higgs boson with a mass
of 125 GeV, as a function of the centre-of-mass energy +/s (left) and branching ratios for
different Higgs boson decays as a function of the Higgs boson mass My (right) [49, S.148].

The gluon fusion process with a cross section of 48.6 pb at a centre-of-mass energy of 13 TeV
is the dominant one for the Higgs boson production (Figure 2.4a) [49]. The Higgs boson H
is produced over a quark ¢ loop. Since the coupling strength is proportional to mass of the
fermion, top ¢ and bottom b quarks are the preferred ones for the loop.

The production process with the second highest cross section is the vector boson fusion
process with a cross section of 3.8 pb at a centre-of-mass energy of 13 TeV (Figure 2.4b)
[49]. Two quarks scatter in the t-channel exchanging W* bosons or Z° bosons which fuse in
a Higgs boson. Characteristic for this process are the two remaining quarks in the final states
with a high transverse mass m;; and a high difference in the pseudorapidity An.

The associated production with a weak boson, so called Higgs-Strahlung, is an annihilation of
a quark anti-quark pair into a weak boson, which radiates a Higgs boson (Figure 2.4c). The
production cross section of this process is 2.3 pb at a centre-of-mass energy of 13 TeV [49].
The associated production with a top quark pair is an order of magnitude smaller (Figure
2.4d), due to the high invariant mass which is required to produce the heavy quarks.

The cross sections as a function of the centre-of-mass energy /s for these and further
processes are illustrated in Figure 2.5a.

2.2.2 Higgs boson decay

The Higgs boson couples to massive weak vector bosons V and fermions f and its decay
channels can be grouped into channels with a bosonic final state and into channels with
fermions in the final state. The coupling strength to the vector bosons is proportional to the
mass square of the bosons, while the coupling strength to fermions is proportional to the
fermion mass.

The dominant fermion decay channels are H — bb, H — tv1~, H — c¢and H — u*pu~
(see Figure 2.6a).
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The possible decays for the bosonic case are H - WW*, H — ZZ*, H — gg, H — Zv*,
H — 7yy. While a direct decay into massive vector boson is possible the decay into massless

gluons or photons has to use heavy quark loops or for the H — Yy decay over W boson loops
(see Figures 2.6b-2.6d).

of 20s v E::w(m
Heoe - - - -@ He - # t H.---——ﬂ: He -
of 000eg v Y
@) H— fF (b) H — gg © H > VV* (&) H = 11(2)

Figure 2.6: Feynman diagrams of the dominant Higgs decay channel: H — ff (a), H — gg
(b), H— VV* (c) and H — yy(Z) over a W boson loop (d).

An overview of these channels and their branching ratios depending on the Higgs boson mass
is given in Figure 2.5b. For a Higgs boson mass my=125 GeV the decay into a pair of bottom
quarks is the dominant one with a branching ratio of 57.7%, followed by the decay into a
pair of W+ bosons with a branching ratio of 21.5%. The decay channel into t-leptons is the
dominant one into leptons with a branching ratio of 6.3% [49], which is exploited in this
analysis

2.2.3 The t7-decay channel

This study focuses on the decay of a Higgs boson into a pair of t-leptons (H— 77 77). One
challenge of this decay channel is the short lifetime (2,9-10~!3 s) of z-leptons, such that
T-leptons are reconstructed with their decay products. There are different possibilities for the
T-lepton decay. In Table 2.1 a summary of the important decay channels for a single 7-lepton
can be found. They can be separated into hadronic decays with a branching ratio of 65% and
into leptonic decays with a branching ratio of 35%.

decay mode 7 — fraction(%)
lep e Vv, 17.82 £ 0.04

MV Vo 17.39 + 0.04
had TV 10.81 4+ 0.05

n n'v,  25.49 +0.09
n27%, 926 +0.10
2 mwtv,  8.99 + 0.05

Table 2.1: Dominant decay channels of the 7-lepton [50].

The dominant decay channel is the hadronical decay T~ — 7~ 2%V, with a branching ratio
of 25.49%, followed by the two leptonic decay channels T~ — e~ V,v; and T~ — [~ V, Vg,
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with a branching ratio of 17.82% and 17.39%. A di-7-system has three possible decay modes.
Both 7-leptons could decay leptonically (7., 7., channel) with a branching ratio of 12,4%,
both could decay hadronically (744 Thee channel) with a branching ratio of 42.6%, or one
leptonically and one hadronically (7., channel) with a branching ratio of 45.6%, on
which this thesis will focus.
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3.1 LHC

The LHC (Large Hadron Collider) [8] at CERN (Conseil Européen pour la Recherche
Nucléaire) near Geneva is a proton-proton (or heavy ions) accelerator, which runs since 2008.
It is a two ring collider with a circumference of 27 km and is between 100 and 150 m below
the groundlevel. For proton-proton collisions the beam of the accelerator contains up to 2808
bunches with 10'! particles per bunch and a time distance of 25 ns. The proton beams are bent
by 1232 superconducting dipole magnets, which are able to generate a magnetic field up to
8.3 Tesla and quadrupole magnets focus them. The provided instantaneous luminosity . and
centre-of-mass energy +/s describes mainly the performance of the LHC. The instantaneous
luminosity . for two colliding particle bunches with an equally Gaussian shape distribution
is given by [51]:

o Nz'}/rfrev

ey,
47r[3*8,,nb ’

3.1)

where N corresponds to the number of particles per bunch, ¥, to the relativistic Lorentz-
factor, f., to the revolution frequency, 3* to the beta-function at the collision point, &, to the
normalized transverse beam emittance, 7; to the number of bunches per beam and F to the
geometric luminosity reduction factor due to the beam crossing angle at the interaction point.

Overall view of the LHC exeriments.

Figure 3.1: The LHC and the four major experiments [52].
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With a design of an instantaneous luminosity up to 103 cm™! s~! and a beam energy up

to 7 TeV resulting in a collision centre-of-mass energies of /s = 14 TeV, the LHC is the
biggest and most powerful particle accelerator on earth. The LHC has four collision points.
At each collision point a different detector is placed. The detectors are ALICE, LHCb and
the multi-purpose detectors ATLAS and CMS. The four detector are designed for different
physical questions. An overview of the LHC is given in Figure 3.1.

45 T T T T T T T

ATLAS Online Luminosity
2011 pp Vs=7TeV
— 2012pp Vs=8TeV
— 2015pp Vs=13TeV
— 2016 pp Vs =13 TeV
w2017 pp Vs=13TeV
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Figure 3.2: Integrated luminosity of data-taking by the ATLAS-detector split into different
years until September 2017 [53].

The LHC is now in the 7th year of data-taking. The first data-taking periods were in 2011
and 2012 with centre-of-mass energies of 7 and 8 TeV. After three years of optimizations the
accelerator cloud produce collisions with a centre of mass energy of 13 TeV in 2015. Table
3.1 summarize the data-taking periods. Run 1 includes the data from 2011 and 2012 with a
integrated luminosity of .%,, = 26.4 fb~!. Run 2 will include the data from 2015 to 2018. In
this thesis only the dataset of 2015 and 2016 will be used and defined as the Run 2 dataset.
In these two years events corresponding to a integrated luminosity of %, = 39.5 fb~! were
recorded.

Run  Year +/s(TeV) L (fb 1)

1 2011 7 5.1
1 2012 8 21.3
1 11+12 7(8) 26.4
2 2015 13 3.9
2 2016 13 35.6
2 15+16 13 39.5

Table 3.1: Overview of the LHC’s data-taking until 2016. /s corresponds to the centre of
mass energy, while %, refers to the integrated luminosity [53].
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3.2 ATLAS experiment

The ATLAS (A Toroidal LHC ApparatuS) experiment is located at the LHC. The detector of
the experiment is with a diameter of 25 meters and a length of 44 meters the largest particle
detector ever built at a collider. It has a weight of 7000 metric tons and consists of different
parts (Figure 3.3). The detector is built up in a cylindrical way, where the components from the
inside to the outside are: tracking detectors, which are surrounded by superconducting magnet
solenoids, electromagnetic and hadronic calorimeters and muon toroids. These components
are described in the next sections and further information can be found in [54].

LAr hadronic end-cap and

forward calorimeters
Pixel defector \

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor tracker

Figure 3.3: Overview of the full ATLAS detector [54, S.6].

3.2.1 Coordinate system

The x-y-plane is defined transversal to the beam axis. The x-axis points to the centre of the
LHC, while the y-axis is orthogonal to the x-axis and pointing upward towards the surface.
The z-axis is parallel to the beam axis, so that a right-handed coordinate system results. The
origin of the system is the nominal interaction point. Thus the azimuthal angle ® is defined in
the x-y-plane. Instead of the polar angle ®, which describes the angle between the direction
of the particle and the positive z-axis, the pseudorapidity 7 is used and given by:

n=-—in (tan (%)) . (3.2)

The variety of soft QCD processes in a proton-proton collision induces a nearly flat distribution
of the particle density in 1 [55]. For negligible masses or high energies the approximation
N ~y, where y = 1 In (E+p:/E—p,) is the rapidity, holds and the Lorenz invariance of Ay results
in an invariance of An under a boost along the z-axis, which is unknown for two colliding
particles inside the proton-proton pair.
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The distance between two objects can be defined with An and A® in the corresponding
coordinate system. AR = +/(An)2+ (A®)2, which is invariant under boots in z-direction,
describes the separation of the two objects in the (1] — ®)-plane and is used in the identification
as well as in the reconstruction of the objects. The particle momentum and the energy in the

x-y-plane is defined by:
pr=\/pi+p} and Er=,/E+E}, (3.3)

where pr corresponds to the transverse momentum and E7 to the transverse energy. Further
information about these definitions can be found in [54, 56].

3.2.2 Inner detector

End-cap semiconductor tracker

Figure 3.4: Overview of the inner detector [54, S.6].

The inner detector is the most central part of the ATLAS detector and consists of different
tracking detectors (see Figure 3.4). The task of the inner detector is to provide a precise
momentum measurement for charged particles, the reconstruction of the particle tracks and
the reconstruction of primary and secondary vertices.

A two Tesla magnetic field, generated by the central solenoid, penetrates the inner detector.
The components of the inner detector are a pixel detector and a silicon microstrip tracker
(SCT) and transition radiation trackers (TRT). Pixel and SCT are especially important at
small radii and cover a range up to || < 2.5, while the TRT covers a range up to || < 2.0.
Both trackers are built out of a barrel region and two end-caps. In the barrel region the pixel
detector and SCT are placed concentrically around the beam axis while the straw tubes of
the TRT run parallel to it. The end-caps are radially mounted detectors. The inner detector
has a length of 6.2 m and a radius of 2.1 m. Due to small distance between the inner detector
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and the collision point, the detector has to cope with high radiation and high temperature
conditions. Thus the pixel detector as well as the SCT are cooled down to -7°C, to reduce
potential damages.

The barrel and the end-cap part of the pixel detector are consist of three layers corresponding
to 250 um thick silicon semi-conductors with 46080 readout channels for each of the 1744
sensors. One pixel has a size between (R-®)xz = 50x400 um? and (R-®)xz = 50x 600 pm?.
Thus the pixel detector reaches an intrinsic hit resolution of (R-®)xz = 10x 115 um?.

The SCT consists of four layers of silicon strip detector modules in the barrel region and of
nine layers in the end-cap region. This ensures at least four measured points for each charged
particle, which penetrates the detector. The detector has 758 active strips of 12 cm length and
285 pum thicknesses per strip. The SCT has a nominal hit resolution of (R-®)xz = 17x580
um? and contains over 6 million readout channels.

The TRT consists of straw tubes with a 4 mm diameter filled with gas and stabilised by carbon
fibres. The tubes have a length of 144 cm in the barrel region and a 37 mm length in the
end-cap region. Thus only a position measurement of (R-®) = 130 pum is done in the barrel
region and no measurements in the z-direction. The tubes enable to indicate the penetrating
particle, since the transition radiation is inversely proportional to the mass of the particle.
The TRT can identify electrons, which have the most transition radiation, since they are the
lightest stable particles produced in the collision. An overview of the expected resolutions of
the inner detector on momentum measurements is given in Table 3.2.

3.2.3 Calorimeters

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic

LAr electromagnetic
barrel

LAr forward (FCal)

Figure 3.5: Overview of the calorimeter system [54, S.8].
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Electromagnetic calorimeter

The electromagnetic calorimeter is optimized to measure the energy of photons and electrons
very precisely. It is made up of lead with a liquid argon sampling technology and has a fine
granularity. The electromagnetic calorimeter is divided in a barrel part and two end-caps (see
Figure 3.5). The barrel part is split into two identical half-barrels and covers a pseudorapidity
range up to || < 1.475 and consists of 3 layers with a granularities of A x A® = 0.025/8 x
0.025, An x A® =0.025 x 0.025 and An x A® =0.050 x 0.025. The end-caps consists of
an inner and an outer wheel, which cover the range of 1.375 < |n| < 3.2. Accordion-shaped
electrodes and lead absorber plates build the calorimeter with a complete symmetry in the
azimuthal angle ®. To compensate energy, which photons and electrons loose upstream to the
calorimeter, a pre-sampler detector is added in the central region (|| < 1.8). This pre-sampler
consists of an active liquid argon layer. Figure 3.6a illustrates the energy resolution of the
ECAL for simulations and test measurements. Furthermore the 1-coverage as well as the
energy resolution of the electromagnetic calorimeter is given in Table 3.2.

Hadronic calorimeter

The hadronic calorimeter is used together with other sub-detectors to measure the energy
of jets and the missing transverse energy EX**. It has a coarser granularity compared to the
electromagnetic calorimeter. The barrel parts consist of a tile calorimeter (|n| < 1.0) around
the electromagnetic calorimeters and two extended barrels covering higher values of |n|:
0.8 < |n| < 1.7 (see Figure 3.5). As absorber steel plates are used while scintillating tiles
are used as a active material covering a |n| range up to 3.2. The energy resolution of the
central tile region for simulations and test beam measurements are illustrated in Figure 3.6b.
Liquid argon is used as sensitive material for the hadronic end-cap (HEC) and for the forward
calorimeter (FCal). While for the HEC only copper is used as an absorber, tungsten is being
used for the FCal either. The n-coverage and the energy resolution of the different parts of
the hadronic calorimeter are given in Table 3.2.
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Figure 3.6: Comparison between simulations and test beam measurements of the energy
resolution for the electromagnetic calorimeter (left) and the tile-calorimeter (right) of the
ATLAS detector [54].
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3.2.4 Muon system

A muon system is used to detected and measure the momentum of charged particles which
transverse the inner detector and the calorimeters. Three different parts are defined in the
this system: the barrel region covering a absolute pseudorapidity |n| up to 1.4, the transition
region with 1.4 < || < 1.6 and the end-cap region from || = 1.6 up to || = 2.7. For the
momentum measurements toroidal magnets are installed, which generate a field strength of
2.5 Tesla in the barrel and 3.5 Tesla in the end-cap region.

To identify the muon trajectory monitored drift tubes (MDT) are used, except for particles in
large n-ranges, for which cathode strip chambers (CSC) are used. The CSC provide a better
spatial resolution to cope with the higher signal rates in the large 717-range.

chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 3.7: Overview of the muon system [54, S.11].

Furthermore the muon system is designed to trigger particles, which penetrate the system
in the region up to |n|=2.4. Resistive plate chambers (RPC) in the barrel region and thin
gap chambers (TGC) in the end-cap region are installed to achieve a response time of a
few nanoseconds. The required resolution for the muon system in given in Table 3.2 and a
schematic overview of it is illustrated in Figure 3.7.

3.2.5 Trigger

To reduce the LHC bunching rate of 40 MHz a two level trigger is used in Run 2 at the
ATLAS experiment [57]. The trigger consists of a hardware-based first level trigger (Level-1)
and a software-based high level trigger (HLT). Custom electronics are used for the Level-1
trigger to determine Regions-of-Interest (Rols) in the detector by taking as an input coarse
granularity calorimeter and muon system informations.
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Calorimeter detectors
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Figure 3.8: Schematic layout of the ATLAS trigger and data acquisition system used in Run 2

[57].
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Figure 3.9: Trigger rate for the ATLAS hardware-based first level trigger (left) and the ATLAS
software-based high level trigger (right) for data-taking July 2016 [58].

The Level-1 trigger reduces the event rate from 40 MHz to 100kHz, with a decision time of
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2.5 us. These at Level-1 formed Pols are used as an input for the HLT in which sophisticated
selection algorithms are running using the full granularity detector information of the Rol
and the whole event. The HLT reduces the output-rate of the Level-1 trigger of 100 kHz
to approximately 1kHz on average, with a processing time of about 200 ms. A schematic
overview of the ATLAS trigger and data acquisition is given in Figure 3.8. Furthermore
Figure 3.9 illustrates the event rate and the distributions of so called trigger-menus for data
taking in July 2016 for the Level-1 and HLT trigger.

Sub-detector Required resolution n-coverage
Measurement Trigger

Inner detector Sor/pr =0.05% pr & 1% +25

Electromagnetic calorimeter 0cfe=10% / VE & 0.7% +3.2 +25

Hadronic calorimeter

barrel and end-cap /e =50% / VE & 3% +3.2 +3.2

forward 0k/e = 100% / VE®10% 3.1< In| <49 31<|nl<49

Muon system %r/pr = 10% at pr = 1 TeV +2.7 +24

Table 3.2: The required resolution and the pseudorapidity (1) coverage of the different sub-
detectors of the ATLAS experiment. Energy as well as momentum values are given in units
of GeV. Further a & b refers to adding a and b in quadrature: a ® b = a2 + b2 [54].
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4.1 Discovery
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Figure 4.1: pp-values and the corresponding significances as a functions of the Higgs boson
mass my for the CMS experiment (left) [15] and for the ATLAS experiment (right) [16] in
Run 1. The dashed lines refer to expected values and the full black lines to the observed local
po-values.

In July 2012 both the ATLAS and the CMS experiments at CERN have announced the obser-
vation of a new resonance with a mass of 125 GeV and a significance of 5.9 ¢ and 5.0 o [15,
16]. This corresponds to a local pg-value of 1.7-10~° and 4.2-10~® (Figure 4.1), which is a
criterion for the probability that the resonance is introduced by fluctuating backgrounds. A
po-value corresponding to 5 ¢ is necessary for an observation.

4.2 Measurements in Run 1
4.2.1 Mass

Using the full dataset of Run 1 with 25 fb~! the ATLAS detector was able to measure the
mass of the resonance with very high precision as my = (125.36£0.37(stat.)£0.15(sys.)) GeV
[59]. This observation is consistent with the mass measurement of the CMS detector (my =
(125.02+0.27(stat.)0.15(sys.)) GeV [60]) and the combined result of both experiments is
given by [1]:

mpy = (125.09+0.21(stat.) £0.11(sys.)) GeV. (4.1)
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4.2.2 Signal strength

The experiments measured the signal strength parameter i, which is defined as the measured
cross section normalized to SM expectation: (L = %bs/asy. This parameter is determined for
different production modes and decay channels of the Higgs boson to measure potential devi-
ations to the SM predictions. The results for the combined ATLAS and CMS measurements
shown in Figure 4.2 are so far all compatible with the SM expectation u = 1. The current
combined u value for all measurements is [17]:

1 =1.0940.07(stat.) 708 (sys.), (4.2)

which is consistent with the SM expectation at less than 16 confidence level assuming a
global signal strength for all production and decay modes yields.
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Figure 4.2: Signal strength pt in the decay channels (left) and production modes (right) of the
Higgs boson for the combined ATLAS and CMS measurements [17].

Figure 4.3a illustrates the combined ATLAS and CMS measurements of the normalized
coupling strengths &; = &i/g;su, Where g; is the measured coupling strengths and g; sy the
SM prediction. This definition includes the assumption that no beyond the SM contributions
are present in loops and decays. All results are in agreement with the SM expectation of
one. The reduced coupling strength scale factors yy; = /Ky, m&”" for the weak bosons and
YFi = Kp,,-m\f"’ for fermions can be determined, for which the SM predicts a linearly increasing
with the particle mass. In Figure 4.3b these scale factors show a good agreement as a function

of the particle mass with the SM expectation.
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Figure 4.3: Coupling strength Kk measurements of the Higgs boson to different particles (left)
and reduced coupling strength scale factor yy,; = /Ky, for weak bosons and yr; = Kp,; "~
for fermions measurements as a function of the particle mass (right), with an assumed Higgs
boson mass of 125.09 GeV (Combined ATLAS and CMS measurement). The dashed lines

show the Standard Model prediction [17].

4.2.3 CP-properties

The SM predicts a CP even Higgs boson with a spin J of zero: J°¥ = 0F. The CP properties
of a particle describe its behaviour under a Charge conjugation and a Parity transformation.
The SM predicts CP conservation in the Higgs boson production and decay, such that all
fundamental interactions of a particle remain invariant under a CP transformation. For this
the particle must have an eigenstate of the CP operator with even (+1) or odd (-1) eigenvalues,
while a particle for which no CP eigenstate can be found would violate the CP invariance and
would be direct evidence for beyond SM physics.

Run 1 results of the ATLAS and CMS experiments in the decay channels H — ZZ*, H - WW*
and H — yy indicates that the Higgs boson carries J°¥ = 0% and all other J°¥ values could
be excluded at more than 99,9% confidence level [18, 19]. The ATLAS results for these
measurements are illustrated in Figure 4.4.

However a mixing between a CP even and a CP odd eigenstate is not excluded by these
measurements and its investigation is one of the major goals for the Run 2 measurements.
This can be studied by using the Optimal Observable, which was already used in the H — 77
channel in Run 1 [61]. The CP-mixing parameter d of the Optimal Observable is directly
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sensitive to the CP property of the Higgs boson coupling in the production mode. It is
expected to be zero for the CP-even case of the SM, while CP-violation effects would
introduce deviations from zero. The measurements are consistent with the SM expectation
and exclude values of d over 0.05 and under -0.11 with a confidence level of 68% (see Figure

4.5).

Figure 4.4: Expected (blue triangles/dashed lines) and observed (black circles/solid lines)
confidence level CL; for alternative spin-parity hypotheses assuming a J© = 0" signal. The
green band represents the 68% CLx(th) expected exclusion range for a signal with assumed

JP =07 [62].

ANLL

Figure 4.5: The negative log likelihood ANNL as a function of the CP mixing parameter d for
Run 1 from the Optimal Observable based ATLAS study in the H — 77 channel. The best
fit value of d corresponds to the minimum of ANNL. The grey dashed line refers to the 68%

confidence level [61].
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4.3 Measurements in Run 2
4.3.1 Total cross section

In 2015 the LHC has started with the second data taking period, Run 2, at /s = 13 TeV. The
combination of the Run 1 and Run 2 measurements allows to probe the dependence of the
total cross section of the Higgs boson on the centre-of-mass energy +/s. The results for the
H — ZZ* — 4l and H — Yy decay channel of the ATLAS experiment with centre-of-mass
energies of 7, 8 and 13 GeV with a data set of 4.5 fb—1,20.3fb~!, and 26.1 b !, respectively,
are shown in Figure 4.6. The cross section increase by a factor around two from the Run 1
measurements at 7 and 8 TeV to the Run 2 measurement at 13 TeV in agreement with the SM
prediction. Thus the Run 2 measurements can be used to determine further properties of the
Higgs boson like the CP-properties or the coupling to bosons and fermions more precisely.

