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Search for BSM A/H — 771 in the Fully Hadronic Decay Channel
with ATLAS

Abstract

In 2012, a scalar boson was found at CERN that is consistent with the properties of the Higgs
boson predicted by the Standard Model (SM) of particle physics. Some theories, in particular
supersymmetric models, also predict the existence of additional heavier neutral Higgs bosons.
The decays of these heavy Higgs bosons to a pair of 7-leptons can be significant because of the
relatively large mass of the 7-lepton and additional effects of two-Higgs-doublet models that
can enhance the coupling to down-type fermions. Searches for heavy neutral Higgs bosons,
A/H, as predicted by the MSSM are performed using a 139 fb~! dataset recorded at the
ATLAS detector between 2015 and 2018 at a centre-of-mass energy of /s = 13 TeV. The
particle is assumed to decay into a pair of 7-leptons and the all-hadronic final state is
considered for this search. The results are interpreted in different benchmark scenarios, such as
the hMSSM. No excess over the SM background was observed.
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CHAPTER 1

Introduction

The Standard Model of particle physics (SM) is a theory describing the known funda-
mental constituents of nature as well as three of the four forces acting upon them. It
has been tested at many independent experiments and so far, every measurement made
is consistent with its predictions. With the discovery of the Higgs boson at the LHC
in 2012 [1-3], every particle predicted by the SM has been experimentally detected.
Nonetheless, there are observations that cannot be understood in the context of the SM.
Therefore, physics beyond the Standard Model (BSM) must exist.

Many promising BSM theories include modifications to the Higgs sector predicting differ-
ent detectable deviations from the SM, such as altered properties of the Higgs boson with
a magss of 125 GeV. So far, however, all results point to this particle being consistent with
the predictions of the SM. Another consequence of an extended Higgs sector could be
the existence of additional (heavier) scalar particles. The coupling of these heavy Higgs
bosons to other particles would depend on the particles’ mass, as in the case for the SM
Higgs boson whose decay into a pair of 7-leptons has the highest branching fraction of
any leptonic decay mode [4]. Furthermore, the mixing of different Higgs fields in so-called
two-Higgs-doublet models (parametrized by tan ) could enhance the coupling to down-
type fermions [5], which makes the decay channel with two 7-leptons very promising.
Since 7-leptons are heavier than the lightest quarks, they are the only leptons in the SM
that can decay into final states with hadrons. These hadronic decays lead to signatures
similar to those of pure quark-gluon-interactions, making it difficult to distinguish them
from such backgrounds. For this reason, elaborate techniques are deployed for the iden-
tification of hadronic 7-lepton decays and the corresponding background estimates.

In this thesis, searches for heavy BSM Higgs bosons decaying into a pair of 7-leptons are
described. Focus is put on the fully hadronic decay channel, although the combination
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with the semi-leptonic decay channel is also described. The considered data was taken be-
tween 2015 and 2018 by the ATLAS detector at a centre-of-mass energy of /s = 13 TeV
corresponding to an integrated luminosity of 139 fb=1.

The outline of this thesis is as follows. In Chapter 2, the SM is explained briefly. Af-
terwards, problems with the SM and how they can be addressed are elaborated upon in
Chapter 3. In Chapter 4, the experimental apparatus, namely the LHC and the ATLAS
detector, are discussed (including Monte Carlo generators and detector simulation) before
the focus is placed on the reconstruction of particles and other objects from signatures in
the detector in Chapter 5. Chapter 6 details the measurement of 7-lepton identification
efficiency, an analysis that was conducted by the author of this thesis in order to qualify
as a full member of the ATLAS collaboration. The analysis techniques in the search for
H — 77 are described in Chapter 7 before Chapter 8 lists changes to these techniques
which improve the sensitivity of the search. A conclusion is drawn in Chapter 9.



CHAPTER 2

The Standard Model of particle physics

This chapter describes the theoretical foundations of the SM. As mentioned in Chapter 1,
it describes a set of elementary particles and their interactions, namely three of the
four known fundamental forces: the strong interaction, the weak interaction and the
electromagnetic interaction [6-8]. Gravity is the only force that cannot be described
in the context of the SM. Considering the fact that gravity is much weaker than the
other three forces, it can be neglected in most cases, making the SM very well suited
for describing physics at typical energy scales of particle accelerators. The mathematical
framework in which the SM is formulated is known as quantum field theory, where
particles are represented as excitations of omnipresent fields.

In the following sections, special emphasis will be put on the particle content of the SM,
its internal symmetries and the Higgs mechanism. Since 7-leptons play an important
role throughout this thesis, they will be described in more detail than other particles.
Lastly, shortcomings of the SM which motivate the search for BSM phenomena will be
discussed.

2.1. Particle content of the SM

The elementary particles predicted by the SM can be classified into two groups. The first
group are the fermions with half integer values of spin, making up all known matter in
the universe. The second group are the bosons with integer values of spin. They act as
mediators of the fundamental forces. The Higgs boson plays a special role, being the only
scalar particle in the SM with a spin of 0. The fermions can be further split into leptons
that interact via the weak force and quarks which also partake in the strong force. There
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are three generations of quarks and leptons alike. Each generation contains an "up"- and
a "down"-type particle with a weak isospin of +% and —%, respectively.

In the case of leptons, the three down-type particles are the electron, e™, the muon, u—,
and the tau lepton, 77, each possessing a charge of ) = —1. The up-type leptons are the
neutrinos, denoted as v, v, and v;. Unlike their down-type counterparts, neutrinos are
electrically neutral, meaning they exclusively interact via the weak force. The leptons
are often listed as contents of three doublets in order to visualize their internal relations

()

For quarks, the up-type particles are referred to as up quark, u, charm quark, ¢, and top
quark, ¢, and have an electrical charge of @ = +2/3. The down type particles, down
quark, d, strange quark, s, and bottom quark, b, have an electrical charge of Q@ = —1/3.
Hence, applying the same grouping scheme as for the leptons, the quarks can be listed

as OO0

The generations of fermions only differ in their mass. With the exception of the neutrinos,
the mass of the fermions increases from first to third generation. For this reason, any
charged fermion will decay into its corresponding first generation version, explaining why
all stable matter consists of first generation fermions: atoms are made of up- and down-
quarks forming protons and neutrons in the nuclei and electrons around it.

There is an antiparticle, f, for any fermion, f, of the SM. Particles and antiparticles have
opposite electric charge, but the same mass.

The spin-1 bosons of the SM can be grouped by the interaction which they mediate: The
photon, +, is responsible for the electromagnetic force. The weak interaction is mediated
by W* and Z bosons. Finally, the force carriers of the strong interaction are the eight
gluons. The complete set of particles of the SM can be seen in Figure 2.1.

2.2. Gauge symmetries of the SM

Symmetries play an important role in any mathematical formulation of nature. In the
following, special emphasis will be placed on how interactions between particles can be
introduced by exploiting certain symmetries. As already mentioned, the SM is a quantum
field theory containing fermionic and bosonic fields. Like in any quantum field theory,
all relevant information about a physical system is contained in the Lagrange density, £
(often referred to as Lagrangian), as the equations of motion can be derived from it.

A Lagrangian can be constructed so that it is invariant under certain symmetry groups.
According to the Yang-Mills theory [10], this can be achieved - among others - for any
special unitary group SU(N) (and U(1)). Assume a symmetry group with transforma-
tions of the form U = e%99"Te  where T, are the generators fulfilling the commutation
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Figure 2.1.: Particle content of the SM [9].

relations [Ty, Te] = if.T, and f2 are called the anti-symmetric structure constants. In
order for £ to be invariant under the transformation ¢ — U1, the covariant derivative
must take the form

O = Dy =0y +igAjTh, (2.1)

where g is referred to as the coupling constant. The number of newly introduced vector
fields Aj corresponds to the number of generators of the respective symmetry group. A
field tensor has to be defined as

Ff, = 0,A% — 9,A% + g ffL AL AL (2.2)

’

The last term in Eq. 2.2 does not appear in the case of Abelian symmetry groups like
U(1), as their structure constants are zero. In the case of non-Abelian gauge groups,
however, it leads to terms containing third and fourth powers of the vector fields, imply-
ing self-coupling of the latter.

When applying this procedure to create a Lagrangian that is invariant under the sym-
metry group SU(2), one finds the Lagrangian of the weak interaction. In this case,
there are three generators: the Pauli matrices, correctly predicting the existence of three
gauge boson fields and phenomena such as self-interaction of these. However, this would
assume the emerging bosons to be massless, contradicting the experimental findings on
W* and Z bosons. A mechanism known as electroweak symmetry breaking can solve this
contradiction. It is explained in more detail in Sec. 2.3. There is another caveat to the
weak interaction: it only affects left-handed chiral spinors of the form ¢ = %(1 —v%)ep.
In the case of SU(3), there are eight generators represented by the Gell-Mann matri-
ces. When following the procedure, one finds the Lagrangian of the strong interaction,
mediated via the eight gluons. The theory is known as quantum chromodynamics (QCD).

All in all, the gauge group of the SM is the unitary product group SU(3)c x SU(2)p x
U(1)y, where the indices denote the charges of the three interactions, respectively. These
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Figure 2.2.: Graphical depiction of the Higgs potential. The vacuum state is around the
circle at the bottom. Since the state of lowest energy is shifted from zero,
the symmetry is spontaneously broken.

are the colour charge of the strong interaction, C' and two charges that emerge from the
electroweak combination: the weak isospin, L, and the hypercharge, Y. Furthermore,
the gauge group of the SM is renormalizable [11,12]. It is a crucial property which
not every local gauge theory possesses, allowing for qualitative statements by avoiding
divergencies.

2.3. Electroweak symmetry breaking

If the electroweak symmetry of the SM was unbroken, the gauge fields of the electroweak
force, W23 and B°, would be in a one-to-one correspondence with massless particles.
Since m(W*) = 80.385 + 0.015 GeV and m(Z) = 91.1876 & 0.0021 GeV [9], this is
evidently not the case. Introducing explicit mass terms to the Lagrangian would, however,
spoil the local gauge invariance of the SM. This problem can be solved by the Brout-
Englert-Higgs (BEH) mechanism [13-15], or the Higgs mechanism for short. At its core
lies the idea that the electroweak symmetry is broken. To achieve this, a new complex
scalar SU(2) doublet field, ¢, with a hypercharge of Y, = 1 is introduced:

6= <¢+> _ L <¢1 + i<152>
¢° V2 \@3+ids)
This is called the Higgs field. According to the procedure described in Section 2.2, a

Lagrangian that is invariant under local transformations of the U(1) x SU(2) group can
be constructed from this:

L = (D)1 (DFg), (2.3)



2.3. Electroweak symmetry breaking

where the covariant derivative must take the form
Dy = O+ g5 Wi + ig%Bu.
In order to break the symmetry, a potential is introduced to the Lagrangian:
Liggs = (Duo)'(D*9) — V(9), (2.4)
where V(¢) is defined as
V(9) = 1?01 + A(oT0)?,

and A > 0 is assumed to guarantee that the potential is bound from below. If u? > 0,
V(¢) has the trivial global minimum at ¢; = 0, Vi € {1,2,3,4} and the symmetry is
preserved. If, however, ? < 0, the global minimum lies instead at

ZQSZQ = _'Lf = U2a

breaking the U(1) x SU(2) symmetry. The newly introduced v is referred to as the
vacuum ezpectation value (vev) of ¢. In two dimensions, this would correspond to a ring
around the centre with radius v, as it can be seen in Figure 2.2, where the shape of V(¢)
is graphically displayed. For simplicity the state

it

will be considered as the ground state in the following. It can be shown that in this
ground state, the Lagrangian in Eq. 2.4 is invariant under a linear combination of the
hypercharge operator, Y, and the third component of the weak isospin, 7, known as
the electric charge, Q:

Q:T3+§

Hence, the electroweak symmetry breaking (EWSB) breaks the U(1) x SU(2) symme-
try of the electroweak interaction to create the U(1) symmetry of the electromagnetic
interaction:

EWSB
o

U(l)y XSU(Q)L U(I)EM

¢ can be expressed as an expansion around ¢g by the amount v:

o= 7))
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a choice that is known as the unitary gauge. Applying the covariant derivative as defined
in Eq. 2.1 and exploiting the algebra of the Pauli matrices, one finds
1 igWl —iw?2)
D,p=—F k K h).
uo 22 <28M - ngﬁ’ +ig'B, (v+h)
From this, the Higgs Lagrangian as defined in Eq. 2.4 can be derived, containing the
following mass terms (terms of the form %mZF L. F'*) proportional to v?:
2
Higes = g (6% (W, +iWD (W — W) 4 (gW,; — ¢'Bu)(gW™ — ¢'B*)] . (2.5)

New fields Wj, Z,, and A, can be defined as linear mixtures of the ones above to make
the mass terms appear in a more direct manner:

1 T2
Wt - Wy FiWy
a V2 o

so that the following mass terms arise:

2
1 2 1 / 42 /2
Lmo (@) (WM*W*# + WJWJ““) + = (U 9" +9 ) ZMZ“.

_9Wi-9gBy . gW;i+ 9B,

Zy (2.6)

Higgs =™ 9 \ 2 2 2

From this, the following masses for the fields can be read off:

/
s = 2.y = VIS
2 2
The Lagrangian also contains terms of the form VVh and VV hh, where V' can be either
W= or Z. These give rise to triple and quartic couplings between Higgs bosons and the
gauge bosons. It can be shown that the coupling of a gauge boson to the Higgs boson is
proportional to the gauge boson’s mass. Furthermore, the Higgs boson can interact with

itself. This can be seen by developing the Higgs potential around its minimum:
A
V(h) = M?h? 4 oh? + Zh“.

From this, the mass of the Higgs boson, m% = 2)\v?, as well as the coupling strengths for
the triple (gnnn = Av) and quartic self-interaction (gpppn = %) can be read off. The whole
procedure of electroweak symmetry breaking is described by four parameters: g, ¢’, 1, and
A, which have all been determined experimentally. In particular, from measurements of
my and g, the vacuum expectation of the Higgs field is found to be [9]

v = 246 GeV. (2.7)

What is left to explain is why fermions can possess a non-vanishing mass. Adding explicit
mags terms of the form

—mfwiﬁ = —my (VRr¥L + VY YR)
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would break the gauge invariance of the Lagrangian due to the different transformation
behaviours of ¥y, (SU(2) doublet) and v (singlet). However, terms of the form 1), ¢ are
invariant as left-handed spinors and the Higgs field transforms in the same way. Hence,
an invariant Lagrangian of the form

Lyvukawa = —97 (V¢ Yr + ProiL)

can be constructed. This is known as the Yukawa mechanism. In the case of down-type
fermions, inserting the unitary gauge leads to

91 p grh — -

Lyukawa = — == + L) — = + L),

Yukawa ﬂ (¢L¢R Q;Z)RT/) ) \/§ (¢L¢R ¢R¢ )

resembling two explicit mass terms. For up-type fermions, a different gauge of the Higgs

field has to be chosen, but the rest is analogous. To make the mass terms obvious, the

free coupling constant is chosen to be

g5 = V21, (2.8)
resulting in
_ mf—
St =~y — = L.

The first term shows that massless fermion fields acquire a mass by interacting with the
non-vanishing vacuum expectation value of the Higgs field. The second term implies that
fermions couple to the Higgs boson and that the coupling strength is proportional to the
fermion’s mass.

2.4. The Higgs sector of the SM

At the conditions of the LHC, the four leading production mechanisms of the Higgs boson
are gluon-gluon fusion (ggF), vector-boson fusion (VBF), associated production with a
vector boson (VH, sometimes referred to as Higgs-Strahlung) and associated production
with top quarks (ttH). The corresponding Feynman diagrams can be seen in Figure 2.3.
Since the Higgs boson couples exclusively to massive particles, the ggF production is
only possible via a loop. The dominant contribution in this loop arises from top quarks
and all vertices in the leading four production processes involve a top quark or a weak
gauge boson (W or Z) because of their high mass. For the same reason, decays of the
Higgs boson into final states with heavy particles have a high branching ratio. Since the b
quark is the heaviest particle in the SM that is less than half the Higgs boson’s mass, the
h — bb channel has the largest branching ratio at 0.582 [9]. The relative contribution of
each of the production processes and the branching fractions of its decay modes depend
on the Higgs boson’s mass, as can be seen in Figure 2.4. These dependencies are impor-
tant for this thesis since a search for heavier versions of the Higgs boson is performed.
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Figure 2.3.: Feynman diagrams of the four leading production mechanism of the Higgs
boson at the LHC: a) gluon-gluon fusion (ggF), b) vector-boson fusion (VBF),
c) associated production with a vector boson (VH) and d) associated pro-
duction with top quarks (ttH).

q q
]
I
—»—h — W/Z —>—h—
CGEJ q q
a) b)
Wiz

q w/z*
, ~ B
q N h

c) d)

Experimental results on various production cross sections and decay branching ratios of
the Higgs boson are summarized in Figure 2.5. So far, all findings are compatible with
the predictions of the SM. The data also supports the hypothesis that the Higgs boson
has a spin of zero and an even parity [16,17].

10*

Vs= 13 TeV

LHC HIGGS XS WG 2016
LHC HIGGS XS WG 2013

Higgs BR + Total Uncert
) o
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|

| R L LNy -4| ! L
0 20 30 100 200 1000 2000 1050 200 300 400 1000
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=

Figure 2.4.: Higgs boson production cross sections and decay branching ratios at
Vs =13 TeV [18].
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Figure 2.5.: Results of a simultaneous fit for angZF, OVBF/OggF, OWH/OggF OZH/0ggF,
Oir+ti/0ggF, Byy/Bzz, Bww/Bzz, Brr/Bzz, and By,/Bzz. The fit re-
sults are normalized to the SM predictions. The black error bars, blue boxes
and yellow boxes show the total, systematic, and statistical uncertainties in
the measurements, respectively. The gray bands show the theory uncertain-
ties in the predictions [19].

2.5. The 7-Lepton

The 7-lepton is the heaviest lepton in the SM. For this reason, it plays an important
role when investigating the Higgs sector since the Higgs boson’s coupling to a fermion
depends linearly on the fermion’s mass. According to some BSM theories, hypothetical
heavy Higgs bosons could have an enhanced coupling to down-type fermions, giving fur-
ther motivation for searches for final states containing 7-leptons.

With a mass of 1776.86 + 0.12 MeV [9], 7-leptons are the only leptons in the SM that
are heavier than first generation quarks. Therefore, they are the only leptons that can
decay into hadrons. Although a v, is produced in every case, these decays are referred
to as hadronic. Hadronic decays contain mainly pions in the final state and make up
64.79 + 0.14 % of all 7-lepton decays. Because of charge conservation, there must be
an odd number of charged hadrons in the final state. The number of neutral hadrons
can vary between 0 and 11 with decreasing probability. Decays with one charged hadron
(one-prong, 1P) or three charged hadrons (three-prong, 3P) have a total branching frac-
tion of 49.04 £ 0.10 % and 15.21 + 0.06 %, respectively [9]. Decays with five or more
charged hadrons only make up 0.55+0.13 % of all 7-lepton decays. The other two decay
channels are purely leptonic. Because of lepton universality, the electron (v,7ge) and
muon final states (v;7, 1) occur with very similar branching fractions of 17.8240.04 and
17.39 + 0.04, respectively. Figure 2.6 shows an overview of the four leading decay modes
and their branching fractions.

11
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Figure 2.6.: Branching fractions of 7-lepton decays (rounded) [9].

Hadronic (one charged pion)
Hadronic (three charged pions)
Hadronic (Other, < 1%)

Leptonic (electron)

OO0 0 @ H

Leptonic (muon)

With an average lifetime of (2.903 & 0.005)-107!3 s, 7-leptons have a proper decay
length of roughly 87 um and usually decay before possibly being detected. Therefore,
the reconstruction and identification of hadronic 7-lepton decays are based on the decay
products which form a jet-like signature in the detector as depicted in Figure 2.7. These
jets are on average more narrow than those initiated by a quark or gluon. Furthermore,
the origin of a jet of a hadronic 7-lepton decay is shifted from the position where the
T-lepton was created. This phenomenon is known as a displaced vertex. Both of the
aforementioned properties are used, among others, in order to distinguish hadronic 7-
lepton decays from background. The techniques and algorithms for this task are described
in Section 5.5.

suoJpey jo 1ol

Figure 2.7.: A jet from QCD processes (left) and a jet caused by a hadronically decaying
7-lepton, which is narrower (right).

12



CHAPTER 3

Physics Beyond the Standard Model

As mentioned in Chapter 1, the SM is very successful at describing particle physics at
typical energy scales of human-made particle colliders. With the discovery of the Higgs
boson, every particle predicted by the SM has been found and vice versa. The SM
has been tested experimentally in countless independent measurements, and no collider
physics measurement contradicts it. However, some observations cannot be understood
in the context of the SM. Therefore, physics beyond the Standard Model (BSM) must
exist. These modifications or extensions to the SM can concern almost any part of the
theoretical foundation of the SM. Emphasis will be put on BSM theories that predict
the existence of additional heavy Higgs bosons or other resonances that could decay into
final states with two 7-leptons and are therefore relevant for this thesis.

Firstly, a selection of problems of the SM is listed to motivate BSM theories in Section 3.1.
Then, the basic concepts of Supersymmetry (SUSY) are explained as an example for a
BSM theory predicting the existence of additional Higgs bosons and potentially resolving
problems of the SM in Section 3.2. Lastly, Section 3.3 discusses models that predict the
existence of a heavier version of the Z boson, referred to as Z’, as such a particle could
also decay into a di-7 final state.

3.1. Problems with the SM

The following list is a selection of problems with the SM which are relevant for this thesis.
In other words: incounsistencies that could potentially be resolved by BSM theories that
also predict the existence of additional Higgs bosons. These problems can be grouped
into three categories: it is not valid above a certain energy scale (Quantum Gravity),
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it is inconsistent with astronomical observations (Dark Matter), and its free parameters
must have finely tuned values to match the observations (hierarchy problem).

3.1.1. Quantum Gravity and the Planck Scale

The fact that the SM only incorporates three of the four known fundamental forces can
be attributed to the incompatibility of general relativity with quantum mechanics. De-
signing a quantum field approach analogous to that of the other three forces of the SM is
unfeasible since gravity is perturbatively not renormalizable [20]. However, the fact that
the SM cannot incorporate gravity only becomes prominent when investigating particles
at energy scales where the spatial resolution is close to the particle’s Schwarzschild ra-
dius, r = 2?—2’” [21]. To estimate where this scale lies, consider the Heisenberg uncertainty
principle in the form

h
Az -Ap > 3 (3.1)

Restricting the particle’s position increases its momentum and, with it, the corresponding
energy and mass. For a sufficiently small Az, the particle’s mass will be high enough to
form a black hole. The value of Ax, where the local restriction of a particle is equal to
its Schwarzschild radius, is known as Planck length:

[Gh
L=\~ ~ 16 1073° m. (3.2)

The Planck energy, Ep; ~ 10'? GeV, is defined as the corresponding energy uncertainty.
Simply put, the SM does not hold for processes at energies above 10 GeV since a
quantum mechanical treatment of gravity would be needed in that case. Theoretical
concepts that could provide a framework to explain quantum gravity often assume SUSY
(see Section 3.2) to be realized in nature, such as superstring theory [22].

3.1.2. Dark Matter

Already in the first half of the 20-th century, astronomers discovered that the rotational
velocities of stars as a function of their distance to the centre of the galaxy (galaxy
rotation curves) are not compatible with predictions from general relativity and common
assumptions about the distribution of mass within galaxies [23,24]. There are two possible
explanations for this ostensible contradiction: the theory of general relativity is wrong, or
the mass distribution within galaxies is significantly different than assumed. The search
for alternatives to general relativity is currently a broad research topic [25] but will be
neglected in the following.

Different scenarios concerning how matter could be distributed within galaxies can be
assumed to predict the corresponding galaxy rotation curves. However, none of these
scenarios can explain the observed behaviour. This led to the proposal that stars, gas
clouds, black holes, and other known objects are not the only contributors to the galaxy’s
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Figure 3.1.: One-loop quantum corrections to the Higgs squared mass parameter m%{,
due to (a) a Dirac fermion f, and (b) a scalar S [29].

mass. Thus, there must be some invisible (dark) matter that predominantly interacts
gravitationally. By now, more observations hint at the existence of Dark Matter in the
context of gravitational lensing [26] and the cosmic microwave background [27]. From
cosmological observations, one can estimate that Dark Matter makes up roughly 85% of
all matter in the universe [28].

If SUSY occurs in nature, it could explain Dark Matter by predicting a stable particle
that exclusively interacts gravitationally with the particles of the SM.

3.1.3. Hierarchy problem

Another issue for which the SM provides no satisfying explanation is the so-called hier-
archy problem. It refers to the fact that the value of the Higgs boson mass is not at a
natural scale. During its calculation, fermionic loop corrections on the Higgs mass need
to be taken into account up to the highest energy scale for which the theory holds (cut-off
scale or ultraviolet limit), which, in the case of the SM, is the Planck Energy, Ep; (see
Section 3.1.1).

Epy
Am? ~ / d* f (k, external momenta).

The observed mass of roughly 125 GeV can only be obtained by fine-tuning the squared
mass by a value Am% which depends quadratically on the cut-off scale:

2
Am3, = 127’;2[—2E1231 +..] x B3, ~ 10%® GeV2,

This leads to fine-tuning that is of a much larger order than the observed mass. Analo-
gous phenomena indicate a deeper physical principle behind the fine tuned value of my.
In the case of the hierarchy problem, the realization of SUSY would lead to bosonic fields
that contribute to the loop corrections with the same absolute value but the opposite
sign so that their effects cancel out and only minor fine-tuning is needed. In this case, the
theory’s prediction of mpy does not have to be fine-tuned so strongly to match the exper-
imental observations. Figure 3.1 schematically depicts such quantum loop contributions
of a Dirac fermion and a scalar separately.
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Figure 3.2.: Unification of the running coupling constants in the SM and the MSSM [31].

3.1.4. Gauge-coupling unification

Since in the SM, the electromagnetic and the weak force can be unified in the context of
the electroweak theory, many theorists believe that a single, unified theory can describe
all three forces of the SM at high energies. Such models are often referred to as Grand
Unified Theories (GUT) [30]. One necessary prerequisite for a GUT is the unification
of the three coupling constants, determined by the renormalization group equation. In
the case of the SM, however, the coupling constants do not meet in one point. If SUSY
occurs in nature, the coupling constants would meet at one point, laying the foundation
for a possible GUT. Figure 3.2 shows the different behaviours of the coupling constants
as a function of the logarithmic energy scale, log Q.

3.2. Supersymmetry

A very promising BSM theoretical framework that could solve the problems of the SM
mentioned in Section 3.1 is SUSY. It predicts undiscovered supersymmetric partners for
the particles of the SM and will be discussed in the following.

3.2.1. SUSY and its Generators

SUSY is a symmetry between bosonic and fermionic fields. Its generators, which will be
denoted as @ and Q' in the following, turn fermionic states into bosonic ones and vice
versa:

Q |Boson) = |Fermion)  Q|Fermion) = |Boson) .
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Since they change the spin of particles by half-integer values, they must act as fermionic
operators and anti-commute. The Haag-Lopuszanski-Sohnius-Theorem [32] states that
SUSY is the only nontrivial extension to the symmetry group of space-time translations,
the Poincaré group with generators P*. Other interesting implications of this theorem
concern the SUSY generators themselves. They must act as spin-1/2 objects (e.g. spin-
3/2 is ruled out) and fulfill the following schematic algebra [29]:

{Q.Q"y =P+
{Q.Q} ={Q", Q" =0
[P, Q] = [P*, Q'] = 0.

It should be noted that SUSY provides the only possible way to combine an internal
symmetry with the Poincaré group in a nontrivial way, which is further motivation for
this model.

