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1 Introduction

In the field of particle physics, the theoretical and experimental communities go hand in
hand. Theorists try to find mathematical explanations of experimental observations and
experimentalists try to prove or disprove existing theories that describe the physics surrounding
us by conducting experiments. Currently, the most profound existing theory that describes all
known fundamental particles and three out of four fundamental forces is the Standard Model
(SM) of particle physics. It was developed throughout the 20th century and organizes particles
into well-defined groups based on their properties and interactions, derived from underlying
symmetries. Its predictions have been extensively verified, including the existence of particles
like the W and Z bosons, gluon, charm quark or top quark. All of them were experimentally
discovered after their theoretical formulation in the SM.

A major milestone in the success of the SM was the discovery of the Higgs boson. It was first
predicted in 1964 and finally observed in 2012 at the Large Hadron Collider (LHC) at
CERN [4, 5]. This groundbreaking discovery provided experimental confirmation of the Higgs
mechanism, which explains how particles acquire mass and opens the door to further studies of
the Higgs sector. This sector is of particular interest because it can serve as a window into
new physics beyond the SM, potentially revealing insights into unanswered questions such as
the nature of dark matter or how to incorporate gravity in the same framework with the other
fundamental forces.

One such beyond the SM theory is supersymmetry. Supersymmetry is a theoretical extension
of the SM that introduces a symmetry linking fermions and bosons. It addresses unresolved
issues in the SM and predicts new particles that can be searched for experimentally. Despite
over a decade of data collection at the LHC and previous colliders before, no supersymmetric
particles have been observed, suggesting that if supersymmetry exists, it likely differs from its
minimal implementation (MSSM) @ This has shifted experimental focus to more complex
extensions like the next-to-minimal supersymmetric model (NMSSM) [7] [8]. These models
introduce additional parameters and degrees of freedom that can be part of future discoveries.



2 1 Introduction

In this thesis, an analysis is presented that searches for the decay of a heavy scalar Higgs boson
X into the discovered 125 GeV Higgs boson Hgpyy and another light scalar Higgs boson Y. Such
a process is predicted e.g. by the extended Higgs sector of the NMSSM. With respect to a
previous search @] this search significantly extends the signal phase space targeted and signal
processes considered, including resolved and boosted topologies of the final state particles
and different decays of the Higgs bosons. The presence of Higgs bosons is inferred indirectly
through the decay products, focusing on the decays into b quark and tau lepton pairs. The
analysis uses data collected by the Compact Muon Solenoid (CMS) experiment at the LHC
that have been recorded during the 2018 data taking period corresponding to an integrated
luminosity of 59.8fb™1.

This analysis faces the challenge of handling the various combinations of bb and 77 final states,
whose kinematic properties vary significantly for different (myx, my) hypotheses. Each combina-
tion of resolved and boosted topologies requires a dedicated reconstruction and identification
strategy. Further, accurately estimating background processes with event signatures similar to
the signal processes adds more complexity. In this analysis, data-driven methods and simulation
are used. To optimize the separation of signal and background processes and to improve the

sensitivity of the search, parametric neural networks are utilized.

In the following, the theoretical foundation for the search is provided in chapter 2| focusing
on the Higgs mechanism within the SM and its supersymmetric extensions. In chapter (3, an
overview of the CMS detector and the reconstruction algorithms is given. Chapter |4] covers
the general setup of the analysis, including the exploration of the signal phase space, event
selection and background estimation methods. After that, in chapter 5 the strategy for the
event classification is outlined, along with the statistical analysis and the results of this search.
Finally, chapter @ concludes the results of this thesis.



2 Standard Model of Particle Physics and
Extensions

The Standard Model (SM) of particle physics provides a theoretical framework to describe the
fundamental particles of nature and their interactions. It accurately predicts how these particles
behave, how they are created and how annihilated, based on the symmetries that govern the
universe. The main aspects of the SM will be discussed in sections and 2.2l For more
information readers are referred to [10].

Although the SM has a very successful history of predictions that lead to discoveries of new
particles, it cannot describe everything. Open questions still remain, such as how gravity can
be included or what dark matter is made of. These mysteries are a few of many that motivate
the exploration of theories beyond the SM, one of which will be discussed in section [2.3]

2.1 Standard Model of particle physics

A complete overview of the SM particles is shown in figure 2.1l The SM contains two groups
of elementary particles. The first group are fermions, which have half-integer spins and make
up the matter in our universe. The second group are bosons, which have integer spins. They
act as carriers of the fundamental forces that define the interactions between matter particles.
Whether this division is a fundamental law of nature or simply a coincidence remains an open
question.

The fundamental fermions are a group of twelve particles, each with a spin of % One subgroup
of fermions are leptons, which include the electron, muon, tau lepton and for each of them a
corresponding neutrino. The second subgroup consists of six quarks called up, down, charm,
strange, top, and bottom quarks, also referred to as flavors. The key distinction between leptons
and quarks lies in their interaction with the fundamental forces. Quarks interact via the strong
force, whereas leptons interact only via the electromagnetic and weak forces.
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Figure 2.1: Particle content of the SM . Quarks are shown in purple and leptons in green.
They make up the matter in the universe. The gauge bosons in red are carriers of
the fundamental forces. The Higgs boson, contrary to quarks, leptons and gauge
bosons, arises from the Higgs mechanism, which is responsible for giving mass to

other particles.

The everyday matter around us consists of only three fermions. The up and down quarks are
building blocks of atomic nuclei, which form protons and neutrons together with electrons.
Other fermions are rather unstable and rapidly decay into lighter particles. In the case of
neutrinos, they cannot form bound states, which is necessary to form matter as we know.

In the SM, each fermion has a corresponding antiparticle. The additive quantum numbers
of these antiparticles are inverted in comparison to their fermion partners. In this thesis, the
particles and antiparticles will often be referred to with the same notation, for example, a
"bottom quark" can be a bottom quark and anti-quark.

The spin one bosons in the SM include the gluons, photon and the W and Z bosons. These
particles act as carriers of the fundamental forces described by the SM. In addition, the Higgs
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boson is a unique particle because it has a spin of zero and does not function as a force mediator
or a building block of matter. Instead, it arises from the Brout-Englert-Higgs mechanism ,
which is a crucial feature of the SM that explains how particles get their mass. This, shortly
called, Higgs mechanism is of significant relevance to this thesis and therefore will be explained
in a dedicated section [2.2]

The SM is built on the mathematical framework of a quantum field theory (QFT), which
combines quantum mechanics and special relativity using the principles of classical field theories.
Its foundation is based on the underlying symmetries of nature that the SM postulates, which
leads to the definition of a Lagrangian function that describes the system and remains invariant
under transformations of the underlying symmetries.

The Poincaré symmetry is the external symmetry of the SM, which reflects the principles
of special relativity. This symmetry ensures that the laws of physics stay consistent under
transformations like translations or rotations in space-time and Lorentz boosts of a system.
By requiring the Poincaré symmetry, the SM ensures that its equations are Lorentz-covariant,
meaning they hold true in any inertial space. Additional local gauge symmetries are related to
the fundamental forces and their mediator particles.

The electromagnetic force acts on particles with electric charge and has an infinite range and
therefore has noticeable effects at large scales. The mediator of the electromagnetic force is
the photon. Before the quantum field theory (QFT) was developed, classical physics explained
the electromagnetic force through Maxwell's equations. The SM builds on this understanding
and extends it to include quantum effects that the classical approach cannot fully describe.

The weak force is comparable in strength to the electromagnetic force, but its effects are
harder to observe. The mediators of the weak force are the W and Z bosons, which are
very massive. This circumstance limits the weak force to a very short interaction range of
about 100 times smaller than a proton. The weak force and the electromagnetic force are
linked in the SM through the electroweak theory, combining both into a single fundamental
force. In the SM, the electroweak force is mathematically described by two symmetries
related to two electroweak charges. The first symmetry (SU(2),) is defined for the weak
isospin /, while the second symmetry (U(1)y) is related to the weak hypercharge Y. These
symmetries are characterized by their generators, which are mathematical operators associated
with transformations within their respective symmetry groups. For SU(2),, the generators
correspond to the three components of weak isospin (/1, /k, ), while U(1)y has a single
generator corresponding to the hypercharge Y. These generators dictate how particles transform

under symmetry operations and determine their associated charges.

The strong force is defined by an SU(3)c symmetry, which operates in the space of color
charges. This force is carried by eight gluons that exchange color charges. The color charge is a
unique property of quarks and gluons. Contrary to the other forces, the strength of the strong
force weakens as the distance between two color-charged particles decreases. At extremely short
distances, these particles can behave almost like free particles. This phenomenon is known
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as asymptotic freedom. On the other hand, as the distance between color-charged particles
increases, the energy stored in the potential field between them grows linearly. When this
energy becomes large enough, it can create new particles from the quantum vacuum. This
process ensures that only color-neutral combinations of particles like protons and neutrons
can be observed directly. As a result, the color charge of quarks and gluons remains a hidden
property that cannot be isolated and observed directly.

In the context of the mentioned gauge symmetries of the fundamental forces, the gauge refers
to mathematical degrees of freedom that do not change the underlying laws of physics. For
instance, the phase of a fermion field can be changed globally without altering the Lagrangian
of the SM. When this is the case, the theory is said to be invariant under global gauge
transformations. However, extending this invariance to local gauge symmetries breaks the
symmetry of the Lagrangian. This can be resolved by introducing additional degrees of freedom
to the theory. These degrees of freedom are gauge fields representing a mediator particle
and each generator of the introduced local gauge symmetry needs its own gauge field and
interactions with other particles. To preserve local symmetry, these mediator particles or gauge

bosons must be massless.

In quantum electrodynamics (QED), the requirement of a local gauge symmetry for the
U(1) symmetry group predicts the existence of a massless photon. Similarly, in quantum
chromodynamics (QCD), the local SU(3)¢ gauge symmetry leads to the prediction of eight
massless gluons. These symmetries give the SM the ability to provide very precise predictions
about the fundamental forces. However, a complication arises for the interactions of the
electroweak force, which are described by the SU(2); x U(1)y gauge symmetry. The W and
Z bosons that carry the weak force are experimentally known to have mass, but adding mass
terms to the SM Lagrangian would break the required local gauge symmetry. The solution was
found in the 1960s with the proposal of spontaneous symmetry breaking through the Higgs
mechanism . This mechanism provides a way to give mass to the W and Z bosons while
preserving local gauge symmetry.

2.2 Higgs mechanism

The Higgs mechanism is introduced to solve the problem of the massive gauge boson of the
electroweak force. The electroweak sector of the SM Lagrangian is defined based on the
SU(2). x U(1)y gauge symmetry, which predicts the existence of four gauge bosons. Three
of these gauge bosons are Wi, W5 and W5 and are a result of the SU(2), symmetry, while
the fourth gauge boson B corresponds to the U(1)y symmetry.

These four gauge bosons do not represent the physical particles that we observe. To obtain
the physical fields of the W, W™ and Z bosons as well as the photon ~, the gauge boson
fields (W4, Wa, W3 and B) in the space defined by SU(2); x U(1)y are rotated. The charged
bosons W, W~ emerge from a linear combination of W; and W,

Wi:%-(quEiWQ), (2.1)
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and the neutral bosons Z and ~ are formed from a linear combination of W3 and B by using

the weak mixing angle 6y, for the rotation,

Z = cos(Oy) - Ws —sin(fy) - B, (2.2)
¥ = sin(@W) - W5 + COS(Q\/V) - B. (2_3)

This framework not only explains the weak interaction but also incorporates the electromagnetic
force as part of the electroweak theory. A notable feature of the weak interaction is its
violation of the parity symmetry, which means that it is not invariant under space coordinate
transformation X — —X. Specifically, this means that the W™ bosons interact only with
left-handed fermions, which are particles with left-handed chirality where their spin appears
opposite to their momentum, while the W™ bosons interact only with right-handed fermions,
characterized by right-handed chirality where spin aligns with their momentum. This distinction
between left- and right-handed particles highlights a fundamental asymmetry, making the weak
force unique among the fundamental forces.

This theory has a shortcoming which is that adding mass terms directly to the Lagrangian for
the gauge bosons or fermions would break gauge invariance, making the theory incomplete. To
address this, an additional Lagrangian term involving a new field ¢ is added to the electroweak
Lagrangian, which is defined by

Lhiiggs = 0,010"¢ — V(9). (2.4)

The potential of this field is
V(9) = 26T+ A(¢'9)? (2.5)

and the field itself is a scalar doublet ¢ = (¢, #°) 7 in the weak isospin space, consisting of
two complex components. Since ¢ is complex, it has four degrees of freedom. The charged
component ¢* as well as the neutral component ¢° have hypercharge Y = 1 and therefore an
electric charge Q@ = +1 and Q = O, respectively. These charges are determined by the relation
Q="hk+ g where /3 is the third component of the weak isospin.

At the minimum of the potential V(¢), the energy ground state is defined. This minimum is

reached at the vacuum expectation value
v= 4 (2.6)

For A > 0 and p? < 0, the vacuum expectation value is real and non-zero. Such a configuration
breaks the symmetry of the field while still maintaining the overall structure of the theory. A
visualization of the Higgs potential in figure illustrates this symmetry breaking, where the
energy ground state is no longer at the symmetric origin of the potential.

Considering the radial symmetry of the system, the field ¢ can be expressed as an expansion
around its vacuum expectation value v. This expansion introduces the Higgs field H and the
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Figure 2.2: lllustration of two components of the Higgs potential V/(¢) for u? < 0. Choosing
any of the points at the bottom of the potential as the minimum spontaneously
breaks the rotational symmetry. Taken from \\

ground state of ¢ can be defined as

¢o = (V f\//-%) (2.7)

where the charged component is zero. The expansion is specifically chosen to only affect
the lower component of the scalar doublet ¢, ensuring that the symmetry of the U(1) group
remains intact. This preservation of symmetry guarantees the existence of a massless photon.

With this theoretical setup, a mass term naturally arises from the interaction between the gauge
bosons and the vacuum expectation value v. Usually, such a mass term would break gauge
invariance, but in the Higgs mechanism the introduction of the Higgs field and its specific
couplings to the gauge bosons preserves the overall gauge invariance. The introduced degrees of
freedom of the field ¢ are eliminated due to the unitary gauge choice in equation however,
they are effectively re-introduced as the longitudinal polarization components of the massive
gauge bosons. This process explains how the gauge bosons acquire mass while maintaining the
underlying symmetry of the theory.