T T L
1001~ ATLAS Preliminary g m,, =125.09 GeV

p—H
[ AH—yy OH—ZZ*—dl QCD scale uncertainty
L & combined data mm Total uncertainty (scale ® PDF+a)

80 L systematic uncertainty JT

G,y [PD]

Vs=7Tev, 451
Vs =8TeV, 203 -
or V5 =13 TeV,36.1 10" ]

1 I I I I

7 8 9 10 11 12 13
Vs [Tev]

Figure 4.6: Total cross section measurements of the ATLAS detector in the H — ZZ* — 41
and H — yy decay channels. The blue line corresponds to SM prediction at up to N°LO in
QCD. Red refers to the H — vy, green to the H — ZZ* — 41 channel and black corresponds
to the combined results [63].

4.3.2 Mass

The Higgs mass has been determined to my = 124.98 +0.19(stat.) £0.21(sys.) GeV by the
ATLAS collaboration [64], using the full Run 2 dataset of 2015 and 2016 with an integrated
luminosity of 36 fb~! of the decay channels H — ZZ* and H — Yy and is consistent with the
findings from Run 1.

4.3.3 Signal strength

For a comparison to the Run 1 results the signal strength u is estimated in Run 2, by using
the same definitions as in Run 1. The combined result for the H — ZZ* — 4l and H — 7y
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decay channels measured with the ATLAS detector is given by [63]:
1 = 1.09+0.09(stat.) 008 (exp.) T0:0% (theo. ). (4.3)

This results is perfectly in agreement with the SM prediction (¢ = 1) and is more precise than
the ATLAS Run 1 combined results of all decay channels.

4.4 Simplified Template Cross Section

The measurement of Simplified Template Cross Sections (STXS) is a new strategy to study
the Higgs boson at the LHC and is defined in [21]. The measurements of the signal strength u
and coupling strength (k) used in Run 1 make use of several assumptions, like the kinematics
predicted by the SM or an extrapolation from the measured phase space to the global phase
space. These assumption introduce theoretical uncertainties on the determined results and
dependences on the underlying physics model. Furthermore the coupling strength and the
signal strength are both normalized to the SM prediction (K = 8obs/gsu, [ = obs/os). The
STXS technique allows in a systematic way the reduction of theory dependences, which
are directly folded into the measurements. Here both dependencies, the one on theoretical
uncertainties in the SM predictions and the one on the underlying physics model, are included.
Cross section predictions or coupling strength predictions are not necessary for the STXS.

It provides more finely-grained measurements, which will benefit from the global combination
of the measurements in all decay channels and the higher cross section of the Higgs boson in
Run 2. The goal of this technique is to maximize the sensitivity, while the dependence on
theory is minimized. In particular this means using a combination of all decay channels and
instead of measuring the signal strength the individual cross sections of exclusive regions of
phase space for specific productions modes, from now on called STXS bins, are measured.
The definitions of these STXS bins are motivated by minimizing the dependence on theo-
retical uncertainties, which has to be directly folded in for coupling strength measurements.
Furthermore these bins are chosen in a way to maximize the experimental sensitivity and to
isolate possible effects from physics beyond the SM.

The STXS approach allows to use advanced analysis techniques such as event categorisations
or multivariate techniques.

STXS definitions

Figure 4.7 gives a schematic overview of the STXS. On the left-hand side the different analy-
ses are given, which are very similar to the ones used in the coupling strength measurements.
Each of these analyses define signal categories enriched with specific Higgs boson production
processes and to improve the signal-to-background ratio or the invariant-mass resolution. The
signal categories can be additionally optimized for the sensitivity in STXS measurements.
The centre of Figure 4.7 illustrates the part of the STXS method which is determined by
a global fit of the number of events in the experimental categories that combines all decay
channels and is the main results of the STXS. The results are cross sections per production
mode, split into exclusive kinematic bins on truth level for each of the dominant production
modes. An example for these STXS bins is the cross section of the gluon fusion production
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mode of the Higgs boson with one jet in the finial states and a transverse momentum of the
Higgs boson greater than 200 GeV.
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Figure 4.7: Simplified Template Cross Section framework, including the input from different
analyses channel with their signal categories (left), the measured cross sections as the main
result of the STXS (mid) and a list of possible interpretations based on the STXS results
(right) [21].

These STXS measurements are used as input for subsequent interpretations, which are shown
in Figure 4.7 on the right-hand side. Possible interpretations are Wilson coefficients in the
effective field theory, tests of specific models beyond the SM, determination of signal strength
modifiers or coupling scale factors k, and so forth. The last two of the these examples provide
compatibility with earlier measurements. The experimental results should quote the full
covariance matrix among the different STXS bins to minimize the theory dependence which
is folded into the determination of the STXS from event categories. Instead this dependence
is shifted into the interpretation step to ensures a long-term usability of the measurements.
The STXS bins have some similarity to differential cross section measurements, but combine
the advantages of signal strength, fiducial and differential measurements. They are comple-
mentary to full-fledged fiducial and differential measurements, but they cannot replace these.
However the full fiducial or differential measurements will be only available in a subset of
decay channel with the Run 2 measurements.
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4.4.1 Object definitions

The global fit unfolds the measured number of events in the event categories on reconstruction
level in all decay channels to the STXS bins. Thus the truth final state particles need to be
defined unambiguously for the measured bins and theoretical predictions from either analytic
calculations or simulations. In contrast to the definitions of the fiducial cross sections, the
definitions of the final state particles for the STXS are more idealized and simpler. The
Higgs boson is treated as a final state particle to allow the combination of the different decay
channels.

Higgs boson

The STXS approach requires an on-shell Higgs boson. A cut on the rapidity of Higgs boson
yu with |yg| < 2.5 is defined, since current measurements are not sensitive beyond this rapidity
range.

Leptons

Electrons and muons from decays of signal vector bosons are required to be "dressed". This
means that for example the momenta of final state radiated photons are added back to the
momenta of the electron or muon. 7-leptons are defined from the sum of their decay products.
There are no restrictions on the transverse momentum or the pseudorapidity of the leptons, so
that for a leptonically decaying weak vector boson the full phase space is included.

Jets

The STXS truth jets are defined as anti-k; jets with a jet radius of R=0.4 and are built from all
stable particles, including neutrinos, photons and leptons from hadron decays or produced in
the shower. For a stable particle a lifetime greater than 10 ps is required, corresponding to the
lifetime required in the experimental simulation for the particle to be passed to GEANT 4.
Decay products of Higg bosons are not considered, since the Higgs boson is defined as a
final state particle. Leptons and neutrinos from decays of the signal weak vector boson are
removed, since they are treated separately, while decay products from hadronically decaying
signal weak vector bosons are included in the inputs to the truth jet finding.

The truth jets are defined without a cut on their pseudorapidity, but a cut on the transverse
momentum of the jets pr is set with pr > 30 GeV, to limit the amount of phase-space
extrapolation in the measurements, since the reconstruction level signal categories always
include jet pr requirements to reduce effects from pile-up and underlying events.

4.4.2 Splitting of production modes

The definitions of production modes are slightly different to those introduced in Section 2.2.1.
The VH production mode is explicitly defined as Higgs bosons production in association with
a leptonically decaying vector boson V, while electroweak ¢G — H production comprises
VBF Higgs boson production and VH production with hadronically decaying V and will be
called VBF STXS bin from now on. Similarly the gg — ZH production mode is included
in the gluon fusion production. This is done due to the fact that the distinction between



4 HIGGS BOSON MEASUREMENTS AT THE LHC 36

qd — V H and VBF processes and similarly between gg — VH and gluon fusion production
becomes ambiguous at higher order if the vector boson V decay hadronically.

4.4.3 Stage0

(EW gqH) (H + leptonic V)
D) ey [ve | M (o0 | [
(Runi-like)

T

[H 1 had. V] (92 > ZH |
gg — ZH

Figure 4.8: Simplified Template Cross Section Stage 0 definitions. All STXS bins in the same
color correspond to the same main production mode. The VBF and VH STXS bins are further
split into finer STXS bins [21].

A set of STXS bins satisfying the requirements of Section 4.4 for every analysis are difficult
to define. For some analyses only a subset of the STXS bins or a sum of a set of STXS bins
will be accessible. The number of sensitive STXS bins in the measurements will increase
with an increasing amount of available data. The STXS is defined in several stages with an
increasing number of STXS bins to account for this. The Stage 0 definition of the STXS bins
is very similar to the production modes defined in Section 2.2.1. Figure 4.8 gives an overview
of the different STXS bins. Each main production mode has a single inclusive STXS bin at
this stage, with the associated Higgs boson production split into gg — WH, qg — ZH and
gg¢ — ZH. For a better comparison to the Run 1 analyses the VBF STXS bin (EW ggH) is
split into a Run1-like VBF and into a Runl-like V(— jj)H STXS bin. For this the splitting is
defined by the conventional Feynman diagrams included in the simulations. The categories
are split into a Higgs boson forward category with |yy| > 2.5 and into a Higgs boson central
category with |yy| <2.5.

444 Stagel

At Stage 1 the production mode STXS bins at Stage 0 are split for example into the jet
multiplicity or the transverse momentum of the Higgs boson of the leading jet. At this Stage
analyses are able to use a specific STXS bin merging to reach more statistics in some of the
STXS bins. The merged STXS bins should have a similar acceptance, such that the individual
STXS bins can still be determined in an unbiased way in a global combination of all channels.

Gluon fusion STXS bins at Stage 1
The Stage 0 inclusive gluon fusion STXS bin with a rapidity of the Higgs boson |yy| < 2.5
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is redefined in a finer way at Stage 1. A schematic overview of these STXS bins is given in

Figure 4.9.
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Figure 4.9: Stage 1 STXS bins for the gluon fusion production mode. The blue filled STXS
bins refer to measured STXS bins, while the white ones are only given to group the measured
STXS bins. STXS bins marked with a "(+)" are suggested to be merged if the statistics is too
low [21].

The gluon fusion production mode is split according to the jet multiplicity N; into STXS
bins for N; =0, N; =1, N; > 2, and N; > 2 with cuts for a VBF topology (defined in the
same way as the corresponding STXS bin in the VBF production) and a cut on the transverse
momentum of the Higgs boson pXf <200 GeV is required, which gives a priority to the p >
200 GeV bin for N; > 2 without the VBF topology. These STXS bins are motivated by the
use of jet bins in the experimental analyses and avoids transferring the associated theoretical
uncertainties into the measurement. The separation of the VBF topology is done to measure
the VBF contamination in the gluon fusion production measurements.

The VBF topology STXS bin is split into an exclusive 2-jet-like and an inclusive 3-jet-
like STXS bin (> 3 jets) by using a cut on pT I at 25 GeV to prevent non-trivial theory
uncertainties in the gluon fusion contribution. Here pT ! refers to the absolute value of the
vectorial sum of the transverse momenta of the Higgs boson and the two jets with the highest
transverse momentum: p? = |pi + P 1 + Py 2

The STXS bins with N; = 1 and N; 2 2 w1thout the VBF topology cuts are further split
according to the transverse momentum of the Higgs boson p.

The low transverse momentum STXS bin with 0 GeV< p¥ <60 GeV is the one with the
highest sensitivity in all bosonic decay channels. The 60 GeV cut is chosen to give a more
even split of events while it is high enough that no resummation effects are expected and that
the bias from the transverse momentum of the jet should be negligible.
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The STXS bin with 60 GeV< p¥ <120 GeV remaining from a split into a low and a high
region of the transverse momentum of the Higgs boson. Here the lower cut is high enough
that the STXS bin can be treated as a hard Higgs boson plus jet system in the theoretical
description.

A STXS bin with 120 GeV< p# <200 GeV is the main contribution of the Boosted selection
in the H — t77~ decay channel (see Chapter 8). The separate definition avoids large
extrapolations for this contribution and in the case of N; = 2 it provides a substantial part of
the gluon fusion contribution for the associated vector boson production with a hadronically
decaying vector boson.

The STXS bin beyond the top quark mass with 200 GeV< p¥ is defined which allow the
top quark loop to be on-shell such that the top quark mass effects become relevant. This
high transverse mass STXS bin ensures the usability of the heavy top expansion for the lower
transverse mass STXS bins. Additionally it offers the possibility to distinguish a point-like
gluon fusion vertex induced by heavier beyond the SM particles in the loop from the resolved
top quark loop and is the most sensitive STXS bin to beyond the SM effects.

Several STXS bin merging approaches are suggested for the gluon fusion category at Stage 1.
The three lower transverse mass STXS bins of the Higgs boson and additional or alternative
the Nj =1and N; > 2 STXS bins can be merged, while merging between different production
modes is theoretically disfavoured. These suggestions can be used if low statistics in a single
STXS bin allows no sensitivity.

Vector boson fusion STXS bins at Stage 1

The VBF STXS bin for the rapidity of the Higgs boson |yg| < 2.5 is split into finer STXS
bins at Stage 1. However at higher order the VBF production and VH production with
a hadronically decaying vector boson become ambiguous. At Stage 1 the VBF category
includes the VH production mode with hadronic vector boson decays and corresponds to the
electroweak ggH production.

An overview of the Stage 1 binning for the VBF category is given in Figure 4.10. The VBF
STXS b1n is split into two different transverse momentum regions of the leading jet p}' by a
cut at pT =200 GeV. While the lower p ' STXS bin is expected to be dominated by SM-like
events, the high STXS bin should be sensitive to potential beyond the SM contributions. The
cut value is chosen to reduce the contamination of SM-like events in this STXS bin.

For the lower p region a STXS sub-bin with a typical VBF topology with two or more jets
is defined with a cut on the invariant mass of the two leading jets M;; at M;; > 400 GeV and a
cut on the difference of the pseudorapidities of the two highest-pr jets with An;; = [n;, — 1, |
> 2.8. These definitions are chosen as an intermediate compromise between the various VBF
selections of the different analyses channels.

Further this STXS bin is split 1nt0 an exclusive 2-jet-like STXS bin and an inclusive 3-jet-like
STXS bin by a cut at pT] S = |P pT +p _’] 1 ﬁ’Tz =25 GeV as a compromise between the differ-
ent kinematic variables, which are apphed in different analyses to enrich the vector boson
fusion production and as a compromise between providing a good separation of gluon fusion
and vector boson fusion and the selections used in the measurements.
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Figure 4.10: Stage 1 STXS bins for the VBF production mode. The orange filled STXS bins
refer to measured STXS bins, while the white ones are only given to group the measured
STXS bins. STXS bins marked with a "(+)" are suggest to be merged if the statistics is to low
[21].

The events not passing the > 2-jet VBF cuts are divided into a VH like STXS bin and a rest
STXS bin. The VH STXS bin contains events with the typical topology of associated vector
boson production with a hadronically decaying vector boson, which is defined by requiring
two or more jets with a di-jet mass M;; between 60 GeV and 120 GeV. The rest STXS bin
contains all events, which fail the requirements of the other STXS bins, including events with
a jet multiplicity of zero. The rest STXS bin could be sensitive to certain beyond the SM
contributions which do not follow the typical SM VBF signature of two forward jets.

Associated vector boson production STXS bins at Stage 1

The associated vector boson production V H with a leptonic decay of the vector bosons STXS
bin for the Higgs boson rapidity |yy| <2.5 at Stage 0 is split into finer STXS bins at Stage 1
as illustrated in Figure 4.11.

The VH production is split according to the production via a quark anti-quark pair g4 or
a gluon fusion ggF initial state. This split becomes ambiguous at higher order, but on the
experimental side this split can be defined according to the two different simulated event
samples, which are used in the analyses.

The gg production is split into a STXS bin for W — [v and one for Z — [l plus Z — vV.
These are further split according to the transverse momentum of the vector boson pY.. The cuts
on p‘T/ are oriented to the quantity which is used in the H — bb analysis, since this analysis is
one of the dominant ones for the VH STXS bins.

The STXS bin with p¥ < 150 GeV is defined for events of bosonic decay channels and events
from H — bb with W — [v or Z — Il which do not rely on the missing transverse energy
ESS triggers.
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Figure 4.11: Stage 1 STXS bins for the associated vector boson production mode with a
leptonic decay. The green filled STXS bins refer to measured STXS bins, while the white
ones are only given to group the measured STXS bins. STXS bins marked with a "(+)" are
suggest to be merged if the statistics is to low [21].

The STXS bin with 150 GeV < p¥. < 250 GeV has a dominant contribution of events from
H — bb with Z — vV due to the high threshold of the missing transverse mass trigger and
events from H — bb with W — [v or Z — 1. Furthermore this mid pr STXS bin is split into
a STXS bin with zero jets and one with at least one jet, to reflect the different experimental
sensitivities and to avoid the corresponding theory dependence.

The STXS bin with 250 GeV < p. has the highest sensitivity to beyond the SM contributions.
The STXS bin for the production via a gluon-gluon initial state is split in a similar way, except
for the high transverse momentum STXS bin of the vector boson, which is not separated.

Further production modes
For the t7H, the bbH and the tH STXS bins at Stage 0 no additional STXS bins are defined at
Stage 1.

4.4.5 Results

First preliminary results of STXS measurements have been published by the ATLAS experi-
ment in the decay channels H — yy and H — ZZ* — 4[ [63]. The combined results of these
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channels use a dataset with an integrated luminosity of 36.1 fb~! collected in 2015 and 2016.
The measured events divided into kinematic and topological categories, as summarized in
Table 4.1. The categories are chosen as similar as possible to the Stage 1 STXS bins described
in the previous sections.

The gluon fusion production (ggF') is split into STXS bins of jet multiplicity, the transverse
momentum of the Higgs boson and into two VBF topological STXS bins. Events initiated
by a quark anti-quark pair are split into two VBF topological STXS bins, an associated
vector boson production VH STXS bin, with a hadronically decaying vector boson and into a
STXS bin for the remaining events. Furthermore events produced by VH processes with a
leptonically decaying vector boson are split into WH and ZH processes and into STXS bins
of the transverse momentum of the Higgs boson p.

H—vyy H—Z7Z" — 4l

ttH +tH leptonic (two tHX and one tfH categories) ttH +tH

ttH +tH hadronic (two tHX and four BDT ##H categories) VH leptonic

VH di-lepton 2-jet VH

VH one-lepton, p5MET > 150 GeV 2-jet VBF, pj > 200 GeV

VH one-lepton, p5MET < 150 GeV 2-jet VBF, pj < 200 GeV

VH Episs, Emiss > 150 GeV 1-jet ggF, p¥ > 120 GeV

VH Episs, Emiss < 150 GeV 1-jet ggF, 60 GeV < p§ < 120 GeV
VH +VBF, p)! > 200 GeV 1-jet ggF, p¥ < 60 GeV

VH hadronic (BDT tight and loose categories) 0-jet ggF

VBF, p’T’m: > 25 GeV (BDT tight and loose categories)
VBF, p" < 25 GeV (BDT tight and loose categories)
ggF 2-jet, p¥’ > 200 GeV

ggF 2-jet, 120 GeV > pl’ < 200 GeV

ggF 2-jet, 60 GeV > p¥’ < 120 GeV

ggF 2-jet, pY’ < 60 GeV

ggF 1-jet, pY’ > 200 GeV

ggF 1-jet, 120 GeV > pl’ < 200 GeV

ggF 1-jet, 60 GeV > p¥’ < 120 GeV

ggF 1-jet, pY’ < 60 GeV

ggF 0-jet (central and forward categories)

Table 4.1: The signal event categories on reconstruction level of the H — yyand H — ZZ* —
4] analyses which enter the combined result at Stage 1 STXS measurements [63].

Stage 0 results

For the Stage O results a combined fit is performed for the cross section of gluon fusion ggF,
vector boson fusion VBF, associated vector boson production V H and associated top anti-top
quark production ¢7H for a rapidity of the Higgs boson yy with |yy| < 2.5 and assuming the
SM branching fractions. Here bbH processes are included into ggF and tHX processes are
included into t7H. The results for this measurement are illustrated and compared to the SM
predictions in Table 4.2. The cross section for ggF (VH, ttH) agree with the SM prediction
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at 1 o (2 o) level of confidence. The measurements of VBF results only reach a 3 o level of
confidence.

Process Result Uncertainty SM prediction

(lyu|<2.5) [pb] Total Stat. Exp. Th. [pb]

ggF 439 o5 133 1 #1245
VBF 79 fy e 08 oy 35208
VH 03 1% Ty 04 103 199708
17H 0.27 5% *03 508 6o 0597003

Table 4.2: Results for STXS Stage 0 measurements of the H — yy and H — ZZ* — 4l
analyses [63].

Stage 1 results

The analyses and dataset can not provide sensitivity to all Stage 1 STXS bins, such that some
STXS bins were merged or neglected.

For the gluon fusion category ggF (see Section 4.4.4) the two VBF topology STXS bins
are merged together with the three STXS bins with a jet multiplicity of two or more and a
transverse momentum of the Higgs boson less then 200 GeV. The two beyond the SM ggF
bins with a transverse momentum of the Higgs boson greater than 200 GeV are merged. For
the VBF category (see Section 4.4.4) all STXS bins with a transverse momentum of the
leading jet less then 200 GeV and the two beyond the SM sensitive STXS bins from the ggF
and the VBF category are merged in each other. For the VH category no Stage 1 STXS bins
are applied.

The remaining STXS bins of this measurement are summarized in Table 4.3 and their results
are given in Figure 4.12, which show a good agreement for all STXS bins with the SM
predictions.

Category  STXS bin

ggF 0-jet

ggF 1jet,pi < 60 GeV

ggF 1-jet,60 GeV < pi < 120 GeV
ggF 1-jet,120 GeV < p# < 200 GeV
ggF >2-jet,pi < 200 GeV

VBF pil < 200 GeV

ggF+VBF  pl > 200 GeV or pj' > 200 GeV
VH VH

ttH ttH

Table 4.3: Measured STXS bins at Stage 1 of the H — yy and H — ZZ* — 4] analyses [63].
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Figure 4.12: Results for the STXS Stage 1 measurement of the combined H — Yy and
H — ZZ* — 4] decay channels [63].



S DATA SET AND SIMULATED EVENTS

Data set

The full 2015 and 2016 pp-collision data sets collected with the ATLAS detector are used
for this analysis with an integrated luminosity of 3.21 fb~! and 33.26 fb~! [53]. For the
modelling of signal and background processes simulated event samples are used, which are
produced with the ATLAS simulation infrastructure [15] as a part of the ATLAS "mc15"
production campaign.

Trigger

The used trigger has changed between the 2015 and 2016 data-taking periods. For both years
single lepton triggers for an electron or a muon are applied. Table 5.1 summarizes the triggers,
separated into the data set years and the lepton flavour. In the trigger names "HLT" refer to the
software based high level trigger and "L1" to the hardware-based first level trigger described
in Section 3.2.5. The second part of the name for example "e26" or "mu26", corresponds
to transverse momentum threshold on the light lepton (”e(mu)26":peTlemm"(muon) > 26 GeV),
which is set at the HLT, while "L1IEM20VH" and "L1MU15" corresponds to transverse
momentum threshold on the light lepton at L1. "lhloose", "lhmedium" and "lhtight" are
likelihood identification criteria, which are set on the light lepton (see Chapter 6). The
abbreviation "nod0" describes that no requirement is applied on distance of the observed
tracks to the primary vertex.