The irreducible representations of the SUSY algebra are called supermultiplets. Bosonic
and fermionic fields that are related to each other by Q and Q' are known as superpart-
ners. Since @ and QT commute with any other generator of gauge transformation, they
leave the corresponding quantum numbers untouched. Therefore, superpartners must
have the same electric charge, weak isospin, and colour degrees of freedom. In particular,
[PH,Q] = [P*,QT] = 0 leads to [P?,Q] = [P%,Q'] = 0. Considering p*p, = m?, this
implies that, if SUSY were unbroken, superpartners would have the same mass.

3.2.2. Minimal Supersymmetric Standard Model

In any supersymmetric extension of the SM, each fundamental particle is in either a chiral
or a gauge supermultiplet, and each fundamental particle must have a superpartner with
spin differing by 1/2 unit. The Minimal Supersymmteric Standard Model (MSSM) is the
supersymmetric theory that predicts the fewest additional particles to the SM. It assumes
two Higgs doublets and one superpartner (sparticle) for each particle in the SM. The re-
sulting field content can be seen in Figure 3.3. Since the Higgs boson is a scalar boson, it
must reside in a chiral supermultiplet. One chiral supermultiplet would, however, lead to
the electroweak gauge symmetry suffering from a gauge anomaly. To prevent the anomaly
from occurring, the so-called anomaly trace must satisfy Tr[T2Y] = Tr[Y3] = 0, where
T3 and Y are the third component of the weak isospin and the hypercharge, respectively.
In the SM, this condition is fulfilled when summing over all fields with non-vanishing
hypercharge. Adding a single fermionic partner of the Higgs boson with [Y| = 1 would,
however, spoil this condition. Therefore, two Higgs doublets with ¥ = :l:%, respectively,
are needed for their contributions in the anomaly trace to cancel out [29].

Furthermore, the superpotential, whose derivatives occur in the Lagrange density, must
be a holomorphic function of the included fields in any supersymmetric theory'. There-
fore, terms like H; H,, or H}Hy analogous to the Higgs mass term in the Lagrange density

A function f(z,2*) : U — C is holomorphic if and only if it is differentiable and 2£ = 0 holds.
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Figure 3.3.: Field content of the MSSM [29]. Like in the SM, fields can mix to form mass
eigenstates that are observed as particles.

of the SM are forbidden. Instead,
,uHqu (33)

appears in the MSSM Lagrangian as a mass term. For the same reason, Yukawa coupling
terms in the MSSM Lagrangian like uQ) H,, cannot be replaced by terms such as uQ)Hgx.
Therefore, only a Y = +1/2 Higgs field (H,) can Yukawa couple to up-type quarks, and
only a Y = —1/2 Higgs field (Hy) can couple to down-type quarks and charged leptons.
This is why there must be two Higgs supermultiplets in the MSSM.

Another interesting property of the MSSM is the behaviour of the coupling constants. If
the masses of the sparticles are in the order of 1 TeV, the renormalization group allows
them to meet in one point, giving way to a possible unification of all three forces [30].
This is displayed in Figure 3.2.

3.2.3. SUSY Breaking and the MSSM Higgs Sector

If SUSY were unbroken, superpartners would have the identical mass, and sparticles
would have been found already. Therefore, SUSY must be a broken symmetry, most
likely spontaneously broken, as in the case of the electroweak symmetry. This means
that £ is invariant, but the vacuum state is not, hiding the symmetry at low energies.
This symmetry breaking can be achieved by extending the theory by new particles and
interactions at very high mass scales. However, there is no consensus on how this should
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3.2. Supersymmetry

be done precisely and a variety of different mechanisms were proposed (e.g. GMSB,
SUGRA [29]).

Like in the SM, the symmetry breaking leads to splitting and mixing between gauge
and mass eigenstates. As mentioned above, the Higgs scalar fields consist of two complex
SU(2), doublets, which lead to eight degrees of freedom. Electroweak symmetry breaking
creates three Goldstone bosons G?, G*, which become the longitudinal modes of Z° and
W#. The remaining five Higgs mass eigenstates are:

e Two CP-even neutral scalars h0, H?,
e One CP-odd neutral scalar A°,

e One charged scalar H" and its conjugate H .

3.2.4. R-parity

In the MSSM, the Lagrange density can be extended by additional gauge invariant terms.
These will, however, violate either Baryon number (B) or Lepton number (L) conserva-
tion, which would lead to proton decay. Since this has not been experimentally observed
yet, an additional mechanism is needed to explain this behaviour. In the SM, Lepton
and Baryon number conservation is not introduced as a fundamental principle but rather
follows from the properties of the interactions. To keep the MSSM consistent with ex-
perimental results, a new conserved quantum number, R-parity, is introduced according
to

Pp = (_1)3(BfL)+25_ (3.4)

Particles of the SM will have Pr = 1, whereas their superpartners will have Pp = —1.
This explains B and L conservation and makes the lightest supersymmetric particle (LSP)
stable, which is crucial when considering it as a candidate for Dark Matter.

3.2.5. MSSM parameter space

The most general form of the MSSM has 120 additional free parameters compared to
the SM. The vast majority of which (105 out of 120) arise from SUSY breaking [29].
The high number of free parameters makes it nearly impossible to exclude the theory in
general. However, many of these parameters could lead to effects such as flavour changing
neutral currents or new sources of CP violation. None of these effects have been observed,
tightly constraining many parameters of the MSSM. Designing the theory to make the
LSP a candidate for Dark Matter applies further restrictions. It must be a neutralino
(electrically neutral mixture of W and B fields) or gravitino, and its mass must lie
within a certain range [34]. This narrows down the free parameter space of the MSSM to
a degree, where only two non-SM parameters are necessary to describe the Higgs sector
at tree level. These are often chosen to be

e my4, the mass of the CP-odd neutral scalar,
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Figure 3.4.: Predicted production cross section of the heavy Higgs bosons A (left) and H
(right) for proton-proton collisions at /s = 14 TeV in the tan f—m 4 plane.
Gluon-gluon-fusion and b-associated production have been considered [33].
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Figure 3.5.: Predicted branching ratios of the heavy Higgs bosons A (left) and H (right)
into 7-leptons (top) and top quarks (bottom) in the tan f—my4 plane [33].
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<HO>
<HY>’

o tanf = the ratio of the two Higgs vacuum expectation values.

Beyond tree level, there are additional parameters that affect the Higgs sector. Depending
on the choice of these, different MSSM benchmark scenarios are defined. Most of these
scenarios identify the lighter of the two CP-even neutral Higgs scalars, h?, as the SM-like
scalar particle with a mass of 125 GeV. However, this can be achieved in different ways.
In the m;™* scenario, for example, the benchmark parameters are chosen such that the
mass of the light CP-even scalar, h°, is maximized for fixed tan 8 and m4 to make it
match the observed value [35]. Another approach is the m™4" scenario. Here, the
mixing of the stop fields (the supersymmetric partners of the top quark fields) is chosen
in a way to maximize the region in tan 8 that is compatible with the observed Higgs mass
value [36]. The soft SUSY-breaking mass scale is usually chosen to be Mgysy = 1 TeV
in both of these scenarios.

Another approach is known as the hMSSM scenario, where the value of my, is used to
predict the other masses and coupling parameters without referencing the soft SUSY-
breaking parameters [37]. Figure 3.4 shows the predicted production cross section for the
heavy Higgs bosons A/H at the LHC in the my4 — tan 8 plane for the hMSSM scenario.
Special effects occur when on-shell pairs of top quarks have to be considered around
my = 2m; =~ 350 GeV.

In any case, the m4 — tan 8 plane is an appropriate parameter space for exclusion limits
regarding the MSSM Higgs sector. Large values of tan S would also lead to enhanced
coupling of the neutral Higgs scalars, H and AY, to down-type fermions, resulting in
increased branching fractions to 7-leptons and b quarks, as can be seen in Figure 3.5.
This has inspired many searches for a scalar boson in 77 and bb final states.

In this thesis, exclusion limits in the tan 5—m4 plane on the mf0d+ and hMSSM scenario
will be presented. Figure 3.6 shows a summary of hMSSM exclusion limits set in this
plane by eight different ATLAS publications. No excess over the SM has been observed.
As expected, low resonance masses are excluded already, and the limits on large values
of tan 8 are dominated by searches for final states with down-type fermions. However,
a large part of the phase space compatible with phenomenology has not been excluded
yet.
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3.3. Z’ models

Several BSM models predict the existence of a heavy Z’ boson in addition to the SM Z
boson with mz = 91 GeV [39-42|. These hypothetical particles are predicted as a result
of extending the electroweak gauge group while preserving lepton universality [43]. Such
extensions to the gauge group of the SM are well motivated. For example, the symmetry
groups SO(10) and FEg can be broken down to SU(3) x SU(2) x U(1) x U(1)’, providing
a basis for a GUT.

The most frequently used benchmark scenario is known as the Sequential Standard Model
(SSM) [44]. Tt assumes a single additional Z’ boson whose couplings are identical to
those of its SM-like counterpart. Some models, however, predict that the Z’ boson could
preferably couple to third-generation fermions [45-48|, motivating searches in the di-7
final state. The increased coupling to third-generation fermions could also explain the
high mass of the top quark, a phenomenon that remains unexplained in the context of
the SM. One such model is the Strong Flavour Model (SFM) [46,48|, which also predicts
the existence of a heavy W’ boson.
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CHAPTER 4

The ATLAS detector at the LHC

The European Organization for Nuclear Research (CERN) is the largest institution for
particle physics worldwide. It was founded in 1954 near Geneva, Switzerland, and hosts
many experiments that have achieved groundbreaking discoveries. These include the
discovery of W and Z boson in 1983 at the UA1 and UA2 experiments [49], the determi-
nation of the number of light neutrino families at the Large Electron-Positron Collider
(LEP) |50], the discovery of direct CP violation in the NA49 experiment in 1999 [51],
and the discovery of the Higgs boson in 2012 at ATLAS and CMS [1-3].

The following Chapter details the experimental setup that was used to take the data
analyzed in this thesis. The machine that accelerates and collides the protons, the Large
Hadron Collider (LHC) [52], is described in Section 4.1. Section 4.2 covers the ATLAS
detector [53], the largest particle detector at CERN. Lastly, event generation and the
Worldwide LHC Computing Grid (WLCG) are detailed in Section 4.3 and Section 4.4,
respectively.

4.1. The Large Hadron Collider

The LHC is the largest and most powerful particle accelerator in the world. For most of
the time, it collides protons with one another - there are, however, dedicated heavy ion
runs, as well. It lies within a 27 km long, nearly circular tunnel at a depth of around
100 m underground. Superconducting magnets create a strong magnetic field that forces
the beams of particles on their trajectory. Roughly 1200 dipole niobium-titanium mag-
nets guarantee nearly circular motion, while 392 quadrupole, 688 sextupole, and 168
octupole magnets are responsible for the beams’ collimation. The magnets are cooled to
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Figure 4.1.: A schematic display of the acceleration complex at CERN [54].



4.1. The Large Hadron Collider

a temperature of 1.9 K and produce a magnetic field of up to 8.3 T. The protons traverse
the LHC in two beams, flying in opposite directions. Each beam consists of bunches of
roughly 10! particles each. These bunches are spaced at 25 ns intervals, resulting in
2808 bunches per beam. The beam pipe houses a near-perfect vacuum, the largest of its
purity worldwide. High-frequency electric fields are used to accelerate the protons to an
energy of 6.5 TeV'.

Protons pass an array of smaller accelerators before being injected into the LHC. An
overview of this accelerator complex can be seen in Figure 4.1. Firstly, electrons are
stripped from Hydrogen atoms to obtain free protons. These are then accelerated to
50 MeV by the linear accelerator LINAC2. After this, the Proton Synchrotron Booster
(PSB) increases the protons’ energy to 1.4 GeV. Lastly, Proton Synchrotron (PS) and
Super Proton Synchrotron (SPS) accelerate the protons to 26 GeV and 450 GeV, respec-
tively.

Stable beams were achieved at the LHC for the first time in 2008. Due to an accident,
however, the operation had to be suspended for more than a year. After the relaunch
in late 2009, the performance of the LHC was increased step-by-step, leading to stable
beams with a centre-of-mass energy of \/s = 7 TeV in 2011. During that year, ATLAS
and CMS recorded roughly 5 fb~! of data. One year later, /s increased to 8 TeV for
eight months before the machine was turned off for the planned Long Shutdown, marking
the end of Run 1. ATLAS and CMS recorded roughly 20 fb~! of data at /s = 8 TeV
during Run 1. The end of the Long Shutdown in 2015 marked the start of Run 2 with
proton-proton collisions at /s = 13 TeV. That data-taking period lasted until 2018 and
produced roughly 139 fb~! of data for each of the ATLAS and CMS experiments. The
time-dependent integrated luminosity at ATLAS for proton-proton collisions for each
year is displayed in Figure 4.2.

At the LHC, there are four points at which the beams cross, and proton collisions occur.
A detector is placed around each of these points to observe the newly created particles.
ATLAS (A Toroidal LHC ApparatuS) [56] and CMS (Compact Muon Solenoid) [57] are
the largest experiments at CERN, serving as multi-purpose detectors. Both were de-
signed to detect the Higgs boson, conduct SM precision measurements, and contribute
to searches for BSM physics. The other two detectors are optimized for a specific task.
LHCb (LHC beauty) [58] detects B-hadrons in a forward region to study CP-violation
and find an explanation for the matter-antimatter asymmetry in our universe. ALICE
(A Large Ion Collider Experiment) [59] focuses on heavy ion collisions to understand
quark-gluon plasma and the process of hadronization. Smaller experiments surrounding
the four previously mentioned ones are: TOTEM (TOTal cross section, Elastic scatter-
ing and diffraction dissociation Measurement) [60] measuring the total cross section of
proton collisions, MoEDAL (Monopole & Exotics Detector at the LHC) [61] searching
for magnetic monopoles, and LHCf (LHC forward) [62] investigating forward regions and
cosmic rays.

!The LHC was originally designed to achieve proton energies of 7 TeV. However, this value has not
been reached yet. Recent developments seem to make this possible for the future, though.
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Figure 4.4.: A schematic display of ATLAS and its subdetectors. The humans are de-
picted for scale purposes (CERN.

Scientists aim to collimate the beams further to increase the instantaneous luminosity,
leading to a larger dataset. Figure 4.3 shows the resulting increase in the average number
of proton collisions per bunch crossing for the different data-taking years of Run 2. Since
usually only the proton collision with the highest energy transfer is considered by the
detectors, most of the proton collisions are background known as pile-up.

4.2. The ATLAS detector

The ATLAS detector is rotationally symmetric around the beam axis. It is the largest
detector at CERN, with a length of 44 m and a diameter of 25 m. However, in terms of
weight, it is second to CMS at 7000 t. Figure 4.4 shows a schematic display of ATLAS
and its subdetectors. From inside out these are the Inner Detector, recording tracks of
charged particles, the calorimeters, measuring the deposited energy of electrons, jets, and
photons, and the muon system, precisely tracing back the trajectories of muons. The
various subdetectors will be described in more detail in the following. Firstly, however,
the coordinate system used at ATLAS is described in Section 4.2.1.
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Figure 4.5.: Coordinate system of the ATLAS detector [63].

4.2.1. The ATLAS coordinate system

Because of its cylindrical structure, ATLAS uses a (right-handed) coordinate system
where the beam direction defines the z-axis, the xz-axis points towards the centre of the
LHC, and the y-axis points upwards. The azimuthal angle ¢ lies in the plane perpen-
dicular to the z-axis. Variables such as the transverse momentum, pr, or the transverse
energy, B, refer to the projection onto this plane. The polar angle 6 is measured from
the beam-axis. Instead of 8, however, the rapidity

L (E - pL)
=-In
Y 2 E+pr
is often used, since intervals in y are invariant under Lorentz boosts along the z-axis.

Here, pr, is the longitudinal momentum, so the projection of p on the z-axis. In the
ultra-relativistic limit, y is equal to the pseudo-rapidity, defined as

=—1In tag
= n2 .

Angular distances are measured in units of

AR = /(An)? + (Ag)2.

The coordinate system is schematically displayed in Fig. 4.5.

4.2.2. Inner Detector

The innermost subdetector of ATLAS is known as the Inner Detector (ID) and is re-
sponsible for the reconstruction of tracks and vertices. It is engulfed by a 2 T magnetic
field which forces charged particles on a bent trajectory, allowing to indirectly measure
momenta, charges and masses of particles, and aiding with the identification of electrons.
To do so, it possesses a very high granularity, allowing for a precise spatial resolution.
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Figure 4.6.: The layout of the ATLAS inner detector (C)CERN.

In order to withstand the large amount of radiation so close to the beam collisions and
to affect the particles’ trajectories as little as possible, the ID was designed to contain
the lowest possible amount of interacting material. Covering a range of |n| € [0,2.5], it
reaches a relative momentum resolution of

‘;ﬂ = 0.04% - pr[GeV] & 2%.
T

Its layout can be seen in Figure 4.6. It consists of three subdetectors: Pizel Detector,
Semiconductor Tracker (SCT) and Transition Radiation Tracker (TRT). They will be
described in the following.

Pixel Detector The innermost subsystem of the ID is the Pixel Detector. It consists of
over 80 million semiconductor silicon pixels with a size of 50 x 400 um?, each. Between
Run 1 and Run 2, an additional layer, the Insertable B-Layer (IBL) [64] was inserted
between the existing three cylindrical layers and the beam pipe at a distance of roughly
2 cm from the beam crossing. With an additional 10 million pixels of size 50 x 250 pm?,
each, its purpose is to improve the reconstruction of secondary vertices that occur in
decays of b-quarks and 7-leptons. The spatial resolution of the Pixel Detector is 10 um
in the transverse plane and 115 pm in z-direction.

Semiconductor Tracker Around the Pixel Detector lies the SCT. It consists of 4 lay-
ers of silicon microstrips in the barrel and 9 in the endcaps. Each strip has a size of
80 pm X (6 —12) cm. With over 6 million readout channels, the SCT achieves a spatial
resolution of 16 um in the transverse plane and 580 pm in z-direction.
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Transition Radiation Tracker The outermost part of the ID is the TRT. It comprises
roughly 370 000 straw tubes parallel (orthogonal) to the beam pipe in the barrel (endcap)
region with a radius of 2 mm and a length of 144 (37) cm. These tubes lie within a
transition-radiation detector and contain a mixture of Xe, CO2, and O, as well as a
wire in the middle. When a charged particle passes two gases with different diffraction
indices, it produces transition-radiation photons. These then ionize the gas in the tubes,
which causes an electrical current from the shell to the wire. The amplitude of this signal
is proportional to the Lorentz factor . Hence, the TRT is very effective at distinguishing
electrons from pions, with deteriorating performance with increasing |7|.

4.2.3. Calorimeters

Calorimeters measure the energy of a particle by inducing electromagnetic or hadronic
showers. For a good resolution, all products of a shower must be contained in the system.
The size of such a shower is proportional to the logarithm of the energy of the incoming
particle and the radiation length of the material in the calorimeter, Xy, defined as the
distance after which the energy of the particle decreased to 1/e of its original value.
Therefore, calorimeters usually contain much dense material. The ATLAS calorimeter
system uses two different types of calorimeters. The outer hadronic calorimeter (HCal)
is a tile calorimeter. The electromagnetic calorimeter (ECal), the forward calorimeter
(FCal), and the endcap of the HCal are liquid Argon (LAr) calorimeters. The overall
layout of the ATLAS calorimeter system is schematically displayed in Figure 4.7. In gen-
eral, ATLAS only deploys sampling calorimeters. Here, a combination of active material
for the readout and a passive material to induce showering is used. Active and passive
material are arranged in an alternating manner.

Electromagnetic Calorimeter The ECal uses Lead plates as an absorber and liquid
Argon as the active material. Electromagnetic showers that are induced when a Lead
plate is struck by a particle ionize the Argon atoms, producing a signal. The ECal has
a thickness of 23X, stopping almost any incoming photon or electron, and a resolution
varying between 0.025 x 0.025 and 0.1 x 0.1 in terms of An x A¢, depending on |n|,
amounting to about 180,000 readout channels. This high resolution is particularly crucial
for the reconstruction of photons, since they produce no tracks in the inner detector. The
ECal can be split into the barrel region, with a coverage of |n| < 1.475, and the endcap
region, with a coverage of 1.375 < |n| < 3.2. The barrel consists of two identical halves
that are separated by a 4 mm wide gap. The transition region between the barrel and the
endcap region (1.37 < |n| < 1.52) is called the crack-region, and possesses a significantly
reduced resolution. Showers that started before the first layer of absorber material are
detected by the dedicated presampler LAr layer, which is 11 mm thick and covers a range
of |n| < 1.8. Assuming the complete shower develops within the calorimeter, the relative
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Figure 4.7.: A schematic depiction of the ATLAS calorimeters (C)CERN.

energy resolution of the ECal can be written as

o 0.1 0.3
= B 0.0l B ——r. 41
E[GeV] E[GeV] E[GeV] )

Hadronic Calorimeter In contrast to the ECal, the HCal uses different materials in the
barrel and the endcaps. In the barrel, the passive material is steel, and scintillating tiles
make up the active material. It covers |n| < 1.7 with 5760 readout channels, and has
a An x A¢ granularity of 0.1 x 0.1. In the endcaps, the HCal uses a combination of
liquid Argon and Copper, covering the region 1.5 < |n| < 3.2 with a granularity between
0.1 x 0.1 and 0.2 x 0.2, depending on |n|, resulting in 4092 readout channels. Analogous
to Equation 4.1, the HCal has a relative energy resolution of

o 0.5
= @ 0.03.
E[GeV] E[GeV]

Forward Calorimeter The very forward region of the ATLAS detector (3.1 < |n| < 4.9)
is covered by the Forward Calorimeter (FCal) which uses liquid Argon as an active
material and Copper (Tungsten) as a passive material for the electromagnetic (hadronic)
detection. Its relative energy resolution is

o 1

E[GeV] Y, E[GeV]

@ 0.1.
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Figure 4.8.: The layout of the ATLAS muon system () CERN.

4.2.4. Muon System

The energy loss of a particle when passing through matter decreases quickly with its
mass (e.g. Bremsstrahlung: AE #) Therefore, muons only lose a negligible frac-
tion of their energy in the ID and calorimeter system. For this reason, a dedicated
muon spectrometer is installed at the outermost layer so that other particles will not
reach it. It is split into a barrel and an endcap. Two strong endcap magnets provide
bending power for muon tracks, which, combined with the three cylindrical layers of high
precision tracking chambers, lead to an excellent muon momentum resolution. Figure 4.8
shows the layout of the ATLAS muon system. A combination of four detector types is
deployed, amounting to roughly a million readout channels. These are Monitored drift
tubes (MDT), Cathode Strip Chambers (CSC), Resistive Plate Chambers (RPC), and
Thin-Gap Chambers (TGC), leading to an overall relative pr resolution of 2 — 3 % for
typical muon energies that deteriorates to 10% at pr = 1 TeV [56].

Monitored drift tubes The MDTs are used for measuring the muon momenta precisely,
covering a range of || < 2 with a radial orientation. Each tube has a spatial resolution
of roughly 80 pum. Because of their slow readout, MDTs and CSTs are not suited to
support trigger decisions.

Cathode Strip Chambers The CSTs aid the MDTs in the precision tracking, extending
what is covered by the region 2.0 < |n| < 2.7. Multiwire proportional chambers with
strip-shaped cathodes offer a 40 yum X 5 mm resolution in terms of z X r.
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Resistive plate chambers Unlike MDTs and CSTs, RPCs and TGCs have a rapid
readout of 15—25 ns. Therefore, the muon trigger system exclusively relies on the tracking
information of the latter two. Covering a region of |n| < 1.05, RPCs are gas detectors
that measure the degree of ionization caused by highly energetic charged particles.

Thin-gap chambers TGCs are multiwire proportional chambers and cover a region
of 1.05 < |n| < 2.4. Apart from their contribution to the trigger system, they also
complement the measurement of the MDTs by providing the second, azimuthal coordi-
nate.

4.2.5. Trigger System

With bunch crossings occurring at a frequency of 40 Mz, recording each one would
amount to roughly 60 TB of data per second. Current technology cannot process such
large quantities of data. Therefore, ATLAS deploys a trigger system that quickly marks
interesting events for further processing, neglecting the rest and reducing the data rate
to the order of 1 GB per second. It consists of two steps: Level 1 (L1) and High Level
Trigger (HLT) [65].

Since the reconstruction of tracks is computationally intensive, the L1 neglects infor-
mation from the ID to handle the high rate of events. Instead, only data from the
calorimeters and the fast parts of the muon system (RPCs and TPCs) are considered.
The L1 reduces the event rate to approximately 100 kHz, accepting only events with large
energy deposits or muon tracks. The geometric parts of the detector where these occurred
are defined as regions of interest (ROIs) and passed to the HLT as input. Dedicated ver-
sions of the HLT then use the complete detector information to identify signatures of
electrons, photons, muons, hadronic 7-lepton decays, jets, b-quark-induced jets, missing
transverse momentum, respectively. An event is neglected if none of the previously men-
tioned signatures is found. The criteria of the HLT tighten with increasing instantaneous
luminosity to keep the rate of stored events around 1 kHz.

4.3. Event simulation

To make a scientific statement about a theory, its predictions must be compared to exper-
imental data. Therefore, simulations are necessary. In high energy physics, Monte Carlo
(MC) simulations model the quantum mechanical randomness according to underlying
probability distribution functions. At ATLAS, proton-proton collisions are simulated ac-
cording to the SM or relevant BSM theories [66]. The chain from first-principal theoret-
ical calculations based on quantum field theory to a dataset comparable to experimental
findings consists of several independent steps explained in the following.
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Figure 4.9.: NNLO PDFs, evaluated at 2 = 10 GeV? (left) and p? = 10* GeV? (right).
The gluon PDFs are scaled down by a factor of ten [67].

Parton Distribution Functions Protons consist of two u quarks and one d quark, the
valence quarks. However, depending on the protons’ energy, the strong interaction be-
tween the valence quarks can lead to additional quarks and gluons playing a role in
proton-proton collisions. These additional particles are referred to as sea quarks and
gluons. Together with the valence quarks, they make up the partons. Since the coupling
strength of the strong interaction decreases with the energy, the partons are basically free
particles - a principle known as asymptotic freedom. The probability f, of a particle of
type a taking part in the primary interaction of a proton-proton collision can be quanti-
fied by Parton Distribution Functions (PDFs). They are parametrized in terms of x and
. Here, x is the fraction of the proton momentum carried by the individual particle,
and g is the order of magnitude of the transferred momentum in the collision. Next-
to-next-to-leading order (NNLO) calculations of such PDFs are displayed in Figure 4.9.

Matrix Element calculation The first step of simulating particle collisions is calculating
the corresponding scattering matrix. Its elements are often abbreviated as the Matrix
Elements (MEs). To do so, a renormalization scale, has to be defined to bypass ultraviolet
divergencies. Then the ME can be calculated pertubatively, using iteratively higher orders
of the coupling strength « to increase the precision. The power of a corresponds to
the number of interactions considered in the respective Feynman diagram. The first
approximation, known as leading-order (LO), corresponds to assuming the minimum
number of interaction vertices necessary for the transition from the initial to the final
state. Next-to-leading-order (NLO) calculations also contain the second-lowest possible
number of vertices and so on. In combination with a Monte Carlo (MC) simulation for
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the particles and their kinematics, this step of the simulation chain is known as parton
level or generator level.

Parton shower Parton showering occurs when highly energetic partons emit gluons or
form quark-antiquark pairs. The process continues until their energy is low enough for
hadronization, typically around 1 TeV [68]. When simulating parton showering pertur-
batively, a cut-off energy scale has to be introduced. Below this so-called factorization
scale, a perturbative approximation does not hold anymore as ag increases with decreas-
ing energy, leading to divergencies.