The scalar field ¢ initially has four degrees of freedom. Three of these are used to give mass to
the W', W™ and Z bosons. This leaves one degree of freedom remaining, which corresponds
to the radial excitation of the Higgs field H. The Higgs field itself also gains mass due to
its interaction with the vacuum expectation value. This mechanism of electroweak symmetry
breaking, achieved through the Higgs mechanism, predicts the existence of a massive, neutral
scalar particle, the Higgs boson. This prediction was confirmed with the discovery of the Higgs
boson at the Large Hadron Collider (LHC) in 2012 and subsequent measurements of its
properties.
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The mechanism for giving fermions mass is different from that of the gauge bosons. Gauge bosons
cannot have mass at all without the Higgs mechanism. In contrast, fermions can theoretically
have mass, but adding mass terms to the theory would break the SU(2), symmetry. This
happens because the weak force interacts differently with fermions depending on their helicity.
Left-handed fermions are SU(2),; doublets, while right-handed fermions are SU(2), singlets.
To maintain the symmetry, the issue of fermion masses requires a different approach. Again,
the Higgs field provides a solution through what is known as a Yukawa coupling [16]. For
example, the mass of the electron can be generated by adding a Yukawa interaction term to
the Lagrangian, which is defined as

Lyukawa = —Ye - (VLd0r + r0YL) (2.8)

where y, is the Yukawa coupling constant of the electron and ; and i represent the left-
handed and right-handed electron fields. The mass of the electron can then be determined by
the vacuum expectation value v and the Yukawa coupling y. to the Higgs field as

V- Ye

7

Similar terms can be added to the Lagrangian to account for the masses of other fermions,

Mme =

(2.9)

with each particle having its own Yukawa coupling to the Higgs field.

Another impact of the introduced Higgs mechanism is a distinction between the flavor eigen-
states and the mass eigenstates of quarks, resulting in a mixing of the quark flavors. The
Yukawa coupling for quarks is a matrix that defines a mass matrix. The mixing is introduced
by diagonalizing the mass matrices of the quarks. This mixing allows quarks to transition
between different quark generations and is described by the Cabibbo-Kobayashi-Maskawa (CKM)
matrix 18]. The CKM matrix is a unitary 3 x 3 matrix that determines the probabilities of a
quark transitioning to any other quark across the three generations. The mixing follows a clear
hierarchy. Transitions within the same generation are much more likely than transitions between
different generations. For example, the top quark almost always decays into a bottom quark
because transitions from the third generation (top and bottom quarks) to other generations are
highly suppressed. On the other hand, the bottom quark cannot decay into the much heavier
top quark. As a result, the bottom quark has a relatively long lifetime compared to other
quarks.

2.3 Supersymmetric extension of the SM Higgs sector

The SM can accurately explains many observed phenomena at particle colliders. However, it
cannot describe everything. There are phenomena, which will be mentioned in the following, for
which the SM still needs extensions to describe them correctly. One such extension of the SM
involves supersymmetry (SUSY), a theoretical framework that establishes a symmetry between
fermions and bosons. Supersymmetric theories are able to resolved some of the open questions
of the SM, however, with no experimental evidence so far.
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For example, including gravity as the last missing force cannot be explained by the SM. Using
the supersymmetry, a local symmetry can be introduced that incorporates the general relativity
into the framework of the SM . Another open question in the SM is the existence of dark
matter, which is supported by astrophysical observation. The SM does not predict any particle
candidates that could fully explain the dark matter content of the universe. The introduction
of supersymmetry goes along with naturally introducing new particles that can serve as dark
matter candidates . There are more problems of the SM that supersymmetry can solve,
such as force unification [21] or the hierarchy problem [23] [24]. More details can be found
in the corresponding literature.

The Minimal Supersymmetric Standard Model (MSSM) [6] is one of the simplest extensions
of the SM designed to incorporate supersymmetry. It introduces the smallest number of new
particles required to create a supersymmetric framework. In this model every SM particle is
paired with a supersymmetric partner. For fermions, bosonic superpartners are added and for
bosons, fermionic superpartners. This further requires a second Higgs doublet to provide masses
for all types of fermions, which are defined as H, = (H;", H2) ", Hy = (HY, H;)T. The two
Higgs doublets lead to four more degrees of freedom and five new Higgs bosons are predicted.
Two of them are charged bosons H¥, a third is a pseudoscalar boson A and the last two are
neutral scalar bosons. One of the neutral scalar bosons is expected to be relatively heavy and
the other is attributed to the discovered SM Higgs boson Hgpy.

Colliders like the LHC are designed to search for the particles introduced by supersymmetric
theories like the MSSM. Although the Higgs boson Hspy was successfully observed and its
properties are being studied, so far no evidence of supersymmetric particles has been found.
This raises questions about whether supersymmetry exists in its simplest form (MSSM) or
requires a more complex extension.

Because the MSSM does not parametrize all supersymmetric extensions that are possible in the
SM, it has limitations. For example, it predicts that without applying any quantum corrections,
the lightest neutral scalar Higgs boson has a mass below the Z boson mass (mz = 91 GeV).
However, this contradicts the observed Higgs boson mass of 125 GeV. Large quantum corrections
must be introduced to adjust the MSSM prediction. This is possible but against the design of
supersymmetry, the aim of which is to describe the underlying physics without such corrections.
Besides the Higgs boson mass, there are other parameters in the MSSM that need such
unnatural fine-tuning like, for example, the p parameter of the superpotential which needs
to be at the electroweak scale. Therefore, an extension of the MSSM in the Higgs sector is
introduced as a consequence to resolve these issues. In the next-to-minimal supersymmetric
SM (NMSSM) [7, (8, [25], a complex Higgs singlet is added to the two Higgs doublets already
introduced.

In the following the NMSSM will be discussed focusing only on the Higgs sector of the
superpotential because this is the relevant part of the theory for this thesis. In the NMSSM
three scalar Higgs field are defined as H, = (H,[, HO)", Hy = (H3, H; )™ and S. The complex
scalar doublets H,, and Hy are the same as in the MSSM. In addition, the complex scalar singlet

10
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S is introduced. The scalar part of the superpotential of the NMSSM is
~ % AT e AT % 7T T 1 3
Wimssm = Upyu(Q " eHy) — dpya(Q ' eHy) — Epye(L' €Hy) + AS(H, €Hy) + §I€S (2.10)

with dimensionless Yukawa couplings y,;, V4, Ye, A and k and the scalar components of the
supermultiplets of the NMSSM, which are summarized in table[2.1l The matrix € is defined as

0 1
e:<1 o)' (2.11)

In the NMSSM, the structure of the superpotential closely resembles that of the MSSM, but
with a significant modification. The j term from the MSSM, written as pu(H,[ eHy), is replaced
by two new terms proportional to the parameters A and k. These two parameters are free
parameters within the NMSSM and define the behavior of the Higgs sector in the NMSSM.

For the NMSSM, to account for the observed Higgs boson mass without extensive fine-tuning,
like in the MSSM, A needs to be sufficiently large (A > 0.5). On the other hand, A is also
constrained by an upper threshold of A < 0.8 to ensure that the model remains perturbative up
to the scale of the grand unified theory (= 10'° GeV). This perturbative requirement ensures
the mathematical consistency of the theory and the reliability of its predictions at high energies.
In summary, the parameters A\ and k have enough freedom in the NMSSM to be able to resolve
the problems of the MSSM.

Table 2.1: The particle content of the NMSSM is described in terms of supermultiplets, which
group together particles and their supersymmetric partners. These supermultiplets
are categorized based on their charges with respect to the SU(3)cx SU(2); x U(1)y
symmetry. The superpartners of the SM components are marked with a ~.

Chiral supermultiplet Spin O Spin % SUB)c SU2), U(l)y
quark / squark Q Q= (o, aL)T Q = (ug, dL)T 3 2 %
0 i ul 3 1 -2
d d dh 3 1 i
lepton / slepton L [ = (Pe, &) L= (v, e)" 1 2 —1
e &5 el 1 1 1
Higgs / Higgsino H, | H, = (H}, HOT H, = (Hf AT 1 2 i
Hy | Ho= (HS, H))T  Hq= (HY, H)T 1 2 -1
S S S 1 1 0
Gauge multiplets Spin % Spin 1 SUB)e SUP2). U1)y
gluon / gluino J g 8 1 0
W boson / Wino W=, WO W+, wo 1 3 0
B boson / Bino BO B 1 1

11
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The scalar Higgs potential has a specific form in the NMSSM, consisting of two terms and can

be written as
V()= Vr+ Vp (2.12)

where VE and Vp are derived from the superpotential Wimssm with

§Whimssm |2
Ve = Z ‘5@ = [APISP(HIH, — HY Hy) + IA(H] eHy) + £S2)? (2.13)
!

and

1 1 1
Vo = 5 3 g2(®T70)(&]T°0)) = S g3|HjHal® + 5 (97 + ) (HiHu — HiHa)*. (214)

iJj

In these equations @ represents the three Higgs fields as & = (H,, Hy, S). Further, the
generators of the gauge groups U(1)y and SU(2), are written as T? with the two corresponding

gauge couplings g,.

Until now, no superpartners of SM particles have been observed, which means that super-
symmetry must be broken at low energy scales, as long as it exists. Breaking supersymmetry
requires adding extra terms to the potential. The exact mechanism of supersymmetry breaking
is still unknown, therefore, all possible terms that preserve matter parity and avoid reintroducing
issues due to quadratic divergences are added in the NMSSM. The soft supersymmetry breaking
terms in the scalar Higgs potential are

1
Vaofe = my, HiHu + m3 HiHg + m2|S|? + ()\AA(HuTeHd)S - g/ﬁAHS3 + c.c.> (2.15)

where three mass terms are introduced for the three scalar Higgs fields together with the trilinear
supersymmetry breaking parameters Ay and A,. The complete scalar Higgs potential in the
NMSSM is obtained by combining the three potential terms,

V(CD) = VF+ Vp + Veort. (216)

In summary, the Higgs potential of the NMSSM depends on seven free parameters A, k, Ay,
Aw, m7;,, m7, and mz. The three mass parameters should not be confused with the actual
physical masses of the Higgs bosons. The physical masses are derived by diagonalizing the
mixing matrices obtained during electroweak symmetry breaking.

The process of electroweak symmetry breaking in the NMSSM is similar to the mechanism in
the SM. The complex scalar fields H,, Hy and S are expanded around their vacuum expectation

values vy, vy and vs. The vacuum expectation values are assumed to be positive and real and
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2.3 Supersymmetric extension of the SM Higgs sector 13

the ground states are

) Ht
H, = e v , 2.17
“ <\}§(vu+hu+|au)> (2.17)
i .
Hy = ﬁ(vd+hd+|ad) | (2.18)
Hq
1 .
S = \Ee"z’s(vs—khs—klas). (2.19)

In these definitions, h,, hy and hs are neutral CP-even states, a,, ag and as are neutral CP-odd
states and H,, H; are charged states. Further, the phases ¢, and ¢s are used for gauge
transformations to ensure the positive and real definition of the vacuum expectation values.

Similar to the SM, a change of basis allows the identification of massless Goldstone bosons,
which are absorbed by the gauge bosons to provide their longitudinal degrees of freedom. The
Higgs fields in the NMSSM contain ten degrees of freedom, four from each Higgs doublet and
two from the Higgs singlet. As in the SM, three degrees of freedom are used to give mass to
the gauge bosons. This leaves seven degrees of freedom for additional physical Higgs bosons.
Two bosons are charged (HT, H™), two are neutral and CP-odd pseudoscalars (A1, Az) and
three are neutral CP-even scalars (Hsm, Y, X). The notation of the last three bosons is not
common in the theory community, but will be used in this thesis for simplification since these
bosons are the target of the search.

13






3 CMS experiment at the LHC

Theories like the Standard Model (SM) and other theories going beyond the SM (BSM) that
explain known and unknown phenomena of particle physics must be tested through experiments.
The collaboration between developing these theories and testing them experimentally is a key
aspect of particle physics. Part of the experimental side is the Compact Muon Solenoid (CMS)
experiment located close to Geneva, Switzerland, at the Large Hadron Collider (LHC). This
chapter will introduce the setup for the LHC machine that is needed to produce highly energetic
particles from proton-proton (pp) collisions in section . Then the setup of the CMS detector
that is needed to measure signals of the produced particles is explained in section and
afterwards the chapter focuses on the reconstruction (section and identification (section

of these particles.

3.1 Large Hadron Collider (LHC)

The Large Hadron Collider (LHC) [26] is located at the European Organization for Nuclear
Research (CERN) and is a circular particle accelerator with a 27 km circumference. It is designed
to accelerate and collide hadrons, such as protons or heavy ions. The analysis in this thesis
focuses on pp collisions, therefore, only they will be mentioned in the following. The LHC is
the most powerful accelerator built so far and enables high energy particle collisions needed
to study rare and massive particles like the Higgs boson, the top quark or not yet discovered
particles. The entire CERN complex including the LHC is shown in figure [3.1]

The acceleration process of the colliding particles consists of many steps before the LHC ring.
First, protons are extracted from hydrogen atoms by ionizing them with strong electric fields.
The protons are first accelerated to 50 MeV in a linear accelerator (LINAC4). Then they
are forwarded to a circular synchrotron (BOOSTER) where they are further accelerated to
1.4 GeV and grouped into bunches of approximately 10! protons. The proton bunches are
then subsequently passed to the Proton Synchrotron (PS) and the Super Proton Synchrotron
(SPS) where they are accelerated in two steps to 450 GeV.

15



16 3 CMS experiment at the LHC

The CERN accelerator complex
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Figure 3.1: Accelerator complex at CERN \l Protons are generated by ionizing hydrogen
gas. Before they are injected into the LHC, they are pre-accelerated with smaller
accelerators starting with LINAC4 and then BOOSTER, Proton Synchrotron (PS)
and Super Proton Synchrotron (SPS).

After all that, the protons are finally injected into the LHC, which uses powerful superconducting
dipole magnets to bend the particles on a circular trajectory. Additionally, quadrupole and
higher order magnets are used to focus the proton beam. To accelerate the protons even further,
superconducting radio frequency (RF) cavities are located along the beam line. During the
2018 data taking period on which this thesis is focusing, the protons were accelerated to an
energy of 6.5 TeV.

The LHC contains two separate beam pipes where proton bunches circulate in opposite directions.
At four special points along the beam line it is possible to collide the two beams. These points
are called interaction points and around them big experiments are located to measure the
results of these collisions. The focus of this thesis will be on the CMS experiment as one of
two large 47 multi-purpose experiments at LHC. The other rivaling experiment is ATLAS .

16



3.2 Compact Muon Solenoid (CMS) detector 17

3.1.1 Luminosity

The interesting processes produced from pp collisions often have small production cross sections
(production probabilities), therefore, a high number of collisions is needed to be able to analyze
them. To achieve this, proton bunches with approximately 10! protons are collided at the
LHC every 25ns. The collision rate can be defined based on the total cross section for pp
collisions opp and the instantaneous luminosity L of the LHC,

dN
The instantaneous luminosity is a quantity that defines the potential of an accelerator and can,
for head on collisions, be calculated from beam parameters as

2
| = Nb‘nb'frev
4.m-0x-0y

(3.2)

where Ny, is the number of protons in one bunch, np, is the number of colliding bunches in the
beam, f, is the revolution frequency with which the bunches are collided at the LHC and
ox/oy are the widths of the bunches in the x-y plane.

To quantify the amount of data taken at the LHC over a longer period of time, the integrated
luminosity is calculated,

Lint = /dt- L. (33)

With the information about the integrated luminosity, cross section measurements of interesting
processes can be performed by counting how many of such processes happened in the taken
data.

The analysis in this thesis will focus on data taken at the CMS experiment during the 2018
period. The integrated luminosity delivered by the LHC during that time is 59.8 fb~*.

3.2 Compact Muon Solenoid (CMS) detector

The CMS experiment at the LHC is one of the most advanced particle detectors ever built,
enabling exploration of the fundamentals of particle physics. This experiment is designed to
investigate a wide range of high energy processes, including the measurement of the SM Higgs
boson and potential discoveries of new particles predicted by BSM theories.