The threshold on the transverse momentum on the light lepton are increased from the 2015
to 2016 data set due to the higher luminosity. The different triggers for the same object are
combined by an "or" such that the object has to pass at least one of the triggers.

Data-set Lepton flavour Trigger

2015 Electron HLT_e24_lhmedium_L1EM20VH
,,,,,,,,,,,,,,,,, HLT_e60_lhmedium
2016 Electron HLT_e26_lhtight_nod0_ivarloose

HLT_e60_lhmedium_nod0O
HLT_e140_Ilhloose_nod0

2015 Muon HLT mu20_iloose_ L1MU15
HLT_mu40
2016  Muwon HLT_mu26_ivarmedium
HLT mu50

Table 5.1: Triggers for the 2015 and 2016 data set used in the H — 7)., Thaq decay channel.

Signal samples

The dominant contributions to Higgs boson production from ggF and VBF are modelled with
Powheg [65], interfaced with Pythia8 [66]. The CT10_AZNLOCATEQG6L1 [67-69] tune is
used for parton distribution functions. The other signal samples are produced with different
generators. The ttH sample is modelled with McAtNIo [70] interfaced with Herwig [71] for
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the parton shower and C6L.1_CT10 [67] for the parton distribution function tune. The VH
production mode is generated with Pythia8 [66] for the parton shower and A14NNPDF23L.O
[72] tune is used for the parton distribution function. To model the 7-lepton decays TAUOLA
[73] is used throughout. All samples are inclusive H — 77 samples, which means that all
decay modes of the t-leptons are considered in the event generators. The generators and their
cross sections are summarized in Table 5.2.

Process Generator Parton distribution function ~ Cross Section [pb] ~Order
Signal
ggH125 Powheg + Pythia8.212 CT10 + AZNLOCTEQO6L  44.14 NNLO+NNLL QCD + NLO EW
VBF125 Powheg + Pythia8.212 CT10 + AZNLOCTEQ6L ~ 3.78 NNLO QCD + NLO EW
WHI125 Pythia8.212 A14NNPDF23LO 1.37 NNLO QCD + NLO EW
ZH125 Pythia8.212 A14NNPDF23LO 0.88 NNLO QCD + NLO EW
ttH125 aMcAtNIlo + Herwigpp + EvtGen UES + C6L1 + CT10 0.51 NLO QCD + NLO EW
Background
Z— up Sherpa 2.2.1 NNPDF30NNLO 1.58-10° NNLO QCD
Z— uu EW Sherpa 2.2.1 NNPDF30NNLO 22.35 NLO QCD
Z—ee Sherpa 2.2.1 NNPDF30NNLO 1.58.10° NNLO QCD
Z—ee EW Sherpa 2.2.1 NNPDF30NNLO 22.35 NLO
Z— 1T Sherpa 2.2.1 NNPDF30NNLO 1.60-10° NNLO QCD
Z— 1t EW Sherpa 2.2.1 NNPDF30NNLO 22.27 NLO QCD
W—puv Sherpa 2.2.1 NNPDF30NNLO 6.98-10° NNLO QCD
W— uv EW Sherpa 2.2.1 NNPDF30NNLO 235.51 NLO QCD
W—ev Sherpa 2.2.1 NNPDF30NNLO 6.98-10° NNLO QCD
W—ev EW Sherpa 2.2.1 NNPDF30NNLO 236.96 NLO QCD
W— v Sherpa 2.2.1 NNPDF30NNLO 7.00-10° NNLO QCD
W— v EW Sherpa 2.2.1 NNPDF30NNLO 236.92 NLO QCD
Diboson Sherpa 2.2.1 CT10 4.86-10° NLO QCD
tt Powheg + Pythia6.428 CT10 + Perugia 2012 2.92.10* NNLO+NNLL QCD
W Powheg + Pythia6 CT10 + Perugia 2012 2.4710° NLO-+NNLL QCD
single t (t-channel) Powheg + Pythia6.428 CT10 + Perugia 2012 2.51-10° NLO+NNLL QCD
single t (s-channel) Powheg + Pythia6.428 CT10 + Perugia 2012 117.51 NLO+NNLL QCD

Table 5.2: Main signal and background samples for the H — T, Tjqq analysis for a combined
2015 and 2016 data set, with their cross sections and the orders of the cross section calculations
in perturbation theory.

Background samples

The considered background processes are the production of vector bosons in association with
jets, top quark production and diboson production.

For the simulation of Z + jets events Sherpa 2.2.1 [74] is used with the NNPDF30NNLO
[75] PDF tune. To estimate modelling uncertainties alternative samples are used, which are
generated with Madgraph [70] and Pythia8 [66]. The electroweak contribution of Z + jets is
produced separately using Sherpa 2.2.1.

Diboson processes are simulated with Sherpa 2.2.1 for the hard scattering and the parton
shower generation. For the PDF the CT10 [67] tune is used. ¢ and single top quark pro-
duction events are generated with Powheg [65] and Pythia6 [66] for the parton shower, with
a CT10_Perugia2012 [67, 76] tune for the PDFE. An overview of all used samples, their
generators and their cross sections can be found in Table 5.2.

Pile-up events produced with Pythia8 [66], overlaid corresponding to the expected pile-up
profile, are used to reconstruct the simulated events. During the analysis the simulated events
are re-weighted based on their pile-up, to match the observed pile-up profile in the data.
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All used samples are passed trough the full GEANT4 [15, 77] simulation of the ATLAS
detector and have been reconstructed by the same software as used for the data. For the
H — 17 decay channel DAOD_HIGG4D?2 derivations are used to produce n-tuples with the
xTau-framework.






6 OBJECT DEFINITIONS

The topology of the H — 77 decay makes it necessary to identify and reconstruct several
objects. Especially the reconstruction of hadronically decaying 7-leptons, electrons, muons,
jets and missing transverse energy E2'* is necessary. This section will describe the definitions
of these different objects as used in this analysis.

Electrons

Electron candidates are reconstructed by matching energy deposits in the electromagnetic
calorimeter with tracks in the inner detector. A transverse momentum pr > 15 GeV and a
pseudorapidity |n| < 2.5 are further conditions applied to the electrons. Here the transition
region between the barrel and end-cap calorimeter (1.37 < |n| < 1.51) is excluded. Addi-
tionally the candidates have to pass a "medium" likelihood-based identification requirement
[78] and a gradient isolation criterion [79]. The electron reconstruction and identification
is measured using a tag-and-probe technique in Z—ee events [79]. In this technique a tight
requirement is applied to one tag electron, while the efficiency for the second probe electron in
the event can be measured. The identification efficiency for the 2015 data set is given in Figure
6.1a as a function of the number of primary vertices and in Figure 6.1b the identification
and reconstruction efficiency is illustrated as a function of transverse energy Er. To correct
differences in the identification and reconstruction efficiencies between data and simulated
events, a scale factor is derived from the ratio between them and applied to the simulated
events.
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Figure 6.1: Identification efficiency for electrons as a function of the number of primary
vertices (left) and identification and reconstruction efficiency for electrons as a function of the
transverse energy Er (right) with the ATLAS detector using Z—ee events with the 2015 data
set [79].
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Muons

Muon candidates are detected by identifying
tracks reconstructed in the muon spectrometer,
which match a reconstructed track in the inner
detector. The transverse momentum pr has to
exceed 10 GeV and the absolute value of the
pseudorapidity 1] is required to be less than 2.5.
Also the muon has to satisfy a gradient isola-
tion criterion [80] and a medium identification
selection, which is based on requirements con-
cerning the number of hits in the inner detector
and the muon system [81]. The efficiency for
the muon identification is measured with a rag-
and-probe technique using Z— uu events [80].
The efficiency for the 2015 data set is illustrated
in Figure 6.2 as a function of the pseudorapitidy
n. From the ratio between data and simulation
a scale factor is derived to correct identification
and reconstruction efficiency deviations between
them.

Hadronic t-lepton decays

> T — —— T T
o 1= —
e N - E
= 8 _
£ 0.8f
0.6 -
= ATLAS Preliminary ~-Data —
0.4 1s=13Tev, 321" Wpatasyst. 1
- Z>1,T, 4 1-track Data Stat. |
r HLT tau25 medium trigger ~ <4-MC ]
02, . .. . 7
mg 12E — T T E
= 1t — E
508" H
06F . . . .. .

10°
DT (Thad—vis) [GeV]

(a)

>
Q 1 E 3 & oo
% [00%00e®” e700c0 000 0y o %0 *cege o e* T
— - ., .o '. - 4
2098 ¢ . 4
L B o ]
0.96 |- 4
0.65 AtLAs Zopp -
C == =l J
S L
0.6 — MC 7
. —® Loose muons (In| < 0.1) -
O Frrt t t t t t t t ]
=1.02 Mstatonly  sys @ Stat |
-
© 1
-
@©
0 0.98

252151050 05 1 15 2 2.5
n

Figure 6.2: Identification efficiency for
muons as a function of the pseudorapidity
n with the ATLAS detector using Z—ee
events with a 2015 data set [80].
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Figure 6.3: Efficiencies for signal and background subtracted data and the corresponding
scale factors (€bau/evc) for the hadronically decaying 7-lepton as a function of the transverse
momentum, calculated with a 2015 data set for decays with one track (left) and three tracks

(right) [82].
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The seed of the hadronic 7-lepton reconstruction are jets formed by the anti-k; algorithm
applied on calibrated topological clusters with a distance parameter of R=0.4 [83, 84]. The
transverse momentum p7 has to be greater then 30 GeV and the absolute value of the
pseudorapidity |n| less then 2.4. The area between the barrel and end-cap calorimeter
(1.37 < |n| < 1.51) is excluded and an identification selection has to fulfill a medium criteria
[82], which is based on a Boosted Decision Tree. The main goal of this is to separate the
true visible 7-lepton decay products from jets, which are initiated by quarks or gluons. The
efficiency of the identification of hadronically decaying t-lepton is measured with a tag-and-
probe technique in Z— 77 events. The efficiencies and corresponding scale factors for the
2015 data set are illustrated in Figure 6.3.
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Figure 6.4: Identification efficiency for a b-jet as a function of the transverse momentum of
the jet Jet pr with the ATLAS detector using di-leptonic ¢7 events with a 2016 data set [85]
(a) and ratio of the electromagnetic+JES jet response in data to that in the nominal simulated
events as a function of the transverse momentum for Z-jet, y-jet, and multi-jet with a 2015
data set (b)[86].

For the reconstruction of the jets the anti-k; algorithm with a distance parameter of R=0.4
is used [87, 88]. To calibrate the jet energy the electromagnetic+JES scaling scheme is
applied [86]. The data-simulation comparison for the electromagnetic+JES scaling scheme is
shown in Figure 6.4b for a 2015 data set. Requirements on the transverse momentum and
the pseudorapidity are set: pr > 20 GeV and |n| < 4.5. JVT is given by a Jet Vertex Tagger
algorithm, which is described in [89], and suppresses jets, from pile-up events. For this a
|JVT| > 0.64 requirement is set on jets with pr < 50 GeV and |n| < 2.4. For the forward
region || > 2.4 a fIVT (f for forward) is defined for jets with pr < 50 GeV, which have to
pass | fJVT| > 0.4. For jets which are initiated by bottom quarks additional requirements are
set. Flavour tagging algorithms are applied to identify the flavour of hard scattered quarks
causing jets. In particular to identify jets initiated by bottom quarks, so called b-jets, the
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MV2c20 algorithm is implemented [90]. This algorithm uses the relatively long lifetime of
b-flavoured hadrons (1.5 ps), which results in a secondary vertex with a distance of a few mm
to the primary vertex. The efficiencies are calculated using ¢7 events with a 2016 data set and
the results are given in Figure 6.4a [85].

Missing transverse energy

The energy and momentum of the initial state partons participating in the hard scattering
in a proton-proton collision is unknown along the beam axis. However four-momentum
conservation can be used in the transverse plane, with the assumption of negligible transverse
momenta of the initial particles. Thus the final state transverse momentum has to be zero. The
missing transverse energy E7'* refers to the momentum magnitude in the transverse plane,
which is necessary to achieve this requirement:

E?]iss — \/(E)’cniss)z + (E§m'ss)2‘ 6.1)

The dominant part of E/**5 corresponds to particles which are not measured in the detector,
like the weakly-interacting neutrinos. The leptonic decay of a t-lepton T — [V, Vv, provides
two neutrinos in the final state, such that a significant amount of the 7-lepton momenta in the
semileptonic di-7-lepton decay H — Tj¢p, Thaq 1s carried by neutrinos. The missing energy is
determined as the negative sum of all measured energy depositions in the calorimeters E;‘;l"
corrected by the reconstructed muon energies E;"*:

EJ' = —E{l0 — Euem. (6.2)
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Figure 6.5: Distribution of TST E}"*, E}"* resolution as a function of the sum of the transver-
sal energy Y Er with a 2015 data set in Z— pu events, the black dots corresponds to data
and the red squares to simulated events [91].

The energy deposition in the calorimeters includes fully reconstructed and calibrated physical
objects. Since the jet reconstruction requires a cut on low the transverse momentum (pr >
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20 GeV) the contribution of soft term from low pr particles under this threshold has to be
take into account. To calculate this missing soft term the TrackSoftTerm (TST) algorithm
is applied [91]. The TST uses inner-detector tracks originating from the hard-scattering
vertex that are not associated to reconstructed objects and add them to the calculation. The
performance for the TST is measured using Z— pu events and is shown in Figure 6.5 for a
2015 data set [91]. The figure illustrates a good agreement between the soft term calculation
from data and prediction from simulated events.

Overlap removal

Since geometric overlap between reconstructed objects creates ambiguity in the identity of the
object, an overlap removal has to be made. To decide if this is necessary for two objects, the
separation AR = \/(An)? + (A®)? is used. If two objects fail the AR requirement described
below, one object is kept, while the other is removed. For this a priority order is necessary.
In this analysis the following order is used: muon, electron, 7-lepton and jet. Different AR
thresholds are set for different object combinations:

1. For Muons

e Jetsin AR=0.4
® T,,sinAR=0.2
e Electrons in AR =0.2

2. For electrons

e Jetsin AR=0.4
® Thad in AR=0.2

3. for Thad

e Jetsin AR=0.2

Higgs boson candidate kinematic reconstruction

To calculate the invariant di-7-lepton mass, the so called missing mass calculator (MMC)
is used. This calculator is able to reconstruct the full event topology. The concept behind
the MMC is to reconstruct the momentum of each 7-lepton pair. For this the MMC uses
all known kinematic constraints and performs a scan over the yet undetermined variables.
Further information can be found in [92].






7 BACKGROUND PROCESSES

Background processes can be categorized into reducible and irreducible processes. Irreducible
processes have the same final state signature as the signal process and are therefore difficult to
suppress. Reducible backgrounds have a different final state topology than the signal process,
but misidentification of physical objects and deficient reconstruction of missing transverse
energy in the detector can lead to a classification as a signal process. The simulation of
the background processes and the used cross-sections were discussed in Chapter 5. The
estimation of their contribution to the selected event yields is described in Section 9.1.

7.1 W/Z boson production in association with jets

The production of Z bosons or virtual photons y* in association with jets give an impor-
tant background for the H — 7,447, decay channel. They can produce irreducible and
reducible background events. Final states with one leptonically and one hadronically decaying
T-lepton Z/Y* — T, Thaq contribute as an irreducible background. Reducible backgrounds
are ZI'Y* — Thad Thad» ZIY* — TiepTiep and Z— 11 events. In the first processes for example the
jet produced from a one hadronically decaying 7-lepton can be misidentified as a light lepton
while for the second and third process for example one light lepton has to be misidentified as
a hadronically decaying 7-lepton. Furthermore the Z boson can be produced with additional
jets, which can be misidentified as 7-leptons.
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Figure 7.1: Feynman diagrams of vector boson production backgrounds with associated jets,
for the Z boson (top) and for the W boson (bottom). From left to right with no associated jet,
one associated jet and two associated jets.

Background contributions from W= boson production in association with jets are reducible.
Here mainly a jet gets misidentified as a hadronically decaying 7-lepton, while the W* boson
decays leptonically.
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Example Feynman diagrams for Z boson and W+ boson production with up to two jets are
illustrated in Figure 7.1.

7.2 Diboson

All processes with WW-, ZZ- or WZ-diboson production contribute to this background. The
W boson and Z boson can decay either leptonically or hadronically. Thus these backgrounds
provide final states including leptons and jets. Example Feynman diagrams for different
diboson production modes are illustrated in Figure 7.2.

q wE gl z qe—<—¢\\/\/\/\/\/\/\e Z
z wt
A
? wt W der e\ N\ Z
(a) WW-di-boson (b) WZ-di-boson (c) ZZ-di-boson

Figure 7.2: Feynman diagrams of vector boson pair production backgrounds.
for example

7.3 Single top quark and top quark pair production

Single top quarks can be produced in the s-channel, t-channel or in association with a W+
boson. The Feynman diagrams for these productions modes are illustrated in Figure 7.3 (top
row). Top quarks decay mostly into a W boson and a bottom quark. Thus further decays of
the W boson can produce a similar final state signature as the signal process.

The dominant part of backgrounds involving top quarks are initiated by top quark pair produc-
tion, with decays into bottom quarks and W* bosons. Different top quark pair production
modes are shown in Figure 7.3.
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Figure 7.3: Feynman diagrams of top production backgrounds, with single top quark produc-
tions modes (top) and top quark pair productions (bottom).
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7.4 QCD multi-jet production

Various QCD processes involving outgoing quarks and gluons arise with large production
cross sections at the LHC. In these, color-charged partons hadronize and produce multi-jet
final states. These jets can be misidentified as 7-lepton decays and thus produce a signal-like
final state. Examples of Feynman diagrams for these QCD processes are given in Figure 7.4.

q ( 3¢ qde—~a—o e Jd Je eJd
\ g
/l [ A o
q e g qe—p—o g ge PYel
(a) WW-di-boson (b) WZ-di-boson (c) ZZ-di-boson

Figure 7.4: Feynman diagrams for QCD multi-jet backgrounds.






8 EVENT SELECTION

In this chapter the event selection for the semileptonic H — Tj¢p, Thaq channel will be described.
For the whole study a cut-based event selection is being used. A common Preselection is
applied to select the 7y, Thqq €vents and to suppress background processes. Furthermore
two event categories are defined. The first should enhance VBF signal and is called VBF
region. The second one is the Boosted region on which cuts are applied to increase the ggF
signal against other processes. Furthermore both signal event categories are split into two
sub-selections: VBF tight/loose and Boosted high/low. A full overview of all signal categories
for example and their selection criteria can be found in Table 8.1.

Region Requirements Cut number

Preselection  Exactly one light lepton and one hadronically decaying 7-lepton
Light lepton medium identification and gradient isolation

pred >30 GeV, |Ng,,| < 2.4 and Tj,, medium identification M
Opposite charge of the light lepton and the 7-lepton
‘An(TlepaThad)l <1.5 (2)
AR(Tlep; Thad) <25 (3)
E7™ > 20 GeV 4)
b-jet veto (5)
mr <70 GeV (6)
pi > 40 GeV (7
0.1<x;<14and0.1 <x;<1.2 (8
VBF P >30GeV (CA%)
|An ;| >3 (10v)
mj; > 400 GeV a1v)
,,,,,,,,,, My XM <O . ______dzv)
VBF tight Pass VBF requirements
mj; > 500 GeV 13V)
pi > 100 GeV 14v)
VBF loose Pass VBF and fail VBF tight requirements asv)
Boosted Fail VBF requirement 9B)
,,,,,,,,,, pR>100Gey . 0B
Boosted high  Pass Boosted requirements
pH > 140 GeV (11 B)
AR(Tlepa Thad) <l5 (12 B)
Boosted low  Pass Boosted and fail Boosted high requirements (13 B)

Table 8.1: Signal event categories and their corresponding requirements for the H — T Thaa
cut-based analysis for the combined 2015 and 2016 data set.
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8.1 Preselection

The basic requirement for the semileptonic H — Ty, Thaq decay channel is to require exactly
one light lepton (electron or muon) and one hadronically decaying t-lepton. Since the Higgs
boson has zero charge, additionally the light lepton and the hadronically decaying 7-lepton
must have opposite electric charge. Further the light lepton and the 7,,,-lepton have to pass
their medium identification criteria, the light lepton has to fullfill the gradient isolation criteria,
the transverse momentum of the 7;,4-lepton has to greater than 30 GeV and the pseudorapidity
of the Theq-lepton has to fullfill |1y, ,| < 2.4. These cuts are applied first (Table 8.1 Cut 1) and
they are based on the object definition in Chapter 6. Further cuts on the spatial properties of
the two t-leptons are set: |AN (Tiep, Thaa)| < 1.5 (Cut 2) and AR(Tep, Thaq) < 2.5 (Cut 3). The
distributions for these variables before the cuts are shown in Figure 8.1a and 8.1b. A cut on
the missing transverse energy (E7%) with E2SS > 20 GeV is set (Cut 4) and the distribution
for this selection is illustrated in Figure 8.1c. The figures show that this cut removes the lower
two bins, which are dominated by Z — 77 and Z — /[ events. To reduce background events
from ¢ production a b-jet veto is applied (Cut 5), which is shown in Figure 8.1d. For a two
particle system the transverse mass can be calculated by: mZT =(Er +ET72)2 —(Pra+ ﬁm)z,
where Er; = m? + (Pr,;)? is the transverse energy of the particle i and pr; = (px., py.) the
transverse momentum of it. To suppress the W+jets background a cut on transverse mass (mr)
as a function of the lepton and missing transverse energy is applied: my < 70 GeV (Cut 6 and
Figure 8.1¢). The transverse momentum of the leading jet p7' has to exceed 40 GeV, to reduce
the W+jets and the Z — 77 background (Cut 7 and Figure 8.1f). The fractions of 7-lepton
momenta carried by visible decay products are calculated using the collinear approximation
[93]. For the collinear mass the neutrino four momentum is reconstructed by assuming that
the missing transverse energy EZ* is only caused by the neutrinos and that they are emitted
in the same direction as the 7-leptons. With this definitions the collinear mass is given by:

Myig

VX

where m, ;s corresponds to the mass of the visible decay products of the two 7-leptons and
x1,xp are the momentum fractions carried by the visible decay products:

8.1

Meoll =

Dris,1(2) = X12)Pr,1(2) (8.2)

In the collinear approximation these momentum fractions can be reconstructed by using the
missing transverse energy:

X Y Y
x . Dyis2Pyis 1 — pvis,Zp/\fis,l
12) — y miss,x y miss,y _x
Diis 2 Pyis 1 + (_)ET p/:[s71(2) B pViSJPJ‘SiS,l o (+)ET pvis,l(Z)

(8.3)

To reduce irreducible backgrounds, where the missing transverse energy is not aligned in
the direction of the light leptons, a cut on the these fractions is set: 0.1 < x; < 1.4 and
0.1 < xp < 1.2 (Cut 8). The distribution for these variables for simulated events are given in
Figure 8.1g and 8.1h.
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Figure 8.1: Expected number of events for background and signal processes as a function of
several variables, which are used in the Preselection. The distributions are shown before the
corresponding cut on it is applied. The colored histograms are backgrounds processes, while
the combined signal processes are illustrated with the red line, multiplied by a factor of 20.
The uncertainty bands on the background include only statistical uncertainties.
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8.2 VBF region

For the VBF region in addition to the Preselection, cuts are applied to enhance the VBF signal.
Since the VBF production is accompanied by two additional jets (Figure 2.4b), a requirement
on a second jet with a transverse momentum pr > 30 GeV is set (Cut 9 V and Figure 8.3a).
Due to the forward direction of the two jets a cut with |[An;;| > 3 (Cut 10 V and Figure 8.3b)
is applied. On the invariant mass m; of the two jets a cut is applied with m;; > 400 GeV (Cut
11 V and Figure 8.3¢) and the jets are required to be in opposite hemispheres (1;, X 17, < 0)
(Cut 12 V). The VBF region is split into two subregions. The VBF tight region is defined with
two further cuts: m;; > 500 GeV (Cut 13 V and Figure 8.3d) and pITJ > 100 GeV (Cut 14V
and Figure 8.3e). The second region, VBF loose, is defined by events which fail the tight
requirement but pass the VBF selection (Cut 15 V).