Hadronization When a parton’s energy is low enough, it will start forming colour-
neutral states, a process known as hadronization. Since this cannot be simulated pertur-
batively, a more phenomenological approach is deployed. The most frequently used ap-
proaches to simulate this process are known as string dynamics [69] and cluster model [70].
The simulations are adjusted via parameters that are determined experimentally. A com-
plete set of such parameters is referred to as a tune |71, 72].

Underlying event After the initial scattering, the residual partons of the protons will
also undergo parton showering and eventually form new hadrons. This phenomenon
is known as the underlying event. Similar to the hadronization described above, the
underlying event is simulated with the help of simplified models |73,74] and corresponding
experimentally determined tunes.

Pile-up reweighting Only the primary interaction vertex is fully simulated in each
event. For the simulation of pile-up, two distinct cases are considered: in-time pile-
up, where the secondary collisions occur in the same bunch crossing, and out-of-time
pile-up, where the signatures originate from collisions in previous or following bunch
crossings. Both in-time pile-up and out-of-time pile-up are simulated by superimposing
simulated events with and without hard-scattering. Additionally, simulated events are
reweighted to match the pile-up in recorded data. Due to the very different conditions
of the respective year of data-taking, these event weights can be large, deteriorating the
statistical power of the dataset. Therefore, simulated events used in this thesis are split
into three campaigns: mci16a, mcl6d, and mcl6e correspond to data taken in 2015-2016,
2017, and 2018, respectively. The ratio of simulated events across the three campaigns
matches that in the recorded data to maximize the statistical power.

Detector simulation All previously mentioned steps are at the so-called truth-level,
meaning they contain perfect information about all particles involved and their trajec-
tories. However, a simulation must also take the detector response into account to make
the predictions commensurable to the recorded data.
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4. The ATLAS detector at the LHC

The ATLAS detector is modelled using the software package GEANT4 [75]. This includes
a detailed digital replica of the complete construction and a simulation of the interactions
of particles with it. With this approach, simulations on truth-level can be used as input
to create HITS files containing the information that each readout channel would receive.
After a dedicated digitization simulation, the proton-proton collisions are represented in
a format that can be compared to recorded data, meaning that further processing like
reconstruction, identification and energy calibration of particle signatures can be applied
to simulated and recorded data alike.

The detector simulation is the computationally most intensive part of the complete chain
of simulating proton-proton collisions. Therefore, a simplified detector simulation known
as ATLFAST-IT was developed [76]. It deploys parametrizations of hadronic showers
in the calorimeters. Simulated samples after the detector simulation are referred to as
reconstruction-level.
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Figure 4.10.: The ATLAS computing model [80].

4.4. The worldwide LHC computing grid

The amount of data produced at the LHC is tremendous, with roughly 15 PB per year.
In addition to analyzing proton-proton collisions, computationally intensive simulations
are also carried out. The vast demand for computing power and the desired global acces-
sibility of the data lead to the development of a worldwide grid, the WLCG (Worldwide
LHC Computing Grid) [77,78]. Figure 4.10 shows the computing model for ATLAS.
All partaking computing clusters are categorized in Tiers 0 to 3 [79] explained in the
following.

e The Tier 0 centre at CERN accepts the data streaming from the experiments at full
rates. It must also save them to tape for archiving. A backup of the data spreads
among all Tier 1 centres. In order to make that data transfer possible, dedicated
network connections to Tier 1 centres, with a bandwidth of 10 GB/s, have been
established. It also provides a large computing cluster and operates the rest of the
grid.

e There are thirteen Tier 1 sites spread across North America, Europe, and Asia. Due
to their essential role within the grid, Tier 1 sites are usually located at institutions
with experience in large-scale data management. Fach site has to store a previously
agreed part of the raw and simulated data from Tier 0.

e Each Tier 1 site supports several Tier 2 centres that analyze a share of the data
and provide computing resources for Monte Carlo simulations. Tier 2 sites do not
archive crucial data, allowing for small service teams to run them. The university
of Goettingen provides a Tier 2 centre known as GoeGrid.

e Tier 3 sites provide computing resources for end-user analysis. The scope of their
hardware varies enormously, ranging from a few CPUs to extensive national analysis
facilities.
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CHAPTER D

Object reconstruction and identification

Many particles produced at the LHC have proper decay lengths below 1 mm, decompos-
ing before reaching the innermost layer of the ATLAS detector. Therefore, only a small
number of particle types can be directly detected. Figure 5.1 shows the trajectories of
different long-lived particles and how they interact with the detector material of the var-
ious subsystems.

In a broader sense, ATLAS reconstructs physics-related objects and uses these to draw
conclusions on the primary particles indirectly. In the first step, universal entities closely
related to the detector signatures, such as tracks, vertices, and energy clusters in the
calorimeter, are reconstructed. From this, more complex objects like electrons, muons,
jets, T-leptons, and missing transverse momentum are reconstructed!.

Although sometimes bearing the same name, the reconstructed objects are not to be
confused with the actual particles causing the respective signature in the detector. In-
formation on the latter is only available in simulations - not in recorded data. However,
as mentioned in Section 4.3, the reconstruction is performed on recorded and simulated
data, alike. An object correctly reconstructed from a particle of the same kind is referred
to as true. Wrongfully reconstructed objects (e.g. a quark- or gluon-initiated jet recon-
structed as a hadronically decaying 7-lepton) are known as fake.

After the actual reconstruction, the additional steps of calibration and identification are
performed for determining precise kinematics and better background rejection, respec-
tively. The various algorithms are discussed in the following. Only objects relevant in
this thesis are considered, where particular emphasis is put on hadromnically decaying
T-leptons as they play an essential role.

!No distinction is made between particles and anti-particles in the names of reconstructed objects
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Figure 5.1.: Schematic display of trajectories of long-lived particles at ATLAS and their
interactions with the various sub-detectors (C)CERN.
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5.1. Tracks and vertices

Tracks are reconstructed from hits in the layers of the ID caused by charged particles [81].
The ratio of charge to momentum of a particle, ¢/p, defines the curvature of its trajectory
induced by the magnetic field. The only additional degrees of freedom of a track are the
following four geometric properties:

e the transverse impact parameter, dy, defined as the closest distance between the
interaction point and the track’s projection onto the transverse plane,

e the longitudinal impact parameter, zg, defined as the closest distance between the
interaction point and the track’s projection onto the beam axis,

e the track’s azimuthal angle, ¢,
e the track’s polar angle, n.

The reconstruction of tracks starts with assembling clusters from raw measurements of
the pixel and SCT detectors. Pixels and strips with deposited energy exceeding a cer-
tain threshold are grouped using a connected component analysis [82]. The clusters are
used to define space-points, representing the location where the charged particle passed
through the active material of the respective layer of the ID.

An iterative track-finding algorithm seeded from the previously determined space-points
identifies combinatorial possibilities to form tracks passing through at least three of them.
Then, a staged pattern-recognition algorithm is deployed. A first loose selection narrows
down the candidates before the ambiguity-solver assigns a relative track score to each
track by comparing them with each other. A fit then also takes information from the
TRT to find the most likely actual trajectories of particles. The fitted tracks that pass
the ambiguity solver again are added to the final selection of tracks.

After a final set of tracks has been reconstructed, the primary vertex (PV) is sought to
be identified [83,84]|. The procedure can be divided into two steps: vertex finding and
vertex fitting. The former being the association of tracks to a vertex, and the latter being
the precise determination of the vertex’s position.

The vertex finding algorithm deploys a fit to find the most likely vertex position. An
iterative approach is used where the least suitable tracks are assigned a lower weight
before recomputing the vertex position. The seed position of this fit is determined in
the transverse plane by the centre of the beam spot. In z-direction, the mode of the zg
distribution of all tracks is used. Once the fit converged on a vertex position, tracks that
are incompatible with that result are removed. The remaining tracks are used to find
the position of the next vertex. The procedure is repeated until no tracks are left.

The sum of pgf of all associated tracks, ZpQT, is calculated for each reconstructed vertex.
The vertex with the highest ¥p is chosen as the PV. All other vertices are classified as
either pile-up or secondary vertices. The distinction between the latter two is based on
the relative position concerning the beam spot. The beamn spot is reconstructed approx-
imately every ten minutes of data taking via maximume-likelihood fit to the distribution
of primary vertices.
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Figure 5.2.: Single-track reconstruction efficiency as a function of the initial particle’s
pr [81] (left) and efficiency to reconstruct and then select the hard-scatter
PV as a function of the average number of pp interactions per bunch crossing,
w, for different physics processes [83] (right).

The track reconstruction efficiency is defined as the fraction of charged particles travers-
ing the ID that is correctly reconstructed as such. It is displayed in Figure 5.2 for different
track-inducing decays as a function of the mother particle’s pr. The Figure also shows
the fraction of events where the PV is reconstructed and subsequently correctly selected
as a function of the average number of pp interactions. Both plots serve as a measure of
the performance of the respective process.

5.2. Electrons

When passing through the detector, electrons leave a track in the ID and shower in the
ECal. Therefore, the reconstruction and identification of electrons utilize information
from those two subsystems. The reconstruction is started if a local energy cluster in the
ECal exceeds Ex > 2.5 GeV [85]. Areas of 3 x 7 (5 x 5) cells in terms of X ¢ in the
barrel (endcap) are considered for this. A sliding-window algorithm is deployed for the
clustering [86]. As a next step, tracks that fulfill pr > 0.5 GeV are geometrically selected,
meaning their virtual extension has to pass through the respective energy cluster to be
considered a part of the reconstructed electron. The four-momentum is established by
combining the energy deposit in the cluster with the weighted average three-momentum
of all tracks and must fulfill |dy|/o(dp) < 5 and zpsin(d) < 0.5 mm. Like for most
objects that are reconstructed using calorimeter information, any electron must lie inside
the precision region of the detector (|nciuster| > 2.47) and outside the crack-region (1.37 <
’ncluster‘ < 1-52)-

A multivariate approach is deployed to discriminate true electrons from backgrounds,
such as jets and photons wrongfully reconstructed as electrons [87]. The input features
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include low-level tracking- and calorimeter-based information and high-level variables
constructed from both of them. A signal (background) probability density functions,
Pg(p),, is simulated for each input feature i. Any reconstructed electron is then assigned
a likelihood score, dr,, according to

Lg

dp = —3
LT Ls+ L

Lsp) (@) = [ [ Ps(pyi(i),

where x; is the i-th out of n features. The classification is performed by requiring
the electron to surpass a certain lowest likelihood score. Three operating points with
increasing cut value are defined: loose, medium, and tight.

An additional requirement is imposed to discriminate primary (prompt) from non-prompt
electrons. The latter arise from semileptonic decays of heavy quarks or hadrons, or
photons converting into electron-positron-pairs, and are considered an additional source
of background. A gradient isolation is deployed, which imposes |n| dependent restrictions
on the energy fraction deposited in a AR = 0.2 cone around the energy cluster of the
electron [85]. Similarly, track transverse momenta in a cone of py dependent size around
the electron must meet some |n| dependent requirements so that the overall efficiency of
the gradient isolation amounts to 90(99)% for electrons with a p of 25(50) GeV.

It has to be considered that the reconstruction and identification of objects can perform
differently on recorded versus simulated data. Therefore, scale factors are introduced,
defined as the ratio of the classification efficiency on data to that on Monte Carlo (MC)
simulated events:

SF = “data, (5.1)
EMC

Applying the scale factor and its uncertainty to simulated electrons passing the respec-
tive classification allows comparing simulated and recorded data directly. Analogous
scale factors are also derived and applied to other objects. In the case of electrons, they
are measured in Z — ete” and J/¥ — ete” events using a tag-and-probe-approach [87].
Similarly, the reconstructed energy is to be accounted for possible differences between
data and simulated electrons. This is known as energy calibration [88].
Figure 5.3 shows the reconstruction and identification efficiency for electrons as a function
of Ep. The reconstruction efficiency is plotted for each separate step and the reconstruc-
tion of the energy cluster can be seen to be the largest source of inefficiency. Reconstruc-
tion and identification are almost fully efficient for larger values of Er.

5.3. Muons

Being roughly two hundred times heavier than electrons, muons lose a significantly lower
fraction of their energy when passing through matter. Therefore, they are referred to
as minimum ionizing particles and are not stopped in the calorimeters, reaching the
outermost layer of the detector, the Muon System (MS). Tracks are reconstructed in
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Figure 5.3.: Efficiency for each step of the electron reconstruction and the combination
of them (left) and identification efficiency as a function of Et (right) [89].

the MS and the ID independently. Muon tracks are then combined with an outside-in
approach, where tracks in the MS initiate the process and are then sought to be combined
with those in the ID to determine the muon’s trajectory [90].

The main challenge of the muon identification is to discriminate non-prompt from prompt
muons. In contrast to the former, non-prompt muons often exhibit a kink in their
trajectory, making the tracks in the ID and those in the MS less compatible. Three
variables providing good separation are used in a cut-based approach:

e q/p significance, defined as the absolute difference between the ratio of charge and
momentum of a muon measured in the ID and the MS and weighted by the inverse
squared uncertainties,

e p/, the absolute difference between the measurements of transverse momentum by
the ID and the MS, and normalized to the combination of the two,

e normalized x? of the combined track fit.

The four working points loose, medium, tight, and high-pr are distinguished depending
on the strictness of the cuts applied on the aforementioned variables.

Additional isolation criteria provide further suppression of muons originating from hadron
decays. The gradient working point is defined analogously to the electron gradient isola-
tion mentioned in Section 5.2. It provides an efficiency of 95(99)% at pt = 25(60) GeV
for muons [90].

As for the electron candidates, the reconstruction and identification of muons require
scale factors to be derived. Z — pp and J/W — pp events are analyzed with a tag-
and-probe approach to determine the necessary efficiencies on recorded data. Figure 5.4
shows the efficiency defined as the fraction of muons that are correctly reconstructed
and subsequently pass the medium identification requirement as a function of pt. The
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Figure 5.4.: Reconstruction efficiency for the medium working point muon selection ver-
sus muon pp. The error bars in the upper plot only contain the statistical un-
certainty. The ratio plot shows statistical and systematic uncertainties [90].

bottom panel shows the ratio of these efficiencies on recorded to simulated data, allowing
the display of the product of reconstruction and identification scale factors.

Analogous to the energy calibration of electrons, the transverse momentum of muon can-
didates is also corrected. This is achieved by a maximum-likelihood fit of the invariant
mass of the muon pair in Z — pp and J/¥ — pp events [90].

5.4. Jets

Highly energetic quarks and gluons lead to collimated jets of colourless hadrons in the
detector because of parton showering and subsequent hadronization. Since the LHC is a
hadron collider, almost all events possess jets in the detector, making their reconstruction
and calibration crucial.

5.4.1. Clustering and the anti-k; algorithm

The first step in the reconstruction of jets is to identify calorimeter cells whose signal is
above a noise threshold. These are then grouped with the help of a clustering algorithm to
form what is referred to as TopoClusters [91]. The name comes from the term topological,
referencing the fact that the clustering happens solely according to the three-dimensional
position of the respective cell. A dedicated jet clustering algorithm, known as anti-k;
algorithm, is deployed to group TopoClusters into jets [92|. It belongs to the broader
group of sequential recombination jet algorithms, which compare and possibly combine
entities that can be single TopoClusters or combinations of them, referred to as pseudo-
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jets. First, a generalized distance measure is defined according to

AR?,
dy =win (p.pY,) %, din = pi AR = (¢ — 6))* + (i — m)®, (5.2)
(2

where R is the radius-parameter (often chosen to be R = 0.4), d;; is the distance measure
between entities ¢ and j, and d;g is the distance measure between entity ¢ and the beam.
If the smallest of all combinatorically possible distances is between two entities, they are
merged. If, however, the smallest possible distance is d;g, the entity ¢ is labelled as a jet,
removed from the list of entities, and the distances are recalculated. This procedure is
repeated until no entities are left. The parameter choice p = —1 in the definition of the
distance measure in Eq. 5.2 is what sets the anti-k; algorithm apart from other sequential
recombination jet algorithms like the Cambridge/Aachen algorithm [93] (p = 0) or the
inclusive ky algorithm [94] (p = 1).

The anti-k; algorithm has properties that make it better suited for ATLAS than other jet
clustering algorithms. The negative exponent leads to a preferred symmetrical clustering
around particles with a large momentum. Furthermore, the anti-k; algorithm is infrared
and collinear (IRC) safe, meaning that the reconstructed jet does not change much when
adding a further soft particle in the parton final state or when substituting one particle
with two collinear particles.

5.4.2. Energy calibration

Since not all of the energy that a particle or jet loses in a calorimeter is recorded, extensive
energy calibration must be conducted. At ATLAS, the energy of a reconstructed jet is
adjusted in several steps to match that of the underlying truth-jet [95]. Firstly, the jet
is assumed to have originated in the previously reconstructed PV rather than the centre
of the detector. The effect is estimated from MC simulation, altering the jet’s four-
momentum while keeping its energy unchanged. The impact of in-time and out-of-time
pile-up on the energy scale is estimated based on the reconstructed jet area [96] and MC
simulations, respectively. After these steps, MC studies are used to derive |n| dependent
energy response functions, matching the reconstructed to the underlying truth-jet energy
scale. Then, the global sequential calibration (GSC) is applied, taking information from
all sub-detectors into account and correcting for possible neglected biases caused by jet
flavour and energy leakage outside of the calorimeter. The last step is referred to as the
in-situ calibration. It is only applied to jets in recorded data accounting for differences
between the latter and simulated jets.

5.4.3. Jet-vertex-tagger

The suppression of pile-up jets that are falsely reconstructed as jets originating from the
PV is crucial. A multivariate technique, the jet-vertex-tagger (JV'T), is deployed for this
task [97]. It calculates a two-dimensional likelihood from the two variables corrJVF and
R, to form a well-separating discriminant. The former is defined as the scalar transverse
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Figure 5.5.: Distributions of the two input variables of the JVT-algorithm corrJVFE (left)
and R, (middle), as well as the resulting final discriminant (right). Each
variable is plotted for hard scatter (HS) jets from the PV and for pile-up
tracks, separately [97].

momentum sum of the tracks that are associated with the jet and originate from the PV
divided by the scalar pp sum of all associated tracks weighted by the number of vertices
in the event:

> Pk (PV)
Zn Z pt'rack(PV") ?
Zl pt'f:flwk(PVO) + Zl(k lngUl )

track

corrJVFEF =

where PV is the PV, PV ; are all other vertices, ”Egck is the number of all tracks not
associated to the PV, and k is tuning parameter, usually defined as £ = 0.01. R, on
the other hand, is defined as the scalar pt sum of tracks associated to the jet and the

PV divided by the jet pr after the complete aforementioned calibration:

> PR (PVo)
R, = — .
P

The distributions of corrJVF and R, are displayed in Figure 5.5 alongside the resulting
JVT score. Since the JVT uses information from the ID, it is only applicable to central
jets with |n| < 2.4. More forward jets are analyzed by the dedicated forward JVT [98].
The latter analyzes information on the jet shape from the forward calorimeters and
extrapolates the JVT based on topological correlations among the particles originating
from a pile-up interaction.

5.4.4. Identification of b-jets

Jets containing hadrons with b-quarks, referred to as b-jets, play a unique role within
ATLAS. Specific properties of these hadrons make identifying b-jets possible, a process
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Figure 5.6.: Efficiency for correct production vertex assignment in 1-prong tau decays for
the tau reconstruction algorithm and the default choice of the vertex with
the highest ZpQT, as a function of Thag.vis pr (left) and of the number of
reconstructed vertices in the event (right) [101].

known as b-tagging. The most important of these properties is the relatively long average
lifetime of roughly 75 = 1.5 ps [9], corresponding to a proper decay length of 0.5 mm.
Thus, the decay products of b-hadrons can often be associated with a displaced vertex.
Additionally, b-hadron decays often decay semi-leptonically, producing electrons or muons
in the final state that exhibit a significant transverse momentum relative to the jet axis
due to the high mass of the mother particle. The two most frequently used b-tagging
algorithms are the MV2c10 algorithm [99] and the DLIr [100] algorithm. The former
deploys a boosted decision tree (BDT) that combines the output of several sub-classifiers.
DL1r, on the other hand, uses a more modern deep learning approach. A recurrent neural
network (RNN) was trained such that it performs better than the MV2c10 algorithm,
particularly for high values of pr.

5.5. Hadronically decaying 7-leptons

As mentioned in Section 2.5, 7-leptons usually decay before reaching the innermost layer
of the detector into a leptonic (7ep, BRA35%) or a hadronic (7haq, BR~65%) final
state with at least one neutrino. FElectrons and muons from leptonic 7 decays cannot
be distinguished from those of other origins. Therefore, no dedicated reconstruction
algorithms for leptonically decaying 7-leptons exist. However, hadronic 7 decays produce
distinct signatures in the detector that can be reconstructed as objects. These are referred
t0o as Thad-vis candidates, where the index ‘i’ excludes the neutrino in the final state that
is not reconstructed [101].
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Figure 5.7.: Number of reconstructed tracks for m,,4-vis candidates from true 1-prong and
3-prong tau decays (left) and efficiency for reconstructing the same number
of tracks as the number of charged decay products of the tau lepton as a
function of Thag.vis pr (right) [101].

5.5.1. Reconstruction

The reconstruction of a Thaq.vis candidate starts with a seed jet. These are jets that
were reconstructed by the anti-k; algorithm with a radius parameter of R = 0.4. In
contrast to the jets described in Section 5.4, seed jets for the m,,4.vis reconstruction are
calibrated using the local hadronic calibration (LC) [91]. Additionally, seed jets must
fulfill the requirements py > 10 GeV and |n| < 2.5 to be selected. Again, the crack-
region 1.37 < |n| < 1.52 is excluded.

After the seed jet was established, the dedicated vertexr association takes place. Its goal is
to identify the vertex at which the 7-lepton was produced (TV) rather than the PV of the
event. Knowing the TV later allows associating tracks to the m,q4 decay more precisely
and suppressing the contribution from pile-up tracks. For the vertex association, the
algorithm explained in Section 5.1 is used, with the requirement that the tracks must
lie inside a AR = 0.2 cone around the seed jet axis. Afterwards, the impact parameters
of the Thaqvis candidate are recalculated with respect to the TV. Figure 5.6 shows the
efficiency of correctly assigning the m,,4 production vertex for 1-prong mhaqd.vis candidates
as a function of pr and the number of vertices in the event. It can be seen that for low
values of pr and large numbers of vertices, the dedicated tau-vertex-association is an
improvement of the standard PV association.

Only tracks that lie inside the core region, defined as a AR = 0.2 cone around the jet
axis, are associated to the Thaq.vis candidate. Furthermore, each track must fulfill the
following criteria:

e pr > 1 GeV,
e at least two associated hits in the Pixel Detector (including the IBL),

e at least seven hits in total in the Pixel- and the SCT detectors,
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e |do| < 1.0 mm,
e zysin(f) < 1.5 mm.

The selection mentioned above was optimized to maximize the fraction of 1-prong and
3-prong tau decays reconstructed with the correct charged particle multiplicity [101].
Figure 5.7 shows the number of reconstructed tracks for simulated 1-prong and 3-prong
decays and the overall efficiency of the Thaq.vis reconstruction as a function of pp. It
appears that high-pt 3-prong decays are sometimes falsely reconstructed as having only
two associated tracks. This can happen when, due to the considerable boost of the decay
products, two tracks are so close that the detector cannot resolve them.

5.5.2. Energy calibration

The energy estimation of a maq.vis candidate starts by taking the seed jet’s original LC
calibration that already accounts for dead material in the calorimeters and deposits too
low to trigger the formation of TopoClusters. Then, two additional corrections are applied
to arrive at the baseline calibration, entirely based on information from the calorimeters.
The first one takes pile-up into account, whereas the second one estimates the effect of
decay products not reaching the calorimeter. Both corrections are quantified via a single
function depending on |n| and the number of primary vertices, Npy.

The baseline energy calibration generally performs well but has a poor resolution for low-
DT Thad-vis candidates [102]. For this reason, a tracking-based reconstruction algorithm for
the hadrons in a 7,9 decay was developed, known as Tau Particle Flow (TPF) [103]. A
boosted regression tree (BRT) then combines the baseline calibration with the tracking-
based TPF and more low-level variables to provide a solid energy estimate for m,,4.vig
candidates across a large pt spectrum.

The four-momentum of the maq4-vis candidate is recalculated after the energy calibration
assuming a vanishing mass.

5.5.3. ldentification

After all the previously mentioned reconstruction steps, most Thad.vis candidates are ac-
tually fakes stemming from quark- or gluon-initiated jets falsely reconstructed as hadron-
ically decaying 7-leptons. An additional identification algorithm, referred to as maq-1D,
is deployed to discriminate these fakes from true 7-leptons. More precisely, two different
BDT-based classifiers exist for 1-prong and 3-prong Thad.vis candidates, respectively. The
input features are twelve high-level input variables based on the TopoClusters and tracks
in the core (AR < 0.2) or isolation (0.2 < AR < 0.4) region, where not all of them are
used for both classifiers [101]. Most of the input features quantify the shape and internal
energy distribution of the jet. However, also the displacement of the TV with respect
to the PV is exploited. The central energy fraction, fcent, provides the best separation
power. It is defined as the fraction of calorimeter transverse energy deposited in the
central region (AR < 0.1) to all energy deposited in the core region. The classifiers are
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Figure 5.8.: Distribution of the BDT-based 7,,4-1D score for true (red) and misidentified
(black) 1-prong (left) and 3-prong (right) Thad-vis candidates [102].

trained on simulated Z/v* — 77 and di-jet events as signal and background, respectively.
Figure 5.8 shows the distribution of the BDT-based m,,4-1D score for true and misiden-
tified as well as for 1-prong and 3-prong Thag-vis candidates evaluated on simulated data.
The ma4-1D score as shown here is often flattened vs pr, and subsequently, the x-axis
is transformed so that the signal exhibits a perfectly flat distribution. After these steps,
requiring a Thad.vis candidate to exceed a given Tpaq-ID score (€) corresponds directly to
tuning the classifier to the signal efficiency e. Based on this, a set of working points for
the 7—ID are defined. A summary of their signal efficiencies and background rejections
is shown in Table 5.1.

In 2019, a new Thaq-1D classification algorithm was introduced [104]. It is based on a re-
current neural network (RNN) and uses twelve high-level input variables almost identical
to those of the BDT-based classifier mentioned above. However, the recurrent structure
of the network in combination with long short-term memory architecture [105] allows
processing sequences of a priori unknown length. Therefore, the RNN-based classifier

Signal efficiency ~ Background rejection BDT  Background rejection RNN

Working point 1-prong 3-prong 1-prong 3-prong 1-prong 3-prong
Tight 60% 45% 40 400 70 700
Medium 75% 60% 20 150 35 240
Loose 85% 75% 12 61 21 90
Very loose 95% 95% 5.3 11.2 9.9 16

Table 5.1.: List of defined working points with fixed true Thaqvis selection efficiencies
and the corresponding background rejection factors for misidentified mhaq.vis
in dijet events for the BDT and RNN classifiers [104].
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markers indicate the four defined working points Tight, Medium, Loose and
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can also take low-level input variables based on each track or TopoCluster associated
with the Thaq.vis candidate into account, significantly improving its performance com-
pared to that of the BDT-based classifier.

Figure 5.9 shows the background rejection power as a function of the signal efficiency
for both classifiers and split into 1-prong and 3-prong Thaq-vis candidates evaluated on
simulated data. Across all working points, the background rejection of the RNN-baged
classifier is roughly twice as high as that of the BDT-based one, corresponding to a
roughly four-fold background reduction in searches for mThaq Thaq final states.

Quark- or gluon-initiated jets are not the only source of fakes. Electrons can also be
falsely reconstructed as Tad.vis candidates. Hence, mhaq.vis candidates inside a AR = 0.4
cone around a reconstructed electron are rejected if the latter passes the very loose (95%
signal efficiency) electron identification working point as explained in Section 5.2.