A cutaway sketch of the CMS detector is shown in figure The detector components are
positioned around one of the interaction points along the LHC ring covering almost the full
47 solid angle. The overall length of the CMS detector is approximately 29 meters, it has a
diameter of around 15 meters and its weight exceeds 14 kilotons. All of this is the result of
the design and engineering of state-of-the-art technologies put together with the purpose of
measuring high energetic particles. The subdetector components of CMS will be discussed in
more detail in the following sections.

17



18 3 CMS experiment at the LHC
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Figure 3.2: Cutaway sketch of the CMS detector . The detector cylindrically surrounds the
beam pipe. The pp collisions happen in the center of the detector system and the
resulting particles are measured by the different subdetectors.

Any analysis that is performed on data recorded with the CMS detector uses the same Cartesian
coordinate system. The origin is set to the interaction point where the pp collisions take place.
The z-axis aligns with the LHC beam line and points in clockwise direction. The x-axis points
inwards to the center of the LHC ring and the y-axis points vertically upwards.

Since the CMS detector is cylindrical many CMS analyses used polar instead of Cartesian
coordinates. The azimuthal angle ¢ € [—, ] is defined in the x-y plane and the polar angle
6 € [0, 2x] in the radius-z plane. Normally, the pseudorapidity

1= (2)

is used instead of the polar angle 6 as an approximation for rapidity which is valid as long as
the energy of the produced particles in a collision is much larger than their mass. The ranges
of  and € can be compared and the locations of the individual detector components can be
seen in figure 3.3 where a quadrant slice of the CMS detector is shown.

Further, some important observables that are used in CMS analyses need to be defined. In a pp

collision the momentum of the colliding particles is unknown because the protons themselves do
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Figure 3.3: Upper right quadrant in the radius-z plane of the CMS detector . The setup of
all subdetectors is shown with their coverage in pseudorapidity 77 and polar angle 6.

not collide but partons within the protons. However, it is known that a collision happens along
the z-axis and all of the momentum before the collision is directed only along the z-axis and is
zero along the x- and y-axis. Due to the law of momentum conservation this is also valid after
a collision. One of the main observables is the transverse momentum that is defined as

pr = (Px. py. 0), (3.5)
pr = |Pr| = \/P% + P}. (3.6)

Because of the mentioned conservation law the sum of all measured particle pt's is expected
to be zero. Reasons why this sum might deviate from zero are mismeasurements of the particle
momenta and energies or particles which are not measured because they do not interact with
the detector. The most prominent candidates for that are neutrinos, but there could also be not
yet known particles which result in a missing transverse momentum. This quantity is defined as

[—)‘?iss — Z 5T,i (37)
i

where the index / represents all reconstructed particles.

Using the mentioned variables, a commonly used definition of a Lorentz vector for a reconstructed
particle is (pr, 7, ¢, mass) and the spatial distance between two reconstructed particles can be

calculated with

AR = \/(771 — ) + (¢1 — $2)°. (38)
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20 3 CMS experiment at the LHC

3.2.1 Silicon trackers

The silicon trackers of the CMS detector are used to precisely reconstruct the paths of charged
particles, allowing to measure their momenta and reconstruct interaction vertices. The tracker
system consists of two parts, the inner tracker with the pixel detector and the outer tracker
with the strip detector . A sketch of the tracker system is shown in figure .
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Figure 3.4: Sketch of a quadrant of the CMS silicon tracker layers in the radius-z plane .
The layers of the pixel tracker system are shown in green and are the innermost
part of the detector closest to the beam line along the z-axis. In blue and red the
strip detector is visualized for the barrel and endcap regions.

The pixel detector is positioned just a few centimeters away from the interaction point. It
consists of silicon pixels with dimensions of 100 um x 150 um designed to provide a three
dimensional reconstruction with high resolution. The pixels measure electrical signals induced
by charged particles passing through the pixel. Due to effects such as charge sharing between
neighboring pixels, the resolution of reconstructed hit can be improved to around 10 um in the
radius-z direction and around 20 — 40 um in the z direction. The pixel detector has four barrel
layers and three endcap disks covering a range up to |n| = 2.5, which will be referred to as
central region. As will be discussed later in sections [3.3.1] and [3.4.5] the pixel detector is the
most important component allowing to precise identify the primary interaction vertex and any
secondary vertices that may occur when for example B hadrons decay.

The strip detector is located after the pixel detector. The strips are also made of silicon
and have a pitch of around 100 — 200um. Although they provide one less dimension for the
reconstruction this is mitigated by setting up stereo layers where the strips are rotated by a
small angle to each other, thereby recovering the three dimensional reconstruction. The strip
detector consists of two barrels with four layers in the inner barrel and six layers in the outer
barrel and two endcaps with three inner disk layers and nine outer disk layers. The hit resolution

is approximately 15 — 45 um.
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3.2 Compact Muon Solenoid (CMS) detector 21

3.2.2 Electromagnetic calorimeter

The electromagnetic calorimeter (ECAL) of the CMS detector is designed as a
homogeneous calorimeter and has the purpose of measuring particles that mainly interact
electromagnetically, such as electrons and photons. The ECAL consists of over 75 thousand
lead tungstate (PbWO,) crystals which are chosen for the excellent properties of lead tungstate
as both a scintillating and showering material. Lead tungstate is tolerant to radiation and
has a high density (8.28 %) resulting in a relatively short radiation length of 0.89 cm, which
is relevant for the depth of electromagnetic showers, and a Moliére radius of ryy = 2.19cm
defining the typical width of the showers. Further, the response time of lead tungstate is
fast enough to collect more than 99% of the light within 100 ns, making it suitable for the
collision rates at the LHC. Each crystal has a length of 23 cm and a cell size of 2.2cm x 2.2cm.
Therefore, each crystal can hold about 26 radiation lengths and is able to almost fully absorb
the energy of electrons and photons without extra layers of absorber material between the

crystals.

Like the tracker system, the ECAL is divided into a barrel region with |n| < 1.479 and an
endcap region that extends the range to |n| = 3, which is also outlined in figure . Between
the barrel and endcap regions there is a small gap without detector material which means that
for 1.479 < |n| < 1.653 almost no particles are reconstructed. Further, the endcap crystals are
1 cm shorter than the barrel crystals due to geometric constraints of the detector.

/_

////// ? _____:—_::___:— _‘30 EndCap
{"'===::;—Z—_ ECAL (EE)

Figure 3.5: Sketch of a quadrant of the CMS electromagnetic calorimeter in the radius-z
plane . The ECAL consists of three parts, the barrel, endcap and preshower
layers before the endcap.

The main drawback of PbWOQy is its rather low light yield, which means that photodetectors

with internal amplification are needed. In the barrel region silicon avalanche photodiodes
(APDs) are used, while in the endcap region vacuum phototriodes (VPTs) are utilized.
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22 3 CMS experiment at the LHC

In front of the endcaps, a preshower detector is located and consists of two lead absorbers with
scintillating layers in between. The preshower detector is used to improve the identification of
neutral pions 7° decaying into two photons and to separate them from prompt photons.

The performance of the ECAL is mainly defined by the energy resolution of individual particles,
which is measured from electron pairs decaying from Z bosons. The relatice energy resolution
has the following dependencies on the energy in units of GeV

OFE

o _a,
- E

= @ const. (3.9)

b
VE
The constant term is around 0.3% and is mainly caused by energy leakage or changes in the
detector response from radiation damage over time. This constant term becomes dominant
at higher energies. The term proportional to ﬁ is related to statistical fluctuations in the
showers and the detection process and improves the resolution for higher numbers of particles
and consequently higher energies in electromagnetic cascades produced by electrons or photons.
The value of b is around 2.8%. The % proportionality is mainly related to noise in the read-out
of the electronics and becomes more important for low energies. This term scales with a value
of a~ 12%.

3.2.3 Hadron calorimeter

The hadron calorimeter (HCAL) of the CMS detector [36) is located beyond the ECAL and
measures the energy of particles that are not fully absorbed by the ECAL. These are mainly
hadrons like protons, neutrons, pions and kaons. The HCAL is the most enclosed part of
the CMS detector, covering a wide range up to |n| = 5 and capturing as many particles as
possible produced from the pp collision. The only particles that are able to pass the HCAL are
muons, which only loosely interact with the detector material, and neutrinos, which do not (to
a negligible degree) interact with the material.

The HCAL needs to be deep and dense to effectively stop particles. On the other hand, the
size of HCAL is restricted by the design of the CMS detector to fit both calorimeters inside
the superconducting solenoid. Unlike the ECAL, the HCAL is a sampling calorimeter with
alternating layers of brass as absorber material and active scintillating material. It consists of a
barrel region that goes up to || < 1.5, an endcap region for 1.5 < || < 3.0 and a forward
calorimeter covering 3 < |n| < 5, which is sketched in figure The total thickness of the
HCAL depends on the 7 region and varies from around 5.8 nuclear interaction lengths A\ at
n =0 and 10 - X for |n| > 1.3. The interaction length of brass is A = 16.42 cm.

Due to the compact design choice of CMS, it can happen that hadrons with high energy
can sometimes produce showers that extend beyond the HCAL. Therefore, an outer HCAL
component is added outside the solenoid to capture these residuals, consisting of two calorimeter
layers.

The energy resolution of the HCAL is worse than the resolution of the ECAL because of the
alternation of inactive absorber material in the calorimeter, a smaller number of interaction
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Figure 3.6: Sketch of a quadrant of the CMS hadron calorimeter in the radius-z plane . The
HCAL is split into four different parts, the barrel, endcap and forward calorimeters
as well as a outer calorimeter component.

lengths and larger energy variations and compositions in hadronic showers compared to electro-
magnetic showers. This can partially be mitigated by reconstruction algorithms that take into
account multiple subdetectors for the reconstruction. The approach is described in more detail

in section [3.3.3!

3.2.4 Superconducting solenoid

A key part of the CMS detector is the superconducting solenoid magnet [38], which is arranged
around the tracker system and both calorimeters. It creates a strong magnetic field that bends
charged particles through the Lorentz force on a curved trajectory. This allows the measurement
of the momentum of charged particles. The radius r of the curvature is proportional to the

transverse momentum pt of the particles, which is perpendicular to the direction of the magnetic
field B .
pPT

Cq-B
The magnetic field runs along the z-axis causing particles to bend in ¢ direction. Furthermore,
the charge sign g of the particles can be identified based on the direction of the bending.

(3.10)

The magnet is made from superconducting niobium-titanium coils. It is cooled down to around
4.65 K where the material enters a superconducting state and has zero resistance. This allows
to produce a homogeneous magnetic field inside the solenoid of 3.8 T. To capture the magnetic
flux outside the solenoid, it is surrounded by a 12 kiloton steel yoke. A measurement of the
magnetic flux density produced by the magnet, both within the solenoid and in the return yokes,

is illustrated in figure[3.7|
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Figure 3.7: Measurement of the magnetic field in the radius-z plane of the CMS detector.
The left part shows value of the magnetic flux density and the right part the
magnetic field lines.

3.2.5 Muon chambers

The muon system of the CMS detector [39) is located outside the solenoid and covers a
range up to |n| < 2.4. Its sole purpose is to measure the momentum of muons because they
are the only SM particles, besides neutrinos, that are not stopped by the previously mentioned
subdetectors. The muon system consists of gaseous detectors placed between layers of the
steel yoke, as shown in figure to detect muons at multiple points along their paths through
the muon system. There are three different types of muon detectors in use, namely drift tubes
(DTs), cathode strip chambers (CSCs) and resistive plate chambers (RPCs). The chambers
are arranged in a barrel region that goes up to || < 0.9, an overlap region in the range of
0.9 < |n] < 1.2 and an endcap region (1.2 < |n| < 2.4) to ensure maximum coverage and
some overlap between the different muon detector types.

The drift tubes (DTs) cover a region of || < 1.2 and are located in the barrel part. They are
filled with a gas mixture of Ar and CO, and have a stretched wire located within it. When
charged particles pass through the tubes, they ionize the gas and the freed electrons drift
towards the positively charged wire. The hit resolution is approximately 0.1 mm.

The cathode strip chambers (CSCs) cover a region of 0.9 < |n| < 2.4 and are located in the
endcap part. Each CSC consists of multiple layers of parallel wires and cathode strips segmented
perpendicularly to the wires. When charged particles pass through the chambers, the gas in
the chambers ionizes and the freed charged particles drift to both the wires and the cathode
strips. Due to the design of the wires and strips, a very precise time and position measurement
is possible. The hit resolution for the CSCs is approximately 75 um.

24
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The resistive plate chambers (RPCs) are present in both the barrel and endcap, and cover a
range of || < 1.9. One RPC has two flat parallel plates made from synthetic material with
high resistance. These plates are separated by a few millimeters in a gas tight volume and are
coated with conductive graphite paint of opposite charge to act as electrodes. The RPCs are
not as good regarding the hit resolutions but they have the best time resolution of around 3 ns
out of the three used muon detectors. Therefore, the RPCs are able to provide hit information
for the trigger system (see section to make fast decisions if an event should be saved.

3.2.6 Trigger system

Proton bunches collide in the interaction point of the CMS detector at rates of around 40
million times per second. In each of these bunch crossings, multiple pp interactions can happen
at the same time. For the 2018 data taking era, on average, 55 pileup interactions happened
per bunch crossing. This results in around 1 MB of information for each event that must be
read out. With a resulting data rate of about 40 TB/s, it is clear that recording all the data is
not possible. Therefore, a two stage trigger system is incorporated to reduce the amount of
data and only record events of interest.

The first stage is the Level-1 (L1) trigger [41]
CMS detector components and decides within 4 us whether an event should be recorded. The

, Which is a hardware-based system within the

decision is made based on relatively primitive information taken from the calorimeters and
the muon system. The L1 system analyzes energy clusters that can be reconstructed as jets,
charged leptons or photons. Further, possible reconstructed tracks in the muon system are
checked and in the end a decision is made based on some predefined selection criteria, e.g. a
lower pt threshold for muons. If an event meets these criteria, it is fully read out. The L1
trigger reduces the event rate to around 100 kHz.

The second stage is the high-level trigger (HLT) [42]
uses a computer farm to process events. During this stage, an event reconstruction is performed

, which is a software-based system that

similar to the main reconstruction methods discussed in section Since decisions if an event
should be recorded long-term have to be made in real time, a more streamlined reconstruction
process is used. The HLT employs jet clustering algorithms and identification algorithms for
charged leptons and photons using predefined paths that sequence the reconstruction steps
efficiently. If at least on HLT trigger path is passed, the event is stored to be used later in
offline data analyses discussed in the following sections. This procedure reduces the data rate
to about 1kHz. Some HLT paths still have a higher data rate, which is why they are prescaled.
This means that only each n-the event is stored for the specific HLT path.

3.3 Event reconstruction at CMS

In a collision event at CMS, thousands of different particles are produced and while they scatter
in all directions or decay into other particles the detector is used to measure their energies
and momenta. The difficult part is to reconstruct and identify characteristic signatures in this
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busy environment corresponding to specific types of particles like electrons, muons or hadron
originating from quarks or gluons. In this section the general event reconstruction as well as
the object identification algorithms relevant to this thesis are discussed.