8.3 Boosted region

The Boosted region is defined to enhance the gluon fusion process against other processes.
For this cuts are applied which use the property that the ggF process can radiate an additional
jet (Figure 8.2). The events have to fullfill all Preselection requirements but fail the VBF
requirement (Cut 9 B). Additionally a cut on the transverse momentum of the Higgs boson
(pH) is set: pi > 100 GeV (Cut 10 B and Figure 8.3f), since Higgs bosons have a high
transverse momentum through the recoil against additional jets. Further, the Boosted region
is split into a high Higgs boson transverse momentum region and a low one. For the high
transverse momentum region (Boosted high) the cut on the transverse momentum of the
Higgs is increased to p4 > 140 GeV (Cut 11 B and Figure 8.3g) and due to the high boost a
tighter cut on AR(7ep, Thaa) is set with AR(Tjep, Thaa) < 1.5 (Cut 12 B and Figure 8.3h). The
(Boosted low) category includes all events which pass the Boosted but fail the Boosted high
requirements.
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Figure 8.2: Example of a Feynman graph for a boosted ggF event.
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Figure 8.3: Expected number of events for background and signal processes in observables,
which are used for the selection of VBF (a-e) or Boosted (f-h) event category. The distribu-
tions are shown before the corresponding cut on it is applied. The colored histograms are
backgrounds processes and their uncertainty bands include only statistical uncertainties. The
events of VBF processes (yellow), ggF processes (magenta) and other signal process (red) are
shown by lines and are multiplied by a factor of 20.
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8.4 Event yields

Table 8.2 shows the event yields for data, all signal processes, the ggF and VBF processes
and the combined background events at different selection levels. The last three columns of
the table illustrate the proportion of all signal processes, the ggF and VBF processes. The
VBF selection enhance as expected the VBF signal against the Preselection, but also the ggF

contribution.
Signal Proportion (%) of

Category Data all ggF VBF | Background | Signal ggF VBF
Preselection \ 20638 \ 299+3 22143 65404 | 202824157 145 1.02 0.30
VBF 729 | 4341 1441 30+0.3 643118 627 192 4.12

VBFtight | 445 | 3241  9+1 23402 | 384413 | 7.67 202 5.17
VBF loose 284 | 1241 541  740.1 258+12 444 1.75 246
Boosted 11615 | 163£2 12943 254+0.4 | 11338+87 142 1.07 0.21

“Boosted high | 5606 | 88+2 69+2 13402 | 5524455 | 157 1.18 022
Boosted low 6009 | 7542 60+2 12+0.2 | 5813467 1.27 096 0.19

Table 8.2: Events yields of data, signal and background for the different event selections of
the H — Ty Thaq analysis with a combined 2015 and 2016 data set of 36 fb L. Only statistical
uncertainties are shown.
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This chapter discuss the background estimation and modelling for the H — 7)., Tqq decay
channel. Furthermore the used fit model and the results for the signal strength measurement
of the H — TjepThaa decay channel is presented.

9.1 Background estimation

The processes explained in Chapter 5 can be classified into five main backgrounds. These are
Z — 17, Z — 1, top quark production processes, di-boson processes and "fakes". "Fakes"
corresponds to events where a jet is misidentified as a hadronically decaying t-lepton. The
"fake" background is initiated by different processes and each of these processes has a differ-
ent probability to "fake" a hadronically decaying t-lepton. The estimation of this background
is done in a data-driven way and described in Chapter 10 in detail. The remaining back-
grounds are determined with simulated events with data-driven corrections for the triggering,
reconstruction and identification efficiency. The expected event yields for all backgrounds
in the different signal categories are given in Table 9.1. The dominant contribution in all
categories are Z — 77 and "fake" events.

Category Fake Z—=1T Z—1l Top  Di-boson Sum
Preselection =~ 4523436 14682+£119 557£95 243+9 277+7 20282+157
Boosted 2123421  8640+£79  216£28 161+£8 197+6 11338487

Boosted high  5054+11  4793+£53 7619 49+5 101+4 5524455
Boosted low  1618+18  3847£59  1414£27 11246 9744 5813467

VBE 15046 45116 l444 1642 1241 643£18
VBF tight B0ES ~ 277E11 843 11£2 9kl 384£13
VBF loose 7044 173412 642 641 3+1 258412

Table 9.1: Events yields of the different backgrounds for the event selections of the H —
Tjep Thaa analysis.

The relative contribution of the "fake" background to the full background is reduced from
the Preselection (22%) to the inclusive Boosted event selection (19%). While the relative
contribution is further reduced in the Boosted high event selection to 9% is the relative contri-
bution in the Boosted low event selection 28%. Thus the tighter event selection reduce the
reducible "fake" background. The relative contribution of the Z — 77 background is 72% in
the Preselection. In contrast to the "fake" background the relative contribution of this back-
ground increases in the Boosted high event selection to 86%, while the relative contribution is
66% in the Boosted low event selection. The difference of the relative contributions of both
backgrounds from the Preselection to the VBF event selections is smaller. In the inclusive
VBF event selection the relative contributions are 23% and 70% for the "fake" background
and the Z — 77 background.

For events with top quarks control regions are defined by inverting the bottom quark veto of
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the signal categories and leaving all other requirements unchanged. These control regions are
enriched in top quark initiated events.

Table 9.2 summarizes the event yields for different processes in these regions. The table
shows that in each region top quark initiated events correspond to 50% up to 62% of all events.
Additionally a large part of the fake background is produced by top quark events in these re-
gions, such that the top quark initiated contribution in this region is even higher. These regions
are used to obtain the normalisation of the top-quark production background in a data-driven
way. The are therefore included in the final fit with the top-quark normalisation as a nui-
sance parameter, as discussed in the next section. This assume that the full missmodelling in
these regions is introduced trough the top background, which is dominant one in these regions.

Category Data  Signal Top Fake Other All Top fraction
Preselection 5001 1540.7 2632434 1698+22 562429 490650 54%
Boosted 3426  104+0.6 1932429 1024+15 371417 3337+37 58%
Boosted high 643 4403 218410 17446  184+11 579+16 |  38%
Boosted low 2783  6+£0.4 1714+27  850£14 187£13 2757433 62%
VBF 216 2+£0.2 96+6 4543 3249 17511 55%
VBFtight 145 1+0.1  66+5 2842 2248 11710 |  571%
VBF loose 71  1£0.1 2944 18+£2 10£3 5845 50%

Table 9.2: Events yields of the control regions for top quark production processes. The
measured data, the expected signal events, the top quark events and the "fake" background
events are shown in the first four columns, while the column other includes the remaining
backgrounds and the column "all" is the sum of all predicted events. The last row shows the
proportion of top quark events.

Figure 9.1 compares the data and expected events yields events in mYM¢ for the Boosted
categories (top) and VBF categories (bottom). A good agreement in all categories is observed
in the background dominated low (<100 GeV) and high mass (>150 GeV) regions. Thus the
"fake-factor" method and the other background estimations give a good description of the
data in background dominated regions.
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Figure 9.1: Reconstructed mMC distributions for the Boosted categories (top) and the VBF
categories (bottom). The inclusive signal categories, the high/tight and low/loose categories
are shown from left to right. The black dots correspond to the data, while the colored
histograms belongs to the different backgrounds.



67 9 SIGNAL STRENGTH MEASUREMENT

9.2 Fit model

In this study the signal region are binned in the reconstructed di-7-lepton mass mM€ deter-
mined by the missing mass calculator (see Section 6). The control regions are employed to
constrain the event yields of top quark initiated background processes and contain a single

bin. The used regions and their binning are summarized in Table 9.3. The signal strength u

Typ Region Binning
Signal region  Boosted high mMMC binning
Signal region  Boosted low mMMC binning
Control region  Boosted top control region single bin
Signal region  VBF tight mMMC binning
Signal region  VBF loose mMMC binning
Control region  VBF top control region single bin

Table 9.3: Used regions for the final likelihood function, with their corresponding binning, in
the H — 77 decay channel.

is the parameter of interest (Pol), defined as the ratio of the fitted signal cross section times
the branching ratio of the H — 77 to the signal cross section times the branching ratio of the
H — t7 decay predicted by the SM (i = (0-BRet)ons/(6-BR::)su). A value of zero refers to the
absence of a signal and a value of 1t = 1 corresponds to a signal as predicted by the SM.

A binned likelihood function is used, constructed as the product of Poisson probability terms
(further information in [94]). The likelihood function is constructed by fit of the expected
signal plus background to data in each signal category and control region. All backgrounds
discussed in the previous section are included in the likelihood function. All backgrounds are
subject to variations due to experimental and theoretical systematic uncertainties which are
modelled via nuisance parameters.

9.3 Results

Table 9.4 show the observed results for a fit with the combined 2015 and 2016 dataset of the
H — 7)o Thaa decay channel at the ATLAS experiment. The table shows the best fit value,
the statistical uncertainty on data and the systematic uncertainty further split into different
uncertainty sources. The best fit value for the signal strength L4 is given by:

Lobs = 0.80£0.43, (9.1)

in agreement with the SM expectation. The observed pg, obs-value and the corresponding
significance are given by:

Po, obs = 0.032 (1.90). 9.2)

To estimate the expected uncertainties on the signal strength and the expected significance a
fit with an Asimov dataset is done. This data set is calculated by the sum over all simulated
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background samples and simulated signal samples in the signal and control regions. The
estimated expected significance has a pg, exp-value of 0.017 corresponding to an expected
significance of 2.1 0. The observed significance is lower than the expected significance. The
dominant uncertainty sources shown in Table 9.4 are related to the jet and EX*** reconstruc-
tion (£0.28) and the statistical uncertainties of the dataset (4-0.22), followed by the "fake"
uncertainties (£0.15) and the statistical uncertainties of the used simulated samples (£0.19).
The nuisance parameters and normalisation factors are given in Figure A.1 in the appendix.

Best fit values 0.80+0.43
Data statistic +0.22
Systematic unc. +0.37
‘Normalizationunc. ~ +0.04
Jets and Ess +0.28
B-jets +0.03
Light leptons +0.01
T-leptons +0.07
Pileup re-weighting +0.09
"Fake" background +0.15
Luminosity +0.04
Theory unc. on signal +0.09
Theory unc. on background 40.01
Simulation statistic +0.19

Table 9.4: Best fit value for the signal strength with a combined the 2015 and 2016 dataset of
the H — Ty, Thaq decay channel with 36fb~! and its uncertainty split into several sources.

Figures 9.2a-9.2d show the mMC distribution for the four signal event categories after

the fit ("post fit"). Thus the top quark background is normalized by the control region fit
and the determined nuisance parameters are applied. The colored histograms except of
the red one which corresponds to the signal are the background events. The blue dashed
line corresponds to the background calculation before the fit. Since only the top quark
background is re-weighted with the top control regions in the fit, the difference between
post-fit and pre-fit backgrounds is introduced through this re-weighting and through pulls on
the nuisance parameters (see Figure A.1b). The calculated normalisation factors for the top

quark background Ny\%. for the VBF region and N ;;’fm , for the Boosted region are given by:
N‘Zof;; =144+0.3 and N£35sted =1.14+0.1. 9.3)

The Figure 9.2e and 9.2f illustrate the control region post-fit yields. The figures confirm that
the post fit top production background for the VBF region is higher than the pre fit calculated
background, while the difference in the Boosted region is small.
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Figure 9.2: Reconstructed di-7-lepton mass m¥MC distributions after the fit for the Boosted
categories (top) and the VBF categories (bottom). The signal regions are shown in the first
two rows and the control regions in the last row. The black dots correspond to the data, while
the colored histograms belongs to the calculated background plus signal events (red).



10 BACKGROUND PROCESSES FROM JETS
MISIDENTIFIED AS 754p

This chapter discusses the estimation of background processes from jets misidentified as
hadronically decaying 7 leptons, so called "fakes". These events are a dominant background
for the H — 7, Thaq decay channel. The "fakes" are mostly initiated by W+jets or multi-jet
processes, but also by top quark production and Z+jets processes.

10.1 Description of the underlying method

Hadronically decaying t-lepton objects are identified (see Chapter 6) by using a Boosted
Decision Tree (BDT). The collimation of the 7-lepton is one of the dominant variables for
this BDT. As a consequence background jets, which have a similar collimation as the jets of
the 7-lepton decay, are likely to get misidentified as a 7-lepton. The collimation of the jet
is highly depending on whether the jet is initiated by a quark or a gluon. The quark-gluon
fraction is different for W+jets, multi-jet, top quark production and Z+jets processes. To take
this into account the "fakes" are estimated for each process separately.

For estimating this background a data-driven method is highly desirable, since simulations are
limited by statistics and systematic uncertainties. This analysis uses a so called "fake-factor"
method, which is similar to the one used in Run 1 [20]. This thesis transfers the method to the
new dataset, which was taken in the years 2015 and 2016, and optimizes it.

A control region, which is orthogonal to the signal region, is used for this method. This control
region should be as similar as possible to the signal region, but highly dominated by "fake"
events. The number and the shape of the "fake" events are calculated in this region. To transfer
these into the proper signal region, a transfer factor is used, which is called "fake-factor" (FF).
This transfer factor is estimated by the ratio between events with a 7-lepton, which pass the
7-ID medium criteria Npass - 1p and events with a 7-lepton, which fail the criteria Np,ji r—p:

Npass 7—ID

FF = (10.1)

Npaitz-1D
To take the different afore-noted background contribution to "fakes" into account a individual
"fake-factor" FF; is calculated for each process i. The combined "fake-factor" FF is calculated
by the sum weighted with the relative contribution R; of the process i:

FF =) R; FF;. (10.2)
i

To calculate the individual "fake-factors" further control regions are defined in which the
corresponding process is enriched. Thus the method assumes that the "fake-factors" calculated
in control region can be used in the signal region. The final number of "fakes" in the proper
signal region is given by:

Niires = Np3=T" . FF, (10.3)

SR " " o: : : “anti—1”
where Ngy. is the number of "fakes" in the signal region and Ny, ..~ is the number of

"fakes" in the "anti-7" control region described in the next section.
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10.1.1 "Anti-7" control region and estimation of ''fake'' events

A region called "anti-7" region is used as the control
region, in which the number of "fake" events and
their shape are calculated. The "anti-7" region is

defined by a leading 7-lepton which fails the 7-ID P epton medium ID crieria
medium requirement. This means, that this property () The anti-7 region (right) is defined by
is inverted compared to the signal region (see Figure  j;verting the medium ID criteria on the
10.1a). This definition ensures a high amount of leading t-lepton. All further cuts are the
"fakes" and excludes most of the events with a true  same as for the signal region.

leading 7-lepton (see Table A.1 in the appendix). At
low BDT scores the quark-gluon fraction changes - - -

significantly. Since this fraction has a high influence
on the "fake" rate an additional cut on the BDT
score is set (BDT>0.35), which should bring the
quark-gluon fraction in the "anti-7" region closer
to the one in the signal region without loosing too Figure 10.1

much statistics. The events where the reconstructed

T-lepton is not "faked" by a jet are subtracted by using simulated events. The number of

"fakes" in the "anti-7" control region N, aakn‘::r SR is defined by:

(b) The "fake-factor" is the transfer factor
from the "anti-7" to the T region.

anti—7",SR _ Aanti—7",SR  A"anti—7",SR
Nfakes - Ndata - NMC,notj%T ’ (10.4)
where N.2™~7"SR refers to the number of data events in the "anti-t" region and N, 200 —7 SR
data g MCnot j—1

to the number of simulated events in the "anti-7" region, where the reconstructed 7;,4-lepton
is not initiated by a jet. This definition applied to Equation 10.3 equals:
SR “anti—7”,SR *anti—7”,SR
Nakes = (Ndata - NMC,notj%'r )-FF. (10.5)

Thus the "fake-factor” transfers the "fake" estimation from the anti-7 region to the 7 region
(see Figure 10.1b).

10.1.2 '"Fake-factor' estimation

The "fake-factor" FF has to transfer the number of "fake" events from the "anti-7" region to
the signal region and has to be calculated separately for the four background processes:

FF = Rw -FFw + Rtop ' FFtop +Rz-FFz + Rmultifjet ' Fqultifjeta (106)

where W refers to W+jets, top to top quark production, Z to Z+jets and multi-jet to multi-jet
processes. However the contributions of top quark production and of Z+jets processes are
small compared to the other backgrounds. To simplify the method the "fake-factor" of W+jets
processes is used for all non-multi-jet processes, such that the relative contribution of W+jets
is the sum of all non-multi-jet contributions. The underlying assumption that the difference
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between the "fake-factors” of the non-multi-jet processes is negligible (FFw ~ FF,, ~ FFz)
is proven in Section 10.3.1. Thus the "fake-factor" FF is calculated in the following way:

FF = Rwz: - FFw + Ruutti—jet - FFmulti—jet, With (10.7)

RWZt:< Z Ri) (10.8)

W,Z,top

10.1.3 Individual '"'fake-factors"

To calculate a "fake-factor" for one individual process in a data-driven way, it is essential
to separate the events of this process from other backgrounds. For this control regions are
defined, which enhance the contribution of the corresponding process. The control regions
should be as similar as possible to the signal region and they should all be orthogonal to each
other to ensure that no event is used twice. To achieve this condition one different property of
the signal region is inverted for each control region.

Proportion of events (%)
Boosted VBF
Process  CR; = SR, except W+jets  Multi-jet  Others | W+jets Multi-jet  Others
Wijets Inverted mt cut (mp> 70 GeV) 84 4 12 82 3 15
Multi-jet Inverted lepton isolation 2 97 1 2 97 1

Table 10.1: Definition and purity of the individual "anti-7" control regions in the Boosted and
VBF category.

Since multi-jet events are not expected to has true isolated leptons (see Chapter 5) the lepton
isolation requirement is inverted such that the detected lepton is mostly a misidentified jet.
For W+jets processes the cut on the transverse mass of the signal region is inverted, since
this cut is applied on the signal region to reduce the high amount of W+jets background (see
Chapter 8). The cut difference and the purity of the control regions for the Boosted and VBF
signal region are summarised in Table 10.1, while the exact event yields of the control regions
are given in Table A.1 in the appendix. The multi-jet processes have a proportion of 97% in
both multi-jet control regions and the W+jets processes a proportion of at least 82% in the
W-jets control regions.

Since the "fake-factor" should transfer the number of events with a jet misidentified as a
T-lepton in the "anti-7" region to the number of events with this property in the signal region,
it is calculated via a fraction of events in a T region over events in the corresponding "anti-7"
region. This means that to calculate the FF; of the process i, two different cuts are being used.
First the cut to get the actual control region of this process and then to get the corresponding
"anti-7" region additionally the 7-ID requirement is inverted. Thus there are six different
regions included in this method (see Figure 10.2).
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transverse mass
lepton isolation

<70GeV

fail

pass fail

T-lepton medium ID criteria

Figure 10.2: Overview of different regions, which are used in the "fake-factor" method.

These control regions are dominated by the corresponding background but not completely
cleaned from other processes, such that simulated events are used to subtract the events in this
region, which come from other sources. The exact formula for the individual "fake-factor" for
a background process i FF; is:

‘L',CRj T,CRi 7,CR;
FF. — Ndata - NMC,notj—w - NMCpther (10.9)
L N”anti—‘r”,CRi B N”anti—‘r”,CRi B N”anti—‘r”,CRi ’ :
data MCnotj—1 MC,other

R; . . . R
where Ng;tca ' are the events in the 7 control region for the process i, V, R

MC,not j» € the events

in the 7 control region for this process where the 7-signal is not initiated by a jet, le,[’glfjther

are events initiated by other background processes in the T control region for this process and
"anti—7",CR; A/ anti—7",CR; 5, anti—7”,CR; - - Worgs

Nda}a > NMC oot i Ny, other A€ the correspon.dlr?g.events in the "anti-7 co.ntrol

region of the process i. Figure 10.3 illustrates how these individual "fake-factors" contribute

to the whole method.

10.1.4 Relative contribution

Since results of simulations are limited by statistics and systematic uncertainties, a data-driven
method is preferred to determine the relative contributions. For this the relative contribution
of multi-jet events Ryuyi—jec is calculated in a data-driven way. This relative contribution is
then used to estimate the contributions of non-multi-jet processes Rwz;, using that the sum of
all relative contributions must be exactly one:

Rwzt = 1 — Ruulti—jet- (10.10)
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-< -

FF = Rzt . FF, + Rounije ° FquIti—iet

- -
Figure 10.3: The individual "fake-factors" FFw and FFyyi—jec are calculated in their respec-
tive control region and the corresponding "anti-t" region. They are summed up with relative

contributions to a combined "fake-factor" FF, which transfers the number of "fakes" from the
"anti-T" region to the signal region.

10.1.5 Multi-jet contribution

To calculate the relative contribution of multi-jet events in the signal region several control
regions are used. The relative contribution can be calculated by:

N anti—7" SR
_ multi—jet,data
Ronuti—jet = "anti—77,SR _ 7 anti—77,SR’ (10.11)
data MC, notj—1
“anti—7”,SR . . . . o
where N 2707 > is the number of events in the "anti-t" region, which are initiated by

multi—jet,data ’ )
multi-jet processes, N ”zgl_r”7SR the events in the "anti-7" region, NN?g“;OTtJiE events where
the 7-lepton is not initiated by a jet. The denominator can be determined directly, while a
data-driven method has to be used for the numerator. For the estimation of the multi-jet events
in the the "anti-7 region the lepton isolation is used. The multi-jet control region defined
by inverting the isolation criteria on the lepton, results in a region which is dominated by
event with a jet misidentified as a lepton. A high amount of these events are multi-jet initiated
events. Simulated events are used to subtract other backgrounds in this region. A transfer
factor is applied to transfer the number of events in this multi-jet region to the "anti-7" signal

region. This transfer factor is called isolation factor "IF":

multi—jet,data data MC, true lepton

N”anti—'r”,SR —IF- (N”anti—‘c”,CRmum_jet _N”anti—r”7CRmu1ti_jet) , (1012)

where N”anti_r,’vCRmulti—jet

data is the number of events in the "anti-7" multi-jet control region and
N,

”anti—r”,CRmum,je[ . . . . . .
MC, true lepon  the number of events in this region with a true leading lepton. Figure 10.4

shows a schematic overview of the calculation of the relative contribution of multi-jet events.
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Rmuki—jet -

Figure 10.4: The relative contribution of multi-jet events in the "anti-t" signal region is
calculated by using the isolation factor "IF", which transfers the number of multi-jet events in
the "anti-7" multi-jet control region to the "anti-7" signal region.