5.5.4. Truth-matching

On simulated data, m,4.vis candidates that originate from actual hadronically decaying 7-
leptons can be marked as such via a process known as truth-matching. A Thaqvis candidate
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counts as truth-matched if its momentum vector lies within a AR = 0.2 cone around the
momentum of a 7-lepton on truth-level. Thaq.vis candidates that are not truth matched
most likely originate from a quark- or gluon-initiated jet and are referred to as fakes.

5.6. Missing transverse momentum

As neutrinos do not interact with the detector material, they do not cause any signal
and cannot be measured directly. They can, nonetheless, be reconstructed indirectly
due to the conservation of momentum. As mentioned in Section 4.3, partons carry
a random fraction of the momentum along the beam axis of the proton at the LIC.
Their transverse momentum, however, is approximately zero. Therefore, the transverse
component of the four-momenta of all outgoing particles of a given proton collision must
add up to zero. Any significant deviation from that indicates an undetected particle
(e.g. a neutrino) carrying away the missing transverse momentum. It is calculated as
the negative vectorial sum of the transverse components of all reconstructed photons,
electrons, muons, jets, and 7-leptons, and the soft contribution. The latter corresponds
to the sum of all tracks in the ID that are not associated with any of the previously
mentioned reconstructed objects [106]:

Ezmiss — <pzsoft + Zp:> 7
r

where ¢ can be z or y. Its absolute value is referred to as the missing transverse energy,
Emiss
T,

5.7. Object overlap removal

A single true object can spark the creation of multiple, geometrically overlapping recon-
structed objects. Therefore, an overlap remowval is performed after the reconstruction
according to a set of rules to avoid ambiguities. Most of these rules depend on the value
of AR between two reconstructed objects, where the object with the lower reconstruction
efficiency is usually removed from the event. The following criteria are relevant for this
thesis:

e jets within AR < 0.2 of a Thaq.vis candidate are removed,
e jets within AR < 0.4 of an electron or muon are removed,
® Thad.vis candidates within AR < 0.2 of an electron or muon are removed,

e clectrons within AR < 0.2 of a muon are removed.
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CHAPTER 0

Measurement of 7,4 identification efficiency

As 7-leptons play an important role in many measurements and searches within and
beyond the SM at ATLAS, the m,,4-1D algorithms described in Section 5.5.3 are widely
used across the collaboration. Therefore, it is imperative to understand the algorithms’
performance on simulated and recorded data. A scale factor is introduced, defined as the
ratio of the efficiency on recorded data to that on MC simulated hadronic T-decays:

SF = Sdata, (6.1)
EMC

where the efficiency is defined as the fraction of true m,,4.vis candidates that are correctly
classified as such and pass the identification:

. Thad-vis(true, pass). (62)
Thad-vis (tru€)

Applying this scale factor and its uncertainties to simulated 7m,q decays allows a direct
comparison with recorded data.

The scale factors are binned in different quantities of the m,,4.vis candidate to cover
possible biases of the respective mhaq-1D algorithm. For the RNN-based m,,4-1D, these
are

e Transverse momentum (pr[GeV] € (20,25] Vv (25,30] V (30, 40] V (40, c0}]),
e Number of prongs (1 or 3),

e Working point of the ,,q-ID (loose, medium, or tight).
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Figure 6.1.: The tag-and-probe method: Z — 7,7,.q events are tagged by the muon.
The T,q is probed for the measurement.

For the BDT-based ma4-1D, it was found that the signal modelling depends strongly on
the region of the detector in which the m,,q.vis candidate was reconstructed. Therefore,
the scale factors are provided in the following binning:

e Barrel (|n| < 1.37) vs endcap (|n] < 1.52),
e Number of prongs (1 or 3),
e Working point of the m,2q-ID (loose, medium, or tight).

The biggest challenge in experimentally determining the scale factors as defined in Eq. 6.1
is to estimate the number of true m,,4.vis candidates on recorded data and the correspond-
ing uncertainties. To do so, a tag-and-probe approach in a dataset enriched in Z — 7,24
events is deployed. The background estimate exploits the different charge correlations
of signal and background. The contribution of true mh,4.vis candidates is estimated via a
maximum likelihood fit of |An(u, Thagvis)|- The fit results are then used to extract the
scale factors and the corresponding uncertainties. The different steps are described in
more detail in the following.

6.1. Event selection

The considered data was recorded between 2016 and 2018 at a centre-of-mass energy of
Vs = 13 TeV corresponding to an integrated luminosity of roughly [ L dt = 136 fb~1.
To maximize the fraction of true Tyaq-vis candidates, Z — 7,7haq events are analyzed
where one 7-lepton decays into a muon, and the other one decays hadronically. What is
referred to as a tag-and-probe technique exploits the high reconstruction efficiency and
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Vu\

UA

Figure 6.2.: Schematic depiction of kinematics in the transverse plane for three dif-
ferent processes contributing in the signal region. From left to right:
Z = TuThad, W(— pvy)+jet, W(— 7v;)+jet. The following notation is
used: @1 = Q(EF™) — ¢(u), 2 = ¢(EF™) — ¢(Thad-vis)-

background rejection for muons at ATLAS. An event is ‘tagged’ by the existence of a
muon, marking it for further analysis. The Tyaq4.vis candidate is then used as the ‘probe’
- the object on which the actual measurement is conducted. The Feynman diagram of
this decay can be seen in Figure 6.1.

The following describes the requirements that must be met for an event to be accepted
in the signal region (SR). One of the muon triggers HLT_mu26_ivarmedium and HLT_mu50
must have fired'. There must be exactly one reconstructed muon, one m,q.vis candidate
and no reconstructed electron. The muon must also be geometrically matched to the
respective trigger that fired?, pass the medium identification requirement, and its trans-
verse momentum must lie between 27.3 and 40 GeV. Furthermore, the muon must pass
the ‘FCTightTrackOnly FixedRad’ isolation criterion. The absolute value of the charge
of the Thad.vis candidate must be exactly one, and it must lie in the fiducial volume of the
detector (|n| < 2.47). The transverse mass between the muon and the missing transverse
momentum must be smaller than 50 GeV (mp(u, E2) < 50 GeV) and the sum of the
cosines of A¢ between the missing transverse energy and the m,,4.vis candidate and the
missing transverse momentum and the muon must be greater than -0.15:

> cos(Ag) = cos(¢(EF™) — ¢(n)) + cos(S(EF™) — ¢(madis) > —0.15.

The cut on ) cos(A¢) suppresses the contribution from the W+jets process. This is
apparent when considering Figure 6.2, which schematically depicts the transverse kine-
matics of this background contribution and the signal, Z — 7,7h,q. Only for the latter,

YHLT is short for *high level trigger’. 'mu50’ and 'mu26’ refer to a muon whose pr exceeds 50 or 26
GeV on trigger level, respectively. ’ivarmedium’ refers to the online ID requirement of that trigger.
2Similar to the truth-matching for Thaq-vis candidates described in Section 5.5.4, a muon is matched to

a trigger if their four-momenta lie within a AR = 0.2 cone.
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the angles ¢; = ¢(ER) — ¢(u) and ¢o = ¢(ERI) — ¢(p) tend to have values below 90°,
leading to primarily positive values of ) cos(A¢).

Additionally, the visible mass of the muon-m,,4-vig-System must lie within 45 and 90 GeV
(45 < myis < 90 GeV), a requirement known as the Z-mass-window-cut. The muon
and the Thaq.vis candidate must be back-to-back (A¢(u, Thaq-vis) > 2.4), and there must
be one or more primary vertices but no b-tagged jet. The signal process Z — 7,Thaq s
charge asymmetric, meaning that the tag (u) and the probe (Thaq.vis) are expected to
have opposite electric charges. Enforcing it in the event selection is referred to as the
opposite sign (OS) requirement in the signal region.

The signal region is further split depending on some properties of the Thaq-vis candi-
date:

e two prong bins (1-prong and 3-prong),

o four disjoint slices of the 7—ID score,

e only for the RNN-based 7,,4-1D: four pp bins (20-25, 25-30, 30-40, >40 GeV),
e only for the BDT-based 7h,4-ID: two || bins (< 1.37 and > 1.52).

The four disjoint slices of the 7—ID score are constructed from the working points men-
tioned in Section 5.5.3. For example, the loose-not-medium slice contains all m,4-vis can-
didates that pass the loose requirement, but fail the medium one, corresponding to the
7—1ID score interval [0.75, 0.85| for 1-prong and [0.6, 0.75] for 3-prong Thad-vis candidates.
The other three slices (not-loose, loose-not-medium, tight) are constructed analogously.
This results in 32 (16) disjoint categories in the signal region for the RNN(BDT)-based
Thad-1D. Four control regions for every category of the signal region are important for the
background estimate (see Section 6.2). They are explained in the following, where only
differences to the signal region are mentioned.

The QCD control region can be retrieved from the signal region by inverting the muon
isolation requirements.

The Top Control Region is defined by inverting the b-veto into a b-tag. Furthermore,
the upper limit on the muon pp, the Z-mass-window-cut, and the back-to-back require-
ment are neglected. Additionally, the transverse mass between the muon and the missing
transverse energy has to be greater than 40 GeV (mr(u, ER) > 40 GeV).

The W control region requires the transverse mass between the muon and the missing
transverse energy to be greater than 60 GeV (mr(u, ER) > 40 GeV)) and the missing
transverse energy itself to exceed 30 GeV (E¥SS > 30 GeV). Also, the sum of cosines has
to be below zero (> cos(A¢) < 0) and the back-to-back-requirement is dropped.
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6.2. Background estimate
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Figure 6.3.: Pre-fit pp(7) distribution for 1-prong in the pp and 7p,4-ID inclusive control
regions. From left to right: W control region, QCD control region, and Top
control region.

The high-m,;s control region is like the signal region but the cut on the Z-mass-
window-cut is replaced by a cut that requires the visible mass to be greater than 100 GeV.
Like the QCD control region, the high-myis control region is dominated by the SS con-
tribution. This additional control region helps to understand the SS contribution in a
region that kinematically differs from the signal region but applies the same isolation
requirement on muon, which proved beneficial for the likelihood-maximization described
in Section 6.3.

Figure 6.3 shows the pr- and m,4-1D-inclusive |An(u, Thad-vis)| distributions in the QCD,
Top, and W control regions for 1-prong mhaq.vis candidates. The different contributions
are taken directly from MC simulations. The mismatch between simulation and data is
due to the absence of an estimate for the multijet contribution.

6.2. Background estimate

The background estimate described in the following is conducted independently for each
category of the signal region. It can be used to model any distribution. Often, the
variable |An(p, Thad-vis)| is shown. It is used as the input for the maximum-likelihood fit
described in Section 6.3. Four main background processes have to be considered for this
analysis:

e QCD (multijet),

o Wjets,

e Top (single top & top-antitop (tt) events),

e 7 — ll(where ¢ can be an electron or a muon).

Like in most analyses, the QCD background is estimated with a data-driven technique.
For all other backgrounds, MC simulated events are used. A full list of the samples used
in this analysis can be found in Appendix B.1. The data yield in the opposite-sign (OS)
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Figure 6.4.: Pre-fit |An(u, Thad-vis)| distribution for pp- and mhaq-ID inclusive case. The
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Figure 6.5.: Pre-fit m,,4-1D score distribution for the BDT-based classifier in the pr in-
clusive signal region. The figure is split into 1-prong versus 3-prong (left and
right) and low versus high |n| (top and bottom).
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signal region can be split into the different processes and is approximated by
oS OS
Nisa = NGop + N25% 1 + N25%0 + kP x Ny° + kS5, x N (6.3)

Here, k:%s and k%sp are referred to as k-factors. They are introduced to account for a
possible mismodelling of the normalization of a given process and defined as the ratio
of data to MC simulated events after subtracting backgrounds (BG) in the respective
control region:

- Data — BG;
(2 MC i
Since the QCD contribution is almost charge symmetric, it can be estimated from the

same-sign (SS) data yield after the subtraction of the contributions from all other pro-
cesses:

N(g))gD = RQCD x (Ndata NZ—>TT NZ—>Z€ k%& X NS kTop X NTop) (64)

where Rqcp is defined as the ratio of OS to SS for QCD events. This ratio is mea-
sured on data in the dedicated QQCD control region after the subtraction of all non-QCD
contributions:

e [W, Top].

(Data — MC)©%
(Data — MC)SS

Inserting Eq. 6.4 into Eq. 6.3, and regrouping the resulting terms leads to

0os _ add-on add-on add-on add-on
Niata = RQCD X Ndata + Nz +Nz250 + Ny + NTop ’

Rgcep =

with the following add-on terms:
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6.3. Fit strategy

o NFOM = NP5 . — Rqep x N3°,.,

. N%(Eeon = NZ—>ee — Rqep % NES_W,

o Nddon — OS « NOS — Raep x kjS x N3,

o Niddon — k95 x Npy — Rqep X kg, x NP5,

Due to the structure of these add-on terms, this method is called the ‘OS-SS method’.

Figure 6.4 shows the pp- and m,q-ID-inclusive distributions of |An(u, Thad-vis)| for 1-
and 3-prong as well as for signal and high-m.s control region. The different event con-
tributions were estimated with the OS-SS method. The distributions of the BDT- and
RNN-based 7haq-ID score in the signal region are depicted in Figure 6.5 and Figure 6.6,
respectively. A mismodelling of the BDT-based 7y,2q-ID score in the low-|n| signal region
is apparent, justifying the scale factor binning described in the introduction of Chapter 6.
For the QCD estimate, the Rqgcp factor accounts for a possible normalization difference
between the SS and the OS contribution. It does, however, not cover a possible dis-
crepancy regarding the distribution of |An(u, Thad-vis)|- For this reason, an additional
shape uncertainty is introduced. It is derived as the ratio of OS to SS distribution in the
QCD control region after normalizing both and depicted in Figure 6.7. The QCD shape
uncertainty is derived pp-inclusively to decrease the influence of statistical fluctuation.

6.3. Fit strategy

Be p; the predicted event yield in the i-th bin of a given distribution. Then, the proba-
bility to observe n; events in that bin can be expressed by the Poisson probability
/1/ e /"L’L
P(n; =2,
(nl‘lu’l) nz‘

When considering a distribution with N bins, the probability to observe a given set of
event yields in data can be written as

N
P =[] P(nilu).
=1

Normally, a model depends on a set of M nuisance parameters (NPs) contained in the
vector 6. In that case, the likelihood function quantifies how compatible a set of values
for these parameters is with the observed data. Assuming that each of these NPs, 0;, is
constrained by a Gaussian probability distribution function N(6; |§j, 0p;) with expectation
value éj and uncertainty oy, , the likelihood function can be written as the product of the
Poisson probabilities of each bin and the Gaussian constraint for each NP:

N

L(0) = H (nilpi (0 HN (6; |03700 )- (6.5)

i=1 7j=1
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Figure 6.7.: Shape comparison between the normalized OS and SS |An(, Thad-vis)| dis-
tributions in QCD control region for 1-prong (left), 3-prong (right), the
Z-mass-window (top) and the high-my;s region (bottom). Only statistical
uncertainties are shown.
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6.3. Fit strategy

The likelihood function according to Eq. 6.5 is numerically maximized to find the set of
NPs that is most compatible with the observed data. This is also referred to as fitting
the model to the data. This maximum-likelihood fit to estimate the number of true
Thad-vis candidates on data uses |An(u, Thad-vis)| as the input variable and is conducted
independently for BDT- and RNN-based 7,,q-ID. Simulated Z — 7,mhaq events, where
the Thad-vis candidate is truth-matched, are treated as the only signal. As it can be seen in
Figure 6.4, the signal has predominantly small values of |An(u, Thad-vis)| while the back-
ground dominates for higher values, making |An(u, Thadvis)| & well-separating variable.
This effectively increases the degree of determination when maximizing the likelihood,
resulting in more robust fit results with smaller uncertainties. Other distributions were
tested, but the fit was found to perform best when based on |An(u, Thad-vis)|-

The overall likelihood is a single function defined as the product of the likelihood functions
of all bins of the signal and high-myis regions. All in all, 129 (191) nuisance parame-
ters (NPs) are considered in the case of the BDT(RNN)-based classifier. Correlations
between NPs can lead to correlations between the uncertainties of m,,4-1D scale factors.
Therefore, the NPs correlated over the number of charged tracks and the pr (|n]) of the
Thad-vis candidate are grouped in the case of RNN(BDT)-based classifier. In the group
of correlated NPs are, for example, the uncertainty on the luminosity, cross section un-
certainties, pile-up-reweighting uncertainty, and QCD shape uncertainties. On the other
hand, k- and Rgcnp-factors are calculated for each pr (|n|) bin, and their uncertainties
are therefore treated as uncorrelated across the bins of the scale factors. The likelihood
is first maximized using the entire parameter space of all NPs to gauge what fraction of
the uncertainty can be assigned to the group of (un-)correlated NPs. Then, the NPs of
one group are fixed at the post-fit value of the first iteration. The fit is repeated where
only the NPs of the other group can be varied. The fit converges at the same nominal
values, and the post-fit uncertainty on the signal yield is attributed to the optimized
group of NPs. The procedure is then repeated for the other group of NPs.

Designated NPs allow migration of the signal events between the different disjoint ID
slices of the signal region. This strategy was chosen to ensure that the analysis is only
sensitive to relative signal yield adjustments due to a possible mismodelling of the m,,4-1D
score, rather than normalization effects such as a mismodelled reconstruction efficiency.
For the BDT-based m,,4-ID, the migration from not-loose to loose-not-medium is re-
stricted to help the fit converge.

Figure 6.8 and Figure 6.9 show the post-fit distribution of the BDT- and RNN-based
Thad-1D score, respectively. The plots were made by applying the post-fit values of all
NPs from the fit in |An(u, Thad-vis)| to the pre-fit estimates of the corresponding variables.
As expected, the agreement between data and model is better after the fit. Nonetheless,
the BDT-based 7haq-ID score in the low-|n| signal region is still mismodelled, which is
observed as a rising slope in the ratio plot for high values of the m,4-1D score fully con-
tained within an interval that falls into the fight working point. This is not surprising as
the fit can only vary the relative signal contributions between the disjoint 1D slices and
has no handle on the shape of the m,,4-ID score distribution within each slice. However,
the overall shift of the signal from the tight to the looser categories indicates that the
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Figure 6.8.: Post-fit Tp,q-ID score distribution for the BDT-based classifier in the pr
inclusive signal region. The figure is split into 1-prong versus 3-prong (left
and right) and low versus high |n| (top and bottom).

corresponding scale factor will be significantly different from 1, which can be observed
in Figure 6.10.

The mismodelling of the BDT-based mhaq-ID score for myaq-vis candidates in the detector
barrel sparked some interest. The choice was made to not investigate this issue any
further since the RNN-based classifier will be used in all future analyses at ATLAS, and
its Thaq-ID score is well modelled.

6.4. Scale factor extraction

The scale factor is defined as the ratio of the efficiency on data and MC generated
events (see Eq. 6.1 and Eq. 6.2). The amount of true mhaq.vis candidates that pass the
identification can be calculated from the yields of truth-matched Z — 7, 7,4 contribution
by summing over the disjoint m,,4-ID slices. For example, the yield for the medium
working point, M, can be written as M = MNT + T, where MNT and T denote
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Figure 6.9.: Post-fit m,,4-1D score distribution for the RNN-based classifier in the pr
inclusive signal region. The figure is split into 1-prong versus 3-prong (left
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the yields in the medium-not-tight and tight slice of the signal region, respectively. On
MC simulated events, these yields can be extracted directly from the truth-matched
Z — T, Thad events. On data, the number of true m,,q.vis candidates is the post-fit value
of the truth-matched Z — 7,7,.q contribution. The efficiency for the medium working
point can be expressed as

Nyivr + Nr

e(M) = .
( Nnr + Ninvy + Nynt + N

The efficiency is calculated analogously for the other working points of the m,,9-ID. When
calculating the uncertainty of the efficiency, one has to consider that the numerator and
the denominator are correlated. However, the efficiency of any working point can be
expressed in terms of two uncorrelated terms A and B:

B
‘TA+B
where B is the sum of terms that occur in numerator and denominator, and A is the sum
of terms that only occur in the denominator. With this, the uncertainty of the efficiency

can be expressed as:
At 3)2\/320124 + A20%,.

When calculating the uncertainty of the scale factor, the uncertainties €qata and ey are
treated as uncorrelated:
) 2

The final scale factors and their overall uncertainties can be seen in Figure 6.10 and
Figure 6.11 for the BDT- and RNN-based classifier, respectively.

(6.6)

1
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€data
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Figure 6.11.: RNN-based 7,q-1D scale factors for 1-prong (left) and 3-prong (right). The
scale factors are evaluated for four bins of pp (7). The uncertainties include
all statistical and systematic uncertainties except for the one dedicated to
the lower 7—ID score cut value explained in Section 6.5.1.
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6.5. Systematic uncertainties

6.5. Systematic uncertainties

The uncertainties on the scale factors play an important role as they have to be considered
by any ATLAS analysis involving simulated events containing 7,,q in the final state.
The overall uncertainties on the scale factors are predominantly of statistical nature.
In particular, the low signal contribution in the not-loose bins of the signal region has a
significant impact. The systematic uncertainties are differentiated into two groups: those
that are correlated across the bins of the scale factor, and those that are not. As explained
in Section 6.3, the grouping is different for the BDT- and RNN-based classifier. However,
the systematic uncertainties are dominated by the effect of a cut on the m,9-ID score
applied to any 7Thaq-vis candidate, treated as correlated across all bins. This uncertainty
is described in the following.

6.5.1. Lowest cut on Ty,,9-1D score

By default, any mad-vis candidate is required to have a my,,4-1D score of greater than 0.005
(0.01), corresponding to neglecting 0.5(1)% of real hadronically decaying 7 leptons for
the BDT(RNN)-based mhaq-ID. To account for a possible mismodelling of the neglected
hadronic 7-decays, an additional uncertainty is assigned. This uncertainty is evaluated
by running the complete analysis with different values of this lowest cut and comparing
the resulting scale factors as it is displayed in Figure 6.12 for the RNN-based m,,4-1D.
The effect is shown in the 30-40 GeV 1-prong and the 20-25 GeV 3-prong bin as they
represent the bins with lowest and highest fluctuation, respectively. The largest difference
between the scale factors of any two values for the lowest cut on m,,4-ID score is taken
as a conservative estimate of the resulting uncertainty. The 20-25 GeV 3-prong bin is
the only case were this additional uncertainty is larger than the statistical uncertainty
on the scale factor.

6.6. Alternative scale factor estimates and outlook

Additional versions of the scale factors were calculated to account for different conditions.
The default Z — 77 sample used in the analysis was replaced by an alternative generated
with a different MC generator. The complete analysis was conducted again to derive an
alternative set of scale factors that analyses can apply depending on the MC generator
used to produce their samples. The corresponding pr-inclusive pre-fit 7—ID score dis-
tributions for the loose working point can be seen in Appendix B.2 in Figure B.1 and
Figure B.1 for the BDT- and the RNN-based 7—ID, respectively.

Apart from the MC generator, the choice of the detector simulation can impact the ma9-
ID performance on simulated data. Therefore, the default detector simulation used in
producing the Z — 77 signal sample (FullSim) was replaced with AF2. Again, the entire
analysis is conducted with the alternative signal sample. However, the resulting scale
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Figure 6.12.: RNN-based mphaq-ID scale factors for different lowest cuts on the m,,4-1D
score for the 30-40 GeV 1-prong bin on the left, and the 20-25 GeV 3-prong
bin on the right. The relative difference between highest and lowest nominal
scale factor for each working point is displayed in the legend.

factors are comparable to the default, so only the difference is provided as an additional
uncertainty. This systematic uncertainty has to be applied if AF2 is used to simulate
hadronically decaying 7-leptons. The corresponding pr-inclusive pre-fit 7—ID score dis-
tributions for the loose working point can be seen in Appendix B.2 in Figure B.2 and
Figure B.2 for the BDT- and the RNN-based 7—ID, respectively.

Figure B.5 and Figure B.6 in Appendix B.3 show several sets of scale factors for BDT- and
the RNN-based 7—ID, respectively. Displayed at once are the default with the Z — 71
sample simulated with Powheg and GEANT4, the alternative where Sherpa is used in-
stead of Powheg, and the second alternative where AF2 is used instead of GEANTA4.

As mentioned in Section 6.1, the signal region of this scale factor measurement is split
into four disjoint my,4-ID slices. Some analyses could benefit from applying the same
cuts on the m,,4-1D score instead of using the default working points, making dedicated
scale factors necessary. A set of such scale factors were calculated by replacing the sum
in the numerator of Eq. 6.6 by the corresponding single term. However, the resulting
uncertainties on the scale factors were vast, so the decision was not to apply that set of
scale factors.
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CHAPTER [

Search for BSM A/H — 77 in the fully hadronic decay channel

As mentioned in Chapter 1, the decay into a pair of 7-leptons is auspicious for searches for
heavy Higgs bosons. The analysis described in the following considers the fully hadronic
final state, ThadThad, and the semileptonic one, TiepThag- Emphasis will be put on the
former. Although BSM Higgs bosons could be produced via the same processes as their
SM-like counterpart (see Figure 2.3), the increased mass and modified couplings could
change the hierarchy of these processes. In particular, large values of tan 8 would en-
hance the production of heavy Higgs bosons in association with a b-quark. Therefore,
this search considers BSM Higgs bosons produced via gluon-gluon-fusion and b-associated
production as depicted in Figure 7.1.

The event selection is designed to suppress backgrounds from SM processes while provid-
ing high efficiency for hypothetical BSM signals. The dominant background comes from
fakes estimated with a mixture of fake factor and fake rate approaches. A maximum-
likelihood fit is conducted before upper limits on the product of production cross section
and branching ratio, o X BR, are set. Limitations on the parameters of a given model
can then be derived. The substeps of the analysis will be discussed in more detail in the
following. Results are presented at the end.

7.1. Event selection

The analysis considers the complete Run 2 dataset recorded from 2015 to 2018 and
corresponding to an integrated luminosity of roughly 139 fb~!. The event selection can
be divided into three steps. The trigger requirements and the preselection are applied to
any event that is considered for this analysis. Then, the remaining events are categorized
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7. Search for BSM A/H — 7 in the fully hadronic decay channel

Figure 7.1.: Strong Higgs production via gluon-gluon-fusion and b-associated production
in the four and five flavour scheme! (from left to right) [107].

in various signal regions. If not specifically specified otherwise, the following description
refers to the 7,,q7had channel exclusively. The combination with the 7iepThag channel is
discussed in Section 7.5.

7.1.1. Trigger

An event is accepted if the lowest unprescaled single-tau trigger (STT) of the correspond-
ing run number has fired. The pr threshold of the lowest unprescaled trigger increases
with the instantaneous luminosity. For each data-taking period, there is one considered
single-tau trigger as listed in Table 7.1, showing a list of the considered triggers.

When investigating the names of the various triggers, the number X in tauX refers to the
pr threshold of the trigger. The term mediuml specifies the working point of the online
ID based on a BDT. Any of the listed triggers requires 1-3 tracks in the core region
(AR < 0.2) and no more than one track in the isolation region (0.2 < AR < 0.4). If the
term tracktwoEF appears in a trigger’s name, that requirement is only posted for tracks
reconstructed by the Event Filter (EF) algorithm [108]. The term tracktwoEF, on the
other hand, implicates that the same requirements are also posted for tracks that were
reconstructed by the fast track-finding algorithm (FTF). Lastly, the number Y in L1TAUY
refers to lower cut on the transverse energy that is applied at the L1 stage.

For the event selection, there must be at least two reconstructed 7,4.vis candidates in
the event, and they are sorted by their pr. The Thaq.vis candidate with the highest pr is
referred to as the leading one (11), the subleading maq.vis candidate (72) is that with the
second-highest pr. The leading m,,4.vis candidate is required to be geometrically matched
to the trigger within a AR = 0.2 cone, and its pp must exceed the trigger threshold by
5 GeV.