3.3.1 Track and vertex reconstruction

The event reconstruction starts in the tracker system of CMS since it is the most precise
measuring device in CMS and also closest to the interaction point. The first step is a local
reconstruction of hit information from charged particles. Measured signals in the pixel and strip
channels are clustered together and used to estimate the position of the hits.

These hits are further used to reconstruct tracks, which represent the trajectory of charged
particles in the detector, and to estimate their momentum and position. Even in a single event,
the number of hits is quite high, which makes the reconstruction of tracks computationally
challenging. The track finding algorithm in CMS is based on a Kalman filter . To make
the track finding as efficient as possible, an iterative approach is used starting from easily
identifiable tracks, for example due to a relatively large pt or being close to the interaction
point. The hits related to these tracks are then removed for the next track finding iteration.
The reduced set of hits makes it easier to find less evident tracks. This procedure is repeated a
few times until in the last iteration only some very displaced (from the interaction point) or
low pt tracks are left.

The next step after the track reconstruction is the reconstruction of interaction vertices (proton-
proton interaction points). First, tracks are selected based on some quality criteria. For a track
to be selected it has to be prompt, which means it has a low impact parameter (transverse
distance) relative to the center of the beam crossing, the number of associated strip and pixel
hits is at least five with more than two pixel hits and the x2 from the fit of the track trajectory
is small.

Next, these tracks are clustered into groups that most probably originate from the same
interaction vertex. The clustering of tracks is performed based on the z-coordinate along
the beam axis using a deterministic annealing algorithm [44]. This algorithm determines the
number of vertices and assigns tracks to them based on a probability approach.

For each identified vertex with at least two associated tracks, the adaptive vertex fitter
is used to calculate vertex parameters like position, covariance matrix and number of degrees
of freedom, representing the quality of the fit. The efficiency of the vertex reconstruction is
almost 100% if more than two tracks are used and the resolution of the vertex also improves
with an increasing number of tracks.

In a single event, normally several vertices are reconstructed due to the fact that not only
one interaction happens in a collision. To identify the vertex from the hard interaction, the
magnitudes of the transverse momenta of the tracks of each vertex are summed quadratically
Zp%. The vertex with the highest sum is defined as the primary vertex. All other vertices are
considered pileup.
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3.3.2 Energy cluster reconstruction

After the tracker system, particles pass through the ECAL and HCAL and deposit energy in the
cells of the calorimeters. These energy deposits are reconstructed as clusters, for ECAL and
HCAL separately . To reconstruct a cluster, seed cells are identified with an energy deposit
higher than a given seed threshold (several 100 MeV) and a higher energy than neighboring
cells. Starting from a seed cell, neighboring cells are added to the cluster, as long as their
energy deposit is higher than a given noise threshold, forming a topological cluster. Since
clusters often overlap, a Gaussian-mixture model is used to reconstruct the clusters assuming
that each seed cell corresponds to one normally distributed energy deposit.

Due to the applied energy thresholds for the clustering, the measured energy is expected to be
smaller than the true energy of the particles. Therefore, an energy calibration is performed.
First, the ECAL is calibrated dependent on the pseudorapidity using simulated single photons.
Especially for low energy photons the energy is underestimated and the correction goes up
to 20%. The calibration is validated using the abundant production of neutral pions in the
collision data. Because neutral pions decay almost always into a pair of photons, the invariant
mass of the photons can be fitted and compared to the known pion mass of 135 MeV.

The HCAL is calibrated after the ECAL because hadrons deposit energy in both ECAL and
HCAL and the response to hadrons in the ECAL is substantially different compared to photons
or electrons. Therefore, the HCAL calibration depends not only on the pseudorapidity but also
on the deposited energy fraction between ECAL and HCAL and is performed using simulated
neutral KE. Also for the HCAL, the energy is especially underestimated for low energies and
the correction goes up to 40%. The calibration is validated using isolated charged hadrons
from collision data.

3.3.3 Particle flow algorithm

In a proton-proton collision, all sorts of particles are created. The different subdetector systems
of the CMS detector are developed to target the measurement of trajectories and energies of
different groups of those particles, like charged or neutral hadrons, photons or leptons. However,
these particles do not interact with only one subdetector system. Depending on the particle,
the particle itself or its decay products leave traces in multiple detector layers. In CMS the
particle flow (PF) algorithm [46] uses this circumstance to improve the reconstruction of these
particles by combining the information from different subdetectors.

The PF algorithm takes the so-called PF elements from the various detector layers and tries
to link them. PF elements are, for example, the already introduced reconstructed tracks (see
section |3.3.1) or the reconstructed energy clusters in the ECAL and HCAL (see section 3.3.2).

First, tracks are extrapolated to the ECAL based on their outermost hit in the tracker system.
If energy clusters are found within an angular acceptance of the track extrapolation, these
clusters are linked to the track. If multiple tracks are linked to the same cluster or multiple
clusters are linked to the same track, only the link with the smallest link distance is kept. The
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link distance is defined as the distance between an extrapolated track position and the position
of a cluster in the 7-¢ plane.

Further links are set due to electron bremsstrahlung. For that, tangents are extrapolated for
each intersection of a track and a tracker layer. Bremsstrahlung photons either produce clusters
in the ECAL or convert to eTe™ pairs, which again are reconstructed as tracks. A link is made
if a tangent is compatible with an ECAL cluster or with the sum of the momenta of two other
tracks.

A similar procedure is performed between ECAL and HCAL clusters where a cluster in the
ECAL has to be within the envelope of a HCAL cluster to be linked. How all these links are
used to reconstruct particles is described in the next sections.

After all PF candidates are identified, the particle collection is still contaminated by particles
from pileup. Such pileup particles affect the reconstruction of jets (see section , missing
transverse momentum or the isolation of leptons. To mitigate this problem, reconstructed
charged hadrons that can be associated to a pileup vertex are removed from the particle
collection. For other particles like photons or neutral hadrons, which do not interact with the
tracker, this is not possible.

3.3.4 Electron reconstruction

The electron reconstruction is part of the PF algorithm . While passing through the detector
and interacting with the material, electrons emit photons due to bremsstrahlung and, in turn,
photons convert to eTe™ pairs. This results in cascades of electromagnetic decays called
electromagnetic showers that are mainly measured in the ECAL. Due to this close entanglement
between electrons and photons, they are reconstructed together .

The reconstruction starts with the tracks. Due to the bremsstrahlung photons emitted from
electrons while they pass through the tracker material, the trajectory of the electrons changes.
To adapt to this circumstance, an additional Gaussian-sum filter (GSF) is applied to the
tracks. The difference from normal track fitting is that the GSF is better adapted to sudden
and substantial energy loss along the track trajectory.

While originating from only one electron or photon, several electrons/photons reach the ECAL
because of the electromagnetic showering. To capture the energy from the original object, the
ECAL clusters that are geometrically close to a seed cluster are combined into a supercluster.
Further, no HCAL clusters should be present within close distance to the ECAL supercluster
direction, and if there is one, its energy should not exceed 10% of the energy deposited in the
ECAL supercluster.

The GSF tracks, superclusters, but also normal tracks are forwarded to the PF algorithm that
links them together define PF candidates. The normal tracks are added to the candidate if
they can be identified as electrons/positrons coming from a photon conversion. The difference
between photon and electron PF candidates is that an ECAL supercluster is not linked to a
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GSF track, since photons are neutral particles and do not leave tracks. All tracks and clusters
used for the electron and photon reconstruction are removed from the collection in further

processing.

Although the ECAL energy is already calibrated as discussed in section [3.3.2] the reconstruction
of electrons and photons using superclusters introduces new sources of errors like energy loss
through shower leakage or dead crystals in the ECAL. There is also energy lost on the way
through the tracker material, leading to a smaller reconstructed energy compared to the initial

energy.

To account for this, the electron/photon energy is corrected using a multivariate regression
with boosted decision trees (BDTs). The regression target is the ratio of the true energy and
the reconstructed energy of an electron or photon and is applicable individually to each PF
candidate. The correction consists of three sequential steps. First, the supercluster energy itself
is corrected. Second, the resolution of the supercluster energy is corrected to better match the
real detector conditions. And third, the combined energy estimate of supercluster and tracks is
corrected, for electrons only.

The BDTs are trained on simulated electron and photon pairs. This means that differences
between simulation and real data still remain after the correction, especially the resolution
is usually better in simulation. To account for that, an additional correction is derived by
fitting a Breit-Wigner function to the invariant mass distribution of di-electron pairs targeting
the Z boson peak, in data and simulation separately. The difference of both fits is used to
obtain the scale offset. To get the correction for the resolution the simulated invariant mass
distribution is directly fit to data with different variations of Gaussian smearing (0.1 to 1.5%)
applied to the simulation. The best fit result is used as the energy resolution correction.

3.3.5 Muon reconstruction

Muons are a special reconstruction case because their reconstruction is not directly part of the
PF algorithm. This has to do with the very high purity and efficiency of the muon reconstruction
using the dedicated muon detector system of CMS. The efficiency is given by the wide coverage
of the muon system and the purity is a result of the absorption of almost all other particles
before they reach the muon system. The only exceptions are neutrinos or some punch-through

hadron showers.

There are three types of reconstructed muons . The first type depends only on the muon
detector system to reconstruct a muon. Several hit segments have to be present in the DT,
CSC or RPC detector parts along the muon trajectory. These hits are then fitted to obtain
a standalone muon track. Such muons have a worse momentum resolution compared to the
other muon types and are often faked by cosmic muons.

The second type is a global muon. For that a standalone muon track has to match to a track
in the tracker system. The hits from the tracker and muon system are combined and fitted
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to obtain a global muon track. Due to the combination, especially for high pt muons, the

momentum resolution increases significantly compared to a standalone muon.

The third type is a tracker muon. This reconstruction type mainly relies on the tracker system.
Tracks in the tracker system are extrapolated to the muon system and, if at least one segment or
hit can be matched to the extrapolated track, it is counted as a tracker muon. This muon type
has a higher efficiency for low pt muons but is also more affected by muon misidentification
from hadron shower remnants in the innermost layers of the muon detector system.

About 99% of the reconstructed muons are global or tracker muons. After the reconstruction,
the muons are given to the PF algorithm that applies additional quality criteria to the muons
to select the muon PF candidates. The tracks involved are removed to simplify the PF

reconstruction of other particles.

3.3.6 Hadron reconstruction

After muons, electrons and photons are reconstructed and the corresponding tracks, clusters
and segments are removed from the PF algorithm, the leftover particles to be reconstructed are
charged and neutral hadrons. Within the tracker acceptance of || < 2.5 hadrons leave only
a small fraction of their energy in the ECAL (about 3%). Therefore, only HCAL clusters are
considered to reconstruct the hadron energy. Outside of the tracker acceptance this changes
but this is not of relevance for this analysis because no objects are selected with |n| > 2.5.

HCAL clusters without any links to tracks are assigned to neutral hadrons. For charged hadrons
the remaining HCAL clusters are linked to at least one track in the tracker system that is not
linked to any other HCAL cluster. Then, for these charged hadron candidates the sum of the
track momenta is compared to the calibrated energy in the calorimeters. Depending on the
compatibility a redefinition of the particle hypothesis is done. If the calibrated energy and the
track momenta are compatible, the candidate stays a charged hadron and the momenta are
redefined based on a combined fit of tracker and calorimeter information. If the calibrated
energy is significantly larger than the sum of track momenta, a split is done into multiple
candidates. The tracks are used for new charged hadron candidates and depending on the
energy allocation in the ECAL/HCAL additional photon or neutral hadron candidates are added.
In rare cases, the calibrated energy is significantly smaller than the sum of track momenta.
In this case a global muon candidate that failed the quality criteria before but would match
the tracks and calorimeter clusters is looked for. After a re-evaluation of the global muon
momentum with the additional information, a few more muons can be added to the muon PF
candidates.

3.3.7 Jet reconstruction

During a pp-collision several quarks and gluons are produced or scattered. After losing enough
energy they start to hadronize and build hadrons like pions or kaons. The initial quarks and

gluons which originate from a hard process often have a high momentum, which leads to the
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effect that all hadrons originating from these quarks or gluons are collimated in the same
direction and can be clustered together within a narrow cone, starting from the initial particle.
These reconstructed cones are referred to as jets.

In CMS the mainly used jet clustering is based on the anti-k; algorithm but in this thesis
also other jet clustering algorithms are used depending on the object of interest. All of these
algorithms use sequential recombination and can be written down in a generalized way. For
the recombination, PF candidates are used. Starting from a hard particle i (high pt), close by
particles j are checked and recombined to a new pseudo-jet object based on a distance measure

e — i 2n  .2n Ai .
dj = mm(pT,,-, PTJ) . ﬁ with (3_11)
AF = (i — %) + (61 — ¢))°. (3.12)

This recombination is repeated sequentially with the pseudo-jet as the new / as long as d; is

smaller than
dis = p3". (3.13)

In this equation, B is the beam, which means the recombination stops if the distance of the
pseudo-jet is closer to the beam than the next PF candidate. After the clustering is finished
the pseudo-jet is defined as a proper reconstructed jet.

Further, the constant radius parameter R is of interest. It defines the size of the jet cone and is
set to 0.4 for normal jets in CMS. Additionally, for this thesis also wide cone jets are of interest
with R = 0.8. A bigger radius parameter increases the probability of catching more than one
hard particle within one jet. This can be useful when looking for boosted resonances (more on

this in sections 3.4.4/ and [3.4.6)).

As mentioned before, the above equations are a generalized way of describing several jet
clustering algorithms. To get to a specific algorithm, the parameter n has to be defined. For
this thesis, two values of n are relevant.

First, for the standard anti-k; algorithm, n = —1 is used. By this, the distances d;; and djg
contain not only a spatial dependence but also depend on the transverse momentum of the
particles. The inverse pt dependence prefers to accumulate soft particles around one hard
particle, which leads to a very conical representation for a jet. An illustration of the anti-k;
algorithm applied to a simulated event is shown in figure [3.8al Only for the hardest jets a
totally conical structure is visible which means soft particles cluster preferably to harder jet
clusters. For nearby overlapping jet clusters, the cone structure is deformed.

Second, for boosted hadronic tau leptons, which are described in section [3.4.4, the Cambridge-
Aachen (CA) algorithm is used. To obtain the definition of the CA algorithm, n is set to O,
which means that the jet clustering depends only on the spatial distance between the particles.
The effect of this is visible in the illustration of the CA algorithm applied to a simulated event
in figure [3.8bl The jet clusters do not have a conical structure like with the anti-k; algorithm
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Cam/Aachen, R=1

(a) Anti-k; algorithm (b) Cambridge-Aachen algorithm

Figure 3.8: A single simulated parton-level event with randomly added soft particles is recon-
structed with two different clustering algorithms . For both algorithms the
radius parameter is set to R = 1. In (a) the anti-k; algorithm is used and shows a
very conical clustering with the hard particle located in the middle. In (b) the CA
algorithm is used. Because only the spatial distance is relevant for the clustering a
bigger fluctuation is visible from a cone shape and the hard particle is not always
located centrally in the jet.

since no preference is given for soft or hard particles. Although the CA algorithm is worse in
resolving jets than the anti-k; algorithm, it has the advantage that the de-clustering of jets is
much easier. The de-clustering of wide cone CA jets (R = 0.8) is one of the key ingredients
for the identification of boosted hadronic tau leptons (see section [3.4.4).