Isolation factor

For the calculation of the transfer factor IF, which transfers the number of multi-jet events
in the "anti-7" multi-jet control region to the "anti-t" signal region, new control regions are
necessary. These control regions should have similar properties as the "anti-7" signal region
and "anti-t" multi-jet control region.

An obvious idea is to take the definitions of these regions and invert an additional cut on both
regions in the same way. Thus the new control regions are orthogonal to all other region
and should have similar behaviour. For this the requirement of the signal region that the the
light lepton and the hadronically decaying 7-lepton to have an opposite charge (see Section
8.1) is inverted. Instead both of these particles are required to have the same charge sign.
This "same sign" control region is used for closure tests as well (see Section 10.3.5). This
implies the assumption that the /F in the "opposite sign" and "same sign" region are equal,
for which further studies are performed and discussed in Section 10.3.3. An overview of the
used control region for the isolation factor calculation is shown in Figure 10.5.

| light lepton and t-lepton have opposite sign charge
true false

pass

lepton isolation

fail

pass fail
T-lepton medium ID criteria

Figure 10.5: The isolation factor IF is calculated in the "same sign" control region. To get
a corresponding "same sign" region all cuts of the original region are kept except for the
requirement on the combined charge sign of the light lepton and the hadronically decaying
T-lepton (see Section 8.1).

The isolation factor can be calculated by the fraction of the number of multi-jet events in
the "same sign" "anti-t" signal region and the number of multi-jet events in the "same sign"
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"anti-7" multi-jet control region. To get the multi-jet events in this region both regions are
cleaned from events with a true leading lepton. For this correction simulated events are being
used again. This leads to the following definition of the isolation factor /F:

NSSanti=7" SR _ \/SS “anti—1”.SR

o data MC, true lepton
I = S R o S i oy (10.13)
data MC, true lepton

SS,”anti—7",SR - . " - C . SS,”anti—7”,SR
is the number events in the "same sign” "anti-7" signal region, Ny;¢ ‘. epton

o . . SS,"anti—7",CRoutijet 5 ,SS,"anti—7",CRumuli jet
the number events in this region with a true lepton and N,/ » VM. true lepton

the corresponding numbers of events in the "same sign" "anti-7" multi-jet control region.

mnn
where Ny,

10.1.6 Summary of the method

In the previous sections all necessary parts of the "fake-factor" method were described. This
section summarises the method in a short way. Figure 10.6 shows all used regions of the
method. Next to the signal region two control regions are defined. One control region for
W+jets events and one for multi-jet events. For all regions "anti-7" regions are defined.
Additionally for the calculation of the isolation factor "same sign" regions for the "anti-t"
signal region and the "anti-t" multi-jet control region are used. Figure 10.7 illustrates all
steps of the method. First the isolation factor is calculated and applied to the "anti-7" multi-jet
control region to get the number of multi-jet events in the "anti-t" signal region. With this
number the relative contribution of multi-jet events and the relative contribution of W+jets
events is determined. Additionally the individual "fake-factor" for W+jets and multi-jet
processes are calculated. Finally they are summed up with their relative contribution and
applied to the "anti-7" signal region to get the number of "fake" events in the 7 signal region.

[ light lepton and t-lepton have opposite sign charge |
true false

>70GeV

pass

transverse mass
lepton isolation

<70GeV

fail

pass fail
T-lepton medium ID criteria

Figure 10.6: Overview of all used regions of the "fake-factor" method, with the transverse mass cut
(left) which defines the W+jets control region, the isolation requirement of the leading light lepton
(top), which is used to define a multi-jet control region, the 7-lepton ID criteria (bottom), which are
inverted to get the "anti-7" control region and the requirement on the light lepton and the hadronically
decaying t-lepton sign charge (top).
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Figure 10.7: For the "fake" calculation an isolation factor IF is calculated first. This factor is applied
to "anti-T" multi-jet control regions to calculate the relative contribution of multi-jet and W+jets events
in the signal region. Two individual "fake-factors" for multi-jet and W+jets processes are estimated
and summed up with their relative contribution. The final "fake-factor" is then applied to the "anti-7"
signal region to get the number of "fakes" in the 7 signal region.

10.2 Appliaction of the '"fake-factor'' method

To apply the method on the dataset of the H — 7j,44 T, analysis the different signal regions of
the analysis have to be taken into account. The analysis is split into two different signal cate-
gories. These two categories have a different contribution of signal and background processes.
Thus the "fake-factor" for these two regions should be calculated separately. Furthermore
the isolation factor IF could also be different for these two categories. Studies have shown
that the control regions for the estimation of IF have limited statistics. Due to this fact, the
IF is not determined in the actual signal categories. Instead one common isolation factor is
computed in at the Preselection level. This isolation factor is then applied on the Boosted and
on the VBF categories. This assumes that the isolation factors determined at this level is the
same as in the Boosted and the VBF region (IFp,eseiction = IFypr = IFpoosieq). To study this
approximation several studies have been done (see Section 10.3.4). These studies have lead to
additional systematic uncertainties, which are applied on the isolation factor.
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o —

Figure 10.8: To apply the "fake-factor" method to the dataset the individual "fake-factors" and
relative contribution are calculated separately for the Preselection, Boosted and VBF region.
Since the Boosted and VBF categories are defined on top of the Preselection, both regions are
included in the Preselection region (see Section 8.1). Only the isolation factor IF is always
calculated in the Preselection due to higher statistics.

The relative contribution of the different background processes and the individual "fake-
factor" are calculated separately for the event categories (Boosted and VBF). This leads to the
previous method being modified in the way illustrated in Figure 10.8.

The used dataset corresponds to the year 2015 and 2016. Between these two periods of
data-taking some conditions of the detector have changed, like the used triggers (see Chapter
5). This of course can also result in different "fake-factors". For this additional studies have
been done, which have validated that such a split is not necessary (see Section 10.3.2).

10.2.1 Isolation factor

The isolation factor show dependencies on the light lepton flavour (electron or muon), on the
transverse momentum of the light lepton pigp and on the absolute value of the pseudorapity
of the light lepton |n|. For this three-dimensional binning a balance between fine binning
and acceptable statistics has to be found. Both light lepton flavour channels are binned in
three py, bins with ply, < 30 GeV, 30 GeV < py,, < 40 GeV and 40 GeV < py,,. For || the
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isolation factor is split into two bins at || = 1.5. For the electron channel the gap between
the barrel and end-cap detector is excluded (1.37< |n| <1.52). The isolation factor with the
final binning is illustrated in Figure 10.9 and the precise values are summarized in Table 10.2.

w 3r T Wl 71—

E ATLAS Work in Progress — p[,<30 GeV E [ ATLAS Workin Progress — P[,<30 GeV ]
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(a) Electron channel (b) Muon channel

Figure 10.9: Isolation factor IF for the electron channel (left) and the muon channel (right),
as a function of the transverse mass on the light lepton pl{,p and the absolute value of the
pseudorapity of the light lepton |n|.

The electron channel shows an increase of the isolation factor in |7n|, while in the muon
channel the IF is decreasing with ||. The muon channel has an isolation factor shrinking
with transverse momentum of the muon, while the opposite trend is visible in the electron
channel.

For the muon channel a significant difference between the first two and the third bin in the
transverse momentum of the muon can be identified. For the highest transverse momentum
bin the isolation factor has values around zero, while the first two bin have values between
0.4 and 0.7. This behaviour is further discussed in Section 10.3.4. Distributions and studies
on the statistical and systematic uncertainties of the isolation factor can be found in Section
10.3 and 10.4.

p. [GeV] p,<30 30<p <40 p,> 40
Muon |n| <1.50 0.694 0.626
|n| > 1.50 0.455 0.433
Electron In| <1.37 0.427 0.714
In| > 1.52 1.017 0.982

Table 10.2: Isolation factors IF separated into the light lepton flavour (electron, muon), the
pseudorapidity of the light lepton (1) and the transverse momentum of the light lepton (pr).
The background color changes from blue to red for increasing IF values.
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10.2.2 Relative contributions

With the results of the isolation factor IF shown in the previous section it is possible to
calculate the relative contribution of the multi-jet events. The relative contributions depend
on the event category (Preselection, Boosted, VBF), the light lepton flavour (electron, muon),
the number of tracks of the hadronically decaying 7-lepton (1-prong, 3-prong), the transverse
momentum of the hadronically decaying t-lepton (p}.) and the difference of azimuthal angle
between hadronically decaying 7-lepton and missing transverse energy (CID(T,E%“iSS)).
Figure 10.10 illustrates the obtained relative contributions for the Boosted category and Figure
10.11 for the VBF category. Both categories are binned in three p7. bins with p. < 40 GeV, 40
GeV < p7. <90 GeV and 90 GeV < p7.. Due to the higher statistics in the Boosted category
(see Table 8.2) the relative contribution for the Boosted category is binned in ®(t, EMs) into
(1, M) <1, 1< D1, EN) <1.5, 1.5< (1, EPS) <2, 2< ®(7, EF®). Due to the lower
statistic in the VBF category (see Table 8.2) the first three bins in & (7, EM**) are combined to
one bin. All categories are dominated by W+jets events.

All categories have a higher W+jets contribution for the hadronically decaying 7-leptons
with three tracks. The W-+jets contribution in the Boosted categories increases with rising
(7, ENsS), while in the VBF categories this effect is difficult to see due to the low statistics.

Lepton Electron Muon
p;[GeV] p,< 40 40<p, <90 90<p, p,< 40 40<p <90 90<p,

Process W+jets Multi-jet | W+jets Multi-jet Multi-jet Multi-jet W+jets Multi-jet | W+jets Multi-jet
AP <1.0 0.650 0.350 0.775 0.087 m 0.25
10<A® <15 0.715 0.285 0.145 0.154

1 track

15<A® <20 0.747 3 0.78 0.134 0.117

0.126 0.069

Boosted
0.071 0.110 0.085

10<A®<15 0.048 0.071 0.061
3 track
15<A® <20 0.055 0.055 0.043

0.015 0.040 0.032

B o 012 YR oo | o2 |

0.069 0.108

1 track

VBF

3 track
0.062

Table 10.3: Relative contributions R; separated into the number of tracks of the t-lepton (1,3),
the event category (Boosted, VBF) and the difference of the azimuthal angle between the
T-lepton and the missing transverse energy (A®) shown on the left-hand side and the lepton
flavour (electron, muon) and the transverse momentum of the 7-lepton (p7) shown on the top.
The background color change from blue to red for increasing R; values.

The multi-jet contribution of the electron channel shrinks with higher values of the transverse
momentum. In the muon channel this effect is not that clear. A reason for this could be
the lower statistics for the muon control regions. These dependencies could be covered
by statistical fluctuations in the additional binning. The precise values for the relative
contributions of W+jets and multi-jet processes are given in Table 10.3.
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Figure 10.10: Relative contributions of the Boosted categories split into the electron channel
(left) and muon channel (right). From the top to the bottom row different cuts on the transverse
momentum of the light leptons are applied (p} < 40GeV, 40 GeV < pf. < 90 GeV, p}. > 90
GeV). The dashed lines correspond to the results for hadronically decaying t-leptons with
three tracks, while the full lines show the 7-leptons with one track. The red line refers to the
relative contribution of W+jets events, while the black one belongs to multi-jet events.
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Figure 10.11: The relative contribution of the VBF category, split into the electron channel
(left) and the muon channel (right). From the top to the bottom row different cuts on the
transverse momentum of the light lepton are applied (p}. < 40GeV, 40 GeV < p}. < 90 GeV,
Py > 90 GeV). The dashed lines correspond to the results for hadronically decaying t-leptons
with three tracks, while the full lines show the 7-leptons with one track. The red line refers to
the relative contribution of W+jets events, while the black one belongs to multi-jet events.
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10.2.3 Individual '"fake-factors'

The result for the individual "fake-factor" depending on the transverse momentum of the
hadroncially decaying t-lepton p7. for W+jets and multi-jet processes are shown in Figure
10.12 for Boosted (left) and VBF (right). The FF of the Boosted and VBF have similar values
but much lower statistics in the VBF categories result in higher statistical uncertainties on the
FF. Higher values for the FF of hadronically decaying t-leptons with a track multiplicity of 1
(1-prong) than for a track multiplicity of 3 (3-prong) are observed. For the 1-prong channel
the FF is slightly higher for W+jets processes, while for the 3-prong the FF is slightly higher
for multi-jet processes. The precise values of the individual "fake-factor" FF; for the Boosted
and VBF category are summarized in Table 10.4.

W-ijets | Multi-jet | W+jets | Multi-jet
p, [GeV] < 40 > 40

1 track | 0.178 | 0.165
ERiEEd 0037 0033 0.025 0.030
1uack | 0.150 | 0.170 | 0.185 | 0.169

RS 0023 [ 0.044  0.018 0.027

Boosted

VBF

Table 10.4: Individual "fake-factors" FF; for W+jets and multi-jet processes separated into
the number of tracks of the 7-lepton (1,3), the event category (Boosted, VBF) shown on the
left-hand side and the transverse momentum of the 7-lepton (pr) shown on the top. The
background color changes from blue to red for increasing FF; values.

LLII: 0'4:‘ rtrTrTTTrrTTTrTT T T T T T t 0'35:‘ rrrTrTrTTrTTTTrTT T T T T T T T T T T T T ‘:
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Figure 10.12: Individual "fake-factors" for the Boosted (left) and VBF (right) category. The
dashed lines correspond to the results for hadronically decaying 7-leptons with three tracks,
while the full ones to 7-leptons with one track. The red line refers to the relative contribution
of W+jets events, while the black one belongs to multi-jet events.
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10.2.4 Combined '"fake-factors'

The combined "fake-factor" FF determined by:
FF = Rwz - FFw + Riuni —jet * FFmuli —jety (10.14)

depends on the same variables as the individual "fake-factors" FF; and the relative contribu-
tions R;. These are the event category (Boosted. VBF), the number of tracks of the 7-lepton
(1,3), the transverse momentum of the t-lepton (pr), the lepton flavour (electron, muon) and
the difference of the azimuthal angle between the 7-lepton and the missing transverse energy
(A®D). The relative contributions R; are binned in all of these variables, while the individual
"fake-factors" FF; are not binned in the lepton flavour and A®. Table 10.5 summarise the
values for the combined "fake-factor" FF.

The combined "fake-factor”" shows only a small dependence on A® and the lepton flavour.
Since the individual "fake-factors" for W+jets and multi-jets processes (see Figure 10.12)
have a similar size to each other, a variation of the relative contributions has only a small
impact on the combined "fake-factor" FF. The FF is slightly higher for electrons than for
muons and increases for higher A® values in the electron channel while the muon channel
shows the opposite trend.

The number of tracks of the 7-lepton has a large impact on the combined FF. 7-leptons
with 3 tracks have higher "fake-factor" than 7-leptons with 1 track. Thus jets have a higher
probability to get misidentified as a T-lepton with 3 tracks.

The FF is slightly higher for the Boosted category than for the VBF category and shows
a decrease for higher pr values in the Boosted category for the electron channel and the
opposite trend in the muon channel. In the VBF category the FF shows no obvious trend for
increasing pr values.

Electron Muon
| piGevi || av<i0 | av<1i5 [15<po<20[av>20]|av<10][10<a0<15][15<a0<20[Ad>20

P <40
Boosted | 40<p <90
90 <p_
P <40
VBF |40<p <90
90 <p_

1 track

P <40
Boosted | 40<p <90
90 <p_
P <40
VBF |40< p. < 90
90 <p_

3track

Table 10.5: Combined "fake-factor" FF separated into the number of tracks of the 7-lepton
(1,3), the event category (Boosted, VBF) and the transverse momentum of the t-lepton (pr)
shown on the left hand-side and the lepton flavour (electron, muon) and the difference of the
azimuthal angle between the 7-lepton and the missing transverse energy (A®P) shown on the
top. The relative contributions R; are binned in all of these variables, while the individual
"fake-factors" FF; are not binned in the variables on the top. The background color changes
from blue to red for increasing FF values.
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10.3 Further studies for the ''fake-factor'' method

This chapter includes several studies to justify approximations and simplifications, which are
applied in the "fake-factor" method. Additionally closure tests for the validation of the "fake-
factor" method will be shown. From these tests and studies some systematic uncertainties
will be derived. These uncertainties will then be discussed more precisely in the next chapter.

10.3.1 Use of W + jets "'fake-factor' for all non multi-jet events

One applied simplification in the "fake-factor" method is to use the individual W+jets "fake-
factor" for all non-multi jet processes. This means that instead of calculating three different
individual "fake-factors" for W+jets, Z+jets and top quark events only the one for W+jets is
determined. Instead of the relative contribution of W+jets Ry the sum over all non-multi jet
relative contributions of these processes Rwz; is used for FFyy:

Rwz: =Rw +Rz +Rtop> (10'15)

This assumes that the difference between the "fake-factors" of the three processes is negligible.
To prove this assumption a comparison is done between the number of "fakes" for the default
"fake-factor" method and a "fake-factor” method which uses all non multi-jet processes.

In addition to the individual "fake-factors" of W+jets and multi-jet events, the individual
"fake-factors" for Z+jets and top quark events have to be estimated. For this two additional
control regions have to be defined. One requirement of the signal region is inverted for each
region, to enrich these control regions with the corresponding process.

For the control region of top quark events instead of the b-jet veto a b-jet tag is set, since
top quarks production events have mostly a bottom quark included (see Chapter 5). For the
Z+jets control region two instead of one lepton are required.

Proportion of events
Boosted VBF
Region CR; = SR, except W+jets Top Z+jets Multi-jet | W+jets Top Z+jets Multi-jet
Wjets mr > 70 GeV 0.84 0.06 0.05 0.04 0.81 0.07 0.09 0.03
Top Np—jets > 0 0.28 0.55 0.02 0.15 034 046 0.04 0.26
Z+jets Niep =2 0.05 0.04 0.87 0.04 0.03 0.04 092 0.00
Multi-jet  No lepton isolation | 0.02  0.01  0.00 0.97 0.02 0.00 0.01 0.97

Table 10.6: Definitions of the control regions and purities of the four different backgrounds
Wjets, top quark production, Z+jets and multi-jet processes in the "anti-7" control regions of
the Boosted and VBF category.

The requirements and the purities of the different "anti-t" control regions are summarized
in Table 10.6. The W+jets, Z+jets and multi-jet control regions have a high purity of the
corresponding background process with at least 82% in both event categories. The purity
of the top-quark production in the corresponding control region is with 55% in the Boosted
category and 46% in the VBF category smaller than for the other processes, but still the



10  BACKGROUND PROCESSES FROM JETS MISIDENTIFIED AS Tyap 86

highest contribution in these regions. The relative contributions of the three non-multi jet
processes have to be calculated individually. For this, the relative contributions of these
processes are calculated with simulated events. Since the data-driven calculation of the
multi-jet contribution is more confident, the results are re-weighted with the value of the data
driven method:

1 — Ronulti—jet
R; =R; —_— 10.16
i i, MC Zj Rj, MC ) ( )

where R; is the used relative contribution of the process i, R; wmc the relative contribution of
process i calculated from simulated events and Rpyyii—jec the relative contribution of multi-jet
processes calculated from the data. The index i corresponds to the three non multi-jet pro-
cesses W+jets, Z+jets and top quark.

Electron Muon
Number of tracks 1 3 1 3
P; [GeV] Process W+jets | Top | Z+jets | W+jets | Top | Z+jets | W+jets | Top | Z+jets | WHjets | Top | Z+jets
AP <10 -0,09 | 0,00 | -0,02 | 0,13 | 0,01 | 0,02 0,10 | 0,01 | 000 | 0,49 | 0,01 | 0,01

1.0<a@<15 | 004 [-001] 0,00 [ 002 [000] 000 [JGIEEM 0,04 | 001 | 016 | 003 ] 0,00

p.<40
r 15<A®<20 | 0,07 |-0,01| 0,00 | 0,00 | 0,00]| 0,00 0,12 | 0,02 | 001 | -0,02 | 0,00 | 0,00
AD >2.0 0,19 | 0,04 | 0,00 | -0,02 | 0,00 | 0,00 | 0,10 | 0,01 | 000 | 0,20 | 0,01 | 0,00
AD<1.0 0,12 | 0,01 | 0,01 0,12 | 0,01 | 0,02 0,02 | 0,00 | 000 | 015 | 0,01 | 001

10<A® <15 0,08 | 0,01 | 0,01 011 | 0,02 | 0,01 0,43 | 0,01 | 0,00 0,10 | 0,02 | 0,00
Boosted | 40< p <90

15<A® <20 -0,20 |-0,01 | -0,01 | -0,04 |-0,01| 0,00 0,20 0,11 0,00 | 0,00 | 0,00

A® >2.0 -0,05 | 0,00 | 0,00 014 | 0,02 | 0,00 0,02 | 0,01 0,02 | 0,00 | 0,00

AD<1.0 0,08 | 0,00 | 0,01 012 | 001 | 0,01 -0,16 |-0,01| 0,00 0,06 | 0,01 | 0,00

10<A® <15 -0,13 |-001| -0,01 | 0,07 | 0,00 0,00 | -0,46 | 0,00 | -0,01 0,10 | 0,00 | 0,00

M0 <p
¥ 15<A®<20 | -005 | 000/ 000 | -005 |000]| 000 [T022 | 0,01 | 000 | 0,11 | 0,01 0,00
AD > 20 0,09 | 000 | 0,00 | -003 | 000 000 [EEHN 001 oot | 004 000 000

< _ 4 4
— AD <20 0,20 |-0,01] -0,04 |JJEAN 003 | 002 | 004 [000] 000 [ 010 |o001] 001
T AD>20 0,26 | 0,00 | 0,01 | -0,04 |-001] 0,02 | 000 |000] 000 [ -016 |-002] 0,00
AD <20 008 |001| 004 | 013 |001| 003 | 001 |000]| 000 [0,20 | 0,02 | 0,01
VBF 40<p <90

¥ AD>20 041 |-001]-001 | 012 002 015 [ =034 |-001] 000 | -014 [-001] 0,00
- A® <20 002 | 00 | -002 | 000| 000 [ 023 | 000 001 | -006 | 0,00 0,00
T AD>20 0,07 | 0,00 | 0,24 | 001 0,02 | -0,02 | 000 0,00 | 0,00 |0,00]| 0,00

Table 10.7: Difference between the re-weighted relative contributions R; and the relative
contribution calculated with simulated events R; mc (R; — R mc) for W+jets, top quark and
Z+jets processes. The relative contribution are binned into the light lepton flavour (electron,
muon) and the number of tracks of the 7-lepton (1,3) shown on the top and into the difference
of the azimuthal angle of the 7-lepton and the missing transverse energy (A®), the transverse
momentum of the 7-lepton (pr) and the event categories (Boosted , VBF) shown on the
left-hand side.