On simulated data, an event is accepted if any trigger of the corresponding data-taking

'Four and five flavour scheme are two different approximations for calculating production cross sections.
In the five flavour scheme, top quarks are neglected as possible partons in the protons. In the four
flavour scheme, top and bottom quarks are neglected.
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7.1. Event selection

Table 7.1.: List of single-tau triggers used in the ThaqThad channel for each data taking
period.

Period 2015-16
HLT_tau80_mediuml_tracktwo_L1TAU60
HLT_taul25_mediuml_tracktwo
HLT_taul60_mediuml_tracktwo

Period 2017

HLT_taul60_mediuml_tracktwo
HLT_taul60_mediuml_tracktwo_L1TAU100
Period 2018
HLT_taul60_mediuml_tracktwoEF_L1TAU100

period has fired regardless of the simulated run number. The geometrical matching and
pr requirements are the same as for recorded data. Simulated events are scaled according
to the relative luminosities recorded by each trigger to account for the fact that not all
of these triggers were recording data for the entire data-taking period. This procedure is
possible since all triggers listed in Table 7.1 deploy the same identification algorithm and
only differ in pp requirements, allowing for increased statistical power of the background
estimate.

7.1.2. Event preselection
Any event considered in this analysis must fulfill the following criteria:
e at least one primary vertex with at least two associated tracks,

e at least two reconstructed 7Thaq.vis candidates. The pr of the leading m,4.vis must
exceed 85 GeV, the subleading 65 GeV,

e the leading and subleading Thaq.vis candidates must pass the medium and loose
working points of the BDT-based mh,q-1D, respectively,

e the two leading Thaq.vis candidates must be back-to-back (A¢(m,12) > 2.7),

e the two leading mhaq.vis candidates must have opposing charges (¢, X ¢r, == —1).
(Analogous to the convention in Section 6.1, this requirement is referred to as ‘OS’.
Again, ‘SS’ refers to the case where both 7p,q.vis candidates bear the same charge.)

7.1.3. Categorization

The signal region is split into the b-veto and b-tag categories. The latter is dedicated
to heavy Higgs bosons produced in association with b-quarks. For the b-tag channel,
events are required to contain at least one jet whose pt exceeds 20 GeV and is tagged as
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7. Search for BSM A/H — 7 in the fully hadronic decay channel

b-jet by the MV2c10 algorithm tuned to the efficiency of 70% for b-jets in simulated tt
events [99]. The b-veto category is complementary to the b-tag category. Its purpose is
the search for heavy Higgs bosons produced via gluon-gluon-fusion. Splitting the signal
region into these two disjoint categories provides an additional experimental handle on
the value of tan 3.

Apart from the two categories of the signal region, numerous control regions are consid-
ered for the background estimate deployed by the analysis. Their names and selection
criteria are summarized in Table 7.2. In the DJ-FR, the fake factor is measured. It is
then applied in the CR-1 to arrive at the estimate of the multijet contribution in the
signal region. Fake rates for processes involving b-tagged jets are derived in the T-FR.
All other fake rates are evaluated in the W-FR (see Section 7.3). DJ-FR, T-FR, and
W-FR are denoted as fake regions. A validation region similar to the signal region but
with a significantly lower expected signal purity is introduced by inverting the OS to
an SS requirement. This region is referred to as the SS-VR and is used to validate the
estimation of the backgrounds caused by fakes.

Table 7.2.: Definition of signal, control and fake regions used in the 7,3q7Thaq channel.
The symbol 71 (72) represents the leading (sub-leading) Thaq.vis candidate.

Region Selection

SR 71 (trigger, medium), 7o (loose), q(11) x q(12) < 0, |Ad(71,72)| > 2.7

CR-1 Pass SR except: 7 (fail loose)

DJ-FR jet trigger, 7472 (no identification), ¢(11) X ¢(12) < 0, |A¢(m,m2)| > 2.7, p2/pT > 0.3

W-FR  p (trigger, isolated), 7y (no identification), |A¢(u, 71)| > 2.4, mr(u, BR) > 40GeV
b-veto category only, exactly one maq-vis candidate

T-FR Pass W-FR except: b-tag category only

SS-VR  Pass SR except: ¢(11) X ¢(72) = (SS)

7.1.4. Di-T mass reconstruction

The mass of a resonance decaying into a pair of 7-leptons is challenging to reconstruct
since the neutrinos in the final state carry away an unknown amount of energy and
momentum. Various algorithms for this task were compared in a previous version of the
analysis [109]. The total transverse mass was found to perform best in this context. It
is defined as

m%)t — \/( _|_p + EIIHSS) ( _|_ p + EmlSS)

= \/mT Emiss 7)) + m2 (ERSS, 15) + mi(11, 72),

where the transverse mass between two momentum-vectors is defined as

@,5) = \ 20 (@pr(B)(1 — cos Ap(a, B)).
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7.2. Samples

Table 7.3.: Overview of the generators, PDFs, parton showering models, hadronization,
underlying event, and approximation order used in this analysis. V represents
either W or Z gauge bosons [111].

Process Generator PDF UEPS Cross section order

ggF PowHEc-Box v2 [112-116] CT10 [117] PyTHIA 8.1 [118] NLO?

bbH MG5_aMC@NLO 2.1.2 [119,120] CT10 Pyruia 8.2 [121] NLO?

W+jets SHERPA 2.2.1 [122] NNPDF 3.0 NNLO [123]  Suerpa 2.2.1 [124] NNLO [125]

Z+jets PownEG-Box vl [112-114,126] CT10 PyrHia 8.1 NNLO [125]

VV/Vy* SHERPA 2.2 NNPDF 3.0 NNLO SHERPA 2.2 NLO

tt PowHEG-Box v2 [112-114,127] NNPDF 3.0 NLO PyTHia 8.2 NNLO+NNLL [128-134]

Single t PownEc-Box v2 [112-114,135-137] NNPDF 3.0 NLO PyTHia 8.2 NNLO+NNLL [138,139]
tot

The approach of m{" is relatively simple compared to more elaborate di-7 mass re-
construction algorithms such as the missing-mass-calculator (MMC) [110] or MOSAIC [109].
However, for the high transverse momenta of the 7-leptons considered in this analysis, the
advantage of such algorithms is negligible. The MMC, for example, estimates the most
likely momentum vectors of the neutrinos based on the kinematics of the m,a4.vi5 candi-
dates. The large boost of 7-leptons considered in this analysis makes the neutrino and
the other decay products travel in almost the same direction seen from the lab frame,
making m'" a good approximation for the actual transverse mass. Furthermore, the
computation time for mf* is significantly lower than for the MMC and MOSAIC algorithms,
so it was chosen as the final discriminant of the analysis. Its distribution in the signal
region after the fit described in Section 7.5 can be seen in Figure 7.2 for the mhaqThaq and

TlepThad Channel, separately.

7.2. Samples

An overview of the generators used to simulate signal and background processes can be
seen in Table 7.3. It also shows the assumed PDF sets for the hard process as well as
the models for parton showering, hadronization, and the underlying event (UEPS). The
last column shows the order to which the cross sections were calculated. A complete list
of all samples used in this analysis can be found in Appendix C.5.

7.3. Background estimate

The background contributions in this analysis can be distinguished between those orig-
inating from true 7-leptons and those from fakes. The former are estimated directly
from MC simulation. The latter, however, are estimated via partially data-driven tech-
niques since the misidentification probability is not well modelled on simulated events.
The dominant background contribution comes from fakes from multijet processes and is
estimated with a purely data-driven fake factor approach. MC simulations of this contri-
bution are not feasible due to the combination of a high cross section and low acceptance,

2INNLO corrections for the contribution from top quarks are considered
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in the signal regions of the 7jepThaq channel (top) and

the ThaqThad (bottom) channel. The figure is also split into the b-veto (left)
and b-tag (right) categories. The prediction for the background processes is
obtained from the fit described in Section 7.5 assuming the background-only
hypothesis. Expectations from signal processes are superimposed. Overflows
are included in the last bin of the distributions [111].



7.3. Background estimate

requiring vast amounts of simulated events for sufficient statistical power. Fakes from all
other processes are estimated via a semi data-driven fake rate approach. The difference
between the semi data-driven fake rate approach and the fully data-driven fake factor
approach will be explained in the following.

7.3.1. Fake rate approach

A significant background contribution comes from fake 7y,4.vis candidates in processes
that are estimated via MC simulation. In particular, the dominant background in the
b-tag signal region for large values of m/P" emerges from fake Taq.vis candidates from
processes involving top quarks. In the b-veto region, the W(— uv)+jets contribution is
the main source for MC simulated fake 7y,4.vis candidates.

The probability of a jet being misidentified by the 7—ID algorithm is known as the fake
rate. The fake rate is often poorly modelled in MC simulations. Therefore, it is evaluated

on data via a tag-and-probe approach in a W (— pv)+jets control region.

W-FR and Top-FR construction The W(— uv)+jets control region where the fake
rates are measured, is split into a b-tag (T-FR) and a b-veto case (W-FR). The same
b-tagging definitions as in the signal region are deployed. A muon candidate tags the
event, and the fake rate is evaluated on the jet (the tag). The control region is defined by
requiring the HLT_mub0 trigger to have fired. There must be exactly one reconstructed
muon that is matched to the trigger, passes the medium identification, and whose trans-
verse momentum exceeds 55 GeV. It must also fulfill a gradient isolation requirement
tuned to 90(99)% efficiency for muons at pr = 25(60) GeV.

Furthermore, there must be exactly one Thaq-vis candidate (and no electron) in the event,
making this region orthogonal to the signal region. The tag object and the probe ob-
ject must be back-to-back, although this requirement is slightly loosened concerning the
signal region at A@(u, Thadvis) > 2.4. A cut on the transverse mass further suppresses
contributions from multijet and signal: mT(,u,E?SS) > 40 GeV. The event selection
mentioned above leads to a W(— puv)+jets purity of 92% in the W-FR and an 82%
Top purity in the T-FR, where the purity is defined as the ratio of the respective MC
simulated event yield divided by the overall data yield in that control region.

Fake rate definition The fake rate of a given 7—ID working point is defined as the ratio
of events where the m,,4.vis candidate passes the 7—ID requirement to all events. The
fake rate is binned in the transverse momentum of the 7,,4-vis candidate and calculated
for 1-prong and 3-prong cases, separately:

NPass 71D (pT7 Ntrack)

T 7-1D
N T2 (prs Nivack) | W(—s ) +iets, Top

FRT—ID(pTa Ntrack) = ’ (71)

where the denominator can be expressed as the sum of m,4.4i5 candidates failing the
7—ID, Nl 7=ID(pr N, and those passing it, NP5 7=ID(pr Nyq). All truth-
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7. Search for BSM A/H — 7 in the fully hadronic decay channel

matched Thag-vis candidates from MC simulation are subtracted before calculating the
fake rate to ensure that it is evaluated exclusively on fake Tha4.vis candidates. Two
different fake rate versions are calculated since fake rates are deployed for the leading and
the subleading maq.vis candidate in the signal region. For the leading ma4.vis candidate,
the medium T—ID working point in combination with the trigger-based identification is
required in the numerator of Eq. 7.1. When calculating the fake rates for the subleading
Thad-vis candidate, only the loose 7—ID working point is required in the numerator.
Figure 7.3 shows a comparison of the OS fake rates evaluated on data and MC simulated
events as a function of the transverse momentum of the 7p,4.vis candidate. The two
plots show the 1-prong W-FR and 3-prong T-FR cases, respectively. These two were
chosen as they represent the fake rates with the highest (lowest) statistical power. All
other relevant fake rate comparisons can be found in Appendix C.1 in Figure C.1 and
Figure C.2. All plots contain only statistical uncertainties.

Generally, the agreement between the fake rates evaluated on MC simulated events and
those evaluated on data is good. For the b-veto case, the fake rates evaluated on data are
deployed for the background estimate in the signal region as their uncertainties are lower.
In the case of b-tag, however, the data fake rate exhibits large statistical uncertainties.
Therefore, the fake rate evaluated on MC simulated Top events is used with a correction
factor normalizing it to the mean value of the fake rate on data. All resulting fake rates
are displayed in Figure 7.4. The difference between OS and SS fake rates is due to the
different fractions of quark- and gluon-initiated jets, a phenomenon discussed in detail
in Section 7.3.2. Although only the OS fake rate is used directly for the background
estimate in the signal region, the SS fake rate is applied when estimating the background
in the SS-VR.

Fake rate application The dedicated fake rates for leading and subleading Th,4.vis can-
didates are only applied to fake Thaq.vis candidates from MC simulated events instead of
requiring the 7—ID. The distribution of given variable x in the signal region is estimated
via:

NW/TOp<pT7 Ntrack7 .CII) = FRT—ID(pT, Ntrack) X (Nall T*ID(ij Ntrack; .T)) .

If the leading Thaq.vis candidate is fake, the medium + trigger fake rate is applied. If the
subleading madq-vis candidate is fake, the loose fake rate is applied. If leading and sub-
leading m,4.vis candidates are fake, the product of both fake rates is applied. Only truth-
matched Thaq.vis candidates have to pass trigger and the medium (loose) T—ID working
point. The b-tag fake rate is applied to Thaqvis candidates from MC simulated processes
containing top quarks, meaning tf and single Top processes. The b-veto fake rate is ap-
plied to Thad.vis candidates from all other MC simulated contributions. This procedure
is summarized in Table 7.4 in combination with the trigger strategy. The first row lists
the procedure for data, where no scaling factors are applied. The other four rows cor-
respond to the four possible combinations true and fake for the leading and subleading
Thad-vis candidates.
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Figure 7.3.: Comparison of OS fake rates evaluated on data and MC simulated events.
On the left, the fake rate is shown for the 1-prong W-FR. The right hand
side shows the fake rates in the 3-prong T-FR.

7.3.2. Multijet estimate - fake factor approach

Because of the low acceptance for contributions from multijet processes, the MC sim-
ulation of the latter requires large computational efforts to achieve sufficient statistical
power. Furthermore, QCD is difficult to describe perturbatively at low energy scales,
leading to significant additional systematic uncertainties. For this reason, many analy-
ses at ATLAS deploy data-driven techniques to estimate the contribution from multijet
processes. This analysis deploys an approach where fake factors are measured in a di-jet
control region and applied to events in the CR-1, which is the signal region with an
inverted 7—ID requirement on the subleading mha4.vis candidate.

T0 1 trigger IDg 1Dy SFy SF4
data data | STT & match(lead) | Med Loose 1. 1.
truth  truth | STT & match(lead) | Med Loose | SFiig * SFip SFp
truth  fake | STT & match(lead) | Med - SFirig * SFip  FRioose
fake truth - - Loose FREE% SFip
fake  fake - - . FRy®& F Rl oose

Table 7.4.: Scheme of how trigger and offline 7—ID decisions are processed for events in
the signal region, also listing the applied scale factors and fake rates.

81



7. Search for BSM A/H — 7 in the fully hadronic decay channel

fake rate

fake rate

07—y
i -+ SStop ,:
0'09§ Vs=13TeV, 137.4 " %gg“;"_ets ]
0_08? 'I;ngpgril:gAedlum-lD los W+ljets E
0.07F 3
0.065 3
0.05f=, —+— | E
0.04- = | k
0.03F -
0.025 =
0.01?3; - £
N IR U SR B B

0 100 150 200 250 300
p.(r) [GeV]
0.4
L -+ SStop ]
0.35" (s-13TeV, 137.4 10" (jostop |
[ Loose-ID \ZlSSW+!etS b
03; 1 prong [O] OS Wijets {
0.25/- 3
0.2 3
0'15;E+ E
01 == 4 E
r — 1
0.0S:R s ¢ 1
R B I A S

0 100 150 200 250 300

p.(x) [GeV]

fake rate

fake rate

O 0O N W S OO N © © O

50
45
40
35
30
25
20
15
10

3
e M A AL
i -+ SStop ,:
F Vs=13TeV,137.4fb" [+]OStop .
E Trigger+Medium-ID [+]SSWyjets 7
g 3prong [O] OS Wijets 1
3 £
Fo E
= ]
s ]
- —— =
o i :
Ses X E
R i BNRRR SRR R A
100 150 200 250 300
p,(x) [GeV]
103
:\ L L L L L T T T ‘ T L T ‘ T \:
i —+SStop ,:
F Vs=13TeV,137.4fb" [+]OStop .
F Loose-ID %ggz"v"{e‘f =
£ 3 prong et 1
L E
:;» —a— o {
%2‘*\\ | ]
o T T v P T a1
100 150 200 250 300

p.(x, [GeV]

Figure 7.4.: Fake rates evaluated on data in the W-FR and the T-FR for the combination
of the medium 7—ID working point and the trigger requirement (top) and
the loose 7—ID requirement (bottom). The plot is also split into 1-prong
(left) and 3-prong (right) Thaq-vis candidates.
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7.3. Background estimate

Di-jet control region The fake factor is measured in a di-jet tag-and-probe approach.
To be unbiased, the fake factor is evaluated on fake Ty,4.vis candidates that have not
passed any identification. An event is selected if any of the following single-jet triggers
has fired: HLT_j420, HLT_j400, HLT_j380, HLT_j360, HLT_j260, HLT_j175, HLT_j110,
HLT_j85, HLT_j60, HLT_j55, HLT_j45, HLT_j35, HLT_j25, or HLT_j15. Here, the number
X in HLT_jX denotes the pr threshold of the considered trigger.

Like in the signal region, at least two 7Thaq.vis candidates are required. The leading one
must be matched to the trigger that fired and fail the medium working point of the BDT-
based 7—ID. The subleading maq.vis candidate is used as the probe on which the fake
factor is evaluated. For better compatibility between signal region and di-jet control re-
gion, the transverse momenta of leading and subleading mhaq.vis candidates must exceed
85 GeV and 65 GeV, respectively, and they must be back-to-back (A¢(r,72) > 2.7).
Furthermore, the transverse momentum of the subleading Thaq4.vis candidate must be at
least 30% of that of the leading one.

Fake factor evaluation The fake factor is defined as the number of fake maq.vis can-
didates that pass the 7—ID, NP2s 7=ID " {dijyided by the number that fail it, Nl 7=1ID
This ratio is binned in the number of tracks, Nirack, and the transverse momentum of
the Mhadvis candidate, pp:

INPass 71D (pTa Ntrack)
Nfail T*ID(

FF_ip (pT7 Ntrack) = (72)

pr, Ntrack) di-jet

MC simulated Thaq-vis candidates coming from all contributions apart from multijet pro-
cesses are subtracted before calculating the fake factor in the DJ-FR to guarantee that
it is evaluated on fake m,,4.vis candidates from multijet processes only.

The fake factor of a sample not only depends on the transverse momentum and the num-
ber of tracks. The types of particles that initiated the jets can also have an influence.
Quark-initiated jets tend to be misidentified as a hadronically decaying 7-lepton with
a higher probability than those initiated by a gluon. Therefore, the ratio of quark- to
gluon-initiated jets in a pure multijet sample impacts the overall fake factor. The mod-
elling is biased if the sample on which the fake factor is evaluated has different fractions
of quark- and gluon-initiated jets than the signal region.

For this reason, a lower cut on the 7—ID score is introduced in both regions, rejecting
most gluon-initiated fake mhaq.vis candidates, resulting in the fake ma4.vis candidates in
the di-jet control and the signal region being predominantly initiated by quarks. Fig-
ure 7.5 shows the comparison of the distributions of the BDT-based 7—ID score of the
subleading mhaqvis candidate in the signal region and the DJ-FR. The slopes in the ratio
plots for low values of the 7—ID score indicate the increased fraction of gluon-initiated
jets in the di-jet control region with respect to the signal region. The lower cut on the
7—ID score is set to 0.03, corresponding to 97% signal efficiency. This choice is justi-
fied by the mostly flat distribution of the ratio plots for 7—ID scores above that value.
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Figure 7.5.: Normalized distribution of the BDT-based 7—ID score of the subleading
Thad-vis candidate in the di-jet control region and the signal region. The
Thad-vis candidates are required to fail the loose working point and possess

one (left) or three charged tracks (right).

Furthermore, the fake factors are derived inclusively regarding the number of b-tagged
jets to increase the statistical power. An additional corresponding uncertainty must be
considered when estimating the multijet contribution in the b-veto or the b-tag signal
region. These uncertainties are defined as the difference between the inclusive and the
b-veto and b-tag fake factor, respectively. In the b-tag case, this uncertainty can be domi-
nant. However, for the b-veto fake factors, the leading source of uncertainty is the limited
statistical power in the di-jet control region. Other sources of uncertainty are the limited
statistical power and systematic uncertainties of the MC simulated events, such as the
uncertainty on the integrated luminosity. These uncertainties are evaluated by varying
the MC simulated contributions within the respective uncertainty and subtracting them
from data before re-calculating the fake factors, but found to be negligible.

The b-veto, b-tag, and b-inclusive OS fake factors are displayed in Figure 7.6 for 1-prong
and 3-prong candidates, separately. The corresponding SS fake factors can be found in
the Appendix C.2 in Figure C.3. In the same Appendix, Figure C.4 and Figure C.5 show
the fake factors and their uncertainties in the b-tag and b-veto case, respectively.

Fake factor application The multijet contribution in the signal region is estimated by
applying the fake factor in the CR-1 region, which corresponds to the signal region after
inverting the loose 7—ID requirement. The distribution of a given variable x can be
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3-prong (right) Thad.vis candidates. A comparison between b-veto, b-tag, and
b-inclusive fake factors is made.

estimated via
Nmultijet (pT; Ntracka .’IJ) = FF7'—ID (pT, Ntrack) X (NgzitlaT_ID (pT, Ntrack7 1’)) ) (73)

where the fake factor is interpolated between the bin centers of pr, improving the mod-
elling. Nf&l;_m is the number of fake T,4.vis candidates in recorded data coming from
the multijet contribution. It is retrieved by subtracting m,a4.vis candidates from all back-
ground contributions apart from multijet processes from recorded data.

By inverting the OS requirement of the signal region, a validation region for the multijet
estimate with a meagre expected signal contribution is created. Figure 7.7 shows the
distribution of mf* in this SS-VR for b-veto and b-tag case, separately. The background
modelling matches the observed data well, validating the multijet estimate.
Distributions of additional variables in the validation region can be seen in the Ap-

pendix C.3. in Figure C.6 and Figure C.7 for the b-veto and the b-tag case, respectively.

7.3.3. Fake factor interpolation

Since almost any analysis that considers hadronically decaying 7-leptons must estimate
the background coming from fake 7haq.vis candidates, the fake factor approach is a
widespread technique. A fake tau task force (FTTF) was founded to synergize these
efforts across maq-based measurements and searches and provide a universal tool within
ATLAS.
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Figure 7.7.: Distribution of mf" in the b-veto (left) and b-tag (right) SS validation region
before the fit. The background modelling matches the observed data well,
validating the multijet estimate.

When developing such a universal approach, the main challenge is to contemplate the ef-
fects of varying fractions of quark- and gluon-initiated jets being reconstructed as Thad-vis
candidates. The FTTF aims to provide universal fake factors as a function of that ratio
so that analyses can apply them after determining this ratio in the corresponding region.
The fake factors’ dependence on the ratio of quark- and gluon-initiated jets is determined
by interpolating it between two regions where this ratio is known. Assuming that the
sample consists exclusively of quark- and gluon-initiated jets faking Thaq4.vis candidates,
the fake factor of that sample can be expressed as

pass T—ID pass T7—ID
N} + N}

fail 7—ID fail 7—ID °
Nq + Ng

FFsr = (7.4)
where IV, and IV, are the number of quark- and gluon-initiated jets, respectively. This
can be rewritten as

fail 7—ID pass 7—ID fail 7—ID pass 7—ID
— Nq Nq Ng Ng
FFgr =

Néail 7-ID Néail 7—ID ° Néail —m t N;ail 71D Ngail 7—ID ~ Ngfail 7—ID °

Identifying the fake factors for samples of pure quark- and gluon-initiated jets,

Npass T—ID Npass 7—ID
q g

FF,

FF, =

Nfail 7—ID ?’ Nfail 7—ID ?’
q g9

and introducing the fraction of quark-initiated jets among those failing the 7—ID,
Nfail T—ID
q

qf = N;ail 71D | Ngfail T—1ID’
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Equation 7.4 can finally be expressed as
FFsg = q¢-FFy + (1 — qf) - FF,.

Hence, the fake factor linearly depends on the fraction of quark-initiated jets failing
the 7—ID. Measuring it in two regions with quark fractions g1 and gy then allows
interpolating the fake factor to any region with quark fraction grsr as displayed in
Figure 7.8.

A fit is conducted to estimate the fraction of quark-initiated jets on data in a given
region. Templates of pure quark- and gluon-initiated jets faking m,aq.vis candidates as a
function of a chosen kinematic variable are taken from MC simulated events. A linear
combination of the two templates is created and compared to the distribution on data.
The estimate on gy is achieved by minimizing x? of this comparison. The templates
are randomly varied within their uncertainties, and the minimization is repeated. After
enough repetitions of this procedure, the width of the distribution of the fit results
converges, delivering an estimate for the uncertainty on the fraction of quark-initiated
jets on data. This uncertainty is minimized by conducting the fit for a well-separating
variable, exploiting the shape difference of the quark and gluon templates. One such
variable is the jet width, defined as the weighted average AR of all objects within the
jet:

C_ > AR
2P

Figure 7.9 shows examples of template fits using the jet width conducted in the dijet con-
trol region and the signal region separately. The lower cut on the 7—ID score mentioned
in Section 7.3.2 was not applied before conducting the fit. Although only showing a single
iteration of the fit, the results hint at the difference in the fraction of quark-initiated jets
in these two regions, further justifying the application of that cut.

The fake factor evaluated in the dijet control was corrected according to the fraction of
quark-initiated jets on data. The modelling of the multijet contribution in the validation
region was found to be consistent with the approach of applying the lower cut on the
7—ID score. Although not deployed in the final version of the analysis, the studies on
the fake factor interpolation were an important confirmation of the background estimate.
They also marked the beginning of the efforts of the FTTF, providing a proof of concept
and a solid fit strategy, including a correct treatment of uncertainties.

7.4. Systematic uncertainties
The systematic uncertainties considered by the analysis can be categorized into four

groups: experimental uncertainties, theoretical uncertainties on the background and sig-
nal modelling, and uncertainties on the data-driven background estimate.
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70 GeV, di-jet control region (left) and signal region (right). The ratio plot
only shows statistical uncertainties. The first and the last three bins were
excluded before conducting the fit due to modelling issues [140].



7.4. Systematic uncertainties

Table 7.5.: Summary of experimental systematic uncertainties considered by the analysis.

l NP name ‘ Description ‘
“Lumi” Integrated luminosity measurement
“TAU” Thad reconstruction, identification, electron-veto and
energy scale
“METSoft” ET'° soft terms
“JER, JES, Jvt” | jet energy scale and resolution
“btag” flavour-tagging
“PRW” pile-up

Experimental uncertainties relate to the detector simulation and the evaluation of the
integrated luminosity [141,142] and are applied to every contribution estimated via MC
simulated samples. The uncertainties that were found not to be negligible are categorized
into six groups. A summary of these groups can be found in Table 7.5.

The theoretical uncertainties on the background modelling include a relative cross
section uncertainty of 6% [143,144] for the processes involving top quarks and a dedicated
systematic uncertainty on the cross-section for the Z4jets processes. All considered
theoretical uncertainties on the background modelling are summarized in Table 7.6. The
background contribution from ¢t events is affected by additional dedicated systematic
uncertainties to cover the dependence on the configuration of the MC generators. These
uncertainties consider the effects of initial- and final state radiation, as well as the results
of different matrix element generators. They are derived by replacing the nominal sample
used to estimate the ¢t contribution with an alternative and evaluating the resulting
difference. For the matrix element, Powheg is replaced by MC@QNLO [119], and for the
parton shower, Pythia is replaced by Herwig-+-+ [145]. The list of alternative samples
considered is summarized in Table 7.7.