For the jet clustering algorithms the pileup mitigation strategy mentioned in section is
used. However, for the calculation of the missing transverse momentum 5-'}“55 an alternative
approach is used that includes all particles and not only charged hadrons. The pileup per
particle identification (PUPPI) algorithm assigns a weight with values between zero and
one for each particle. Particles with values close to zero are expected to be from pileup while
particles with values close to one are associated to the primary vertex. For charged hadron an
exact value of zero or one is assigned based on the track association to a pileup or primary
AMiss

vertex, respectively. The weights are used during the calculation of p7"'** and are applied to the
particle four momenta to basically remove pileup particles from the reconstruction.

The weight of a particle is estimated via a discriminating distribution called «. This distribution
distinguishes between pileup and primary vertex particles based on several kinematic features
like e.g. pr. For charged particles it is clear whether they are from the primary vertex (PV) or
from pileup. This information is used to identify regions in « that are closer to pileup or closer
to the PV. The discriminating distribution « is similar for charged and neutral particles and the
weights for neutral particles are estimated by comparing it with the known distribution from
charged particles.
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Although an energy calibration has already been done on the level of calorimeter clusters,
another energy calibration is performed specifically for reconstructed jets . The jet energy
scale and resolution corrections are measured depending on the pseudorapidity 17 and transverse
momentum pt of jets using several methods. These methods exploit well known measurements
of Z — puu/ee or a photon ~ in association with a single jet. The muons, electrons and photons
can be measured very precisely and the pt of the reconstructed Z boson or photon is used
to calibrate the pt of the recoiling jet. Additionally, to better account for gluon induced jets,
QCD di-jet events are used for the energy calibration where one of the jets is already corrected
from the Z/v+jet calibration.

Regarding wide cone jets (R = 0.8), a special mass reconstruction of the jets is relevant for this
analysis and is performed to better identify and reconstruct two-prong jet substructures. The
SoftDrop algorithm [53] is used to groom jets and remove soft radiation originating from initial
state radiation (ISR), underlying event (UE) or pileup. The algorithm iteratively de-clusters a
jet down to its first two jet constituents. In each step the two subcomponents / and j with
their transverse momenta prt; and pt ; as well as their distance R; ; are checked and the softer

one is removed if the following condition is not fulfilled:

min(pT,i, PT.j) (R’,j)ﬁ
—— > Z - | — 3.14
pr.i+PT, o R ( )

If the condition is fulfilled, the algorithm stops and the two subcomponents are defined as two
subjets representing the two-prong substructure of the wide cone jet and used to reconstruct
the jet mass. In the following, this mass will be referred to as softdrop mass mgp. For CMS
analysis the soft cut-off threshold z.: is set to 0.1 and the angularity exponent 5 to 0.

3.4 Object identification at CMS

After the reconstruction of particles or clusters of particles in an event, additional algorithms
are applied to even stricter identify them. While electrons and muons are identified as their
own object and have no subgroups, jets as an object can represent multiple particles like gluons,
quarks of all the different flavors or tau leptons which decayed hadronically. The following
sections describe the object identification algorithms relevant to this thesis.

3.4.1 Electron identification

Electron candidates reconstructed with the PF algorithm include not only prompt electrons
coming directly from a hard process but also electrons from photon conversion or misidentified
charged hadrons. To reduce the contribution from such misidentified electron candidates, some

quality criteria are applied .

The isolation criterion has the goal of removing jets misidentified as electrons and genuine
electrons produced as a decay product from other particles, e.g. within a b quark induced jet.
In both cases there is a significant energy contribution present around the electron trajectory.
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An isolation quantity is defined including the pt of all PF candidates around the electron within
a radius of AR < 0.3.

lso — Z p_crharged + max [0, Z p_r|1_eutral had. + Z p:I/' _ p_IP_U} (3_15)

The charged PF candidates include only those associated with the primary vertex. For neutral
hadrons and photons the vertex association is not possible. Instead, a pileup related correction
p-',D-U is subtracted from the pt sum of considered neutral particles. The pileup correction
depends on the energy density p. The density is measured for each event as the median of the
energy distribution per area in (7, ¢) and, in turn, depends almost linearly on the number of
reconstructed vertices in the event. With the energy density p the pileup correction is calculated

as
PU

pT- = p - Aetr. (3.16)
The effective area Aqf is defined by the isolation cone around the electron and the area that it
covers in the 7-¢ plane. To have a consistent definition of the isolation for all electrons, the
isolation relative to the pt of the electron in question,

Iso
-,
e

(3.17)

Isorel =

is used to identify isolated electrons. In this thesis different kinds of electrons and isolation
cuts are relevant depending on the targeted final state topology of the signal processes. For

example, for boosted tau lepton pairs it is required that the electron is not isolated. A detailed
description of the event and electron selection is discussed in section and [4.3.2]

Since the selection based on the relative isolation is quite analysis specific, additionally a more
general selection of electrons is carried out using a boosted decision tree (BDT) algorithm [54].
The BDT is trained to separate prompt electrons from non-prompt or misidentified electrons.
The inputs to the BDT are variables related to the reconstruction of the electrons. This includes,
for example, the matching quality of tracks to superclusters, more specific information about
the supercluster shape or the relative contribution of bremsstrahlung to the supercluster energy.

Each electron candidate gets a score assigned by the BDT with a value between minus one and
one, where one corresponds to a prompt electron and minus one to a misidentified electron.
For the analysis in this thesis electrons are selected based on the BDT score equivalent to a
90% selection efficiency and a misidentification rate of around 3%.

3.4.2 Muon identification

The identification of muons works similar to the electron identification . The isolation of
a muon is calculated with the same equation as already introduced for electrons. The
only difference is in the definition of how the pileup correction p?u is derived and the isolation
radius is set to AR < 0.4.
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To obtain the pileup correction for each event, the pt of all charged hadrons originating from
pileup vertices is computed. Further, the assumption is made based on simulation results
that in a pp collision the number of produced charged hadrons is approximately the same as
the number of produced neutral hadrons and photons. Using this approximation the pileup

correction results to
p_|ID_U —05. Z p_crharged, PU_ (318)

Similar to the electron identification, in this thesis the muon isolation selection depends on the
targeted final state topology of the signal processes and is further discussed in section 4.3.1]
and [4.3.2

The muon identification algorithm is applied independent of the isolation and uses a set of
variables that are combined to define different selection working points, allowing an analysis
specific balancing between purity and efficiency. These variables are related to different parts
of the muon reconstruction like the fit of the tracks, the number of hits in the tracker or muon

system or the matching quality of tracks and segments for global muons.

In this analysis the medium working point (WP) is used, which targets prompt muons and
muons from heavy flavor decays. To pass the medium WP the muon has to be classified as
either a tracker or a global muon by the PF algorithm. Further, a muon track must pass
through at least 80% of the tracker layers. Next, for global muons the fit with both tracks
and segments has to fulfill some quality criteria related to the degrees of freedom (dof) and x?
of the fit. The criteria are x? < 12 and x?/dof < 3. In addition, a kink-finding algorithm is
run to check the quality of the tracks. The algorithm splits a muon track at different points
along the trajectory in the tracker system into two tracks and compares them. The x? of this
comparison must be smaller than 20 for the initial track to be considered as a single track. All
these checks lead to an overall muon identification efficiency of 99.5% for simulated W and Z

boson decays into muons.

More working point definitions can be found in , however, they are not discussed further in
this thesis because they are not used.

3.4.3 Hadronic tau lepton identification

07135 and decay before

Tau leptons have a relatively short mean lifetime of around 2.9 - 1
they reach the CMS detector. Additionally, the tau lepton is the only lepton that can decay
into hadrons due to its higher mass compared to the other leptons and light hadrons. The
branching fraction for a tau lepton to decay hadronically is around 65% and the decay products
are reconstructed as jets in the CMS detector. This also means that jets from tau leptons blend
in with the abundant jet production from hadronized quarks and gluons, making it difficult
to differentiate them from each other. Such hadronically decaying tau leptons will be further

denoted as T},.

To identify 7, the hadron-plus-strip (HPS) algorithm is used. This algorithm is applied
to each reconstructed jet. The possible final states of a hadronic tau decay can be found in
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table . The neutral pions (%) almost always decay into a pair of photons which, in turn,
with a high probability convert into et e~ pairs. To reconstruct the energy of the 7%, photon
and electron candidates within a jet are clustered within a certain An x A¢ region. The exact
region values depend on the pt of the candidates involved, but the upper and lower limits
are An € [0.05,0.15] and A¢ € [0.05,0.3]. The resulting object is called strip. The charged
hadrons within a jet must be associated with the primary vertex and have a pt of at least
0.5 GeV.

Table 3.1: List of all possible weak decays of a tau lepton with the corresponding branching
fractions B in percent \| Charged hadrons are denoted as h*. For simplicity only
the 7~ decays are mentioned but the same branching fractions are also valid for the
charge conjugated decays. The decay mode values are a CMS specific classification
of the hadronic tau lepton decays.

Decay Decay mode B in %
Leptonic 35.2
T — € UVels 17.8
T — W Uulr 17.4
Hadronic 64.8
T~ —=>hTus 0 11.5
7~ = h 7%, 1 25.9
7~ = h 7970, 9.5
T~ —h"hTh v, 10 9.8
7= = h"hTh 70, 11 4.8
other 3.3

The identified charged hadrons and strips are then classified into the decay modes mentioned
in table In this analysis four decay modes are considered, with either one or three charged
hadrons and with or without a 7. The HPS algorithm only considers combinations of hadrons
and strips with charge +1 and if the hadronic system fits within a narrow signal cone range
between 0.05 and 0.1 defined by Rsig = (3 GeV)/pT system- |f more than one 7, candidate is
identified within a jet, only the one with the highest pt is kept.

The HPS algorithm already rejects a significant part of jets originating from quarks or gluons.
Nevertheless, the collection of 7, candidates is still contaminated not only by misidentified jets
from quarks and gluons but also by misidentified electrons and muons reconstructed as jets.
To increase the sensitivity even further in identifying 7, a convolutional neural network based
classifier called DeepTau is used. DeepTau is trained on low-level detector information
from the tracker system, the calorimeters and the muon system together with higher-level
information about the reconstructed 71, candidates. Especially the low-level features significantly
improve the classification compared to the previously used 7, identification algorithms. The
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training is performed using simulated data from different SM processes like Drell-Yan, tt and
W-+jets production and has the task to separate genuine 7, candidates from quark/gluon,
electron or muon induced 7, candidates. The probability-like outputs pparticle of DeepTau are

combined into three discriminants
Pr
DY = —h 3.19
™ Pr Tt Pa (3.19)
where « corresponds to quarks/gluons, electrons or muons. For the discrimination against
quark or gluon induced jets a medium working point (WP) is chosen. This WP corresponds to
a misidentification rate of about 1%. The WPs for the discrimination against electrons and
muons will be discussed in section because they differ depending on the final state of the
analysis.

3.4.4 Boosted hadronic tau lepton identification

Part of the signal processes in this analysis is a boson that decays into a pair of tau leptons. In
some cases this boson can be quite heavy or have large pr. Either way, the pair of tau leptons
gets a significant boost and the tau leptons decay further in almost the same direction. This
means that during the reconstruction both tau leptons would not be resolvable and clustered
within a single jet. Unfortunately, the HPS algorithm used to identify 7, candidates only
reconstructs one 7, candidate per jet.

To still be able to reconstruct hadronic tau leptons, a different reconstruction procedure is
utilized [55]. As introduced in section [3.3.7, wide cone jets (with R = 0.8) reconstructed with
the Cambridge-Aachen algorithm (CA8) are used. The first step is to undo the last step of the
jet clustering algorithm and get the two subjets of the CA8 jets. These two subjets are expected
to originate from the two tau leptons. This also means that both subjets should have similar
kinematic properties. Each of them must have a pt greater than 10 GeV and the reconstructed
mass of the heavier subjet must be less than two thirds of the full CA8 jet mass. These criteria
reduce misidentification of jets produced by multijet QCD events or similar processes where a
single highly energetic quark or gluon is clustered as a CAS8 jet.

At this point there is no real differentiation between hadronic and leptonic tau decays because
an electron or muon from a leptonic tau decay could also be reconstructed as a subjet due to
the enriched hadronic activity around it. If a CA8 jet is found in which both subjets fulfill the
above mentioned criteria, a similar procedure is applied as discussed before for the common
hadronic tau leptons. Both subjets are individually passed to the HPS algorithm and if they
pass, they are defined as boosted 7, candidates.

Similar to the common 7, candidates, the boosted 71, candidates can be misidentified jets from
quarks/gluons, electrons or muons. To increase the selection efficiency of genuine boosted 7,
candidates, three dedicated discrimination algorithms are used for each of the misidentified

objects.

The separation from quark or gluon induced jets is carried out by a BDT. The BDT is trained
on a set of variables related to the 7}, candidate, such as the decay mode, isolation, pt and
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spatial distances of the charged hadrons and strips within the cone of the reconstructed 7y
candidate. The working points of the BDT discriminant are defined based on the isolation
efficiency of the 71, candidates. In this analysis the loose WP is used, which corresponds to
an efficiency of 60%. The reason for not using a tighter WP is that the 7, candidate should
not be too isolated since the final state of the analysis requires a second 7, candidate or a
non-isolated electron or muon to be close.

The discrimination against electron and muon induced 7y, candidates is only applied in some
specific boosted final states of this analysis and the WPs are discussed in section [4.3.2] To
separate genuine 7, candidates from electrons, a second BDT is specifically trained for this
task. The separation from muons is simpler and is based on some reconstruction criteria. To
pass the muon WP used in this analysis, not more than one segment should be present in
the muon system within a AR cone of 0.3 around the 7, candidate. More details about the
electron BDT and other muon working points are discussed in [55].

3.4.5 ldentification of b quark induced jets

Among all quarks and gluons, b quarks produce a rather unique jet signature in the detector.
The b quark decay is CKM-suppressed and results in a relatively long lifetime (~ 1072 s) of
hadronized b quarks (B hadrons). This means the B hadrons start to decay slightly displaced
from the primary vertex (PV). A visualization of this behavior is shown in figure . These
so-called secondary vertices (SVs) can be reconstructed because of the great resolution of the
CMS tracker system.

The SVs are reconstructed using the inclusive secondary vertex finding algorithm [59]. This
algorithm runs independent of the jet clustering over all tracks associated with the PV. First, seed
tracks with a three dimensional impact parameter d,,, of at least 50 um and a two dimensional
impact parameter significance of Sop = diy/0(dx,) > 1.2, where o is the uncertainty, are
identified. The impact parameter and flight distance are measures of the spatial distance of the
closest point of a track to the reconstructed PV and are defined depending on the dimensionality
in the x-y-z plane, x-y plane or along the z-axis. After identifying the seed tracks, other nearby
tracks are clustered to a seed track if they are closer to the seed track than to the PV. The
clustered tracks are fitted to identify the SV position similar to the PV fit (see section .
The SVs with more than 70% overlap with each other are merged together and only those with
a two(three) dimensional impact parameter significance of greater than 2.5(0.5) are kept.