Table 10.7 shows the difference between the relative contribution calculated with simulated
events and the relative contributions re-weighted with the data-driven calculation. In most
of the bins only the relative contribution of W+jets processes is re-weighted while the
re-weighting of the relative contributions of top quark production and Z+jets processes is
negligible. The reason for this is the high relative contribution of the W+jets processes in



87 10  BACKGROUND PROCESSES FROM JETS MISIDENTIFIED AS Tyap

most of the bins. The precise relative contributions before and after the re-weighting are
illustrated in Figure A.3 in the appendix.

The individual "fake-factors" FF; calculated for all four background processes in the Boosted
and VBF category are given in Figure 10.13. The figure shows especially for the VBF
category large statistical uncertainty on the FF; of the Z+jets and the top quark production
background introduced by low statistics in the corresponding control regions (see Table A.1
in the appendix).
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Figure 10.13: Individual "fake-factors" for the Boosted (left) and VBF (right) category, split
into the number of tracks of hadronically decaying t-lepton (1 (top), 3 (bottom)), calculated
for W+jets (red), multi-jet (black), Z+jets (blue) and top quark production processes (green).

These individual "fake-factors" and their relative contributions are used to estimate the number
of "fake" events with the "fake-factor" method. This result is to be compared with the result of
the default setup, which only uses the W+jets and multi-jet "fake-factor”. The ratio between
the number of "fakes" of the two methods as a function of the reconstructed di-7-lepton mass
mMMC i illustrated in Figure 10.14 for the Boosted category (left) and the VBF category
(right). The red full lines show the result of the default method normalized to itself. Thus all

values perfectly match the value one. The dashed red line refers to the full systematic and
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statistical uncertainty on the default values. The systematic and statistical uncertainties are
added in quadrature for this. The blue line corresponds to the "fake" events calculated with the
set-up described in this section,normalized to the results of the default method. The Boosted
category shows a deviation of less than 1% for the two methods and the VBF category of less
than 5%. Thus in both categories this deviation is negligible in their uncertainties of around
10% for the Boosted category and 40% for the VBF category. Thus the simplification to use
only the W+jets "fake-factor” can be applied without an additional uncertainty.

3 2T T T 3 T T T T
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Figure 10.14: A comparison between the number of fake calculated with default "fake-factor"
method (red) and the alternative version (blue) described in this section as a function of the
reconstructed di-7-lepton mass mMMC for the Boosted category (left) and the VBF category
(right). For a better comparison both results are normalized to the default method. The dashed
red line corresponds to the full uncertainty band, which is calculated by adding the systematic

and the statistical uncertainties in quadrature.

10.3.2 2015 and 2016 combined ''fake-factor''

The used dataset of the analysis is composed of a 2015 and a 2016 dataset. Between these
two datasets settings of the ATLAS detector have changed, like the used triggers (see Chapter
5). This could have a potential influence on the "fake-factor". Since the dataset of 2015 has
a small integrated luminosity (3.2 fb= 1) against the 2016 dataset (33.3 fb1) the difference
between the two "fake-factors" could be negligible considering the big difference in the
integrated luminosity. To prove this, the number of "fake" events is calculated in two different
ways. Additionally to the set-up where one "fake-factor" is calculated for the combined
dataset, the number of "fake" events is determined by using two individual "fake-factors" for
the 2015 and 2016 dataset. The ratio between the number of "fake" events calculated with
the separated datasets of 2015 and 2016 and the number of "fake" events with a combined
dataset of 2015 and 2016 as a function of m¥MC is illustrated in Figure 10.15 for the Boosted
category (left) and the VBF category (right). In these distributions the number of "fake" events
calculated with a combined dataset is shown in red and the number of "fake" events calculated
with two separate "fake-factors" in blue. Both calculations are normalized to the default
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Figure 10.15: A comparison between the number of "fake" events calculated with a combined
2015 and 2016 dataset (red) and the number of "fake" events calculated separated for 2015
and 2016 (blue) as a function of m“M¢ for the Boosted category (left) and the VBF category
(right). For a better comparison both results are normalized to the combined method. The

dashed red line corresponds to the full uncertainty band of the default method.

method. The red dashed line refers the full uncertainty band for the default method, for which
the systematic and the statistical uncertainty were added in quadrature. The Boosted category
shows less than 2% deviation between the two methods, except of the three bin below 30 GeV,
where a higher fluctuation is introduced due to low statistics. The VBF category show a higher
relative deviation, up to 5%, except of two bins with a deviation of 10%-15%. However this
higher deviation is covered by the high uncertainty band in the VBF category with ~40%.
Thus the simpler default method with a combined "fake-factor" for 2015 and 2016 can be
used without adding an additional systematic uncertainty.

10.3.3 Use of the ''same-sign'' isolation factor for the 'opposite-sign'' region

The isolation factor calculated in the "anti-t" multi-jet Preselection region, is applied to the
"anti-7" multi-jet Boosted region and to the "anti-t" multi-jet VBF region (see Figure 10.8).
Since the Preselection region includes the Boosted and VBF regions this means that the events
on which the isolation factor is applied, are also used for its calculation. To solve this problem
the isolation factor is instead calculated in the "same-sign" "anti-t" multi-jet Preselection
region, which is orthogonal to all regions in which the isolation factor is applied. This
implies the assumption, that the isolation factor in the "same-sign" region and corresponding
"opposite-sign" region has the same value. To prove this, the isolation factor is calculated in
both regions and compared to each other.
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Figure 10.16: Ratio between the isolation factor calculated in the "opposite-sign" and in
the "same-sign" region normalized to the "opposite-sign" values, for the electron channel
(left) and muon channel (right). From top to bottom row the different cuts on the transverse
momentum of the light lepton are applied. The red solid line refers to the "opposite-sign”
result, while red dashed lines correspond to its statistical uncertainty. The "same-sign"

calculation is illustrated in blue.
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Table 10.8 shows the isolation factors calculated in the "same-sign" ("SS") and "opposite-sign"
("OS") Preselection region, split into the light lepton flavour (electron, muon), the transverse
momentum of the light lepton pr and the pseudorapidity of the light lepton (7). Additionally
the statistical uncertainties on the isolation factor of the "OS" region is given in the last
column. The table illustrates that most of the isolation factors calculated in the "same-sign"
region agree with their corresponding isolation factor of the "opposite-sign" region in its
uncertainties.

A relative comparison of these two calculations is given in Figure 10.16. Both results are
normalized to the "opposite-sign" calculation. This leads to a perfect agreement of the
"opposite-sign" results (red) with one, while the "same-sign" values vary around one. The
dashed red lines show the statistical uncertainties of the "opposite-sign" determination.
Figure 10.16 shows that in the most cases the difference between these two calculations
is in the same magnitude as the statistical uncertainty. To cover this fact an additional
systematic uncertainty is applied on the isolation factor (see Section 10.4.1). This uncertainty
is calculated by the absolute difference between the "same-sign" value and corresponding
value of the "opposite-sign" determination. This is done for each bin separately and added in
quadrature to the other uncertainties.

electron muon
pr [GeV] pr <30 30 < pr <40 40 < pr pr <30 30 < pr <40 40 < pr
[n] <137 >152 <137 >152 <137 >152|<15 >15 <15 >15 <15 >15

"OS" IF 0.46 1.05 0.47 1.36 0.77 2.05 072 050 0.68 054 0.03 0.06
"SS" IF 0.43 1.02 0.71 0.98 0.92 1.77 069 046 0.63 043 004 0.04
"OS" stat. | 0.04 0.12 0.08 0.15 0.13 0.29 0.04 006 005 008 0.01 002

Table 10.8: Isolation factor calculated in the "same-sign" ("SS") and "opposite-sign" ("OS")
Preselection region, split into the light lepton flavour (electron, muon), the transverse momen-
tum of the light lepton pr and the pseudorapidity of the light lepton (1)), and the statistical
uncertainty (stat.) on the "OS" isolation factor in the last row.

10.3.4 Backgrounds in the control regions for the Isolation Factor (IF)

This section discusses properties of the control regions, which are used for the calculation of
the isolation factor. Figure 10.17 shows distributions for "same-sign" "anti-7" signal regions
split into the light lepton flavour.

In this region the numerator of the isolation factor is calculated by the number of data events
subtracting events with real light leptons (see Equation 10.13). For the determination of this
background with real leptons simulations are used. In the figure the data is illustrated by the
black points and the background from real light leptons is shown by the colored histograms.
This background has a big impact on the calculation. Especially in the high transverse
momentum region for the muon channel this background is of the same order as the data.
Thus the impact of a mismodelling in the simulation is high on the isolation factor. To cover
potential mismodelling an additional systematic error is applied on the isolation factor. The
number of events of the simulated background is varied by 35%. This value corresponds to
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the average uncertainty on the main backgrounds simulations with all systematics evaluated.
Since negative isolation factors have no physical meaning the isolation factor is set to zero
if the variation results in a negative value for the isolation factor. The influence of this
uncertainty on the isolation factor is further studied in Section 10.4.1.
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Figure 10.17: Transverse momentum of the light lepton in the "same-sign" "anti-7" signal
region, which is used for the isolation factor calculations separated into the electron (left) and
muon (right) channel. Data is shown by black dots and the background by histograms.

10.3.5 '"Same-sign' closure test

To validate the "fake-factor" method a "same-sign" closure test is used. Since the physical
behaviour should be the same for the "same-sign" region as for the "opposite-sign" region the
"fake-factor" method should work in both cases. The benefit of the "same-sign" region is that
this region has no signal events and is dominated by "fake" events. The event yields for signal
and the different backgrounds are given in Table 10.9. For this test the whole "fake-factor"
calculation (see Chapter 10) is redone in the "same-sign" region.

This means that in all used control regions the requirement of the opposite charge sign for the
light lepton and the hadronically decaying T-lepton is inverted. To keep the method consistent,
the isolation factor for the "same-sign" closure test is calculated in the "opposite-sign" regions
instead.

The individual "fake-factors" calculated in the "same-sign" region are illustrated in Figure
10.18. A comparison to the "fake-factors" of the "opposite-sign" calculation (see Figure 10.12)
shows that the "fake-factors" for W+jets processes are larger for the "same-sign" calculation,
while the the ones for multi-jet processes are smaller than the ones of the "opposite-sign"
calculation. The relative contribution for the "same-sign" region are shown in Figure A.2 and
A.3 in the appendix and the precise values are given in Table A.2 in the appendix.
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Table 10.10 summarizes the combined "fake-factors" for the "same-sign" calculation. The
combined "fake-factors" are smaller compared to the ones of the "opposite-sign" (see Table
10.5. Due to the higher difference between the individual "fake-factors" in the "same-sign"
region of W+jets and multi-jet processes the combined "fake-factor" has a higher dependence
on the electron flavour and the difference in the azimuthal angle A®, in which only the relative
contributions are binned.

Category Data  Signal Fake Z—1t Z—1l Top Di-boson
Boosted 1187 1.240.1 1106+12 70+7 13+8 1943 1742

Boosted high 295 0.6+£0.1  235+6 45+6 2+1 T£2 8+2
Boosted low 892 0.5+0.1 771£10 25&£5 11+8 1242 9+1

JVBE 102 0.3+£0.1 12344 341 08406 10406 08403
VBF tight 49 702%0.1 5743 08406 0.0+07 0.6+05 0.6+03
VBF loose 53 01401 6643 241 1+l 03403 0.1+0.1

Table 10.9: Events yields of data, signal and backgrounds in the different "same-sign" event
selections.
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Figure 10.18: Individual "fake-factors" calculated in the "same-sign" Boosted (left) and
"same-sign" VBF (right) category. The dashed lines correspond to the results for hadronically
decaying t-leptons with three tracks and the full ones to 7-leptons with one track. The red line
refers to the relative contribution of W+jets events, while the black one belongs to multi-jet
events.

Figure 10.19 illustrates the results for the inclusive and exclusive signal regions. Here the
black dots correspond to the data again, while the colored histograms refer to the background.
As already mentioned these regions are highly dominated by "fake" events (green). All signal
categories show a good agreement between data and background in this "same-sign" closure
test. Thus the closure test validates the "fake-factor" method.
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Electron Muon
| piGevi J| av<10 | ad<i5 [15<av<20]ad>20||ac<10][10<a0<15]15<a0<20][A0>20
it 0,160 0,160 0,160 0,161 0,141 0,148 0,153 0,166
Boosted |40<p_ <90 0,170 0,127 0,126 0,166 0,134 0,134 0,136 0,136
E 90<p_ 0,134 0,132 0,135 0,133 0,136 0,162 0,149 0,144
5 P.<40 0,150 0,200
VBE |40<p, <80 0,180 0,200 0,180 !
90<p, 0,180 ! 0,110 0.097
P.<40
Boosted [40<p_<90
'E“é 90<p_
Z P_<40
VBF |40<p_ <90
90 <p_

Table 10.10: Combined "fake-factor”" FF for the "same-sign" calculation separated into the
number of tracks of the 7-lepton (1,3), the event category (Boosted, VBF) and the transverse
momentum of the 7-lepton (pr) shown on the left hand-side and the lepton flavour (electron,
muon) and the difference of the azimuthal angle between the 7-lepton and the missing
transverse energy (A®) shown on the top. The relative contributions R; are binned in all of
these variables, while the individual "fake-factors" FF; are not binned in the variables on the
top. The background color changes from blue to red for increasing FF values.

10.3.6 Closure test for individual ''fake-factors"

An assumption of the "fake-factor" method is that individual "fake-factors" in the control
regions can be transferred to the signal region. To validate this assumption a further closure
test is used.

For this test the "fake-factors" are calculated in the corresponding control region but instead
of data simulated events of the corresponding process are used. These "fake-factors" are
applied to the simulated events in the "anti-7" signal region and compared with the actual
number of simulated events in the 7 signal region. This means that, for example the W+jets
background in the signal region calculated by simulation, is compared to W+jets background
propagated from the "anti-7" control region to the 7 signal region via the "fake-factor" method.
Figure 10.20 illustrates the result of this closure test for the W+jets process. The black dots
correspond to W+jets events from simulated events, while the green histograms refer to
the calculated events via the "fake-factor” method. This test is done for the two inclusive
as well as for the four exclusive signal categories. All categories show a good agreement
between the "fake-factor" method and the simulation. Thus this test can validate the transfer
of "fake-factors" from the control region to signal region for the W+jets process.
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Figure 10.19: Results of the closure test as a function of m7; MMC for the Boosted (left) and VBF
(right) "same-sign" signal regions. The first row shows the inclusive signal categories, the
second one the high and the tight categories and the last row the low and loose categories. The
data is shown by black dots and the background by the colored histograms. The background
uncertainties include the statistical and systematic uncertainties added in quadrature.
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10.4 Summary of systematic uncertainties

To give a summary of the systematic uncertainties of the estimated "fake" events all assump-
tions are repeated once again:

1. The individual "fake-factors" calculated in the corresponding control region can be
transferred to the signal region (Section 10.3.6).

2. All non multi-jet processes can be described by using only the W+jets "fake-factor"
(Section 10.3.1).

3. For the 2015 and 2016 datasets a combined "fake-factor" can be calculated (Section
10.3.2).

4. The isolation factor calculated in the "same-sign" region can be applied to the "opposite-
sign" region (Section 10.3.3).

The assumptions 1-3 have shown a negligible influence on the estimated number of "fake"
events so that for those no systematic uncertainties are applied and they will not be discussed
in this section any further. In addition to these assumptions further sources of systematics
uncertainties have to be considered:

1. The different control regions have statistical uncertainties.

2. The simulated background has a high influence on the isolation factor (Section 10.3.4).

10.4.1 Isolation factor

The three sources of uncertainties on the isolation factor IF are the statistical uncertainties
in the control region, the difference between the isolation factor in the "same-sign" and
"opposite-sign" region (Section 10.3.3) and the effect of varying the subtracted simulated
events by 35% (Section 10.3.4). All uncertainties are shown in Figure 10.21.

The figure illustrates that the dominant uncertainty is the yield uncertainty on the simulated
events. In most of the bins the "opposite-sign-same-sign" uncertainties ("OS-SS") and the
statistical uncertainty have a similar size.

To propagate these uncertainties to a final number of "fakes" for each bin of the isolation
factor a combined uncertainty s, is calculated:

Scom = \/ S2ar 555 g5+ 5% (10.17)
where s, is the statistical uncertainty, sps—_ss the "same-sign" "opposite-sign" uncertainty and
Syiela the uncertainty from the background variation. The precise values of the uncertainties
and the combined uncertainty for each bin are summarized in Table 10.11.
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Figure 10.21: Comparison between the different uncertainties on the isolation factor. The
black line corresponds to the nominal value and the dashed black line to the full uncertainties.
The red line refers to the statistical uncertainties in the control region, the blue line to the
uncertainty of the transfer of the "same-sign" isolation factor to the "opposite-sign" region
and the green one to the uncertainty, which is obtained through the yield variation of the
simulated events. The distributions are shown for the electron channel (left) and the muon
channel (right) separately. The different rows shows different transverse momentum ranges
for the light lepton (pi” < 30 GeV, 30 GeV < pl” < 40 GeV, piP > 40 GeV).
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Channel pl;p [GeV] In| ‘ Nominal Stat. "SS-OS" Yield Combined
e _ 3 <150 | 0.69 0.03 0.03 0.16 0.16
Pr < > 1.50 0.46 0.05 0.05 0.31 0.32

ep <150 063 007 006 025 0.26
Muon 30 <pr” <40 _ 50| 043 007 011 024 0.27
s e <130 004 001 002 043 043

<Pr >150| 004 002 002 039 0.39

< 1.37 0.43 0.04 0.03 0.30 0.30
> 1.52 1.02 0.12 0.04 0.45 0.47
< 1.37 0.71 0.07 0.24 0.44 0.51
>1.52 0.98 0.14 0.38 0.82 0.91
<1.37 0.92 0.13 0.15 1.00 1.02
>1.52 1.77 0.24 0.27 1.69 1.73

PP <30

Electron 30 < p*” < 40

40 < p?p

Table 10.11: The statistical uncertainties (stat.), yield uncertainties (yield), "same-sign"-
"opposite-sign" uncertainties ("SS-OS") and the combined uncertainties on the isolation
factors, binned in the light lepton flavour (muon, electron), in the transverse momentum of
the light lepton ( plTe” ) and the pseudorapitiy of the light lepton (7).

10.4.2 Relative contribution

For the relative contributions of multi-jet events R, jo: and W+jets events Ry the two
uncertainties are the uncertainty of the used isolation factor and the statistical uncertainties in
the remaining control regions, which are used for the calculation. These two uncertainties
will be propagated separately to the final calculation of the "fake" events.

The statistical uncertainties of the control regions for the relative contributions are propagated
to the calculation of the "fake" events. For simplicity these uncertainties treated as correlated
across bins in the same category. This is a conservative assumption and significantly simplifies
the uncertainty propagation.

The relative contribution of the W+jets process Ry is directly calculated from the relative
contribution of the multi-jet processes Ryuii—jer (see Equation 10.10). It follows from this lin-
ear dependency that the up variation of Rpuyii—jer 1€ads to down variation of Ry. Additionally
the statistical uncertainty of Ryyi—jet is propagated to Ry.

10.4.3 Individual '"fake-factor"

For each individual "fake-factor" the uncertainty is calculated from the statistical uncertainties
of the used control region through standard error propagation. For these factors no further
uncertainties are applied. These uncertainties are treated as correlated across the bins in the
same category.
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10.4.4 Summary

In Table 10.12 all uncertainties for the calculation of the number of "fake" events are summa-
rized. The yields of both inclusive signal categories are given for the nominal case and for
all different uncertainty variations. In addition the relative difference between the nominal
value and the variation is given. The combined uncertainty of all three uncertainties is +34%
for the VBF category and £9% for the Boosted category. The statistical uncertainties on the
individual "fake-factors" have the biggest impact with +33% for the VBF category and 8%
for the Boosted category. The low impact of the uncertainties of the relative contribution
(£8% for the VBF category and £3% for the Boosted category) and the isolation factor
(3% and £3%) can be explained with Figure 10.12. These distributions show that the two
individual "fake-factors" have similar values in the bins. Due to this fact, a variation of the
relative contribution has only a small impact on the final estimated number of "fake" events.
Since the uncertainty variation of the isolation factor only leads to variation of the relative
contribution the influence on the number of "fake" events is also small.

VBF Boosted | VBF Boosted

Absolute yield | Rel. diff. to nom (%)
Nominal yield | 150 2123 |
Individual FF stat. unc. (up) 201 2295 33 8
Individual FF stat. unc. (down) 100 1952 -33 -8
IF variation (up) 155 2067 3 -3
IF variation (down) 148 2185 -1 3
Rel. contribution stat. unc. (up) 163 2069 8 3
Rel. contribution stat. unc. (down) 138 2178 -8 -3

Table 10.12: Summary of all uncertainties on the number of "fake" events calculated with the
combined 2015 and 2016 dataset with a integrated luminosity of 36fb~".
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The first study of Simplified Template Cross Sections (STXS) in the H — Ty, Tpqq decay
channel is an important part of this thesis. A description of the underlying STXS method
is given in Section 4.4. On the experimental side the same signal categories and objects
definitions, simulated events and background estimations as in the coupling strength analysis
are used for the STXS study.

11.1 STXS bin definition and expected events yields

A study of the event yields for the STXS bins of the Stage 0 and in particular Stage 1 is done
first. The study gives an overview of the expected event yields in the different STXS bins and
the contributions of the different signal event categories to STXS bins as well it discusses the
binning choice, which is based on the suggestions in Section 4.4.

11.1.1 Stage 0

In Table 11.1 the expected events yields in 36 fb~! for the Stage 0 STXS bins are given. The
STXS bins are listed from left to right , while the different signal event categories of the
analysis are given from top to bottom. As expected most of the events in the signal categories
contribute to the ggF bin, followed by the VBF bin and the VH bin, with a hadronically
decaying vector boson.

Stage 0

ggF VH (had) qq(fegH aq-ZH g8~ ZH| ppy tH
Boosted
Low 0.00
VBE Tight 8.53 0.00
Loose| 5.14

[ number of events y: Il oo | 25 | =10

Table 11.1: Expected signal event yields in 36 fb~! for the Stage 0 STXS bins, split into
the four signal categories Boosted (high/low) and VBF (tight/loose). The background color
illustrates the number of events in the corresponding. An increasing number of events change
the color from blue over green and yellow to red. The accurate range of each color is given in
the last row.

The ggF bin includes 142 events summed over all signal event categories. Most of the events
are in the Boosted high category (69 events) and in the Boosted low category (60 events). The
events of the ggF' STXS bin are nearly equally distributed in these two Boosted categories.
In both categories 79% of all signal events contribute to ggF STXS bin. Thus the Boosted
categories are enriched in ggF events as expected. 13 events in the Boosted high and 12 events
in the Boosted low category stem from the VBF STXS bin. This corresponds to 15% of all
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events in both signal categories.