The theoretical uncertainties on the signal modelling consider initial- and final state
radiation, the renormalization and factorization scale, and multi parton interactions. The
resulting combined relative uncertainties on the signal acceptance for various assumed
resonance masses are summarized in Table 7.8.

NP name [ Description

“LPX” (Mainly on Z+jets) systematics on PDF
choose, QCD scale, strong interaction co-
efficient

“xsec_ top” | Cross section prediction uncertainty
“TTBAR” | Top modeling sys (mainly shape sys)

Table 7.6.: Summary of theoretical systematic uncertainties related to the background
modelling of the analysis.
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7. Search for BSM A/H — 7 in the fully hadronic decay channel

Table 7.7.: List of sample DSIDs and names used to calculate top background uncertainty.

Variation Sample
FSR mcl6 13TeV.410472.PhPy8EG Al4 ttbar hdamp258p75 dilep
ISR up | mcl6 13TeV.410482.PhPyS8EC_Al4 ttbar hdampbl7ps_dil
down | mcl6 13TeV.410472.PhPy8EG Al4 ttbar hdamp258p75 dilep
ME mcl6 13TeV.410465.aMcAtNloPy8EvtGen MEN3ONLO A14N23LO_ttbar noShWe dil
PS mcl6 13TeV.410558. PowhegHerwig7EvtGen HT7UE tt hdamp258p75 704 dil

category | 200 GeV | 400 GeV | 600 GeV | 800 GeV | 1000 GeV | 1200 GeV | 1400 GeV | 1750 GeV | 2000 GeV | 2500 GeV |

b-associated production

b-tag 7.39 2.45 2.46 2.33 2.24 2.3 1.82 1.64 1.97 1.97
b-veto 6.42 2.07 2.97 2.19 1.65 2.87 2.07 2.63 2.45 2.18
gluon fusion

b-tag 23.07 11.68 7.29 8.31 7.3 7.41 6.39 6.42 8.08 6.74
b-veto 4.68 1.94 2.01 2.07 1.99 1.55 1.39 1.25 1.2 1.2

Table 7.8.: Combined relative signal acceptance uncertainties (in percent).

The uncertainties on the data-driven background estimations are summarized in
Table 7.9. While the uncertainty on the fake rates only considers the limited statistical
power of data and simulated events in the W-FR and T-FR, the uncertainties on the
fake factors are more elaborate. Here, all experimental uncertainties listed in Table 7.5
are considered when calculating the fake factors in addition to the statistical uncertainty
in the DJ-FR and the dedicated b-tagging uncertainty explained in Section 7.3.2.

Table 7.10 lists the most impactful systematic uncertainties quantified by the relative
increase in the expected 95% CL upper limits on o X BR with respect to the statistical
only expected limit. The procedure the derive such limits is described in Section 7.5. It
can be seen that, depending on the assumed resonance mass and whether ggF or bbH
production is considered, the leading source of uncertainty stems from the 7,54 energy
calibration, the efficiency of the m,4-ID, or the theoretical uncertainty on the modelling
of the Z+jets contribution.

l NP name [ Description ‘

“HHFAKERATE” | Fake rate sys in ThadThad
“QCDFF_BINC ” | Fake factor sys in Thad7had

Table 7.9.: Summary of systematic uncertainties related to the data-driven background
estimates of the analysis.

7.5. Statistical analysis

Similar to the procedure described in Section 6.3, a maximum-likelihood fit is performed
to finalize the estimation of the contributions of the various processes and set limits on
o X BR. Analogous to Eq. 6.5, the likelihood is defined as the product of the Poisson
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Table 7.10.: Most impactful systematic uncertainties and the relative increase in the
expected 95% CL upper limits on o x BR with respect to the statistical
only expected limit. The values are shown for scalar bosons with masses of
400 GeV and 1TeV produced via ggF and bbH production.

Source ggF (400 GeV) ggF (1TeV) bbH (400GeV) bbH (1TeV)
Tau id. efficiency 0.14 0.16 0.12 0.08
Tau energy scale 0.33 0.09 0.22 0.03
Z+jets bkg. modeling  0.27 0.19 0.08 0.04
Mis-id. Thad.vis bkg. 0.22 0.01 0.14 0.03
Others 0.09 0.04 0.11 0.02
Total 0.54 0.28 0.45 0.13

probability terms of all bins in the final discriminant, mf*. Additionally, the Gaussian
constraints of the NPs governing the systematic uncertainties are factored in. The pa-
rameter of interest is the signal strength u. It is defined as the ratio of post-fit to assumed
pre-fit signal cross section. A value of p = 0 corresponds to the background-only hy-
pothesis. In the case of u = 1, the signal strength is as predicted by the considered BSM
model.

When only considering the 7y,3q7haq channel, the fit is conducted simultaneously in the
b-veto and b-tag signal region. For the combined limit, the fit is conducted in the b-veto
and b-tag signal regions of the ThaqThaq and TiepThad channel and two dedicated control
regions of the TjepThaq channel designed to constrain the Top background. The mf® dis-
tribution after this simultaneous fit assuming the background-only hypothesis can be
seen in Figure 7.2. The binning displayed was used to construct the likelihood function
of the simultaneous fit.

7.5.1. Limit setting

Exclusion limits are derived using the modified frequentist method, CLs [146] deploying
the asymptotic approximation [147] and the test statistic, g,, defined as the following
likelihood ratio:

—2n(L(p, 0)/L(0,0))  if i <0,
e =9 —2In(L(p.0)/L(3,0)) H0<p<p,
0 if o> p,

where L(u, ) denotes the likelihood function, and p and 6 refer to the parameter of inter-

~

est and the vector containing all NPs, respectively. Furthermore, (fi, 6) is defined as the

argument of the global maximum of L(u, 6), while (11, §) maximizes L(y, ) conditionally
for a given value of pu. According to the Neyman-Pearson-Lemma [148], such a ratio of
likelihood functions is an optimal test statistic, meaning that the power is maximized for
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Figure 7.10.: Model independent observed and expected 95% CL upper limits on o x BR
for a scalar boson ¢ produced via gluon-gluon-fusion (left) and b-associated
production (right). The limits were derived from a statistical combination
of all considered channels. The pure TiepThad and ThadThaq limits are also
shown. Additionally, the purple dotted line indicates the area excluded by
the previous analysis, considering 2015-2016 ATLAS data [111].

a given significance?. The factor of —2 as well as the application of the natural logarithm
in the definition of g, are purely convention.

Model independent exclusion limits on the production cross section times branching

fraction are calculated for 14 mass points ranging from 0.2 TeV to 2.5 TeV and displayed
in Figure 7.10. For comparison, the combined results are shown alongside the pure
TlepThad a0d ThadThad limits. It becomes apparent that for assumed resonance masses be-
low roughly 500 GeV, the TiepThag channel provides the dominant exclusion limit, before
the ThadThad channel takes over for higher masses. Furthermore, the area excluded by the
combined previous analysis, considering 2015-2016 ATLAS data, is shown for compari-
son.
The p-value corresponds to the probability of observing something that is equally or less
compatible with the null hypothesis (SM, background-only) than the observed data. It
is calculated for each excess over the background-only hypothesis. For this, a simplified
test statistic, qo, is analyzed. Using the same notation as above, it is defined as

| —owm(0.0)/L(a0)  ita>o,
qo = R
0 if 1 <0.

3In hypothesis testing, the significance, a;, corresponds to the probability of falsely rejecting the null
hypothesis, whereas the power, 1 — 3, quantifies the probability of correctly accepting the alternative
hypothesis.
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Figure 7.11.: The observed and expected 95% CL upper limits on tan 8 as a function of
ma in the M}!?® scenario (left) and the hMSSM scenario (right). For the
regions shown in solid blue, the mass splitting between A and H bosons
is above 50% of the mass resolution, making the simple addition of the
cross sections invalid. The hatched area indicates that everything above
the curve is excluded by the search [111].

The most significant excess over the background for a heavy resonance produced via
gluon-gluon-fusion occurs at my = 500 GeV with a significance of 2.20, corresponding
to a p-value of 0.014. The lowest p-value for the b-associated production is 0.003 (2.70),
reached at mg = 400 GeV. Hence, all in all, the data is in good agreement with the
background prediction and no excess over the Standard Model with a significance of over
30 was observed.

Limits on the production cross section times branching fraction are also derived for vari-
ous assumed combinations of gluon-gluon-fusion and b-associated production. Therefore,
the model-independent limits are derived as a function of the fraction of b-associated
production in steps of 0.05, where 0 corresponds to pure gluon-gluon-fusion and 1 cor-
responds to pure b-associated production. This scan of limits is still model-independent
but can be translated into various model interpretations. It is graphically displayed in
Appendix C.4 in Figure C.8.

The results are interpreted in the context of different MSSM scenarios. Figure 7.11 shows
the regions of the m4 — tan # phase space excluded at the 95% CL for the Mﬁ% and the
hMSSM scenarios explained in Section 3.2.5.
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CHAPTER &

Improvements to the search for BSM A/H/Z" — 77 in the fully
hadronic decay channel

The analysis strategy described in Chapter 7 was used to publish the first results based on
the full Run 2 dataset [111]. More refined techniques will be deployed to analyze the same
dataset and publish final results with improved limits on the parameter space in question.
The improvements to the search include general updates to object reconstruction and
identification at ATLAS, the consideration of previously neglected events, and a multi-
variate analysis approach for the limit setting. Furthermore, additional BSM scenarios
are considered. The various changes are explained in the following.

8.1. Updates to object reconstruction and identification

Since the last results were published, many combined performance groups at ATLAS
have disclosed new algorithms and scale factors. Out of these, the switch from the BDT-
to the RNN-based 7—ID algorithm [104]| has the most significant impact on this anal-
ysis. As mentioned in Section 5.5.3, the background from jets being misidentified as
hadronically decaying 7-leptons is reduced by a factor of roughly four for maqmhaq final
states while maintaining the same signal efficiency. Additionally, the scale factors for
the 7—ID algorithm have been derived using the complete Run 2 dataset, leading to
decreased uncertainties compared to the ones used in Chapter 7.

The energy calibration of mhaq.vis candidates now deploys a machine learning approach as
described in Section 5.5.2, resulting in improved precision and decreased uncertainties.
The RNN-based DL1r algorithm [100] has replaced the BDT-based MV2c10 b-tagging
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Figure 8.1.: The pre-fit distribution of mf{* in the blinded in the b-veto (left) and b-
tag signal region (right). At the top, the distribution is as it was used for
the analysis described in Chapter 7 and the error band in the ratio plots
includes systematic uncertainties. The updates to the object reconstruction
and identification mentioned in the text were deployed for the two bottom
plots. Here, the error band only includes statistical uncertainties and only
single-tau trigger events are shown for better comparability.
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algorithm. The better performance of the latter for high transverse momenta mentioned
in Section 5.4.4 plays a crucial role for searches for heavy resonances produced in asso-
ciation with b-quarks as is the case for this analysis.

Figure 8.1 shows the impact of the changes to the object reconstruction and identifica-
tion. At the top, the pre-fit distribution of m/" in the signal region as it was used for the
analysis described in Chapter 7 is shown. At the bottom, the distribution of the same
variable in the same signal region is shown after deploying the updates to the object
reconstruction and identification mentioned above. The data is blinded for the latter
since the results have not been published yet. It becomes evident that the background
contribution - in particular that from multijet processes - is vastly reduced.

Since the new object reconstruction and identification algorithms are tuned to the same
signal efficiencies as their predecessors, the reduction in the background does not come
at a cost and is expected to increase the sensitivity significantly, contributing to stricter
limits in the end.

8.2. Inclusion of di-tau trigger events

The analysis described in Chapter 7 considers events for the mhaq7haq channel if a single-
tau trigger has fired. This strategy was chosen because the high pr thresholds of the
lowest unprescaled single-tau triggers as listed in Table 7.1 are not considerable drawbacks
for searches for heavy resonances. Additionally, this approach allows a more straightfor-
ward implementation of the fake factor method.

For the improved Run-2 analysis, events recorded by the di-tau triggers (DTT) listed
in Table 8.1 are also considered. The lower pt of the lowest unprescaled di-tau triggers
compared to the single-tau triggers increases the sensitivity for lower resonance masses.
Figure 8.2 shows the pre-fit mi{® distribution for events in the new di-tau trigger sig-
nal region. When comparing it to the corresponding distribution for single-tau trigger
events, it becomes apparent that the di-tau triggered events predominantly contribute
to values of m{?" < 400 GeV. As mentioned in Section 7.5.1, the TjepThaa channel set the
stricter limits in this regime when the last results were published. The reason for this
was the vast contribution of background from multijet processes in the Th3q7Thaq channel
for low values of mﬁf’t. However, the lowest resonance mass at which the m,,qThag chan-
nel sets the stricter limit is decreased by introducing the RNN-based 7—ID. Therefore,
the introduction of di-tau triggered events is expected to improve the limit set by the
combined analysis as well.

Events are pre-classified according to the transverse momentum of the leading Thaqd-vis
candidate before considering the triggers to simplify the background estimate and prevent
overlap between the di-tau and single-tau trigger regions. This revised event selection is
explained in Section 8.2.1.

Even with the increased background rejection of the RNN-based 7—ID algorithm, the
most prominent background in the 7paq7hag channel is the multijet contribution. In
particular, the di-tau category of the signal region is dominated by this process. The
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Figure 8.2.: Blinded pre-fit mf{* distributions for events in the new di-tau trigger signal
region. The b-veto (left) and b-tag category (right) is shown.

estimation of the multijet contribution in the single-tau trigger category of the signal
region deploys the same fake factor approach as described in Section 7.3.2. For the di-
tau trigger events, however, some changes to this method are necessary, as explained in
Section 8.2.2.

The fake rate approach to estimate backgrounds coming from fake T,aq-vis candidates
in simulated events remains mostly unchanged concerning the procedure described in
Section 7.3.1 for single-tau trigger events. The procedure for di-tau trigger events is
explained in Section 8.2.3.

8.2.1. Event selection

Apart from the updates to object reconstruction and identification explained in Sec-
tion 8.1 and the introduction of di-tau trigger events, the event selection has remained
unchanged from what is described in Section 7.1. Events are required to be accepted by
any of the single tau or di-tau triggers that were active during the data-taking periods.
The considered single-tau triggers remain unchanged concerning the last published re-
sults (see Table 7.1). The considered di-tau triggers are listed in Table 8.1. Any di-tau
trigger is the combination of two single-tau triggers. Using the same naming convention
as in Section 7.1.1, there are only two new terms: mediumRNN refers to a newly introduced
RNN-based online-ID replacing the BDT-based one indicated by mediuml. The RNN-
based ID is always deployed in combination with loosened requirements on the tracks
denoted by tracktwoMVA, where 0-3 tracks must exist on EF level.

Generally, there is always one unique lowest unprescaled single tau and di-tau trigger
for each luminosity block except for the period after the TS1 in 2018, where all listed
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8.2. Inclusion of di-tau trigger events

Table 8.1.: List of di-tau triggers used in the Th,q7had channel for each data taking period.

Period 2015-16

HLT_tau35_loosel_tracktwo_tau2b_loosel_tracktwo
HLT_tau3b_mediuml_tracktwo_tau25_mediuml_tracktwo
HLT_tau80_mediuml_tracktwo_L1TAU60_taub0O_mediuml_tracktwo_L1TAU12

Period 2017

HLT_tau80_mediuml_tracktwo_L1TAU60_taubO_mediuml_tracktwo_L1TAU12
HLT_tau80_mediuml_tracktwo_L1TAU60_tau60_mediuml_tracktwo_L1TAU40

Period 2018

HLT_tau80_mediuml_tracktwoEF_L1TAU60_tau60_mediuml_tracktwoEF_L1TAU40
HLT_tau80_mediumRNN_tracktwoMVA_L1TAU60_tau60_mediumRNN_tracktwoMVA_L1TAU40

single- and di-tau triggers were active and unprescaled. A logical OR between the two
single-tau (di-tau) triggers is used as the lowest unprescaled single-tau (di-tau) trigger
during this period.

For the event selection, firstly, the data-taking period of the event and the offline pr
of the leading mhad-vis candidate are considered. If the offline pr exceeds the online pr
threshold of the lowest unprescaled single-tau trigger of that data-taking period by more
than 5 GeV, the event is classified as a possible single-tau trigger event. Otherwise, it is
classified as a possible di-tau trigger event.

For possible single-tau trigger events on data, the lowest unprescaled trigger must have
fired. Furthermore, the leading m,4.vis candidate must be matched to the trigger within
an angular distance of AR = 0.2. Simulated events with a truth-matched leading mhad.vis
candidate are treated the same. Simulated events where the leading Thaq4-vis candidate is
not truth matched are accepted in the signal region regardless of trigger decisions and
weighted by the corresponding fake rate as described in Section 7.3.1.

For possible di-tau trigger events, leading and subleading 7y,4.vis candidates must exceed
the online pr trigger threshold of the leading and subleading trigger leg by 5 GeV, re-
spectively. On recorded data, the lowest unprescaled di-tau trigger must have fired, and
the leading and subleading maq.vis candidates must be matched to it within an angu-
lar distance of AR = 0.2. It does not matter whether the leading Tha4.vis candidate is
matched to the leading or subleading leg of the di-tau trigger. Simulated events where
the leading and subleading Thaq.vis candidates are truth matched are treated like data
events. For simulated events where either the leading or the subleading Thaq.vis candi-
date is not truth-matched, one of the legs of the lowest unprescaled trigger must have
fired, and the truth-matched m,,4-vis candidate must be matched to it. A fake rate then
weights the event according to the properties of the fake Thaq.vis candidate. For simu-
lated events where leading and subleading T,a4.vis candidate are not truth-matched, no
trigger decisions are required. These events are scaled by the product of the fake rates
for the leading and subleading 7h,4.vis candidates. More details on this can be found in
Section 8.2.3.

99



8. Improvements to the search for BSM A/H/Z' — 7 in the fully hadronic decay channel

ﬂ1011““\““\““ LN B B B 31011 L B B B B B L I B~

c 1 01() -e-Data [ Muttijet C.l 01 0 -e-Data [ Mmuttijet i

(0] [z > wo+jets MW > v +jets (0] 9 [z > wajets @W - v +jets o

D 10° f Steperr Moes, E-12Te 1 100 s Tev Biagew Mo, 3
N L 108 FEOP Zm e
1 07 22 Uncertainty bine had “had 1 07 o ‘had 'had P2 Uncertainty —;
108 10° =
10° 10° E
104 104 E
10° 107 E
102 102 .
10 10

1 1

()] ()]

é 1 g = [ stat é 1 g = [ stat.

E '1 = E '1 3

8 08F i Sost :
0'6 N S T S S S S SRS Y 0'6 el e e Lo b L b 1 Ly

0 05 1 1.5 2 25 3 0 20 40 60 80 100120140160180200
Ao ET™® [GeV]

Figure 8.3.: The pre-fit distributions of A¢(71,72) and ERSS in the blinded signal region.
These distributions motivated the set of selections defining the QCD-CR.

The event categorization listed in Table 7.2 still holds with the addition of a newly intro-
duced control region to validate the modelling of the multijet background contribution,
the QCD-CR. 1t is retrieved from the signal region by replacing the back-to-back re-
quirement by 1.2 < A¢(71,72) < 2.7 to suppress a possible signal and introducing the
additional cut E%ﬁss < 60 GeV to suppress the contributions from all other backgrounds.
Figure 8.3 shows the pre-fit distributions of A¢(7i,72) and EXS in the signal region
to motivate the choice of cuts. Furthermore, the requirement AR(7y,72) > 2.7 is in-
troduced to improve the modelling in the QCD-CR. The necessity for this new control
region stems from the consideration of di-tau trigger events and is explained in more
detail in Section 8.2.2.

8.2.2. Fake factor approach for di-tau trigger events

As for the analysis described in Chapter 7, the multijet contribution is estimated via a
data-driven fake factor approach. Unlike in the single-tau trigger category of the signal
region, the subleading mhad.vis candidate in the di-tau trigger category has to fulfill an
online 7—ID requirement to fire the trigger. Therefore, the fake factor derived in the
di-jet control region is not applicable in this case. It is instead evaluated in a region that
is like the signal region but with the OS requirement inverted into a SS requirement,
leading to minimal possible signal contamination.

Generally, the multijet contribution is estimated via what is referred to as an ‘ABCD’
method. For this, four disjoint regions are considered. Then, the ratio of event yields
between the two control regions ‘D’ and ‘C’ is used to weight events in control sample
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8.2. Inclusion of di-tau trigger events

Figure 8.4.: Schematic depiction of the regions that contribute to a generalized ABCD
background estimate.

‘B’ to arrive at the estimate of the respective background in the signal region, ‘A’:
NA:—XNB. (8.1)

For an unbiased estimate of a background contribution with the ABCD method, the ratio
%—g must be evaluated in dependence of appropriate variables and the same background
contribution must dominate all three control regions. Furthermore, the regions A and B
must be in a similar relation to each other as the regions C and D'. The latter is often
achieved by defining the four regions as the combinatorial possibilities of two selection
criteria and their negations. For this reason, the regions of the ABCD method can be
schematically depicted as four rectangles within a single larger one as can be seen in
Figure 8.4.

In the case of a fake factor approach, the top row of the ABCD matrix is defined
by passing the 7—ID requirement while the bottom row fails it and the ratio %—g is
evaluated binned in pp and Nipace of the Thagvis candidate. The difference between
the estimates of the multijet contribution for single- and di-tau trigger events becomes
apparent when schematically displaying them as in Figure 8.5. Both deploy a fake factor
approach, but different cuts are used to split the left and right columns of the ABCD
matrix: For the fake factor applied to single-tau trigger events, the left column differs
from the right column by requiring a single-jet trigger instead of a single-tau trigger and
the 7—ID ID requirement on the leading m,aq-vis candidate is inverted to make the two
columns orthogonal. For the fake factor that is applied to di-tau trigger events, the left
column implies an SS requirement in contrast to the OS requirement of the right column.
Since the fake factors for di-tau trigger events in the signal region are evaluated on SS
events, the SS validation region cannot be used to validate the modelling of the multijet
contribution as it was done for the last results (see Figure 7.7). Instead, the new QCD-
CR is introduced for this validation. Figure 8.6 shows this validation in the QCD-CR for

'In a similar relation’ means that the ratio of event yields between regions D and C is the same as
between regions A and B for the process to be estimated.
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1-prong and 3-prong decays, separately. The background modelling describes the data
well, validating the estimate of the multijet contribution.

Systematic uncertainties In principle, all systematic uncertainties that apply to the
fake factors evaluated in the DJ-FR (see Section 7.4) also apply to the fake factors evalu-
ated on di-tau triggered events. However, the multijet estimate for di-tau trigger events
evaluates fake factors on SS events and applies them to OS events, possibly introducing
a bias. This bias is accounted for by a dedicated systematic uncertainty applied to the
SS fake factors. It is evaluated by comparing fake factors evaluated on OS and SS events
in the DJ-FR, as can be seen in Figure 8.7.

OS and SS fake factors evaluated in the DJ-FR are compatible within their uncertain-
ties. Nonetheless, their relative difference is evaluated bin-by-bin and applied to the SS
di-tau trigger fake factors as an additional shape uncertainty. The impact of that new
uncertainty compared to all other uncertainties affecting these fake factors can be seen
in Figure 8.8.

Rqcp estimate For di-tau trigger events, an alternative to the fake factor approach
was also tested. It deployed an ABCD method similar to that described in Section 6.2,
where instead of a fake factor, the Rqocp-factor is used, defined as the ratio of OS to SS
events. It is evaluated on di-tau trigger events, where the subleading maq-vis candidate
fails the loose 7—ID requirement and binned in A¢(71, 72):

Nos(A¢(717 7—2))
Nss(Agb(TlaT?)) CR—IDTT.

The multijet contribution in the signal region is estimated by applying the Rqcp-factor
in the SS-SR region, which corresponds to the signal region after inverting the OS re-

Rqep(Ad(T1,72)) (8.2)

SJT + OS STT + OS DTT + SS DTT + OS

S:R'DTT

pass SRSTT
sub-lead

fail
sub-lead

Figure 8.5.: Schematic depiction of the regions that contribute to estimation of the mul-
tijet contribution in the single-tau trigger (left) and di-tau trigger category
of the signal region.
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quirement. The distribution of a given variable x can be estimated via

Niuttijet (AD(71, T2), ) = Roep (Ad(T1,72)) X (NSS(A¢(71,T2),9€)>~ (8.3)

When using the nomenclature of Figure 8.4 and the regions as depicted in Figure 8.5,
the Rqcp estimate is an ABCD method that uses the same regions as the fake factor
method, but Eq. 8.1 has to be modified to

NA:7><ND. (8.4)

Figure 8.9 compares the performance of the two different ways to estimate the multijet
contribution. The pre-fit pr distribution of the subleading T,,4.vis candidate is shown
in the QCD-CR deploying the Rqgcp and the fake factor approach separately. Although
the modelling of the multijet contribution is acceptable for both methods, the choice was
made in favour of the fake factor approach, as the statistical uncertainties are significantly
smaller.

8.2.3. Fake rate approach for di-tau trigger events

As in the analysis described in Chapter 7, a partially data-driven fake rate approach
is deployed to estimate the contribution from fake 7p,4.vis candidates coming from non-
multijet contributions. These are predominantly Top processes in the b-tag category and
Z/~* — 77 in the b-veto category.
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Figure 8.10.: Fake rate for the loose ID working point in the Top-FR in data compared
to the top MC simulated sample, also showing the MC fake rate after nor-
malization to data. It is split into 1-prong (left) and 3-prong (right).
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The fake rate approach for single-tau trigger events in this analysis only mildly differs
from the one described in Section 7.3.1. One detail is that all b-tag fake rates are now
evaluated on MC simulated events in the Top-FR and normalized to the average value
of those evaluated on recorded data. The reason for this is that the agreement between
MC simulated and recorded data b-tag fake rates is significantly reduced, as can be seen
in Figure 8.10.

The origin of this improvement of modelling of the fake rate on MC simulated top events
remains unclear. It might be due to the updated b-tagging algorithm and the RNN-based
7—1ID algorithm mentioned in Section 8.1.

Another change with respect to the analysis described in Chapter 7 is the introduction
of fake rates for the CR-1 region where the subleading mhaq4.vis candidate is required to
fail the loose T—ID requirement to improve the modelling and keep the semi data-driven
approach consistent across all considered regions of the analysis. The corresponding fake
rates can be seen in Appendix D.2 in Figure D.1. This was neglected in the previous
version of the analysis as the CR-1 is dominated by the multijet contribution, rendering
the influence of a mismodelled fake rate on simulated events almost negligible.

With the introduction of di-tau trigger events, fake rates have to be provided for addi-
tional combinations of trigger and 7—ID requirements. All in all, these are loose (for
subleading Thad_vis in SRgT), medium-+ttrigger (for leading maq.vis in SRgr and SRppr),
loose-+trigger (for subleading Thad.vis in SRpTT), fail-loose (for subleading Thag.vis in CR-
1sTT), and fail-loose-+trigger (for subleading Thaq-vis in CR-1prT). Figure 8.11 shows all
fake rates that are applied directly in the signal region.