Finding a SV in a jet significantly increases the identification efficiency for b-jets (b quark
induced jets) up to around 75%. However, a SV is not the only discriminating feature that
can be used to separate b-jets from light flavor (u, d, s, ¢ quarks or gluons) induced jets.
For example, in 20% of the cases soft leptons from semi-leptonic decays are present in b-jets.
For light flavor jets this is much less common. Soft leptons in this case are low-energetic,
non-isolated electrons or muons.

DeepJet is a deep neural network classifier that combines this information to obtain an
even better b-jet identification efficiency. The task of DeepJet is to assign the most probable jet
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Figure 3.9: Visualization of a b quark induced jet (b-jet) with a secondary vertex (SV). Due to
their long lifetime, the flight distance of B hadrons is large enough to reconstruct a
SV displaced from the primary vertex (PV). The two dimensional impact parameter

is a relevant quantity to define the quality of a reconstructed SV. lllustration adapted

from .

flavor to each jet in a collision event. To achieve that, it uses information from the secondary
vertex associated with a jet, from charged and neutral PF candidates also associated with
this jet and global high-level jet information like its kinematics. The network architecture is a
combination of convolutional, recurrent and dense layers. First, three independent branches are
defined for features from charged PF candidates, neutral PF candidates and features from the
SV. Each branch starts with convolutional layers followed by recurrent layers. After that the
three branches are combined with the global jet features through a dense layer to produce a
probability-like output that sums up to one for all classes. DeepJet is trained to classify the

following jet classes:
= bb for two B hadrons in a jet

= b for one B hadron in a jet

bjep for a B hadron decaying semi-leptonically in a jet

= ¢ for c quark induced jets

| for light flavor induced jets (u, d, s quarks)
= g for gluon induced jets

The discriminant for the identification of b-jets is defined by the sum of the predictions of
all B hadron related classes (bb, b, biep). In this analysis two different working points (WPs)
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of this DeepJet discriminant are used. The WPs are defined based on the misidentification
rate of light flavor induced jets. The loose WP has a misidentification rate of 10% and the
medium WP of 1%. The b-jet identification efficiency for these WPs is around 93% and 83%,
respectively. These values are computed based on jets from tt events with pt > 30 GeV .
In the following, jets passing one of the mentioned WPs will be referred to as b-tagged jets or
b-jets.

An energy correction for jets was discussed before in section [3.3.7, but as already mentioned,
b-jets differ from jets induced by other quarks or gluons. Especially a higher presence of leptons
during the decay is accompanied by neutrinos which leads to a lower energy estimate compared
to other jets. Therefore, an energy calibration is performed specifically for b-jets .

A neural network is trained on simulated top quark events with the target to learn the correction
of the reconstructed b-jet pt from the top quark decay to the true pt of the b quark. The
neural network utilizes general jet information as well as information about the PF candidates
of the jet to estimate the correction factor pr gen/PT reco- The results of the energy regression
are validated with data selected for the production of Z — uu/ee in association with at least
one b-tagged jet.

In addition, the effect of the b-jet energy regression is validated for one of the signal processes
used in this analysis. The signal processes are discussed in more detail later in section but a
part of the signal is a hypothetical neutral boson which decays into a pair of b quarks. The
invariant mass of reconstructed b-jet pairs is shown in figure [3.10. The difference between
applied and not applied energy regression is small but clearly visible. Due to the energy
regression, the mass peak is corrected closer to the initial boson mass of 100 GeV. Based
on the standard deviation divided by the mean of the distribution o/ as a figure of merit,
the mass reconstruction improves by around 8% for this specific boson mass. The range of
improvement can change depending on the initial boson mass but is always present. Therefore,
the b-jet energy regression will be applied to all b-tagged jet entering this analysis.

An additional output of the neural network used for the b-jet energy regression is an estimate
of the b-jet energy resolution for each jet. This information is needed at a later point in the
analysis where a kinematic fit is performed and is discussed in section [4.8.1]

3.4.6 ldentification of resonant b quark pair induced jets

Similar to the boosted tau leptons, part of the signal processes in this analysis is a boson that
decays into a pair of b quarks. These b quarks can also be boosted in one direction depending
on the initial mass of the boson and its pt. If the boost is large enough, the jets from the two
b quarks cannot be resolved individually in the detector anymore. To still be able to probe this
boosted phase space in the analysis, a dedicated identification algorithm called ParticleNet ,
is used to identify resonantly produced b quark pairs resulting in a wide cone jet. These
jets are reconstructed with the anti-k; algorithm with a radius parameter of 0.8 (AK8), as
introduced in section 3.3.7
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Figure 3.10: Invariant mass of a reconstructed b-jet pair with and without b-jet energy regression
applied. The distributions are calculated for the gg — X — Y(bb)Hgm (7~ 71)
signal process produced for the mass hypothesis myx = 500 GeV and my = 100 GeV.

ParticleNet is a graph based neural network [64]. Commonly used neural networks (NNs) like
feed-forward NNs have a fixed number of input features and the order in which they are given
to the NN is also set beforehand. A graph based structure resolves or mitigates these issue.
The number of nodes in a graph can be arbitrary and each node can be connected to any other
node making the graph permutation invariant. The constant part of a graph is the features
or properties vector that each node must have. Such a structure fits well with the general
event signatures that are present in the CMS detector. In a pp collision, particles are created in
different numbers and decay in different direction through the detector. These particles can
originate from the same initial particles or in general be close to each other in the detector,
which means that a connection can be established between these particles. Also a feature vector
can be defined which is valid for each particle. The feature vector can include the four-vector
information like pt, n or ¢ but also other information like particle type or charge.

For ParticleNet [62] the same idea is applied to jets. Jets are a collection of particles
and depending on the initial particle a jet is produced from, the structure within the jet can
be very characteristic. In this thesis a mass decorrelated version of ParticleNet(MD) is used.
The reason is the previously mentioned boson from the signal processes for which the mass is
unknown. ParticleNetMD is trained to identify boosted particles X with a two prong hadronic
decay X — bb, ¥ = ccor X — qq (with q € u, d, s). In addition, QCD multijets are used in
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the training to consider background jet structures. To ensure the mass independence, simulated
signal samples are used with a flat distribution of the spin-0 X boson mass my between 15
and 250 GeV. Both signal and background samples are additionally reweighted to have a flat
pt and msp distribution. The final discriminant used in this analysis is then defined based on
the probability-like predictions of ParticleNetMD

Px (bb)

D _
Px (bb) =+ PQcD

The performance of ParticleNetMD is shown in figure and compared to a previously used
algorithm in CMS (DeepAK8 [65]) as well as the mass dependent version of ParticleNet. The
background versus signal efficiency is measured for the SM case where a boosted Higgs boson
decays into a pair of b quarks. The selection of AK8 jets is optimized accordingly by limiting
the jet pt to high values between 500 and 1000 GeV and the softdrop mass to be around the
Higgs boson mass between 90 and 140 GeV.
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Figure 3.11: Performance of algorithms used for the identification of boosted Higgs bosons
decaying into pairs of b quarks reconstructed within AK8 jets is visualized. The
plot shows the background efficiency for QCD multijets versus the Higgs boson
signal efficiency for mass dependent and mass decorrelated versions of ParticleNet
and DeepAK8. Plot taken from .

First of all, a clear improvement in performance is visible compared to the previously used
DeepAKS algorithm. The improvement of the MD version is even more significant and basically
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on par with the DeepAKS version specifically trained for the Higgs boson mass. Both algorithms,
DeepAK8 and ParticleNet, use more or less the same input information in the training like
kinematic features of PF candidates as well as secondary vertices connected to an AK8 jet.
Therefore, the performance improvement is a result of the superior graph based architecture
of ParticleNet. On the other hand, the architecture of DeepAKS8 is based on a convolutional
neural network (CNN) in one dimension, which is the list of particles in a jet. The mass
decorrelation for DeepAK8MD is achieved by using an adversarial branch in the DeepAKS8
architecture that predicts the mass and penalizes the training if the mass is predicted too
accurately. ParticleNetMD shows that directly training on mass independent data leads to
better results.

The difference in performance between ParticleNet and ParticleNetMD is not as significant as is
for the DeepAKS algorithms, so for simplicity only the mass decorrelated version of ParticleNet
is used in this analysis although one of the signal processes has a SM Higgs boson decaying
into a b quark pair.

In the following, AK8 jets passing a certain ParticleNetMD WP will be referred to as bb-tagged
AKS jets. As a working point for identifying bb-tagged AK8 jets a value of DX(bB) > 0.6 is
used. This value is chosen to select as many signal jets as possible, while still rejecting the
majority of jets coming from background processes. The efficiency of this WP for selecting
Hsm — bb jets is around 94% \@\
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4 Search for di-Higgs events

After the discovery of the Higgs boson and the measurement of its mass, one of the most
interesting research topics in the field of particle physics and specifically Higgs physics is the
measurement of the Higgs boson self-coupling. The currently available data from the ATLAS
and CMS experiments is only sensitive enough to set upper limits on the self-coupling , .
But in the upcoming years it is expected that the trilinear Higgs self-coupling can be directly
measured with the data taken at the High-Luminosity LHC (HL-LHC) [69) [70].

All of these measurements are likely to confirm what the SM already predicts. However, the SM
is not the end because it cannot describe everything. Open questions within particle physics
lead to the assumption that there must be something beyond the SM. The Higgs sector is a
promising field to explore BSM theories as introduced in section [2.3] The parameter space of
BSM theories like the NMSSM s large enough to be accessible with the data that is already
available from the ATLAS and CMS experiments.

This thesis focuses on a search for di-Higgs events in the CMS data taken in 2018. The
di-Higgs production is assumed to be resonant and involves three different Higgs bosons, more
specifically neutral scalar Higgs bosons with three different masses. A heavy Higgs boson X
is produced via gluon fusion and then decays into two lighter Higgs bosons Y and H, one of
which is the Higgs boson known from the SM. For the resonant case the kinematic requirement

my > my + My, = My + 125 GeV (4.1)

has to be fulfilled. The measurable final state is defined by the decay of Y and Hgy into
a bb and 77 pair. For the search both possible decay combinations Y(bb)Hgu (7= 7T)
and Y(777")Hgm(bb) are taken into account as signal processes. The search for the
Y (777 ")Hsm(bb) is performed for the first time. To better visualize the decay chain the
Feynman diagrams for both signal processes are drawn in figure [4.1]
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Figure 4.1: Feynman diagrams of the two signal processes which are the target of the search
conducted in this thesis. A heavy Higgs boson X produced via gluon fusion decays
into two lighter Higgs bosons Y and Hsp, which then further decay into either a
bb or a 77 pair.

The masses of the X and Y bosons are free parameters of the search, therefore, a two dimensional
grid scan of possible mass pair hypotheses, fulfilling equation [4.1} is performed. The details
about the event simulation are discussed in section [4.7.2l The analyzed mass ranges are
240 GeV < mx < 4000 GeV and 60 GeV < my < 2800 GeV with 574 mass pair hypotheses in
total, while only for 92 of them an upper limit measurement is performed. Depending on the
mass pair hypothesis, different final state topologies may emerge from the decay products of the
Y and Hgpm bosons, for example, being highly boosted and therefore need dedicated methods
of identification. In the following sections the analysis strategy is discussed. This includes the
motivation and introduction of the object and event selection, how the estimation of background
processes is done and which additional reconstruction algorithms are used specifically targeting
the signature of the signal processes.

4.1 Review of state-of-the-art results

Before introducing the analysis of this thesis, an overview is given about the current status of
research in the field of resonant di-Higgs searches. The published result closest to the analysis
of this thesis is its predecessor analysis from CMS [9]. The focus of the previous analysis was on
the resolved final states of the bb and 77 pairs and the X — Y(bb)Hsm (7~ 7) signal process
was considered. The dataset analyzed corresponds to an integrated luminosity of 137.2fb™1.
The included mass range of the X boson mass was 240 GeV < myx < 3000 GeV and of the Y
boson 60 GeV < my < 2800 GeV. In the analysis no excess was found and exclusion limits on
the maximally allowed cross section (o) times branching fraction (B) in the context of the
NMSSM were set for 400 GeV < mx < 600 GeV and 60 GeV < my < 200 GeV. In the most
sensitive mass region (myx = 450 GeV, 60 GeV < my < 80 GeV) the observed limits are five
times smaller than the maximal theoretical prediction of the o x B. The results are shown in

figure[4.2al
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Figure 4.2: Published upper limit results for resonant di-Higgs production with bb + 77 final
states from the two multipurpose experiments at the LHC, CMS and ATLAS.

A second CMS measurement was performed with a dataset from 2016, corresponding to an
integrated luminosity of 35.9fb~1. The analysis focused on the symmetric resonant di-Higgs
production X — Hgm(bb)Hsm (7771) with resolved final states of the bb and 77 pairs. The
included mass range of the X boson is 250 GeV < mx < 900 GeV. The results were interpreted
in the context of models with warped extra dimensions [73] and no exclusion limits were
set for the selected model parameters, which were the radion mass scale Ag = 3 TeV, the size
of extra dimensions kl = 35 and the assumption that the radion does not mix with the Higgs
boson. Due to the narrow width approximation , which can be assumed when the detector
resolution is worse than the width of a particle, the radion can also be interpreted in other
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models as a heavy resonance. In the case of NMSSM, the radion would correspond to the X
boson. The results of this search are shown in figure [4.2b|

Further, there is a similar measurement from the ATLAS collaboration , which also focuses
the symmetric resonant di-Higgs production X — Hgp(bb)Hspm(7777) with resolved final
states of the bb and 77 pairs. The results are shown in figure|4.2c. The measurement was
performed on a dataset that corresponds to an integrated luminosity of 139 fb~!. The range of
scanned masses of the X boson is 251 GeV < mx < 1600 GeV. In the publication no specific
comparison with theoretical predictions is made, however, an excess was observed at an X boson
mass of 1000 GeV with a local (global) significance of 3.1 (2) standard deviations. In future
searches, it needs to be confirmed if this excess is a sign of BSM physics or just a statistical
fluctuation.

In the results section [5.3.2] these three measurements are compared with the results of this
thesis.

4.2 Signal phase space

In comparison to this thesis the previous search @ focused only on the Y (bb)Hgm (77 77T) final
state and the selection of events focused on resolved final states for both bb and 77 pairs.
A resolved final state means that all four final state objects (bb, 77) can be reconstructed
individually in the detector. Since the default jet size parameter at CMS is set to a radius of
0.4, objects can be reconstructed well as long as the spatial distance AR(obj;, obj,) in the n-¢
plane between them is approximately larger than 0.4. This is not a discrete transition but the
probability to resolve two objects drops steadily for AR(obj;, obj,) < 0.4. Studies on this are
presented in section [4.3]

Only selecting resolved objects as was done in the previous search @I cuts into the acceptance
of expected signal events. The spatial distribution of the decay particles in the detector strongly
depends on the mass pair hypotheses used for the X and Y bosons during the signal event
generation. The full simulation process of the signal events is discussed in a later section [4.7|
Since simulation is used to generate signal events, information about the true b quarks and
tau leptons is available before any further decay and before the detector response is simulated.
In the following a generator study, based on some previous studies [76] [77], is conducted to
better understand how the individual particles in the signal processes are produced and decay

geometrically. This is important to define a phase space for the object and event selection.