The dominant STXS bin in the VBF signal event categories is the VBF STXS bin. While 73%
of all signal events in the VBF tight category stem from the VBF STXS bin, only 56% of the
events belong to it in the VBF loose category. The tighter VBF category improves the VBF
contribution further as expected. In the VBF loose category a dominant part of the remaining
events belong to the ggF bin (44%).

There are no particular signal categories for VH STXS bins. Most of the events which
correspond to the VH STXS bin, are in the Boosted categories. The contribution of VH
processes with leptonically decaying vector boson is negligible as well as the contribution
from ttH and tH processes. Furthermore no signal samples for gg — ZH with a leptonically
decaying Z boson, for bbH and tH processes are included in the analysis, due to the fact, that
these contributions are at least one magnitude below the one for the ttH processes. Thus only
six Stage 0 STXS bins are included into the fit. These STXS bins are the ggF, the VBF, the
VH (had), the qqg — ZH (lep) , the gqg — WH (lep) and the 7tH bin.

11.1.2 Stage 1

For the STXS Stage 1 only STXS bins with a non-zero contribution at Stage 0 are included.
In particular the gg — ZH with a leptonically decaying Z boson, the bbH and the tH bin are
excluded. Further no splitting for VH STXS bins is applied due to their low statistics at Stage
0. The expected signal events yields for the Stage 1 ggF' STXS bins, defined in Figure 4.9,
are given in Table 11.2.

Stage 1
Process ggH
Topology cuts VBF
Number of jets (Nj) =2 z3 0 1 2
Transverse momentum (pTH)[GeV]

High
Low

Boosted
0.02 0.09 0.13

IESEEEE o5 o3 | o017 JEXEH oc
003 007 020 o004 JEISH os37

l Number of events (N): | n=o [EEOY 25 |

VBF
Loose

= 10

Table 11.2: Expected signal event yields in 36 fb~! for the Stage 1 STXS bins for the gluon
fusion production modes defined on the top, split into the four signal categories Boosted
(high/low) and VBF (tight/loose). The background colors refer to the number of events in
corresponding bin. The number of events increases from blue over green and yellow to red,
defined in the last row of the table.

The contribution of the VBF signal categories are negligible in the STXS Stage 1 ggF STXS
bins, except of the two STXS bins with the VBF topology. The Boosted low categories
contributes mostly to the ggF' STXS bins with a transverse Higgs boson momentum p?
between 60 GeV and 200 GeV, while the Boosted high contributes to the bins with a transverse
momentum over 120 GeV. This is expected since on the experimental side a cut on the
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transverse momentum of the Higgs boson p# is set, with 100 GeV < p¥ < 140 GeV for the
Boosted low and pf > 140 GeV for the Boosted high category (see Chapter 8).

The STXS bins corresponding to a transverse Higgs boson momentum less than 60 GeV or to
a jet multiplicity of zero have nearly zero signal events. The STXS bin with a jet multiplicity
of zero has a-priori a high acceptance, but on the experimental side all signal categories
require at least one jet. However this STXS bin is not merged with further STXS bins, due to
large differences in the bin acceptances.

The p¥ STXS bins with less than 200 GeV are merged to increase the statistics. Furthermore
the STXS bins with a jet multiplicity of at least one are merged, as suggest in the STXS
description (see Section 4.4.4). Thus three STXS bins for the ggF without the VBF topology
remains. One STXS bin with a jet multiplicity of zero, one with a jet multiplicity of at least
one and p} <200 GeV and one with a jet multiplicity of one or more and p¥ > 200 GeV.
The ggF VBF like STXS has low statistics. Summed over all signal categories the relative
contribution of events in the VBF like STXS bins to all ggF events is 7%. These two STXS
bins are merged into the ggF* STXS bin with at least a jet multiplicity of one and p¥ < 200
GeV. Thus three STXS bins remain for the ggF process, which are summarized with their
corresponding excepted event yield in Table 11.4.

Stage 1
Process VBF gq—-~WH|qq—-ZH| ttH
Transverse momentum (p./)[GeV] | =200 < 200
Number of jets (Nj) =2 :
leptonic
Topology cuts VBF VH rest
Transverse momentum (pTH“)[GeV] <25
E—— High
ooste
Low 0.22 0.44
12.60
VBF
Loose 0.08
I Number of events (N):

Table 11.3: Expected signal event yields in 36 fb~! for the Stage 1 STXS bins for all
production modes except of the ggF, split into the four signal event categories Boosted
(high/low) and VBF (tight/loose). The background colors refer to the number of events in the
corresponding bin. The number of events increases from blue over green and yellow to red,
defined in the last row.

The event yields for the VBF STXS bins split into the signal event categories are given in
Table 11.3, together with the event yields of the remaining non-ggF Stage 1 STXS bins. The
table shows that the events are more equally distributed for these STXS bins than for the ggF
STXS bins. The VBF loose category contributes mostly to VBF topology STXS bins and
the VBF tight category to these and further to the beyond the SM physics STXS bin with a
transverse momentum of the leading jet pJT over 200 GeV. The Boosted low category mostly
contributes to the VBF rest STXS bin, while the Boosted high category contributes to the
high transverse momentum STXS bin as well. These contributions are initiated from VH
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production with hadronically decaying vector bosons, which are merged into the VBF STXS
bins at Stage 1.

A merging of the VBF STXS bins is necessary, due to the low expected event yields. As
suggested in Section 4.4.4, the two STXS bins with a VBF topology are merged. Further the
STXS bin with a VH topology is merged into the rest STXS bin, since most of the events in
both STXS bins are initiated by VH production processes. Thus three STXS bins for the VBF
category remain for the STXS Stage 1 fit. All remaining STXS bins are summarized in Table
11.4, with their corresponding expected event yields.

Stage 1
Process ggF VBF qq—~WH | qq—ZH ttH
Topology cuts VBF
Number of jets (N;) 0 21 22 .
Transverse momentum (p_"/ p.f) leptonic
Pr Py <200 | =200 < 200 2200
[GeV]
High 0.00 9.84 7.23 0 0.0 0.0
Boosted
Low 0.0 0 13.31 0 0 0.0 0.08
Tight 0.00 5.25 0.0 0.00 0.0
VBF
Loose 0.0 0.18 5.57 0.09 0.00 0.00 0.00
| Number of events (N): | nN=0 20.01 | =5 | =1

Table 11.4: Expected signal event yields in 36 fb~! for the Stage 1 merged STXS bins, split
into the four signal event categories Boosted (high/low) and VBF (tight/loose). The different
colors refers to number of events in the corresponding bins, defined in the last row.

11.2 Study of expected sensitivity

To determine the excepted sensitivity fits for the Simplified Template Cross Sections at Stage
0 and Stage 1 with different settings are performed with an Asimov dataset.

11.2.1 Stage 0

Input sample

The Stage 0 STXS are extracted from a fit to missing mass calculator m*M¢ distribution (see
Chapter 6), with the STXS bins at Stage O as the parameters of interest. This distribution
is directly sensitive to the signal and allows a better signal to background discrimination,
since the signal is focused around the Higgs boson mass. An non-equidistant binning in
chosen for this. In the range from 100 GeV to 150 GeV, which corresponds to the region
around the expected Higgs boson signal of 125 GeV a fine binning of 10 GeV steps is chosen,
while under and over this range a single bin is used. This binning is chosen as a compromise
between a good signal to background discrimination in the m¥¥¢ distribution and reasonable
statistics in each bin. The distribution for the Boosted categories are shown in Figure 11.1.
The signal-only distributions in the first row illustrate the high contribution of ggF production
mode in this region and the peak of the signal around the Higgs boson mass, while the
distributions with all processes in the second row show the high background contribution
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especially in the lowest and highest bin. The same behaviour is observed in Figure 11.2 for
the VBF region except of a lower statistic and a domination of VBF processes in the signal
distributions.

Due to the small contributions of Z — [/ and di-boson events in the signal event categories
they are merged into a common background sample.

o S0~ 7T 71— o 30— 7
c L . % Bkg (stat) Il ggF ] c r : % Bkg (stat) [ ggF 7
o [ ATLAS Work in Progress g ver [ vH(had) 1 o I ATLAS Work in Progress gg ver [ vHhad) ]
w a0 Vs=13TeV, 36.1 fo'' B aqWH(lep) [ qaZH(lep) | W 25— ys=13TeV,36.1 fb" I qaWH(lep) [ aqZH(lep) —|
L H_M:\eprhad @ ] E H—’Tlep""nm m 7
i ] 20F =
30 7 E ]
r ] 15 -
201 . - ]
r ] 10 =
o ] -
0O 50 100 150 200 250 200 250
mMC [GeV] mMC [GeV]
(a) Boosted high (b) Boosted low

= . #% Bkg (stat) Fake < . #% Bkg (stat) Fake

o 6000 ATLAS Work in F:rogress Bzow W Top o ATLAS Work in F:rogress Hzow W Top

w Vs=13TeV, 36.1 fo [ DiBoson [ Z- i w 4000 Vs =13 TeV, 36.1 fo [ DiBoson [0 Z— I

Il Signal I Signal
Ho T g H- T Thag

150 200 0 200 250
mMC [GeV] mMC [GeV]

8 b b b b b b

(c) Boosted high (d) Boosted low

Figure 11.1: The m¥MC distributions of signal processes only (top) and of all processes
(bottom) in the Boosted high category (left) and the Boosted low category (right) in 36 fb~!.
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Figure 11.2: The mMMC distributions of signal processes only (top) and of all processes
(bottom) in the VBF tight category (left) and the VBF loose category (right) in 36 fb~ 1.

Parameter of interest

Table 11.5 gives an overview of the expected best fit values and their uncertainties determined
with different settings. The first row (full fit) of Table 11.5 illustrates the default setup, in
which the cross section for each Stage 0 STXS bin in the fit as a parameter of interest (Pol).
As expected for a fit with Asimov data the values perfectly match the prediction of the SM
given in the last row of the table. However the uncertainties up to 5700% point out, that no
sensitivity for this full STXS Stage 0 set-up is given. The low statistics for some STXS bins
introduce high uncertainties on these cross sections.

Table 11.6a gives the full correlation matrix for all six cross sections. A high correlation
between the VBF and the VH (had) STXS bin and a strong anti-correlation of both to the
ggF STXS bin exists. Since all signal processes have a similar shape in the m¥MC distribution,
with a peak around the Higgs boson mass of 125 GeV, the correlation depends mainly on the
event yields of the processes in the different signal categories. Figure 11.1 shows that the VBF
and VH (had) STXS bin has a non-negligible contribution in the ggF dominated Boosted
categories and the ggF STXS bin has a non-negligible contribution in the VBF dominated
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VBF category, while the VH STXS bin contribution there is negligible. An increasing of the
ggF yield leads to a decrease of the VBF and VH yield in the Boosted categories, while an
increasing V BF yield in the VBF categories results only in a decrease of the ggF yield since
the VH process has no contribution there. Thus the VBF and VH STXS bins are forced to a
common increase or decrease, while the ggF' STXS bin has the opposite trend. The behaviour
of the nuisance parameters and the normalisation factors are illustrated in Figure A.4a in the
appendix.

To reduce the influence of the low statistics signals two different assumptions can be used.
A merging of of the low statistics processes would combined their statistics, but contradicts
the idea of the STXS (see Section 4.4). Instead the low-statistics signals are fixed to the SM
predictions. This contains the assumption that these cross sections have no deviations from
the SM predictions. The second row (Low signal fixed) of Table 11.5 shows the results for
a fit with fixed cross sections for the 1#H STXS bin and the gg — VH STXS bins, with a
leptonically decaying vector boson. This reduce the uncertainties of the reaming three bins
by at least 11%. To further increase the sensitivity a fit is performed with an additional fixed
value for the VH (had) STXS bin, which has a relative uncertainty around 1900%. The result
for this fit is shown in the third row (Only ggF and VBF) of Table 11.5. For this fit the
expected relative uncertainties of the ggF' and VBF STXS bin are reduced to less then 100%.

. VH qq —~ZH qq—WH
Bin ggF VBF (had) ttH (Iep) (Iep)
Full fit 28494 0.22+£0.31 0.0941.9 0.03+£31 0.01£57 0.03+14
Low signal fixed 2.8+7.6 0.224+0.26 0.09+1.7 0.03 0.01 0.03
Only ggF and VBF  2.842.1 0.2240.17 0.09 0.03 0.01 0.03
SM prediction 2.8 0.22 0.09 0.03 0.01 0.03

Table 11.5: Comparison of the expected fit results of a global fit with six cross section as
parameters of interest (Full fit) against a fit with cross sections of STXS bins with the lowest
sensitivity (ttH, qg — ZH qq — W H) fixed to the SM prediction (Low signal fixed) and a fit
with the cross section of the VH STXS bin additionally fixed (Only ggF and VBF). Values
without an uncertainty are SM predictions.

Table 11.6b illustrates the correlation matrix for the two parameter of interest. Compared
to the correlation matrix with six parameters of interest (Table 11.6a), the anti-correlation
between the ggF and the VBF bin is reduced. For each STXS bin two enriched signal event
categories exists, and no STXS bin without a specific signal event category remains. This
lead to the assumption that the definition of specific signal event categories for each STXS
bin could reduce the correlations between them. Further specific signal event categories for
the low sensitivity signals increase their statistics, since most of their events do not pass the
VBF or Boosted event category requirements. Thus a study of further signal categories should
be done in the future but is beyond the scope of this thesis.
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qq—~2ZH | qg—WH

) ‘

-0.01 | 041 |-0.44

(b) 2 Pols

:

(a) 6 Pols

Table 11.6: Correlation matrix of the Stage O fit with six parameters of interest (Pol) (left)
and two Pols (right). Dark red refers to high correlation and dark blue to high anti-correlation,
while the light colors refer to a small contribution.

11.2.2 Stage 1

The same input sample with a non-equidistant binned m¥M¢ distribution as at Stage 0 is

used at Stage 1. Further a merged low statistics background is defined, including Z — I/ and
di-boson events. The STXS bins 1#H and gg — V H with a leptonically decaying vector boson,
which shows no sensitivity on Stage 0, are fixed to SM prediction. Further the ggF STXS
bin with a jet multiplicity N; of zero is fixed to the SM cross section of 1.7 pb, since it has
no expected event entries (see Table 11.2). The VH STXS bin with a hadronically decaying
vector boson is merged to the VBF STXS bins, as suggested in Section 4.4.4.

Bin ggF VBF

Topology cut VBF

Number of jets (N;) >1 >2

TranV?rse momentum <200 2200 <200 2 200
(pr / pr) [GeV]

Full fit 1.0£7-10°7 [ 0.036%6 | 0.074+2-10%* | 0.2+1-10% | 0.014422
Only beyond the SM STXS bins 1.0 0.036+5 0.07 0.2 0.014418
Only ggF STXS bins 1.042-10% | 0.036+4 0.07 0.2 0.014
SM prediction 1.0 0.036 0.07 0.2 0.014

Table 11.7: Comparison of the expected fit results of Stage 1 STXS bins defined on the top
with all five STXS bins as parameters of interest (Pols) (Full fit), with only sensitive to the
beyond the SM effects STXS bins as Pols and with only ggF' STXS bins as Pols, while the
remaining STXS bins are fixed to the SM cross sections.
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process ggF VBF process ggF | VBF
cuts
cuts VBF
Tyl EsM) | =1
T | > jets (Nj) =21 = 20
=l 5 I8 5 |eR 00
hl oo Hp i e
S| g |G >200 "
2| E| [cev] =
5 =2 A
8
o w A
= g
A
s) Al .
8 (b) only beyond SM bins
&
A process ggF
W cuts ‘
™~
m T | > jets (Nj) 29
> 5|85
D18 g | @)
o & £ | ooy | <200 2200
m 4
>
LY —
{=2] N

(a) 5 Pols (c) only ggF bins

Table 11.8: Correlation matrix of the Stage 1 fit with five parameters of interest (Pols) (a),
only the beyond the SM sensitive bins (a) as Pols and only the ggF bins as Pols (c). Dark red
refers to high correlation and dark blue to high anti-correlation, while the light colors refers
to a small contribution.

Thus five STXS bins are remain as parameters of interest at Stage 1. One ggF STXS bins
with a transverse momentum of the Higgs boson p¥ less 200 GeV and one ggF STXS bins
with pf > 200 GeV, which should be sensitive to beyond the SM physics effects. Both bins
required to has a jet multiplicity of at least one. Three VBF STXS bins are used as parameters
of interest at Stage 1. One with a transverse momentum of the leading jet pj' greater than 200
GeV sensitive to beyond the SM effects and two VBF STXS bins with p# <200 GeV. One
of these STXS bin requires V BF topology cuts, while the remaining one consists of all events
which fail the requirements of the first two VBF STXS bins.

The results for Stage 1 are summarised in Table 11.7. The first row (Free fit) shows the best
fit values with their uncertainties for a fit with all six remaining cross sections as parameters
of interest. The uncertainties of all STXS bins are large, but the two STXS bins which are
sensitive to beyond the SM physics effects has smaller relative uncertainties as the remaining
STXS bins. Two further fits are produced to prove a potential decreasing of the uncertainties
by setting some STXS bins to the SM predictions. One fit with all Stage 1 STXS bin fixed
to SM prediction except of the two STXS bins, which should be sensitive to beyond the SM
physics (see Section 4.4). This reduces the uncertainties of these two STXS bins against
the first determination (see Table 11.7 second row (Only beyond the SM bins)). However
both STXS bins still have a large uncertainty such that no sensitivity is excepted. A third fit
in which all STXS bins except of the two ggF STXS bins are fixed to the SM prediction is
produced. The results for this fit is shown in the third row of the table (Only ggF STXS bins).
Compared to the full fit the uncertainties are reduced but still to large to expect sensitivity in a
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fit to data. The nuisance parameters and normalizations factors can be found in Figure A.5
and Table A.4 in the appendix.

Table 11.8 shows the correlation matrices for the three different fit set-ups. The matrices show
an anti-correlation between the ggF and VBF STXS bins, which were already observed at
Stage 0.

The study at Stage 1 shows that no sensitivity in the H — 7., Tpqq decay channel alone for
the 2015 and 2016 combined dataset with the current signal event categories is expected.

11.3 Results at Stage 0

The gluon fusion and vector boson fusion cross sections as parameters of interest fitted to all
four signal regions and two control regions for top quark produced background at STXS Stage
0 are given in Table 11.9. For the fit the combined 2015 and 2016 dataset for the H — Ty, Thaa
decay channel with 36 fb~! is used and the remaining STXS Stage 0 bin were fixed to the SM
prediction. The best fit values for the ggF cross section O,gr and for the VBF cross section
OypF are given by:

Opr = (26+2.1)pb  and  oygr = (0.15+0.17) pb. (11.1)

Both values agree with the predicted cross sections of the SM within their uncertainties,
but are somewhat lower. This behaviour is consistent with the signal strength measurement
results of 4 = 0.8 £0.4, which is lower as the expected one (see Section 9.3). The relative
uncertainties are 81% on the ggF cross section and 113% on the VBF cross section.

Table 11.9 illustrate the statistical uncertainty from data and the systematic uncertainty
further split into the different sources. The main uncertainty sources are the data statistics,
the uncertainties related to jets and the missing transverse energy E7S and the statistical
uncertainties of the simulated events.

The nuisance parameters and normalisation factors are illustrated in Figure A.6 in the appendix.
The normalisation factor of the top quark production background for the Boosted category
includes with 1.04 4= 0.08 the expected value of one within its uncertainties, while the the
one for the VBF category has a value of 1.440.3. The top quark production background
calculated by simulation is lower than the one measured in the control regions since both
normalisation factors are larger one.

The correlation matrix of the parameters of interest is given in Table 11.10. The matrix shows
an anti-correlation between the two cross sections of -0.46, as predicted by the fit with an
Asimov dataset (see Table 11.6b).
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Bin O,er [pb]  Ovpr [pb]
SM prediction 2.8 0.22
Best fit values 2.6+£2.1 0.15+0.17
Data statistic +1.15 +0.11
Systematic unc. +1.70 +0.13
“Normalizationunc. ~ +0.10  £0.01

Jets and EJss +1.11 +0.08
B-jets +0.08 £0.01
Light leptons +0.08 +0.01
T-leptons +0.15 +0.02
Pileup re-weighting +0.16 +0.01
"Fake" background +0.26 +0.04
Luminosity +0.12 +0.01
Theory unc. on signal +0.72 40.04
Theory unc. on background  +0.02 £0.00
Simulation statistic +0.86 +0.09

Table 11.9: Best fit values for STXS at Stage 0 with two parameter of interest (Oggr, Oypr) for
the 2015 and 2016 dataset of the H — Tj,, Thqq decay channel with 36fb~! and the uncertainties
on the cross sections split into several sources.

Table 11.10: Correlation matrix of the Stage O fit with two parameter of interest (ggF and
VBF cross section) for the combined 2015 and 2016 dataset.






12 CONCLUSION AND OUTLOOK

The thesis presents the cut-based signal strength measurement of the H — Ty, Thaq decay
channel with a combined 2015 and 2016 dataset of an integrated luminosity of 36 fb~!
recorded with the ATLAS detector. For this a new data-driven method is introduced and
validated for the determination of background events from jets misidentified as hadronically
decaying 7-leptons, so called "fakes". Furthermore first studies of Simplified Template Cross
Section (STXS) at Stage 0 and Stage 1 are discussed.

Background estimation of jet misidentified as 7,

The new data-driven background estimation is based on the "fake-factor" method of the
H — TjepThaq analysis used in Run 1[20], but is modified and expanded for the new dataset.
Especially a new data-driven approach is used to estimate the relative contribution of multi-jet
processes, which contribute to this background. The method uses an "anti-7" control region
defined by inverting the medium ID criteria [82] of the hadronically decaying 7;,4-lepton
to calculate the number and the shape of "fake" events (see Section 10.1.1). To transfer the
number and the shape of events from the "anti-7" control region to the signal region a transfer
factor, so called "fake-factor", is used.

The "fake-factor" consists of individual "fake-factors" for W+jets, Z+jets, top quark production
and multi-jet processes, which are summed up to the combined "fake-factor" weighted by their
relative contributions in the signal region (see Section 10.1.2). To calculate these individual
"fake-factors" a separate control region is defined for each background process. A closure test
validate that these individual "fake-factors" calculated in the control region can be applied
to the signal region (see Section 10.3.6). A further test proves that the assumption of using
the individual "fake-factor" of W+jets processes for all non-multi-jet processes can be made
without an additional systematic uncertainty (see section (10.3.1)). Since for example the
used triggers have changed between 2015 and 2016 a study is done to prove that the number
of "fake" events can be calculated for a combined 2015 and 2016 dataset instead of for the
individual datasets (see Section 10.3.2).