For single-tau trigger events, the application of fake rates remains unchanged with
respect to the analysis described in Chapter 7. For di-tau trigger events, however, a
new approach was developed that works as follows. Analogous to the single-tau trigger
category, if leading and subleading m,,4.vis candidates are not truth matched, no trigger
is required to have fired, and the product of medium + trigger and loose fake rates is
applied as an event weight. If, however, only the leading 7haq4.vis candidate is truth-
matched, the subleading leg of the considered di-tau trigger must have fired, and the
leading Thad-vis candidate must be matched to it. Although prescaled on data, this leg
is unprescaled for simulated events as it did not have to be processed in real-time. The
event is then weighed by the loose + trigger fake rate. If only the subleading Thag-vis
candidate is truth-matched, then the subleading leg of the di-tau trigger must have fired,
and the subleading mhaq.vis candidate must be matched to it. The event is weighted by
the medium + trigger fake rate. This scheme is summarized in Table 8.2.
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Figure 8.11.: Tau fake rates measured in the W(— pv)-+jets and top control regions in
data for the loose working point (top) and medium working point including
the trigger (middle), as well as the loose working point including the trigger
(bottom). It is split in 1-prong (left) and 3-prong (right) and according to
the charge product of the tag and the probe.
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8. Improvements to the search for BSM A/H/Z' — 7 in the fully hadronic decay channel

Table 8.2.: Scheme of how trigger and offline 7—ID decisions are processed for di-tau
trigger events in the signal region. The scale factors applied for each Thaq.vis
candidate are also listed. The overall scaling factor of the event can be written
as the product SFg x SF;. See Table 7.4 for the corresponding scheme for
single-tau trigger events.

T0 Tl trigger IDg 1D, SFy SF4
data data | DTT & match(ry,7) | Med Loose 1. 1.
truth  truth | DTT & match(rp,71) | Med Loose | SFirig * SFip SFuig * SFp
truth  fake | one leg & match(m) | Med - SFirig * SFmp FRE?ESB
fake truth | one leg & match(m) - Loose FREE% SFirig * SFip
fake  fake - - - FRy® FRTE

8.3. Z’ signal interpretation

A hypothetical heavier version of the Z boson, usually denoted as Z’, would also be able
to decay into two 7 leptons. Because of this, the analysis is suited to set limits on BSM
Z'" models (see Section 3.3) as well. A search for Z’ — 77 has been performed [109] but
not with the full Run 2 dataset. Therefore, it will be considered for this analysis again.
The kinematic properties of 7-leptons coming from Z’' — 77 decays are expected to be
very similar to those from BSM A/H — 77 decays assuming the same resonance mass.
Figure 8.13 shows simulated truth-level comparisons of 7-lepton kinematics coming from
the different parent particles. As expected, the distributions for A — 77 and H — 77
are virtually indistinguishable. Z' — 77 decays, on the other hand, lead to the T-leptons
possessing slightly lower momenta on average. They are, however, also more back-to-

back.

Z/

Figure 8.12.: Feynman diagram of the quark-quark-fusion Z’ production process.
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Figure 8.14.: Truth-level distributions for H/A/Z' particles with the same number of

simulated decays. The momentum (|n|) of the heavy resonance is depicted
on the left (right). In each case, a resonance mass of 1000 GeV was assumed.
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8. Improvements to the search for BSM A/H/Z' — 7 in the fully hadronic decay channel

The kinematic differences between A/H and Z’ decays are only partly explained by the
different spin values of the parent particles. Another critical factor is the kinematics
of the parent particles themselves. Figure 8.14 shows truth-level momentum and |n|
distributions of simulated A, H and Z’ particles. Since Z’ particles can only be produced
via quark-quark-fusion as depicted in Figure 8.12, they possess, on average, slightly higher
momenta and significantly larger values of |n| than A/H produced via gluon-gluon-fusion.
This can be explained by the shape of the PDFs in Figure 4.9. The momentum of quarks
along the z-axis has a wider probability distribution function than that of gluons, leading
to larger differences of that variable when comparing two quarks of colliding protons
compared to two gluons chosen in the same fashion. Therefore, particles produced via
quark-quark-fusion will, on average, have a larger boost along the z-axis than particles
produced in gluon-gluon-fusion, and decay products of the former will appear more back-
to-back in the transverse plane for that reason.

Instead of using MC simulation directly to produce Z’ signal samples, the TauSpinner
algorithm [149] can be used to reweight LO Drell-Yann (Z/v* — 77) samples event by
event and emulate Z’ samples that way. Z/v* — 77 samples can be generated in slices
of the resonance mass, providing low statistical uncertainties after the reweighting. This
procedure has the advantage that an arbitrary mass grid of Z’ samples can be generated
with relatively small computing efforts.

Figure 8.15 displays truth-level distributions for unweighted LO Z/+* — 77 samples,
showing their sliced nature. All in all, 19 mass slices of such samples are considered,
ranging from 120 GeV to 5000 GeV in increasing mass intervals.

The TauSpinner reweighting algorithm is validated by comparing reweighted Z/v* —
ThadThad Samples to Z' — ThadThad samples directly from MC simulation. Figure 8.16
shows the truth-level distribution of the invariant mass of the Thaq7haq System for this
comparison and an assumed resonance mass of 1 TeV. The comparison is shown for two
different assumed decay widths (0.1 GeV and 10 GeV).

The difference in kinematic distributions between Z' — ThadqThad ad H — ThadThad
observed is too small to be observed on reconstruction level as can be seen in Figure 8.17.
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8. Improvements to the search for BSM A/H/Z' — 7 in the fully hadronic decay channel
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the trigger-inclusive signal region. Both resonances are produced for a mass
of 400 GeV and 1000 GeV, each.

8.4. Multivariate analysis

Unlike the analysis described in Chapter 7, this analysis deploys a multivariate technique
to distinguish possible signal from background instead of a cut-based one with mf* as

the final discriminant. Improvements in the sensitivity are expected.

8.4.1. Basic model architecture

A single parametrized neural network (PNN) [150] that takes the assumed resonance mass
as an input parameter is simultaneously trained across all assumed signal masses. This
approach takes advantage of the similarity between the kinematic distributions of the
various signal scenarios and the smooth transition between the kinematic distributions
of them. Although not expected to yield better results for one signal mass point than
a dedicated NN purely trained on this scenario, the PNN will also perform well on
signal masses not used for the training. This property of the PNN justifies additional
credibility for the interpolation between the signal masses and reduces the computing
resources needed for the training.

The PNN contains two dense ReLU? layers with 16 outputs each, followed by a single
output dense layer with a sigmoid activation function.

The complete list of considered variables aims to take into account the kinematic features
of the events and is shown in Table 8.3.

?ReLU is short for ‘Rectified Linear Unit’ and is a simple non-linear activation function of the form
f(z) = max (0,z). A layer is dense if all of its neurons are connected to all neurons of the preceeding
layer. A dense ReLU layer is a dense layer where each neuron has a ReLU activation function.
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8.4. Multivariate analysis

Table 8.3.: List of variables considered in the MVA training split into categories.

Mass or Combined | 7 E%’iss Jets Angular

miet _ pr(70) ER'SS 1 Niets A¢(T0,71)

mr (7o, EF'5%) pr(T1) SEr Spr(up to 3 lead jets) | An(ro,71)

my (11, ER'SS) pr(m1)/pr(70) AR(70,71)

Myis ) pr(m0) — pr(T1) Ag(EF', 7o)

Spr (0,71, ERSS) | 7 width Ap(ERIss 1)

5™ cos(B(ER*) — o(r))
1

8.4.2. PNN training

The first step of training is optimizing the number of training rounds. The data is ini-
tially split into a training and test sample containing 90% and 10% percent of the events,
respectively. The model is then trained until the ROC AUC score on the test sample
stops increasing, ensuring optimal performance while avoiding overtraining.

The training is then run using k-fold cross-validation, splitting the data into ten different
sub-sets. Each subset is used for training once, while the other nine are used for testing.
A dedicated model is trained for the b-tag and the b-veto category, each. Only the main
backgrounds for each are considered. These are for the b-veto category MC simulated
Z/~v* — 17 and Z — 77 processes, and the MC simulated top contribution for the b-tag
category. The multijet contribution on data in the SS-CR is used as background for the
training in both categories.

8.4.3. Performance evaluation

Figure 8.18 and Figure 8.19 show the output scores and ROC curves for the PNN in the
b-veto and the b-tag region, respectively. As mentioned above, the multijet contribution
is taken from the SS-CR. No signs of overtraining are observed. The separation between
signal and background works well and improves with increasing resonance mass.
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Figure 8.18.: Results of the PNN in the b-veto category. The output scores for the 400,
1200, and 2000 GeV signal mass points are shown from left to right in the
top row. The histograms are split into signal and background, as well as
train and test samples that were not used in the training. The bottom row
shows the obtained ROC curves for the same assumed resonance masses.
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Figure 8.19.: Results of the PNN in the b-tag category. The output scores for the 400,
1200, and 2000 GeV signal mass points are shown from left to right in the
top row. The histograms are split into signal and background, as well as
train and test samples that were not used in the training. The bottom row
shows the obtained ROC curves for the same assumed resonance masses.
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8. Improvements to the search for BSM A/H/Z' — 7 in the fully hadronic decay channel

8.5. Analysis Outlook

The impact of the improvements described in Sections 8.2 to 8.4 on the exclusion limits
is difficult to gauge without explicitly deriving them. They will, however, be estimated
in the following. The ratio of hypothetical signal to the square root of the background,
-5 can be used as a metric. Assuming only statistical uncertainties of Poissonian nature,

Vb

this metric is inversely proportional to the limit on o x BR.

Updates to object reconstruction and identification Tt is safe to assume that a hypo-
thetical signal yield in this analysis would be very similar to that in the analysis described
in Chapter 7 since the newly deployed identification algorithms are tuned to the same
signal efficiency. Therefore, the analysis mainly benefits from the increase in background
rejection. Figure 8.1 shows a roughly five-fold reduction of the multijet contribution in
the b-veto category and a tenfold reduction in the b-tag category, corresponding to in-
creasing % by a factor of v/5 and v/10 in the b-veto and b-tag signal region, respectively.
The object reconstruction and identification updates also significantly reduce various sys-
tematic uncertainties, such as the tau energy scale, further improving the limits.

Inclusion of di-tau triggered events Comparing the pre-fit m/®* distributions for single-

and di-tau trigger events in the blinded signal region as displayed in Figure 8.1 and Fig-
ure 8.2, respectively, reveals that the newly introduced di-tau trigger events significantly
contribute to the signal region in the region m* < 400 GeV. For m" < 300 GeV,
the di-tau trigger events dominate the signal region, contributing roughly ten times, cor-
responding to increasing % by the factor v/10. Combined with the updates to object
reconstruction and identification, this would mean lowering the statistics only limit on
o X BR for a heavy resonance produced via gluon-gluon-fusion and b-associated produc-

tion by factors of roughly seven and ten, respectively.

MVA approach The PNN trained to discriminate background from a potential signal
contribution provides better separation than the default final discriminant mf{*. The
additional sensitivity from this MVA approach will be most strongly pronounced for
lower assumed resonance masses, as m{" already provides strong separation otherwise.
It is not straightforward to quantify the impact on the limit setting based on a single

numerical value.

Z' interpretation Considering the analysis described in Chapter 7 improved the limit
on o X BR tenfold with respect to the previous results (see Figure 7.10), a similar effect
is expected for the limits on Z’. When factoring in the expected improvements described
in Sections 8.2 to 8.4, a roughly 70- to 100-fold improvement over the previous best limit
from the analysis considering 36.1 fb~! can be expected.

116



CHAPTER Y

Conclusion

Many promising BSM theories predict the existence of heavy resonances that would
preferably decay into 7-leptons, making the latter a vital part in the search for deviations
from the SM. Three analyses considering final states with hadronically decaying 7-leptons
were presented in this thesis. These measurements are based on each other. Evaluating
the performance of the 7—ID algorithm was crucial for the search for BSM A/H — 77
in the fully hadronic decay channel, and the improvements to the latter will further in-
crease the sensitivity to promising BSM scenarios such as SUSY or GUTs predicting the
existence of Z’ bosons.

Since the LHC is a proton-proton collider, purely hadronic interactions are an important
source of background for most analyses at ATLAS, especially when reconstructing final
states with hadronically decaying 7-leptons whose signatures in the detector are similar
to those of quark- or gluon-initiated jets. The 7—ID algorithm identifies actual hadronic
T-lepton decays, discriminating against the background, and is widely used within AT-
LAS.

The measurement of scale factors for the 7—ID algorithm described in Chapter 6 was the
first of its kind that used the full Run 2 dataset. It was also the first such measurement
deploying an elaborate maximum-likelihood approach, significantly reducing the previ-
ously lowest uncertainty. A mismodelling of the BDT-based 7—ID score on simulated
Z — T,Thad events was discovered, which is corrected by applying the corresponding
scale factor and its uncertainties. For the newly introduced RNN-based 7—ID algorithm,
no significant difference in efficiency on simulated and recorded hadronic 7-lepton decays
was observed.

The scale factors were implemented into the common ATLAS software framework, de-
creasing the systematic uncertainties on simulated hadronic 7-lepton decays for analyses

117



9. Conclusion

considering the BDT-based 7—ID algorithm, and allowing to deploy the RNN-based al-
gorithm for the first time. In particular, the latter will significantly reduce the amount
of background when considering hadronically decaying 7-leptons and, therefore, improve
the sensitivity of many measurements within ATLAS.

The search for BSM A/H — 77 in the fully hadronic decay channel described in Chap-
ter 7 was conducted for the first time considering the full Run 2 dataset. The results
were combined with the semi-leptonic decay channel. No excess over the SM was ob-
served. However, the limits set on the product of production cross section and branching
fraction for a heavy resonance are the strictest for this process up to date. Consequently,
the analysis excluded significantly larger phase space regions of the tan 5-m 4-plane of
various MSSM benchmark scenarios. In particular, for large values of m 4 and tan 3, this
search sets the strictest limits on the hMSSM compared to other measurements sensitive
to these parameters, as can be seen in Figure 3.6.

The fully hadronic decay channel set stricter limits than its semi-leptonic counterpart
for assumed resonance masses above roughly 400 GeV. Below that, the sensitivity is
limited by the background from the vast multijet contribution, which was estimated via
an elaborate data-driven fake factor technique. Improvements to this method were in-
vestigated and provide the possibility for a unified approach for all analyses dealing with
this background. For very high masses, the main background comes from the irreducible
Z/%* — ThadThad contribution in the b-veto category and Top processes in the b-tag cat-
egory.

After the first results of the search for BSM A/H — 77 based on the full Run 2 dataset
were published, the goal is to increase the measurement’s sensitivity further by deploying
more elaborate data analysis techniques on the same dataset, as detailed in Chapter 8.
This is referred to as the legacy analysis, and different aspects of the search were revised.
Updates to object reconstruction and identification at ATLAS that were introduced since
the previous set of results were published include a new b-tagging algorithm and the
switch from the BDT- to the RNN-based 7—ID algorithm. The Ty,97hag channel of the
search will especially benefit from the increased background rejection of the latter, ren-
dering the multijet contribution almost negligible for mf* > 400 GeV.

Another improvement is the inclusion of events triggered by di-tau triggers, expanding
the considered kinematical phase space towards lower 7-lepton momenta. This new part
of the signal region required a new background estimate, which was implemented and
validated. Also, a PNN was trained to discriminate background from a potential sig-
nal contribution, providing better separation than the default final discriminant mtTOt.
The additional sensitivity from this MVA approach will be most strongly pronounced for
lower assumed resonance masses, as mP" already provides strong separation otherwise.
The combination of the measures mentioned above is expected to significantly increase
the sensitivity of the combined search and shift the point at which the mh,9haq channel
becomes dominant towards lower resonance masses.

The introduction of a Z’ signal interpretation will most likely improve the previous best
limits on several models since no search for a di-tau final state has considered the full
Run 2 dataset yet. The approach of reweighting simulated Z/v* — 77 events to emulate
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a Z' — 77 signal with an arbitrary resonance mass has been validated. Also, efforts are
ongoing to train the MVA approach for a dedicated version to distinguish Z’ signals from
background.

The ATLAS detector will continue to deliver more data. Especially after the upgrade
towards the High Luminosity LHC (HL-LHC), which is planned to be installed in 2025,
the instantaneous luminosity will increase significantly [151]. There are also promising
developments regarding the simulation to keep up with the increased data rate. For
example, generative models [152] might replace the classical approach, significantly ac-
celerating the detector simulation, and an increasing number of tasks will be fulfilled by
quantum algorithms [153].

The additional data will also be used for searches for heavy Higgs bosons. Perhaps, an
excess over the SM background will be discovered, proving physics beyond the Standard
Model. If not, bigger parts of the parameter space of various models will be excluded.
In any case, exciting times lie ahead.
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APPENDIX A

Author’s contribution

The purpose of this Appendix is to point out what exactly the author’s contributions
were, as large teams derived the presented results.

The author conducted the measurement of the BDT-based 7—ID scale factors as de-
scribed in Chapter 6 as the sole analyzer to qualify as an ATLAS author. During the
second year of his PhD studies, the author refined this measurement and conducted it
for the RNN-based version of the classifier. This effort included optimizing the event
selection in the signal region and the existing control regions and introducing new con-
trol regions altogether. Although the OS-SS background estimate had been deployed
in other tag-and-probe measurements, significant adjustments to it were made by the
author. The fit strategy for the maximum-likelihood estimation of the signal yield was
developed from scratch by the author. The same holds for the extraction of the final scale
factors and the propagation of the uncertainties. The author also developed and imple-
mented the method to estimate the systematic uncertainty stemming from the lower cut
on the 7—ID score and conducted all cross-checks with alternative configurations of the
signal simulation. The procedure to split the uncertainties into those of statistical and
systematic nature as well as applying the fit results to a variable that was not used for
the likelihood maximization were also implemented by the author.

The author has been one of the main contributors to the efforts of searching for a heavy
Higgs boson decaying to a pair of 7-leptons in the fully hadronic decay channel over the
last four years. For the first results based on the full Run 2 dataset published in early
2020 [111] and described in Chapter 7, the author mainly contributed to the multijet
estimate. The author implemented the fake factor interpolation in the context of the
analysis that ultimately led to the introduction of the lower cut on the 7—ID score in the
signal and di-jet control region and sparked the founding of the Fake Tau Task Force. As
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A. Author’s contribution

one of the founding members of that task force, the author provided the first iteration
of the x? minimization strategy deployed to estimate the fraction of quark- and gluon-
initiated jets on data.

Furthermore, the author worked on a pseudo-continous T7—ID approach, splitting the
signal region into disjoint slices of the 7—ID (e.g. loose-not-medium instead of loose) to
increase the sensitivity. As a member of the tau working group, the author derived an
experimental set of scale factors to accompany the pseudo-continuous approach. How-
ever, the uncertainties on these scale factors were vast, and the approach was dismissed.
After the first results based on the full Run 2 dataset were published, the author became
the main analyzer of the search for BSM A/H — 77 and was responsible for all improve-
ments for the legacy analysis described in Chapter 8 except for the MVA approach. The
author requested and validated hypothetical signal samples such as the Z’ samples and
implemented and validated the TauSpinnerTool in the context of the analysis. The au-
thor implemented the inclusion of di-tau trigger events and developed a new background
estimate for these. The computationally intensive ‘ntuple’ production was run by the
author, who had access to significant computing resources to do so. Also, all the changes
to the analysis were documented in the internal note by the author.

138



APPENDIX B

Measurement of 7,4 identification efficiency

B.1. MC Samples

This section contains a list of all the MC samples used in the analysis. The following
endings to the file names were omitted:

e mclba: _s3126 19364 p3759

e mcl6d: 3126 110239 p3759

e mcl6d: s3126_rl11152 p3759

B.1.1. mcl6a

Z =TT

mc16_13TeV.425201.PowhegPythia8EvtGen_AZNLOCTEQ6L1_Ztautau_122h10_filter.deriv.DAOD_TAUP3.e6465

Z — 77 (alternative)

mcl6_13TeV.364128.
mcl16_13TeV.364129.
mcl16_13TeV.364130.
mcl6_13TeV.364131.
mcl6_13TeV.364132.
mcl16_13TeV.364133.
mcl16_13TeV.364134.

Sherpa_221_NNPDF30NNLO_Ztautau_MAXHTPTVO_70_CVetoBVeto.deriv.DAOD_TAUP3.e5307
Sherpa_221_NNPDF30NNLO_Ztautau_MAXHTPTVO_70_CFilterBVeto.deriv.DAOD_TAUP3.e5307
Sherpa_221_NNPDF30NNLO_Ztautau_MAXHTPTVO_70_BFilter.deriv.DAOD_TAUP3.e5307
Sherpa_221_NNPDF30NNLO_Ztautau_MAXHTPTV70_140_CVetoBVeto.deriv.DAOD_TAUP3.e5307
Sherpa_221_NNPDF30NNLO_Ztautau_MAXHTPTV70_140_CFilterBVeto.deriv.DAOD_TAUP3.e5307
Sherpa_221_NNPDF30NNLO_Ztautau_MAXHTPTV70_140_BFilter.deriv.DAOD_TAUP3.e5307
Sherpa_221_NNPDF30ONNLO_Ztautau_MAXHTPTV140_280_CVetoBVeto.deriv.DAOD_TAUP3.e5307
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B. Measurement of Tp,4 identification efficiency

mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.

W+jets

mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.

Z — U

mcl6_13TeV.
mcl6_13TeV.

top

mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.

140

364135.
364136.
364137.
364138.
364139.
364140.
364141.

361100.
361101.
361102.
361103.
361104.
361105.

361106.
361107.

410470.
410471.
410644,
410645.
410646.
410647.
410658.
410659.

Sherpa_221_NNPDF30NNLO_Ztautau_MAXHTPTV140_280_CFilterBVeto.deriv.DAOD_TAUP3.e5307
Sherpa_221_NNPDF30NNLO_Ztautau_MAXHTPTV140_280_BFilter.deriv.DAOD_TAUP3.e5307
Sherpa_221_NNPDF30NNLO_Ztautau_MAXHTPTV280_500_CVetoBVeto.deriv.DAOD_TAUP3.e5307
Sherpa_221_NNPDF30ONNLO_Ztautau_MAXHTPTV280_500_CFilterBVeto.deriv.DAOD_TAUP3.e5313
Sherpa_221_NNPDF30NNLO_Ztautau_MAXHTPTV280_500_BFilter.deriv.DAOD_TAUP3.e5313
Sherpa_221_NNPDF30NNLO_Ztautau_MAXHTPTV500_1000.deriv.DAOD_TAUP3.e5307
Sherpa_221_NNPDF30NNLO_Ztautau_MAXHTPTV1000_E_CMS.deriv.DAOD_TAUP3.eb5307

PowhegPythia8EvtGen_AZNLOCTEQ6L1_Wplusenu.deriv.DAOD_TAUP3.e3601
PowhegPythia8EvtGen_AZNLOCTEQ6L1_Wplusmunu.deriv.DAOD_TAUP3.e3601
PowhegPythia8EvtGen_AZNLOCTEQ6L1_Wplustaunu.deriv.DAOD_TAUP3.e3601
PowhegPythia8EvtGen_AZNLOCTEQ6L1_Wminusenu.deriv.DAOD_TAUP3.e3601
PowhegPythia8EvtGen_AZNLOCTEQ6L1_Wminusmunu.deriv.DAOD_TAUP3.e3601
PowhegPythia8EvtGen_AZNLOCTEQ6L1_Wminustaunu.deriv.DAOD_TAUP3.e3601

PowhegPythia8EvtGen_AZNLOCTEQ6L1_Zee.deriv.DAOD_TAUP3.e3601
PowhegPythia8EvtGen_AZNLOCTEQ6L1_Zmumu.deriv.DAOD_TAUP3.e3601

PhPy8EG_A14_ttbar_hdamp258p75_nonallhad.deriv.DAOD_TAUP3.e6337
PhPy8EG_A14_ttbar_hdamp258p75_allhad.deriv.DAOD_TAUP3.e6337
PowhegPythia8EvtGen_Al4_singletop_schan_lept_top.deriv.DAOD_TAUP3.e6527
PowhegPythia8EvtGen_A14_singletop_schan_lept_antitop.deriv.DAOD_TAUP3.e6527
PowhegPythia8EvtGen_A1l4_Wt_DR_inclusive_top.deriv.DAOD_TAUP3.e6552
PowhegPythia8EvtGen_A14_Wt_DR_inclusive_antitop.deriv.DAOD_TAUP3.e6552
PhPy8EG_A14_tchan_BW50_lept_top.deriv.DAOD_TAUP3.e6671
PhPy8EG_A14_tchan_BW50_lept_antitop.deriv.DAOD_TAUP3.e6671



B.2. Additional 7—ID score prefit distributions

B.2. Additional 7—ID score prefit distributions

3 3
F! x:]\-o ‘ T T T ‘ T T T ‘ T T T ‘ T T F! X1\0 T T ‘ T T T ‘ T T T ‘
o = -1 -8 Dat — o = 1 - Data 7]
B 100 (s =13 Tev, 135.75 b m Zi?r (truth) (OS-SS) ] B Vs=13TeV, 135.75 fb ] Zirr (truth) (OS-SS)
I= E EOP |€?g-ss-§)5) - = E ?p |§?c'>s-ss-§)3) =
g ] W-ets (OS-SS) 3] g ] W+ets (OS-SS) .
i [ Same Sign 7 I [ Same Sign 7
Stat. Uncert. Stat. Uncert.
B T T T T T T T T T T T E T T
° 1.2 - ° 1.2~ =
) L —e—*] o L _
= e = A
- 11— T - 1
< 4 ———o—_o —0— o 4 —— o —o—_ o
- ~ = -~ ~ =
© @©
0 08 \ \ \ ] 008 \ \ \ i
Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
BDT Score Trans (1) BDT Score Trans (1)
3
— SOX:I\'O L L L L —
o = -l - Dat © = ! - Dat
5 ls=13TeV, 135.75 fb = 2ot (truth) (OS-SS) I Vs =13TeV, 135.75 fb Bz (truth) (OS-SS)
= 5 27 Gasy) = 5 2P i (Cash)
Q £ WHets (OS-SS) g £ WHiets (OS-SS)
i [ Same Sign I [ Same Sign
Stat. Uncert. Stat. Uncert.
B T T T T T T T T T T T E
S — — - — —
§ 1.2k I § 1.2k I
-~ 1—e * ° - ~ 1 =g
g R L
0 08 \ \ \ ] 008 \ \ \ i
Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il
0.2 04 0.6 0.8 1 0.2 0.4 0.6 0.8 1
BDT Score Trans (1) BDT Score Trans (1)

Figure B.1.: Prefit m,,4-1D score distribution for the BDT-based classifier in the pr in-
clusive signal region. The figure is split into 1-prong versus 3-prong (left
and right) and low versus high |n| (top and bottom). The Z — 77 sample
is generated with Sherpa.

141



B. Measurement of Tp,4 identification efficiency

Events/0.1 Data / Model Events/0.1

Data / Model

T ‘ T T T ‘ T T T ‘ T T T ‘ T T
100 1 .e Data

Vs =13 TeV, 135.75 fb’ et (truth) (05-5S)
I Top (OS-SS)
0 z- (OS SS)
[ W+jets (OS-SS)
[ Same Sign
Stat. Uncert.

1.2~ —
L X ‘a
1 T ———e— ° A i i
08~ | \ \ \ l
0.2 0.4 0.6 0.8 1
BDT Score Trans (1)
x10°
50 T ‘ T T T ‘ T T T 1‘ T T T ‘ T T
Vs =13 TeV, 135.75 fb’ ps gat; (truth) (05:55)
I Top (OS
oz (os SS)
] WH+jets (OS-SS)
[ Same Sign

Stat. Uncert.

1.2— —
| R SN S SR
08~ | \ \ \ ]

0.2 0.4 0.6 0.8 1

BDT Score Trans (1)

Events/0.1 Data / Model Events/0.1

Data / Model

‘F

13 TeV, 135.75 fo™* - Data ]

M Zo1t (truth) (0s-ss) |
I Top (OS-SS) —
B z- (OS SS) b
[ W+jets (OS-SS) ]
[ Same Sign -
Stat. Uncert.

1.2_ —e—]
L ]
Ly g gy
0.8+ | | | —
0.2 0.4 0.6 0.8 1
BDT Score Trans (1)
x10°

Vs =13 TeV, 135.75 fb™* & Data

T ‘ T T T ‘
M Z-1t (truth) (0s-sS) ]
I Top (OS-SS)

B z- (OS SS)

] WH+ets (OS-SS)

[ Same Sign
Stat. Uncert.