The first particle of interest is the X boson. This boson is relatively heavy even for the lowest
mass hypothesis (240 GeV). This means that the largest part of the energy with which the X
boson is produced is used for its mass. This is visualized in figure [4.3al where for all mass pair
hypotheses of the analysis the median of the distribution of the X boson momentum normalized
to its mass is calculated. Only for the smallest X boson masses, this ratio

_ I

x (42)

y
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is larger than one. From this it can be assumed that for higher X boson masses the boson is
produced more at rest. Since the X boson comes before the Y boson in the decay chain, the

ratio v does not depend on the Y mass.

Additionally, looking at the 6 distribution of the produced X boson in figure [4.3b) it is clear
from the two peak structure that the X boson is preferably produced in forward and backward
directions of the detector. This means the gluons involved in the gluon fusion producing the X
boson point to an imbalance of their momenta towards one of the gluons. A possible reason
for this behavior is that the probability for a very high energetic gluon is higher than having
two moderately high energetic gluons, at least for the energies needed to produce the X boson.
It is also visible that this can change for smaller X boson masses where the 6 distribution is less
peaking. These results are valid for both signal processes because up to this point in the decay
chain they are identical.
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Figure 4.3: Kinematic information of the X boson. In (a) the median of the distribution of
the X boson momentum normalized to its mass is plotted in a two dimensional
histogram including all mass pair hypotheses. In (b) the 6 distribution of the X
boson is plotted for some selected masses of the X boson to visualize the kinematic

differences.

Next, it is interesting to identify how the Y and Hgy bosons are produced from the decay of
the X boson. In figure [4.4} it is shown that for both signal processes the spatial distance AR
between the Y and Hsp bosons is basically independent from my and my. The median of AR
is calculated using all simulated events for each individual mass pair hypothesis of myx and my.
The result is almost always close to the value of 7, which indicates that the Y and Hspy bosons
are produced back-to-back. Only in the kinematic case where the mass of the X boson is very
close to the sum of the Y and Hsy boson masses and mix is in general relatively small (below
1000 GeV) the median AR gets smaller. This is consistent with the ratio v getting larger since
more momentum results in a larger Lorentz boost. But still, the smallest found value is bigger
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than 1.3 which makes it quite clear that the Y and Hgpy bosons are well separated from each
other for all mass pair hypotheses. Since in the simulation the decay chain up to the Y and
Hsm bosons is the same for both signal processes, the result shown in figure and are
basically identical and the small differences are related to statistical fluctuations.
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Figure 4.4: The median spatial distance AR between the Y and Hgy bosons for the two signal
processes. All simulated my and my hypotheses are used and plotted in a two
dimensional histogram with the median spatial distance AR as color encoded bin
yields.

Differences between both signal processes start to appear when looking at the decay products
of the Y and Hgy bosons. The kinematic properties and spatial decay patterns of the bb and
TT pairs are the most crucial part of the object selection because these are the particles that
produce the measurable signatures in the detector. In contrast to the AR between the Y and
Hswm bosons, the spatial distance between the two b quarks and the two tau leptons strongly
depends on the parameters chosen for mx and my. This effect can be seen in figure [4.5 where
the mass of the Y boson is fixed to 250 GeV and my is varied. Increasing X boson masses lead
to increasing momenta of the Y and Hgy bosons when they are produced. These momenta
affect the direction of the decay products of the Y and Hgp bosons. A higher momentum leads
to a stronger Lorentz boost and the b quark or tau lepton pairs decay spatially closer to each
other. This effect is indicated by the peak of the AR distribution moving to smaller values for

higher values of my.

Further, the asymmetry between the Y boson mass and the mass of Hgpy has an effect on the
collinearity of the final state pairs (bb and 77). The decay products of the boson with the lower
mass get a stronger boost and therefore are closer to each other. In the case of the shown mass
pair hypotheses in figures [4.5a] and the Hgp mass is smaller, resulting in overall smaller
AR values for the 77 pair for the gg — X — Y(bb)Hsp (7~ 7) signal process and the bb pair
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6CMS Simulation Work in progress (13 TeV) CMS Simulation Work in progress (13 TeV)

b AT PO PR Ve oY) e TR e A2V

° g 1 mx =400 GeV, my = 250 GeV |

w5 1 my = 500 GeV, my = 250 GeV

E | ; 1 mx =800 GeV, my = 250 GeV |

24 1rF 1 my = 4000 GeV, my = 250 GeV |

2 N L ]

€ 3f 1F .

S 3f ,

> T L

o f ,

# 2 1 F 7
1k 4 F ,_'—'I\"L\_\_‘_“N
ol : ﬁw R — ]

o
-
N
w
IS
ol

(a) gg — X — Y(bb)Hsm(7~ 1)

CMS Simulation Work in progress (13 TeV) CMS Simulation Work in progress (13 TeV)
L B e s B S L o B B L

—~6 71 7 i
§ i g 1 my = 400 GeV, my = 250 GeV
= 5 41 my = 500 GeV, my = 250 GeV ]
E L ] my =800 GeV, my=250GeV |
§4f 1 F [ my = 4000 GeV, my = 250 GeV
e r r ]
c 3F - =
S 3f §
> T I
w N
3 2 - ]
s - E
0:\ :\ L
0 0

(b) gg — X — Y(7~71)Hsu(bb)

Figure 4.5: Distributions of the spatial distance AR for the final state particle pairs. In (a) and
(b) the AR distributions for the two different signal processes are shown. The two
left plots refer to the 77 pair indicated by 71 and 7 and the two right plot refer to
the bb pair indicated by by and by. Some selected values of my and my are used
to demonstrate the increasing collinearity of the bb and 77 pairs with increasing X
boson mass.

for the gg — X — Y (7777 )Hsm(bb) signal process compared to their bb and 77 counterparts,
respectively, from the Y boson decay.

These findings can be extended to the full mass grid similar to AR(Y, Hsp) by calculating the
median of the AR distributions for each mass pair hypothesis of mx and my. In figure[4.6] the
results of this exercise are visualized. The AR scale is restricted to be between 0 and 0.4 to
emphasize the relevance of a dedicated object and event selection targeting boosted final states
of the signal processes.
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Figure 4.6: Two dimensional distributions of the median spatial distance AR for the final state
particle pairs. In (a) and (b) the median AR distributions for the two different
signal processes are shown. The two left plots refer to the 77 pair indicated by
71 and 7> and the two right plots refer to the bb pair indicated by by and by. All
simulated mx and my hypotheses are used and the color encoded AR values are
restricted to a range from 0 to 0.4 to highlight mass pair hypotheses with highly
boosted final state particle pairs.

Starting with the signal process gg — X — Y(bb)Hsm(7~71) that was searched for in the
previous analysis ﬂg]l it is clearly visible in the left plot of figurethat a resolved selection
of the 77 pair is not suitable for a significant number of mass pair hypotheses. Going above
2000 GeV for the X boson mass, more than 50% of the 77 pairs are too close to each other
for the tau leptons to be resolved individually. An exception is if the Y boson mass is similar
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to the X mass because then the majority of the X boson energy is used to produce the Y and
Hsm bosons and not much is left to give them a significant momentum.

On the other hand, due to the previously mentioned asymmetry effect of the Y and Hgy boson
masses, the bb pair is much more often in a resolvable state as shown in the right plot of
figure[4.6a, This is the case because my is larger than myy,, for the majority of the mass pair
hypotheses. Only for very low Y boson masses (< 200 GeV) is a dedicated boosted bb pair
selection gaining relevance.

For the other signal process gg — X — Y(7777)Hgpm(bb) the results are basically reversed.
As displayed in the plots in figure |4.6b| the 77 pair is expected to be much more often in a
resolvable state and a dedicated boosted selection of the bb pair becomes more relevant.

Considering the results of these studies, the previous analysis @] is missing out by not always
selecting the expected phase space of the signal processes. There is a transition from resolved
to boosted final states of the bb and 77 pairs dependent on the masses of the X and Y bosons.
The goal of this analysis is to introduce boosted object selections in addition to the resolved
selection and by that to improve upon the previously conducted measurement.

4.3 Physics object selection

Based on the findings of section on the expected signal signatures, reconstructed objects,
as discussed in section like electrons, muons, 7, and jets, have to be selected specifically
targeting these event signatures. The first selection step is to identify genuine tau lepton
pairs. This is described in sections [4.3.1] and [4.3.2| for resolved and boosted tau lepton pairs,
respectively. Next, a jet selection is applied to identify the genuine b quark pairs. The details
of this selection are summarized in sections [4.3.3| and [4.3.4] for resolved and boosted b quark
pairs, respectively.

4.3.1 Selection of resolved tau lepton pair decays

The different orthogonal analysis channels are set up based on the selection of the tau lepton
pairs. The selection of the resolved tau lepton pair is basically the same as in the previous
analysis [9]. Since a pair of tau leptons has to be selected, final state combinations depending on
the exact decay of each tau lepton into an electron, muon or 7}, are considered. Combining the
individual decays and branching fractions given in table[3.1]results in six final states visualized in
figure[4.7| For the analysis only the semi-leptonic ey, and p7, channels are considered as well
as the fully hadronic 7,7, channel. First, these three channels already cover around 87% of all
tau lepton pair decays. Second, the fully leptonic channels ey, ee and uu suffer from a much
higher background contribution from the production and decay of top quark pairs (especially
eu) and Z bosons (especially ee, pu) compared to the semi-leptonic or fully hadronic channels.
For these reasons, they do not contribute significantly to the analysis sensitivity.

To select the final state objects for the three channels in consideration, different quality criteria
are applied to the electrons, muons or 7,. These criteria include cuts e.g. on the transverse
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Figure 4.7: Branching fractions of all possible 77 decays. For the analysis only the er,, um,
and 7,7y final states are considered. These channels already cover around 87% of
all possible 77 final states. The other channels are not part of the analysis due to
their small contribution.

momentum, relative isolation of the object or identification. Further, an event needs to be
triggered based on some online criteria which are usually related to leptons.

For the ery, () channel, a single electron (muon) trigger is used, which starts with a lower
pr threshold of 32 GeV (24 GeV). The trigger fires depending on the pr, isolation and electron
(muon) identification which can already be applied online during data taking. These criteria
impact the cuts that can be applied offline. The offline pt threshold is increased by 1 GeV
compared to the lower pt threshold of the trigger to remove events from the trigger turn-on
region that are difficult to describe by simulation. All applied cuts for electrons (muons) are
summarized in table These cuts define the electron (muon) candidates considered for an

eth (w,) pair in an event.

The offline selection for 71, candidates depends on the channel and the cuts applied for this
analysis are summarized in table [4.2] For the 7,7, channel, a set of di-tau triggers is used
which is specifically designed to trigger on the presence of two 7, candidates are present in an
event. The offline pt cut for 7, candidates is increased by 5 GeV compared to the trigger pr

requirement due to a less steep turn-on region.

After the electron, muon and 7, candidates are selected, pairs of electron and 7,, muon and 7,
and two different 7, are constructed for the ery,, pum, and 7,7, channels, respectively. A good
pair is required to have opposite charge and have a spatial separation of AR > 0.4. If after
applying these conditions, still multiple pairs are present, the pair where the two candidates are

the most isolated and have the highest pt are selected.
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Table 4.1: List of quality criteria applied to electron and muon candidates that have to be
fulfilled for the electrons/muons to be counted as good for the resolved tau lepton

pair selection in the e, and p7, channels, respectively.

Transverse Pseudo-  Identification  Relative Distance
momentum rapidity isolation from PV
Electrons pr >33GeV |n| <2.1 90% eff. WP Isor < 0.15 dy, < 0.045cm
d, < 0.2cm
Muons pr >25GeV || <2.1 medium WP Isor < 0.15 dy, < 0.045cm
d, < 0.2cm

Table 4.2: List of quality criteria applied to 7, candidates that have to be fulfilled for the 7, to
be counted as good for resolved tau lepton pairs in the ery,, pumn and 7,7, channels.

Final state Transverse Pseudo-  DeepTau Distance
momentum rapidity identification from PV

eTh pr >30GeV |n| < 2.3 Medium WP vs. jet d, < 0.2cm
Tight WP vs. e
VLoose WP vs. u

WUTh pr >30GeV |n| < 2.3 Medium WP vs. jet d, <0.2cm
Tight WP vs. e
VL0Loose WP vs.

ThTh pr >40GeV |n| <2.1 Medium WP vs. jet d, < 0.2cm
Tight WP vs. e

VLoose WP vs.

The offline object reconstruction and identification are more sophisticated than the object
reconstruction that is performed online. To ensure that the offline selected electron, muon or
Th pair are responsible for firing the single electron, muon or di-tau trigger, respectively, the
online and offline objects are required to spatially match to each other. This means that their
spatial distance AR(objgg, 0bj,,) has to be smaller than 0.4 and the particle ID should be the
same. In case of the di-tau trigger each of the selected 7, candidates has to match one of the

trigger legs.

4.3.2 Selection of boosted tau lepton pair decays

The selection of boosted tau lepton pairs proceeds similar to the resolved tau lepton pair
selection. This includes the same final states of the 77 pair decay that are considered as in the
resolved case, which are the semi-leptonic er, and 7, channels and the fully hadronic 7,7,
channel.
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The main difference are the triggers used to select the events. The tau lepton pair is boosted,
which means that both pair objects are expected to be close to each other. Therefore, isolation
of an objects is not suited as selection criterion anymore and not part of the object selection
criteria. For the er, (u7,) channel a non-isolated single electron (muon) trigger is used as the
main trigger in combination with an isolated single electron (muon) trigger. The first trigger
without isolation, which is not prescaled, is used with a pt greater than 115 GeV (50 GeV). The
offline pt threshold is increased by 5 GeV to avoid the turn-on region of the trigger. The isolated
triggers are the same as the triggers already used for the resolved tau lepton pair selection and
are only used for electrons (muons) in the pt range of 33 — 120 GeV (25 — 55 GeV). Depending
on the spatial distance between the electron (muon) and the boosted 7}, the electron (muon)
can still be sufficiently isolated to be triggered by a trigger with isolation and since the pt
threshold of this trigger is lower than for the non-isolation electron (muon) trigger more events
can be selected that way. The offline selection criteria for electron (muon) pair candidates are
listed in table (4.3

Table 4.3: List of quality criteria applied to electron and muon candidates that have to be
fulfilled for the electron/muon to be counted as good for the boosted tau lepton

pair selection in the er, and pu7, channels, respectively.

Transverse Pseudo-  Identification Distance
momentum rapidity from PV
Electrons pr >33GeV || <2.1 90% eff. WP d,, < 0.045cm
d, < 0.2cm
Muons pr >25GeV |y <2.1 medium WP d,, < 0.045cm
d, < 0.2cm

The boosted 7, candidates are selected based on a different tau identification algorithm (see
section than the resolved 7, candidates and a summary of the criteria is given in table 4.4|
The tau identification includes isolation, therefore, to avoid too isolated boosted 7, candidates
the cuts are chosen relatively loose.

For the 7,7 channel none of the available di-tau triggers can be used. Therefore, a combination
of an AKS jet trigger and a £7 (missing transverse energy) trigger is used. The AKS jet trigger
primarily targets the jet used to reconstruct the boosted 7, candidates but in case of the signal
processes of this analysis the AK8 jet can also come from the jets induced by the b quarks.
Additionally, a MET trigger is considered because at least two neutrinos are expected from the
tau lepton decays.