The relative contributions are calculated with a new data-driven approach based on another
transfer factor, the so called isolation factor (see Section 10.1.5). This isolation factor transfers
the number and the shape of multi-jet events from a multi-jet control region, which is defined
by inverting the gradient isolation criteria on the light lepton [79, 80], to the signal region.
With the number of multi-jet events in the signal region the relative contributions of this
process and of the non-multi-jet processes are determined. To avoid that the same control
region is used to calculate the individual "fake-factor" of multi-jet processes and to calculated
their relative contributions, the requirement of the signal region that the light lepton and the
Thaq-lepton must have opposite charge sign ("opposite-sign") is inverted when calculating
the relative contribution. A study shows that the relative contributions calculated in this
"same-sign" multi-jet control region can be applied to the "opposite-sign" region, introducing
a systematic uncertainty (see Section 10.3.3) on the isolation factor to account for the small
difference.

A closure test in the "same-sign" signal region validates the results of the new "fake-factor"
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method (see Section 10.3.5) and the distributions in the signal regions show a good agreement
between data and background in regions where no signal is expected.

Signal strength measurement

The signal strength g = (6-BRe<)os/(6-BRer)si in the H — Tjep Thaq decay channel is determined
to be u = 0.8 £0.4 in agreement with the SM expectation of 1 (see Section 9.3). A po-value
of 0.032 corresponding to 1.90 is found. The dominant uncertainty sources are related to
the jet and missing transverse energy reconstruction (£0.28) and the statistical uncertainties
of the dataset (+0.22), followed by the uncertainties in the estimation of "fake" background
(£0.15) and the statistical uncertainties of the simulated samples used(£0.19).

Simplified Template Cross Sections

The measurement of the gluon fusion STXS bin Gg,r and vector boson fusion STXS bin oy gr
yield Ggor = (2.6 +2.1) pb and oypr = (0.15+£0.17) pb (see Section 11.3). Both results are
in agreement with the SM prediction of 2.8 pb and (.22 pb, but have large uncertainties. The
dominant uncertainty sources are the data statistics (1.2 pb and +0.11 pb), the uncertainties
related to jet and the missing transverse energy reconstruction (£1.1 pb and +0.08 pb) and
the statistical uncertainties of the simulated events (£0.9 pb and £0.09 pb). The best fit
values for both cross sections are smaller than the SM predictions in agreement with the
signal strength measurement of less than one. The sensitivity studies for the STXS Stage 1
and full Stage 0 show that no sensitivity is available in the H — ;. Tjqq decay channel with
the combined 2015 and 2016 dataset and the current signal event categories.

Outlook

The new "fake" background estimates shows a good agreement with data and can be used
in analysis beyond the scope of this thesis as well. To apply this method on a new dataset
investigations for the binning of individual "fake-factors", the relative contributions and the
isolation factor are necessary. With a larger amount of data a calculation of the isolation factor
in the signal regions should be possible. Furthermore a repetition of the closure tests to prove
the assumption of the method with a new dataset is necessary.

A significance of the H — Ty, Thaq decay channel with 1.96 is not sufficient for evidence of
this decay mode of the Higgs boson with the combined 2015 and 2016 dataset of 36 fb~!,
but the combination of the three different H — 77 sub-decay modes which will be published
beyond the scope of this thesis is expected to provide at least evidence or observation of the
Yukawa coupling at the ATLAS experiment.

The Simplified Template Cross Sections studies show that no measurements at Stage 1 are
possible for H — ;. Theq decay mode with analysis strategy and signal event categories of the
combined 2015 and 2016 dataset. For a sensitive measurement the combination of the three
different H — 77 sub-decay modes and an optimisation of the defined signal region would be
necessary. A combination with the 2017 and 2018 datasets should be considered to increase
the statistics as well. Furthermore for a complete Stage 1 measurement the implementation of
further theoretical systematic uncertainties are necessary to take possible migration between
different exclusive transverse momentum or jet multiplicity bins into account.



A APPENDIX

A.1 '"Signal strength estimation"

Figure A.1 show the observed and the expected behaviour of the nuisance parameters and
normalization factors. The nuisance parameters related to the jet energy resolution (JER) and
jet energy scale (JES) show constraints and observed values are slightly pulled to positive
values. Further the parameters related to the "fake" estimation show a similar behaviour.
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Figure A.1: Expected (a) and observed (b) nuisance parameters and normalisation factors for
the signal strength analysis in the H — 7,447, decay channel with a combined 2015 and
2016 dataset of 36 fb~!.
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A.2 "Fake background estimation"

Table A.1 shows the event yields of data and different background processes in the "anti-7"
signal regions and "anti-7" control regions of the Boosted and VBF signal event category.

Category Region Data Nhotj—t Wijets Z+jets Top Other
SR 2893 2914 51  1580£196  190+142 124+ 13 45+ 7
Wjets 1033 90+ 19 769+115 81+ 27 65+ 9 13+ 3
VBF Multi-jet 3725 25+ 7 70+ 24 36+ 25 18t 6 3£ 2
Z+jets 142 10+ 3 5+ 3 1474 32 T+ 2 3+ 1
Top 980 142+ 16 280+ 46 32+ 8 384+ 25 12+ 3
SR 34569 4711+133 19853+530 1456+131 1814+ 51 589423

Wjets 13794 1011+ 83 10786+286  661+131 830+ 33 2016+14
Boosted  Multi-jet 33370 298+ 33 729+ 65 67+ 19 267+ 30 29+ 5
Z+jets 2348 149+ 20 103+ 19 1908+190 97+ 11 45+ 4
Top 16771 2672+ 77  4007+224 224+ 28 7773110  139+12

Table A.1: Number of events in the "anti-t" control regions for the W+jets, multi-jet, Z+jets
and top quark production background corresponding to the VBF (top) and Boosted (bottom)
category. Npotj—s¢ refers to events where the 7-lepton is not initiated by a jet.

Table A.2 shows the relative contribution of W+jets and multi-jet processes to the "fake"
background in the "same-sign" control region split into the signal event categories.

Lepton Electron Muon
pT[GeV] pT<4U 40('3:(90 90 <p, pT<40 40 <p, <90 90<pT
Process W+ets | Multijet | W+jets | Multi-je Multi-jet | WHets | Multijet | W+jets | Multi-jet | W+jets | Multi-jet
A <10 0.548 0.452 0.709 0.291 0.663 0.337 0.648 0.352 0.798 0.202
10<Ab<15 | 0734 | ] ; | 799 o73r [ os7s
15<Ad <20 791 3 0.154 0.130
— AD>20 o525 |  Joess | | o108 G 0.061 0.130
coste!
AD<10 0.118 0.087 0.059 0122 0.078
10<Ad <15 0.088 0.098 0.049 0.097 0.106
3 track
15<Ad <20 0.036 0.052 0.016 0.062 0.058
AD>20 0.108 0.057 0.020 0.026 0.033
26 <20 5 .300 287 | 0613

1 track

Ad>20 0.999
A <20 0.098

VBF
3 track

AD>20 0.792 0.001

Table A.2: Relative contributions R; of the "same-sign" region separated into the number
of tracks of the 7-lepton (1,3), the event category (Boosted, VBF) and the difference of the
azimuthal angle between the 7-lepton and the missing transverse energy (A®) shown on the
left-hand side and the lepton flavour (electron, muon) and the transverse momentum of the
T-lepton (p7) shown on the top. The background color changes from blue to red for increasing
R; values.

Figures A.2 and A.3 shows the relative contribution for W+jets and multi-jet processes for
the "same-sign" regions of the Boosted and VBF signal event categorises.
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Figure A.2: The relative contribution for the "same-sign" Boosted categories. The left column
illustrates the results for the electron channel and right one for the muon channel. From the
top to the bottom row different cuts on the transverse momentum of the light leptons were
applied (p} < 40GeV, 40 GeV < p}. < 90 GeV, p} > 90 GeV). The dashed lines correspond
to the results for hadronically decaying t-leptons with three tracks, while the full lines show
the 7-leptons with one track. The red line refers to the relative contribution of W+jets events,
while the black one belongs to multi-jet events.
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Figure A.3: The relative contribution for the "same-sign" VBF category. The first column
illustrates the results for the electron channel and last one for the muon channel. From the top
to the bottom row different cuts on the transverse momentum of the light lepton are applied
(p} < 40GeV, 40 GeV < pf <90 GeV, pf. > 90 GeV). The dashed lines correspond to the
results for hadronically decaying 7-leptons with three tracks, while the full lines show the
T-leptons with one track. The red line refers to the relative contribution of W+jets events,
while the black one belongs to multi-jet events.
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Table A.3 shows the relative contribution of W+jets, Z+jets and top quark production
processes to the "fake" background with and without a re-weighting with the data-driven
estimated relative contribution multi-jet processes.

Electron
Number of tracks 1 3

Process WHjets Top Z+jets Multi-jet WH+jets Top Z+jets Multi-jet
p,[GeV] Calculation MC Data MC Data MC Data Data MC Data MC Data MC Data Data
AD <10 0,63 0,53 0,03 0,03 0,10 0,09 0,35 0,60 0,73 0,05 0,06 0,09 0,11 0,11
p<40 1.0<A® <15 0,64 0,60 0,09 0,08 0,03 0,03 0,28 0,77 0,75 0,12 0,12 0,04 0,04 0,10
T 15<A® <20 0,67 0,60 0,13 0,12 0,04 0,03 0,25 0,75 0,76 0,14 0,14 0,03 0,04 0,07
AD >2.0 0,52 0,71 0,12 0,16 0,01 0,01 0,12 0,87 0,85 0,11 0,11 0,01 0,01 0,04
AD<1.0 0,54 0,66 0,03 0,04 0,06 0,07 0,22 0,63 0,76 0,05 0,06 0,09 0,11 0,07
1.0<A® <15 0,64 0,72 0,07 0,08 0,04 0,05 0,16 0,68 0,78 0,10 0,12 0,05 0,05 0,05

Boosted |40 <p, <90
15<A® <20 0,90 0,71 0,06 0,05 0,03 0,03 0,22 0,82 0,78 0,12 0,12 0,06 0,05 0,05
AD>2.0 0,90 0,85 0,08 0,07 0,02 0,02 0,06 0,70 0,83 0,11 0,13 0,02 0,03 0,02
AD<1.0 0,72 0,80 0,03 0,03 0,08 0,09 0,09 0,70 0,82 0,05 0,06 0,09 0,10 0,02
90<p 1.0<AD <15 0,87 0,74 0,06 0,05 0,07 0,06 0,15 0,78 0,85 0,05 0,05 0,06 0,06 0,03
T 15<A® <20 0,80 0,75 0,04 0,04 0,03 0,03 0,18 0,93 0,89 0,03 0,03 0,04 0,03 0,05
AD>2.0 0,75 0,84 0,03 0,03 0,02 0,02 0,10 0,94 0,91 0,02 0,02 0,04 0,04 0,03
p.<40 AD <20 0,82 0,61 0,02 0,02 0,16 0,12 0,25 0,44 0,81 0,04 0,07 0,02 0,04 0,08
T AD>2.0 0,97 0,71 0,00 0,00 0,03 0,02 0,27 0,61 0,57 0,11 0,11 0,28 0,26 0,07
VBF 40<p_<90 AD <20 0,37 0,46 0,04 0,05 0,19 0,23 0,26 0,56 0,69 0,06 0,07 0,14 0,17 0,07
T AD>2.0 0,96 0,54 0,03 0,01 0,02 0,01 0,43 0,27 0,38 0,05 0,07 0,34 0,49 0,06
90<p, AD <20 0,31 0,58 0,02 0,04 0,11 0,22 0,17 0,75 0,73 0,05 0,05 0,17 0,16 0,06
i AD>2.0 0,93 0,02 0,07 0,00 0,00 0,00 0,98 0,60 0,74 0,06 0,08 0,10 0,13 0,06
(a) Electron channel
Muon
Number of tracks 1 3

Process WH+jets Top Z+jets Multi-jet WHjets Top Z+jets Multi-jet
p.[GeV] Calculation MC Data MC Data MC Data | Data MC Data MC Data MC Data | Data
A® <10 0,57 0,67 0,04 0,05 0,02 0,03 0,26 0,60 0,79 0,04 0,06 0,03 0,04 0,11
p.<40 10<AD <15 0,43 0,74 0,05 0,09 0,01 0,02 0,14 0,61 0,77 0,11 0,14 0,02 0,02 0,07
T 1.5<AP <2.0 0,60 0,72 0,09 0,11 0,03 0,04 0,13 0,83 0,82 0,12 0,11 0,02 0,02 0,06
A® >2.0 0,70 0,80 0,07 0,08 0,00 0,00 0,13 0,73 0,83 0,09 0,10 0,03 0,03 0,04
AD <10 0,69 0,71 0,04 0,04 0,02 0,02 0,23 0,66 0,81 0,05 0,06 0,03 0,04 0,09
10<AD <15 0,64 0,77 0,05 0,06 0,02 0,02 0,15 0,68 0,78 0,11 0,13 0,03 0,03 0,06

Boosted |40 <p <90

1.5<AP <2.0 0,04 0,24 0,09 0,51 0,02 0,13 0,12 0,81 0,81 0,12 0,12 0,03 0,03 0,04
AD>2.0 0,58 0,84 0,05 0,08 0,01 0,02 0,07 0,81 0,83 0,12 0,12 0,01 0,01 0,03
AD <10 0,94 0,79 0,03 0,03 0,02 0,02 0,17 0,78 0,84 0,07 0,07 0,03 0,03 0,05
90<p 1.0<AD <15 0,95 0,79 0,02 0,02 0,03 0,02 0,17 0,79 0,89 0,04 0,04 0,02 0,02 0,05
T 1.5<AP <2.0 0,59 0,81 0,04 0,05 0,01 0,02 0,13 0,78 0,89 0,04 0,04 0,02 0,02 0,05
AD >2.0 0,52 0,89 0,01 0,01 0,02 0,03 0,06 0,88 0,93 0,02 0,02 0,03 0,03 0,02
p.<40 AD <20 0,51 0,55 0,02 0,03 0,03 0,03 0,40 0,64 0,74 0,04 0,05 0,04 0,05 0,16
T AD >2.0 0,88 0,88 0,00 0,00 0,12 0,12 0,00 0,88 0,73 0,11 0,09 0,01 0,01 0,18
VBF 40<p_<90 AD <20 0,58 0,59 0,05 0,05 0,04 0,04 0,32 0,58 0,79 0,06 0,08 0,02 0,02 0,11
i A® >2.0 0,97 0,63 0,03 0,02 0,00 0,00 0,35 0,91 0,77 0,09 0,08 0,00 0,00 0,15
90<p, AD <20 0,54 0,76 0,01 0,02 0,02 0,02 0,20 0,90 0,84 0,07 0,07 0,02 0,02 0,07
i AD >2.0 0,97 0,95 0,00 0,00 0,03 0,03 0,02 0,89 0,89 0,06 0,06 0,05 0,05 0,00

(b) Muon channel

Table A.3: Relative contribution of W+jets, top quark production and Z+jets event calculated
from simulated events (MC) and after re-weighting with the data-driven estimation of the
relative contribution of multi-jet event (Data) separated for the electron channel (a) and the
muon channel (b). The contributions are determined separately for the event categories
(Boosted, VBF) and binned into the number of tracks of the hadronically decaying 7-lepton (1,
3), the transverse momentum of the 7-lepton (pr) and the difference of the azimuthal angle
between the 7-lepton and the missing transverse energy (A®).
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A.3 Simplified Template Cross Sections

Stage 0 expected

Figure A.4a illustrate the behaviour of nuisance parameters (NPs) and the normalisation factors
(NFs) for the top quark production background for a fit six cross sections as a parameter of
interest (Pols) (full fit) at Stage 0. All precise values of the NFs and their corresponding
uncertainties are given in the last two rows of the first column of Table A.5. The best fit
values for both NFs are one, what is expected for a Asimov dataset by construction. The high
uncertainty is mainly introduced trough the high degree of freedom in the signal region. Due
to the high uncertainties on the Pol the normalisation for top quark initiated background can
be chosen in a wide range without a huge impact on the results.

The NPs have a similar behaviour as the one for the signal strength analysis (see Section 9.3).
The systematic uncertainty for the jet energy resolution JER as well as for the "fakes" are
constrained. The NPs with constraints of more then 3% are summarized, with their precise
values in Table A.5 in the first column.

The reduction of the Pols has only a small influence on the NP. Only the parameters, which
has shown a constraint in the fit with all six Pol, has a small deviation. This deviation is
illustrated in Table A.5. The first column refers to the fit with six Pols and the second one to
the fit with two Pols. Overall the NPs have a trend to slightly smaller uncertainties for the
fit with 2 Pols. The impact on the NFs for the top quark initiated background in the last two
rows is more obvious. Due to reduced degrees of freedom in the fit the uncertainties on the
NFs are reduced.

Stage 1 expected

Figure A.5 shows the NPs and the NFs for the fit with 5 Pols (a) and with the two beyond the
SM STXS bins as Pols (b) at Stage 1. Most of the NPs show no constraint, however the "fake"
parameters are strongly constrained and the NFs have high uncertainties. The precise values
for these parameters are given in Table A.4. This is a result of the large relative uncertainties
on the parameters of interest. Due to the low sensitivity the fit does not need to constrain
different parameters. Instead the fit constrains only the uncertainty of the "fake" parameters
and introduces large uncertainties on the NFs.

5 Pols only beyond SM bins only ggF bins

Ih fake boost 011 011 0t 13
Ihfakevdf 0505 . 0%0% 0%
Ih fake boost top 0933 01033 01933
Ihfakevbftop 053 . %03 _______O%a_
norm LH boost Top  0.7+4 0.7+4 0.774,
norm LH vbf Top ~ 0.87% 0.8%0% 0.8%5%

Table A.4: Nuisance parameters of the "fake" background and normalisation factors of
backgrounds initiated by top quark processes at Stage 1.
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Figure A.4: Nuisance parameters and normalisation factors of STXS Stage 0 measurements

for a fit with six parameters of interest (Pols) (left) and a fit with two Pols (right).



123

A APPENDIX

Parameter of interest 6 2
ATLASTER 08% 0%y
ATLAS JES EffectiveNP 1 0t37:  010%
ATLAS JES EffectiveNP 2 0% 07938
ATLAS JES EffectiveNP 3 008 0708
ATLAS JES EffectiveNP 4 07090 005
ATLAS JES EffectiveNP 5 0fo5s 0ro5e
ATLAS JES EffectiveNP 6 0o 0700s
ATLAS JES Etalnter Model 007 0
ATLAS JES Etalnter Stat 07005 0700
ATLAS JES Flavor Comp 0t3e ot
ATLAS JES PU OffsetMu 0foss  0f0%s
ATLAS JES PU OffsetNPV 005 0705
ATLAS JES PU PtTerm 0003 0003
_ATLASJESPURho 0%0% __ 0%%
ATLAS MET SoftTrk ResoPara 055 058
ATLAS MET SoftTrk ResoPerp 0to8s 0582
ATLAS MET SofTrk Seale 0% 0%8%
_ATLASMUONSMS 0%0% 0%
(ATLASPRWDATASF 0'0% __ 078
ATLAS TAU EFF ID TOTAL 00T 0f)ee
_ATLAS TAUEFFRECOTOTAL __0%0% 033t
ATLAS TAU TES DETECTOR 008  079%
ATLAS TAU TES INSITU 09% 010
(ATLASTAUTESMODEL 0'0% __ 078%
Ih fake boost 0fo42 0938
nfwewet I
lh fake boost top 0f}:88 Of}:?)g
Ihfakevbfiop 0150 __ 00%
norm LH boost Top 1 00f8:§8 1 00f8:8§
norm LH vbf Top 1.00f8:% 1.00f8:gg

Table A.5: Precise values of normalisation factors and nuisance parameters, with at least
a uncertainty deviation of 3% from the expected uncertainty of one, of the STXS Stage 0

measurements.
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Figure A.5: Nuisance parameter and normalisation factors of STXS Stage 1 measurements
for a fit with six parameter of interest (Pol) (left) and a fit with only two Pols corresponding
to the two beyond the SM bins (right).

The figure shows a constraint for the systematic uncertainties of the jet energy resolution JER
as well as of the "fakes" estimation. While the jet energy resolution JER is still under study
until beyond the scope of this thesis, the constraint of the "fake" systematics is introduced
through the conservative uncertainty assignment in the fake estimation (see Section 10.4).
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Stage 0 observed

Figure A.6 shows the behaviour of the nuisance parameters and the normalisation factors of
the STXS Stage O fit. The nuisance parameters show a similar behaviour as in the expected fit
shown in Figure A.4b. The nuisance parameters related to the jet energy resolution (JER) and
the jet energy scale (JES) show deviations from the expected value of zero but agree within
their uncertainties with zero.

pull

norm_LH_boost_Top
norm_LH_vbf_Top.
MET_SoftTrk_ResoPara.
MET_SoftTrk_ResoPerp
MET_SofiTrk_Scale

BA_tautay
EG_RESOLUTION_ALL
EG_SCALE_ALLCORR
G_SCALE_LARCALIB 2015PRE
EL_EFF_ID_TOTAL
EL_EFF_ISO_TOTAL
EL_EFF_RECO_TOTAL
EL_EFF_TRIG2015_TOTAL
EL_EFF_TRIG2016_TOTAL
FT_EFF_Eigen b 0

FT_EFF_Eigen b_1
FT_EFF_Eigen b 2
FT_EFF_Eigen ¢ 0

FT_EFF_Eigen_light 3
FT_EFF_Eigen light 4
FT_EFF_extrapolation
*_EFF_extrapolation_from_charm
Forward_ VT

JER
JES_EffectiveNP_1
JES_EffoctiveNP_2
JES_EffectiveNP_3.
JES_EffoctiveNP_4
JES_EffectiveNP_5.
JES_EffoctiveNP_6.
JES_Etalnter_Model

JES_PU_Offsetiu
JES_PU_OffsetNPV.
JES_PU_PiTerm
JES_PU_Rho

wr

LumiUncCombined
MUONS_ID

MUONS_MS.
MUONS_SCALE
MUON_EFF_STAT
MUON_EFF_SYS
MUON_EFF_TrigStat2015.
MUON_EFF_TrigStat2016.
MUON_EFF_TrigSyst2015
MUON_EFF_TrigSyst2016
MUON_ISO_STAT
MUON_ISO_SYS
PRW_DATASF
QCDscale_VH
QCDscale_ggH_m12
QCDscale_ggH_ptH_mot
QCDscale_agH,
TAU_EFF_ELEORL TRUEELE
U_EFF_ELEORL_TRUEHADTAU
TAU_EFF_ID_HIGHPT
TAU_EFF_ID_TOTAL
TAU_EFF_RECO_HIGHPT
TAU_EFF_RECO_TOTAL
TAU_TES_DETECTOR
TAU_TES_INSITU
TAU_TES_MODEL

UE_gg

UE_aq

2_EWK_proportion
Ih_fake_boost
Ih_fake_boost_top
Ih_fake_vot
Ih_fake_vb_top
pali_Higgs_gg ACCEPT
pdi_Higgs_aq_ACCEPT

Figure A.6: Nuisance parameters and normalisation factors of STXS Stage 0 measurements
for a fit with two parameters of interest (ggF and VBF cross section) for the combined 2015
and 2016 dataset of the H — 7., Tjq decay channel measured at the ATLAS detector.
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