1.2~ =

- —e—
I—g o e *

. — |

0.8+ | | | —

0.2 0.4 0.6 0.8 1

BDT Score Trans (1)

Figure B.2.: Prefit ,4-1D score distribution for the BDT-based classifier in the pr in-
clusive signal region. The figure is split into 1-prong versus 3-prong (left and
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B. Measurement of Tp,4 identification efficiency

B.3. Additional scale factor plots
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Figure B.5.: Comparison of different BDT-based 7,,4-1D scale factors for 1-prong (left)
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and 3-prong (right). The top row shows the default result, using Powheg
MC generated Z — 77 samples and the GEANT4 detector simulation. In the
middle, the MC generator was replaced with an alternative (Sherpa) and in
the bottom, AF2 was used as an alternative detector simulation. The scale
factors are evaluated for four bins of pr(7). The uncertainties include all
statistical and systematic uncertainties except for the one dedicated to the
lower 7—ID score cut value explained in Section 6.5.1.
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Figure B.6.: RNN-based 7h,4-1D scale factors for 1-prong (left) and 3-prong (right).
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The

top row shows the default result, using Powheg MC generated Z — 77 sam-
ples and the GEANT4 detector simulation. In the middle, the MC generator
was replaced with an alternative (Sherpa) and in the bottom, AF2 was used
as an alternative detector simulation. The scale factors are evaluated for
four bins of pp(7). The uncertainties include all statistical and systematic
uncertainties except for the one dedicated to the lower 7—ID score cut value

explained in Section 6.5.1..
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C. Search for BSM A/H/ — 7 in the fully hadronic decay channel
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Figure C.1.: Fake rates evaluated on data in the OS (top) and SS (bottom) W-FR for
the loose 7—ID requirement. The plot shows the comparison between MC
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simulated and recorded data.
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the loose 7—ID requirement. The plot shows the comparison between MC
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C. Search for BSM A/H/ — 7 in the fully hadronic decay channel

C.2. Fake factors
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Figure C.3.: Fake factors derived in the OS (top) and SS (bottom) di-jet control region for
1-prong (left) and 3-prong (right) Thad-vis candidates. A comparison between
b-veto, b-tag, and b-inclusive fake factors is made.
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C.2. Fake factors
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Figure C.4.: Fake factors and their uncertainties in the OS (top) and SS (bottom) case
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factors in the b-tag signal region.
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C. Search for BSM A/H/ — 7 in the fully hadronic decay channel
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Figure C.5.: Fake factors and their uncertainties in the OS (top) and SS (bottom) case
for 1-prong (left) and 3-prong (right) Thaq.vis candidates. The dark red shade
indicates the uncertainty that is considered when using the b-inclusive fake
factors in the b-veto signal region.
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C.3. Additional pre-fit distributions in the validation region

C.3. Additional pre-fit distributions in the validation region
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Figure C.6.: Distributions of various variables in the b-veto validation region. These are:
pr of leading Taq4.vis candidate (top left), pr of subleading Thaq.vis candidate
(top right), E (bottom left), and mi®* (bottom right).
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C. Search for BSM A/H/ — 7 in the fully hadronic decay channel
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Figure C.7.: Distributions of various variables in the b-tag validation region. These are:
pr of leading Thad-vis candidate (top left), pr of subleading Thaq-vis candidate
(top right), EZsS (bottom left), and mi' (bottom right).

154



C.4. Limits

C.4. Limits
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Figure C.8.: The model-independent observed 95% upper limit on the production cross
section times branching fraction for a heavy resonance, ¢, as a function of the
assumed resonance mass, mg, and the fraction of b-associated production,
v/ (099 + ob]
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C. Search for BSM A/H/ — 7 in the fully hadronic decay channel

C.5. MC samples

This section contains a list of all the MC samples used in the analysis. The following file
endings were omitted:

e mcl6a: s3126 19364
e mcl6d: _s3126_r10201
e mcl6e: 3126 r10724

gluon-fusion H/A production
mc16_13TeV.342305.PowhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH200W1_tautaulh.recon.AOD.e4284
mcl16_13TeV.342306.PovhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH200W1_tautauhh.recon.AQD.e4284
mc16_13TeV.342308.PowhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH250W1_tautaulh.recon.AOD.e4284
mcl6_13TeV.342309.PovhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH250W1_tautauhh.recon.AQD.e4284
mc16_13TeV.342310.PovhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH300W2_tautaulh.recon.AQD.e4284
mc16_13TeV.342311.PowhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH300W2_tautauhh.recon.A0D.e4284
mcl16_13TeV.342312.PovhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH350W3_tautaulh.recon.AQD.e4284
mc16_13TeV.342313.PowhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH350W3_tautauhh.recon.AOD.e4284
mcl16_13TeV.342314.PovhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH400W5_tautaulh.recon.AQD.e4284
mc16_13TeV.342315.PowhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH400W5_tautauhh.recon.AOD.e4284
mcl16_13TeV.342316.PovhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH500W5_tautaulh.recon.AQD.e4284
mc16_13TeV.342317.PowhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH500W5_tautauhh.recon.AOD.e4284
mcl16_13TeV.342318.PovhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH600W10_tautaulh.recon.AOD.e4284
mcl16_13TeV.342319.PowhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH600W10_tautauhh.recon.A0D.e4284
mcl16_13TeV.342320.PowhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH700W20_tautaulh.recon.AOD.e4284
mc16_13TeV.342321.PovhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH700W20_tautauhh.recon.A0D.e4284
mc16_13TeV.342322.PowhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH800W20_tautaulh.recon.A0D.e4284
mcl16_13TeV.342323.PovhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH800W20_tautauhh.recon.A0D.e4284
mc16_13TeV.342326.PowhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH1000W30_tautaulh.recon.AOD.e4284
mcl16_13TeV.342327.PovhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH1000W30_tautauhh.recon.AQD.e4284
mc16_13TeV.342330.PowhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH1200W40_tautaulh.recon.AO0D.e4284
mcl16_13TeV.342331.PovhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH1200W40_tautauhh.recon.AQD.e4284
mc16_13TeV.342336.PowhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH1500W60_tautaulh.recon.AOD.e4284
mcl16_13TeV.342337.PovhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH1500W60_tautauhh.recon.AQD.e4284
mcl16_13TeV.345296.PowhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH2000W80_tautauhh.recon.AO0D.e5685
mcl6_13TeV.345297.PovhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH2000W80_tautaulh.recon.AQD.e5685
mc16_13TeV.345300.PovhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH2500W100_tautauhh.recon.AOD.e5685
mc16_13TeV.345301.PowhegPythia8EvtGen_CT10_AZNLOCTEQ6L1_ggH2500W100_tautaulh.recon.AOD.e5685

b-associated H/A production

mcl16_13TeV.341856.aMcAtNloPythia8EvtGen_A14NNPDF23L0_bbH125_yb2_tautaulh.recon.AOD.e4482
mcl6_13TeV.341857.aMcAtNloPythia8EvtGen_A14NNPDF23L0_bbH150_yb2_tautaulh.recon.AOD.e5686
mcl16_13TeV.341858.aMcAtNloPythia8EvtGen_A14NNPDF23L0O_bbH200_yb2_tautaulh.recon.A0D.e4482
mc16_13TeV.341860.aMcAtNloPythia8EvtGen_A14NNPDF23L0_bbH300_yb2_tautaulh.recon.AOD.e4482
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mcl6_13TeV.341862.aMcAtNloPythia8EvtGen_A14NNPDF23L0O_bbH400_yb2_tautaulh.recon.A0D.e4298
mcl16_13TeV.341864.aMcAtNloPythia8EvtGen_A14NNPDF23LO_bbH600_yb2_tautaulh.recon.A0D.e4482
mcl6_13TeV.341868.aMcAtNloPythia8EvtGen_A14NNPDF23L0O_bbH1000_yb2_tautaulh.recon.A0D.e4298
mcl16_13TeV.341873.aMcAtNloPythia8EvtGen_A14NNPDF23LO_bbH1500_yb2_tautaulh.recon.A0D.eb314
mc16_13TeV.341874.aMcAtNloPythia8EvtGen_A14NNPDF23L0O_bbH125_yb2_tautauhh.recon.A0D.e4482
mcl6_13TeV.341875.aMcAtNloPythia8EvtGen_A14NNPDF23L0O_bbH200_yb2_tautauhh.recon.A0D.e4482
mcl16_13TeV.341877.aMcAtNloPythia8EvtGen_A14NNPDF23L0O_bbH300_yb2_tautauhh.recon.A0D.e4482
mcl16_13TeV.341879.aMcAtNloPythia8EvtGen_A14NNPDF23L0O_bbH400_yb2_tautauhh.recon.A0D.e4298
mcl16_13TeV.341881.aMcAtNloPythia8EvtGen_A14NNPDF23LO_bbH600_yb2_tautauhh.recon.A0D.e4482
mcl16_13TeV.341885.aMcAtNloPythia8EvtGen_A14NNPDF23LO_bbH1000_yb2_tautauhh.recon.A0D.e4298
mcl16_13TeV.341920.aMcAtNloPythia8EvtGen_A14NNPDF23LO_bbH1500_yb2_tautauhh.recon.AQD.e5314
mcl16_13TeV.345288.aMcAtNloPythia8EvtGen_A14NNPDF23L0O_bbH2000_yb2_tautauhh.recon.A0D.e5686
mcl16_13TeV.345289.aMcAtNloPythia8EvtGen_A14NNPDF23LO_bbH2000_yb2_tautaulh.recon.AQD.e5686
mcl6_13TeV.345292.aMcAtNloPythia8EvtGen_A14NNPDF23L0O_bbH2500_yb2_tautauhh.recon.A0D.e5686
mcl16_13TeV.345293.aMcAtNloPythia8EvtGen_A14NNPDF23L0O_bbH2500_yb2_tautaulh.recon.A0D.e5686

Z|v* — TT+jets
mc16_13TeV.301040.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYtautau_120M180.recon.AQOD.e3649
mc16_13TeV.301041.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYtautau_180M250.recon.AOD.e3649
mc16_13TeV.301042.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYtautau_250M400.recon.A0D.e3649
mc16_13TeV.301043.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYtautau_400M600.recon.AOD.e3649
mc16_13TeV.301044.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYtautau_600M800.recon.AOD.e3649
mc16_13TeV.301045.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYtautau_800M1000.recon.AOD.e3649
mc16_13TeV.301046.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYtautau_1000M1250.recon.ADD.e3649
mc16_13TeV.301047.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYtautau_1250M1500.recon.A0D.e3649
mc16_13TeV.301048.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYtautau_1500M1750.recon.AQD.e3649
mc16_13TeV.301049.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYtautau_1750M2000.recon.A0D.e3649
mc16_13TeV.301050.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYtautau_2000M2250.recon.A0D.e3649
mc16_13TeV.301051.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYtautau_2250M2500.recon.A0D.e3649
mc16_13TeV.301052.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYtautau_2500M2750.recon.A0D.e3649
mc16_13TeV.301053.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYtautau_2750M3000.recon.A0D.e3649
mc16_13TeV.301054.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYtautau_3000M3500.recon.A0D.e3649
mc16_13TeV.301055.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYtautau_3500M4000.recon.A0D.e3649
mc16_13TeV.301056.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYtautau_4000M4500.recon.A0D.e3649
mc16_13TeV.301057.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYtautau_4500M5000.recon.AQD.e3649
mc16_13TeV.301058.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYtautau_5000M.recon.AOD.e3649
mcl16_13TeV.361108.PowhegPythia8EvtGen_AZNLOCTEQ6L1_Ztautau.recon.AOD.e3601

W — 1tv+jets
mcl6_13TeV.364184.Sherpa_221_NNPDF30ONNLO_Wtaunu_MAXHTPTVO_70_CVetoBVeto.recon.AOD.e5340
mcl16_13TeV.364185.Sherpa_221_NNPDF30NNLO_Wtaunu_MAXHTPTVO_70_CFilterBVeto.recon.AOD.e5340
mc16_13TeV.364186.Sherpa_221_NNPDF3ONNLO_Wtaunu_MAXHTPTVO_70_BFilter.recon.AOD.e5340
mc16_13TeV.364187.Sherpa_221_NNPDF3ONNLO_Wtaunu_MAXHTPTV70_140_CVetoBVeto.recon.AOD.e5340
mc16_13TeV.364188.Sherpa_221_NNPDF3ONNLO_Wtaunu_MAXHTPTV70_140_CFilterBVeto.recon.AOD.e5340
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mc16_13TeV.364189.Sherpa_221_NNPDF3ONNLO_Wtaunu_MAXHTPTV70_140_BFilter.recon.A0D.e5340
mcl16_13TeV.364190.Sherpa_221_NNPDF30ONNLO_Wtaunu_MAXHTPTV140_280_CVetoBVeto.recon.AQD.e5340
mc16_13TeV.364191.Sherpa_221_NNPDF3ONNLO_Wtaunu_MAXHTPTV140_280_CFilterBVeto.recon.AOD.e5340
mc16_13TeV.364192.Sherpa_221_NNPDF3ONNLO_Wtaunu_MAXHTPTV140_280_BFilter.recon.AOD.e5340
mcl16_13TeV.364193.Sherpa_221_NNPDF3ONNLO_Wtaunu_MAXHTPTV280_500_CVetoBVeto.recon.AQD.e5340
mc16_13TeV.364194.Sherpa_221_NNPDF30ONNLO_Wtaunu_MAXHTPTV280_500_CFilterBVeto.recon.AOD.e5340
mcl16_13TeV.364195.Sherpa_221_NNPDF3ONNLO_Wtaunu_MAXHTPTV280_500_BFilter.recon.AOD.e5340
mc16_13TeV.364196.Sherpa_221_NNPDF30ONNLO_Wtaunu_MAXHTPTV500_1000.recon.AOD.e5340
mcl16_13TeV.364197.Sherpa_221_NNPDF3ONNLO_Wtaunu_MAXHTPTV1000_E_CMS.recon.AOD.eb340

tt, single top
mcl16_13TeV.410470.PhPy8EG_A14_ttbar_hdamp258p75_nonallhad.recon.A0D.e6337
mcl16_13TeV.410471.PhPy8EG_A14_ttbar_hdamp258p75_allhad.recon.AOD.e6337
mcl16_13TeV.410472.PhPy8EG_A14_ttbar_hdamp258p75_dil.recon.AOD.e6348
mcl6_13TeV.410644.PovhegPythia8EvtGen_A14_singletop_schan_lept_top.recon.AQD.e6527
mcl16_13TeV.410645.PowhegPythia8EvtGen_Al4_singletop_schan_lept_antitop.recon.A0D.e6527
mcl16_13TeV.410646.PowhegPythia8EvtGen_A14_Wt_DR_inclusive_top.recon.AOD.e6552
mc16_13TeV.410647.PowhegPythia8EvtGen_A14_Wt_DR_inclusive_antitop.recon.A0D.e6552
mcl16_13TeV.410658.PhPy8EG_A14_tchan_BW50_lept_top.recon.A0D.e6671
mc16_13TeV.410659.PhPy8EG_A14_tchan_BW50_lept_antitop.recon.AOD.e6671

Others
mc16_13TeV.301000.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYee_120M180.recon.A0D.e3649
mc16_13TeV.301001.PovhegPythia8EvtGen_AZNLOCTEQ6L1_DYee_180M250.recon.A0D.e3649
mc16_13TeV.301002.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYee_250M400.recon.A0D.e3649
mcl16_13TeV.301003.PovhegPythia8EvtGen_AZNLOCTEQ6L1_DYee_400M600.recon.A0D.e3649
mc16_13TeV.301004.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYee_600M800.recon.A0D.e3649
mcl16_13TeV.301005.PovhegPythia8EvtGen_AZNLOCTEQ6L1_DYee_800M1000.recon.AOD.e3649
mc16_13TeV.301006.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYee_1000M1250.recon.AOD.e3649
mcl16_13TeV.301007.PovhegPythia8EvtGen_AZNLOCTEQ6L1_DYee_1250M1500.recon.AOD.e3649
mc16_13TeV.301008.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYee_1500M1750.recon.AOD.e3649
mc16_13TeV.301009.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYee_1750M2000.recon.AOD.e3649
mc16_13TeV.301010.PovhegPythia8EvtGen_AZNLOCTEQ6L1_DYee_2000M2250.recon.AOD.e3649
mc16_13TeV.301011.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYee_2250M2500.recon.AOD.e3649
mc16_13TeV.301012.PovhegPythia8EvtGen_AZNLOCTEQ6L1_DYee_2500M2750.recon.AOD.e3649
mc16_13TeV.301013.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYee_2750M3000.recon.AOD.e3649
mc16_13TeV.301014.PovhegPythia8EvtGen_AZNLOCTEQ6L1_DYee_3000M3500.recon.AOD.e3649
mc16_13TeV.301015.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYee_3500M4000.recon.AOD.e3649
mcl16_13TeV.301016.PovhegPythia8EvtGen_AZNLOCTEQ6L1_DYee_4000M4500.recon.AOD.e3649
mc16_13TeV.301017.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYee_4500M5000.recon.AOD.e3649
mcl16_13TeV.301018.PovhegPythia8EvtGen_AZNLOCTEQ6L1_DYee_5000M.recon.AQ0D.e3649
mc16_13TeV.301020.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYmumu_120M180.recon.AOD.e3649
mc16_13TeV.301021.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYmumu_180M250.recon.AOD.e3649
mc16_13TeV.301022.PovhegPythia8EvtGen_AZNLOCTEQ6L1_DYmumu_250M400.recon.AOD.e3649
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mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.

301023.
301024.
301025,

301026

301032

301037

363357

364250

364158

364163

364169

C.5. MC samples

PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYmumu_400M600.recon.AOD.e3649
PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYmumu_600M800.recon.AQD.e3649
PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYmumu_800M1000.recon.AOD.e3649

.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYmumu_1000M1250.recon.AOD.e3649
301027.
301028.
301029.
301030.
301031.
.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYmumu_2500M2750.recon.AO0D.e3649
301033.
301034.
301035.
301036.

PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYmumu_1250M1500.recon.AOD.e3649
PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYmumu_1500M1750.recon.AOD.e3649
PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYmumu_1750M2000.recon.AOD.e3649
PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYmumu_2000M2250.recon.AO0D.e3649
PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYmumu_2250M2500.recon.AOD.e3649

PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYmumu_2750M3000.recon.AOD.e3649
PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYmumu_3000M3500.recon.AO0D.e3649
PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYmumu_3500M4000.recon.AOD.e3649
PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYmumu_4000M4500.recon.AOD.e3649

.PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYmumu_4500M5000.recon.AO0D.e3649
301038.
361106.
361107.
363355.
363356.
.Sherpa_221_NNPDF30NNLO_WqqZvv.recon.AQD.eb5525
363358.
363359.
363360.
363489.

PowhegPythia8EvtGen_AZNLOCTEQ6L1_DYmumu_5000M.recon.AOD.e3649
PowhegPythia8EvtGen_AZNLOCTEQ6L1_Zee.recon.A0D.e3601
PowhegPythia8EvtGen_AZNLOCTEQ6L1_Zmumu.recon.AOD.e3601
Sherpa_221_NNPDF30NNLO_ZqqZvv.recon.AOD.eb525
Sherpa_221_NNPDF30NNLO_ZqqZll.recon.AOD.eb525

Sherpa_221_NNPDF30NNLO_WqqZll.recon.AOD.eb525
Sherpa_221_NNPDF30NNLO_WpqgWmlv.recon.AOD.e5583
Sherpa_221_NNPDF30NNLQO_WplvWmqq.recon.AOD.e5983
Sherpa_221_NNPDF30NNLO_WlvZqq.recon.AOD.e5525

.Sherpa_222_NNPDF30NNLO_1111.recon.AQOD.e5894
364253.
364254 .
364255.
364156.
364157.
.Sherpa_221_NNPDF30NNLO_Wmunu_MAXHTPTVO_70_BFilter.recon.AOD.e5340
364159.
364160.
364161.
364162.

Sherpa_222_NNPDF30NNLO_11lv.recon.AOD.e5916
Sherpa_222_NNPDF30NNLO_1llvv.recon.AOD.e5916
Sherpa_222_NNPDF30NNLO_lvvv.recon.A0D.e5916
Sherpa_221_NNPDF3ONNLO_Wmunu_MAXHTPTVO_70_CVetoBVeto.recon.AOD.e5340
Sherpa_221_NNPDF3ONNLO_Wmunu_MAXHTPTVO_70_CFilterBVeto.recon.AQD.e5340

Sherpa_221_NNPDF30ONNLO_Wmunu_MAXHTPTV70_140_CVetoBVeto.recon.AQD.e5340
Sherpa_221_NNPDF3ONNLO_Wmunu_MAXHTPTV70_140_CFilterBVeto.recon.AOD.e5340
Sherpa_221_NNPDF30NNLO_Wmunu_MAXHTPTV70_140_BFilter.recon.AOD.eb5340
Sherpa_221_NNPDF3ONNLO_Wmunu_MAXHTPTV140_280_CVetoBVeto.recon.AOD.e5340

.Sherpa_221_NNPDF3ONNLO_Wmunu_MAXHTPTV140_280_CFilterBVeto.recon.AOD.e5340
364164.
364165.
364166.
364167.
364168.
.Sherpa_221_NNPDF3ONNLO_Wmunu_MAXHTPTV1000_E_CMS.recon.AOD.e5340

Sherpa_221_NNPDF30NNLO_Wmunu_MAXHTPTV140_280_BFilter.recon.AOD.e5340
Sherpa_221_NNPDF3ONNLO_Wmunu_MAXHTPTV280_500_CVetoBVeto.recon.AOD.e5340
Sherpa_221_NNPDF30NNLO_Wmunu_MAXHTPTV280_500_CFilterBVeto.recon.AQD.e5340
Sherpa_221_NNPDF30NNLO_Wmunu_MAXHTPTV280_500_BFilter.recon.AOD.e5340
Sherpa_221_NNPDF30NNLO_Wmunu_MAXHTPTV500_1000.recon.A0D.e5340
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mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
mcl6_13TeV.
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364170.
364171.
364172,
364173.
364174.
364175.
364176.
364177.
364178.
364179.
364180.
364181.
364182.
364183.

Sherpa_221_NNPDF30NNLO_Wenu_MAXHTPTVO_70_CVetoBVeto.recon.AOD.e5340
Sherpa_221_NNPDF30NNLO_Wenu_MAXHTPTVO_70_CFilterBVeto.recon.AOD.e5340
Sherpa_221_NNPDF30NNLO_Wenu_MAXHTPTVO_70_BFilter.recon.AOD.e5340
Sherpa_221_NNPDF3ONNLO_Wenu_MAXHTPTV70_140_CVetoBVeto.recon.A0D.e5340
Sherpa_221_NNPDF30NNLO_Wenu_MAXHTPTV70_140_CFilterBVeto.recon.AOD.e5340
Sherpa_221_NNPDF30ONNLO_Wenu_MAXHTPTV70_140_BFilter.recon.A0D.e5340
Sherpa_221_NNPDF30NNLO_Wenu_MAXHTPTV140_280_CVetoBVeto.recon.AQD.e5340
Sherpa_221_NNPDF30NNLO_Wenu_MAXHTPTV140_280_CFilterBVeto.recon.AOD.e5340
Sherpa_221_NNPDF30ONNLO_Wenu_MAXHTPTV140_280_BFilter.recon.AQD.e5340
Sherpa_221_NNPDF30ONNLO_Wenu_MAXHTPTV280_500_CVetoBVeto.recon.AOD.e5340
Sherpa_221_NNPDF30NNLO_Wenu_MAXHTPTV280_500_CFilterBVeto.recon.AOD.eb5340
Sherpa_221_NNPDF30NNLO_Wenu_MAXHTPTV280_500_BFilter.recon.ADD.e5340
Sherpa_221_NNPDF30NNLO_Wenu_MAXHTPTV500_1000.recon.AOD.e5340
Sherpa_221_NNPDF30NNLO_Wenu_MAXHTPTV1000_E_CMS.recon.AOD.e5340



APPENDIX D

Improvements to the search for BSM A/H/Z" — 77 in the fully
hadronic decay channel

D.1. MC samples

This section contains a list of the MC samples used in the analysis that are not listed
in C.5. The following file endings were omitted:

e mclba: s3126 19364

e mcl6d:

$3126_ 10201

e mclbe: s3126_ 110724

LO Z/~v* = 77

mcl6_13TeV.800302.
mc16_13TeV.800303.
mcl6_13TeV.800304.
mc16_13TeV.800305.
mcl6_13TeV.8003086.
mc16_13TeV.800307.
mcl6_13TeV.800308.
mc16_13TeV.800309.
mcl6_13TeV.800310.
mc16_13TeV.800311.
mc16_13TeV.800312.
mcl16_13TeV.800313.

Py8EG_A14NNPDF23L0_DYtautau_120MLL180.deriv
Py8EG_A14NNPDF23L0_DYtautau_180MLL250.deriv
Py8EG_A14NNPDF23L0_DYtautau_250MLL400.deriv
Py8EG_A14NNPDF23L0_DYtautau_400MLL600.deriv

.DAOD_HIGG4D4.e8118
.DAOD_HIGG4D4.e8118
.DAOD_HIGG4D4.e8118
.DAOD_HIGG4D4.e8118

Py8EG_A14NNPDF23L0_DYtautau_600MLL800.deriv.DAOD_HIGG4D4.e8118
Py8EG_A14NNPDF23L0_DYtautau_800MLL1000.deriv.DAOD_HIGG4D4.e8118

Py8EG_A14NNPDF23L0_DYtautau_1000MLL1250.
Py8EG_A14NNPDF23L0_DYtautau_1250MLL1500.
Py8EG_A14NNPDF23L0_DYtautau_1500MLL1750.
Py8EG_A14NNPDF23L0_DYtautau_1750MLL2000.
Py8EG_A14NNPDF23L0_DYtautau_2000MLL2250.
Py8EG_A14NNPDF23L0_DYtautau_2250MLL2500.

deriv.
deriv.
deriv.
deriv.
deriv.

deriv.

DAOD_HIGG4D4.e8118
DAOD_HIGG4D4.e8118
DAOD_HIGG4D4.e8118
DAOD_HIGG4D4.e8118
DAOD_HIGG4D4.e8118
DAOD_HIGG4D4.e8118
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mcl16_13TeV.800314.Py8EG_A14NNPDF23L0_DYtautau_2500MLL2750.deriv.DAOD_HIGG4D4.e8118
mcl16_13TeV.800315.Py8EG_A14NNPDF23L0_DYtautau_2750MLL3000.deriv.DAOD_HIGG4D4.e8118
mcl16_13TeV.800316.Py8EG_A14NNPDF23L0_DYtautau_3000MLL3500.deriv.DAOD_HIGG4D4.e8118
mc16_13TeV.800317.Py8EG_A14NNPDF23L0_DYtautau_3500MLL4000.deriv.DAOD_HIGG4D4.e8118
mc16_13TeV.800318.Py8EG_A14NNPDF23L0_DYtautau_4000MLL4500.deriv.DAOD_HIGG4D4.e8118
mc16_13TeV.800319.Py8EG_A14NNPDF23L0_DYtautau_4500MLL5000.deriv.DAOD_HIGG4D4.e8118
mc16_13TeV.800320.Py8EG_A14NNPDF23L0_DYtautau_5000MLL.deriv.DAOD_HIGG4D4.e8118
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Figure D.1.: Fake rates measured in the W(— uv)+jets and top control regions in data
for the fail-loose working point (top) and the fail-loose working point in-
cluding the trigger (bottom). It is split in 1-prong (left) and 3-prong (right)
and according to the charge product of the tag and the probe.
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