After the selection of the boosted electron, muon and 7, candidates, the pairs are constructed
in a similar way as the resolved tau lepton pairs. The pairs are required to have opposite charge
and the pair with the highest pt of the candidates is selected. Contrary to the resolved tau
lepton pair, the spatial distance AR is required to be between 0.1 and 0.8. Further a trigger
object matching is done for the er, and w7, channels with the reconstructed electron and
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Table 4.4: List of quality criteria applied to 71, candidates that have to be fulfilled for a 7, to
be counted as good for boosted tau lepton pairs in the ery,, um and 7,7, channels.

Final state Transverse Pseudo-  DeepTau
momentum rapidity identification
eTh pr >40GeV |n| < 2.3 Loose WP vs. jet

Loose WP vs. e

UTh pr >40GeV |n| < 2.3 Loose WP vs. jet
V0Loose WP vs. e
Loose WP vs. p

ThTh pr >40GeV |n| < 2.1 Loose WP vs. jet

muon, respectively. For the 7,7, channel no matching is performed because the trigger object
can be from different parts of the signal process.

The efficiency of the boosted and resolved 77 pair selection is compared in figure [4.8| for the um,
channel for both signal processes to verify that both selections are targeting the expected phase
space. To calculate the efficiency, generator level tau leptons are matched to the selected um,
pairs within AR < 0.2. The shown signal events are selected from the mass pair hypotheses
with my = 500 GeV and a varying X boson mass from 650 to 4000 GeV to cover various
topologies of the tau lepton pair in the detector.

For the efficiency measurement, the aforementioned AR < 0.8 cut is dropped showing that
the boosted 7}, reconstruction generally also works for resolved final states of the tau lepton
pair. However, the resolved 7y, reconstruction yields a better efficiency, close to one and over
nearly the full AR range. It is visible that the resolved selection efficiency drops to almost zero
for AR < 0.4 due to the resolved di-tau selection, while the boosted selection still is able to
correctly identify the 7y, pair as anticipated. The differences between the efficiencies of the
two signal processes are a result of the mass asymmetry my > myg,, which means that the
decay products of the Hgy boson have a stronger boost.

4.3.3 Selection of b-jet pairs

The selection of resolved b-jet pairs is based on the reconstruction and identification of b quark
induced jets described in section [3.4.5] The b-jet candidates have to fulfill the selection criteria
summarized in table [4.5| The pt and 7 cuts are restricted by the DeepJet algorithm used
for b-jet identification, which is highly dependent on the tracker system and therefore only
applicable in the central region of the detector.

In an event several jets can pass the selection requirements. As long as a jet passes the medium
WP it is defined as b-tagged. If at least two b-tagged jets are found, the two highest pt
b-tagged jets are selected for the b-jet pair. In cases where only one b-tagged jet is found, a
second jet is searched for that at least passes the loose WP. If such a second jet is found, the
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Figure 4.8: Selection efficiency of the signal processes for the pmy, pair selection. In (a) and (b)

the two signal processes are displayed. The boosted selection is compared to the

resolved selection and shows that it has a worse overall selection efficiency, except

for the AR(71,m) < 0.4 region. The efficiency of the resolved selection drops

almost directly around AR(71, 72) < 0.4 due to the applied isolation criteria. The

differences between the two signal processes are a result of the mass asymmetry my >

MHg,,- In (b) the efficiency of the boosted selection also drops for AR(71, 72) < 0.4

because for the chosen value of my = 500 GeV the 77 pairs are not significantly

boosted (see figure |4.6b).

Table 4.5: List of quality criteria applied to b-jet candidates that have to be fulfilled for b-jets

to be counted as good for the resolved b-jet pair. These criteria are applied in all

77 decay channels considered.

Transverse Pseudo-  Deeplet

momentum rapidity  Identification
first b-jet pr >20GeV || <25 medium WP
second b-jet pt >20GeV |n| <2.5 loose WP

two jets are selected as the b-jet pair. When a b-jet pair is found, it additionally has to be well

separated, therefore, a spatial distance of AR(by, bo) > 0.4 is required.

Such a b-jet pair selection differs from the selection used in the previous analysis ﬂgﬂ There, in

case of only one b-tagged jet found, a second jet with the highest b-tagging score was used.

With such a selection more events can be selected but on the other hand the second jet more

often does not match the true b-jet in the signal processes. In figure [4.9 both selections are

compared.

First, in the upper plots the b-jet pair selection efficiency is shown for both signal processes.

The efficiency indicates for how many signal events the selected b-jet pair matches to the
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generator level b quarks. For a valid match each b-jet needs to be within one of the AR < 0.2
cones around the two b quarks. The efficiency is calculated as a function of the AR distance
between the two generator level b quarks. The selection used in this analysis improves the b-jet
pair matching efficiency significantly for both signal processes. For the mass pair hypotheses
considered, on average the efficiency increases around 15% (23%) for the signal process with
the Y (Hswm) boson decaying to bb.

CMS simulation Work in progress (13 TeV) CMS simulation Work in progress (13 TeV)
e L i i e e S P e B B B
[ previous analysis sel. ] e [ N previous analysis sel. ]
. -+ this analysis sel } 2 T -+ this analysis sel }
0.75[ Eoesco y ' So.7sF e, Y :
Eoott e, © o e,
osof ¢ e ] 2esf ]
r +4 c I +
r BRI £ r *+
0.251 +, 4 T 0.251 + E
r + ] = r ++ ]
r ] r ++ ]
[ I TR R W [ o PRI R R B
0.00 gen. AR(br, by) 0.00 gen. AR(br, by)
1.00 T @ 1.00 S O
r +- signal events ] ®© r -+ signal events
0.750 +- ttevents _5 0.750 -+ ttevents ]
L ‘5 L N ettt
[ o KoR [ PRahd
0.50:* Toou - Fas *: DG:J 0.50- **f**,-+++* —
025 [+ F e et 0.251- ﬁ"uﬂ"’:ﬁm" TRSSRUSUIIRe S
e by e by by ey by 1 o b b b b b b e 10
0.00 0.5 1.0 15 2.0 25 3.0 3.5 4.0 0.00 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0
AR(b-jetq,b-jety) AR(b-jety,b-jety)
(a) gg = X — Y(bb)Hsm(r~71) (b) gg — X = Y(7771)Hsm(bb)

Figure 4.9: Comparison of b-jet pair selections used in this and the previous analysis @I split
for the two signal processes in (a) and (b). The two upper plots show the matching
efficiency of selecting the correct b-jets induced by the b quarks of the signal
processes dependent on the AR distance between the two generator level b quarks.
The two lower plots show the event rejection rate for the signal processes and the
main background process tt dependent on the AR distance between the two b-jets

on reconstruction level.

The tighter b-jet pair selection is applied to all processes, therefore, it is important to verify
that the new selection does not affect the signal to background ratio in a negative way. The
lower plots in figure show a comparison of the event rejection rate due to the tighter b-jet
pair selection for the signal processes and for the main background of the analysis, which is
the top quark pair production (tt), dependent on the AR distance between the two b-jets on
reconstruction level. The tt event rejection remains quite constant and is on average around
26%. On the other hand, for the signal events the rejection rate significantly depends on
AR(b-jet;, b-jet,) and for some AR regions it is larger than for tt. But after averaging out the
rejection, where each bin is weighted with its event number, the overall rejection rate is around
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20% (23%) for the signal process with the Y (Hsym) boson decaying to bb and thus smaller
than for tt. Based on these results, the tighter b-jet pair selection is favored in this analysis.

4.3.4 Selection of bb-tagged AKS8 jets

Boosted b-jet pairs are more likely to be reconstructed as single AK8 jets instead of individual
AK4 jets due to their small spatial distance. The identification of the b quark pair induced AK8
jets are discussed in section [3.4.6] The selection criteria for an AK8 jet are listed in table
and are mainly restricted by the ParticleNetMD identification. This algorithm is trained on
events with a certain jet selection which does not allow to go lower than 250 GeV in pt and
lower than 30 GeV in the softdrop mass.

Table 4.6: List of quality criteria applied to AK8 jets candidatees that have to be fulfilled to
be counted as good for the boosted b-jet pair. These criteria are applied in all 77
decay channels in consideration.

Transverse Pseudo-  ParticleNetMD  Softdrop mass
momentum rapidity Identification
pt >250GeV  |n| < 2.5 DX(bB) > 0.6 msp > 30 GeV

To verify that the boosted bb pair selection targets the correct phase space, the efficiencies of
the boosted and resolved bb pair selections are compared for both signal processes in figure [4.10]
For the boosted selection the two generator level b quarks have to be within a AR cone smaller
than 0.4 around the selected AK8 jet on reconstruction level. For the resolved selection the
same generator matching is applied as already described in section [4.3.3| For the signal mass
pair hypotheses my is set to 500 GeV and my is varied between 650 and 4000 GeV to cover all
possible constellations of the b quark pair in the detector.

The results show that the efficiency for the boosted bb pair selection via an AK8 jet is decreasing
with increasing AR distance of the b quarks which means the AK8 jet cannot contain both
b quarks. On the other hand, the resolved bb pair efficiency drops for small AR distances
because the pair cannot be resolved anymore individually as AK4 jets in the detector. This
finding is in general valid for both signal processes, but if the bb pair comes from the Y boson it
is significantly less boosted compared to the decay from Hgp. This is expected due to the mass
difference my > myy,, and was already described in section . In summary, the selection
efficiencies show that both, boosted and resolved, selections are relevant for the analysis to
cover the full signal phase space of the bb final state.

4.4 Event selection

After all 77 and bb pair selections are applied as described in sections [4.3.114.3.4] the full event
selection is carried out. A schematic description of this process can be found in figure [4.11]
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Figure 4.10: Selection efficiency of the signal processes for the bb pair selection. In (a) and
(b) the two signal processes are displayed. The boosted selection is compared to
the resolved selection and shows the distribution from small AR(b;, ba) where the
boosted selection efficiency is high to higher AR(b1, bo) where this is the case
for the resolved selection. The transition occurs roughly at AR = 0.4 depending
on the mass pair hypothesis of the signal processes. In (a) the efficiency of the
boosted selection also drops for AR(b1, ba) < 0.3 because for the chosen value of
my = 500 GeV the bb pair is not significantly boosted (see figure .

First, the events are split orthogonally into a boosted and resolved 77 analysis. One of the
main reasons is related to the data-driven background estimation method used in this analysis
(see section which depends on the 7, identification. Since different algorithms are used for
the boosted and resolved 7, identification, they have to be taken care of independently.

If a boosted tau lepton pair can be reconstructed in an event and the AR(71, 2) distance
is smaller than 0.8 and larger than 0.1, the event is classified into the boosted 77 analysis.
This is done even if a resolved tau lepton pair can be reconstructed in this event because the
boosted 77 analysis suffers from lower event yields. All other events for which a good boosted
tau lepton pair could not be reconstructed are classified into the resolved 77 analysis as long as
a well reconstructed resolved tau lepton pair is present.

Next, the events are classified into three decay channels depending on how the tau lepton pair
decays. To make sure that the channels are mutually exclusive, lepton vetos are introduced for
each channel. The selection requirements for electrons and muons are loosened to pt > 15 GeV
and a loose ID. These object collections are used to define the vetos. For the er, channel no
loose muons and no loose electrons in addition to the selected one are allowed in the event,
for the um, channel no loose electrons and no loose muons in addition to the selected one are
allowed in the event and for the 7,7, channel no loose electrons or loose muons are allowed.

After that, the bb pairs are selected. For an event to be selected, it requires either a good
resolved b-jet pair or a good bb-tagged AKS8 jet which are well separated spatially from the
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Figure 4.11: A schematic illustration of the full event selection chain. First, events are split

Boosted Tt analysis
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into a boosted and resolved 77 analysis based on the reconstructed tau lepton
pairs. Next, the events are classified into the tau lepton decay channels and the
bb pair is selected. The separation between boosted and resolved bb pairs is taken
care of by a parametric neural network (PNN).

selected tau lepton pair. The resolved bb reconstruction fails if at least one b-jet is closer than
AR = 0.4 to any of the tau leptons. The same happens for the boosted bb reconstruction
if the bb-tagged AKS jet is closer than AR = 0.6 to any of the tau leptons. A larger AR is
chosen due to the larger radius of the AK8 jet. At this point, it is allowed that both methods
successfully find a good candidate for the bb pair. Information about both is passed to the
classification algorithm that is used to classify events into signal and background processes.
This algorithm is a parametric neural network (PNN) and is described later in section 5.1 One
of its tasks is to classify signal events to have a boosted or resolved bb pair.

4.5 Background processes

The final state of the signal processes with a 77 and bb pair is not unique to di-Higgs events.
There are other processes predicted by the SM with the same or similar final states. The data
recorded at CMS mainly consist of events from background processes that are considered as
irreducible backgrounds in the search for signal events. For a search it is assumed that a data
excess exists on top of the background hypothesis. By comparing the background expectation
with the measured data in the experiment, such an excess hypothesis can be either rejected or
not rejected based on how well the data is described by the background estimation. Therefore,
the backgrounds and their systematic uncertainties must be estimated as accurately as possible.
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In this analysis two background estimation methods are used. One is based on simulation and
the other one is a data-driven estimation method called fake factor (Fg) method to estimate the
background contribution from events with jets that are falsely identified as 7,. Both methods
will be discussed in detail in section and section [4.6] respectively. For which background
processes the methods are relevant is displayed in figure [4.12] Some background processes are
split because both estimation methods are used.

In the following the focus will be on describing the physics of the background processes and
their significance for the analysis. The background processes considered in this analysis are

= Top quark pair production (tt),

» Z boson production in association with jets (Z+jets),

Single top quark production (single t),

= Quantum chromodynamics multijet production (QCD),
= W boson production in association with jets (W+jet),
= Diboson (WW, WZ, ZZ) production (VV),

= Single Higgs boson production (single Hsp).

The order of the list roughly represents the importance of the background process for this
analysis. The importance changes depending on the analysis channel and is summarized in
figure [4.12] The fractions for all process contributions are calculated with simulated events.

For the semi-leptonic channels e, and pu7, the background composition is very similar for
the boosted and resolved 77 analyses. The tt production has the highest contribution of
over 95% (90%) for the resolved (boosted) 77 analysis. The main reason is that besides
leptonically decaying tau leptons also prompt electrons or muons can be produced in a tt decay
and contaminate the selection of tau lepton pairs. Each other process contributes less than 5%
to the overall yield of selected events.

For the fully hadronic 7,71 channels the background composition is different. In the resolved
Th7h channel tt still has the highest contribution but is reduced to 60% and Z+jets and QCD
multijet production gain importance. In this channel, tt can be better suppressed due to the
lepton (e, u) veto. On the other hand, this veto has a smaller effect on Z+jets events due to
the higher branching fraction of Z — 7,7, (1.4%) compared to tt — 7,7 (0.76%) while for
the semi-leptonic channels it is 1.6% versus 3.1%, respectively. The lepton veto also reduces
the suppression of QCD multijet events because 7}, are easier to confuse with jets than electrons
or muons.

In the boosted 7,7, channel, Z+jets production is the dominant background due to the
restriction on the AR distance between the two 7}, to be smaller than 0.8. The Z boson is a
heavy resonance which means that the tau lepton pair can have a significant boost. The single
Higgs boson contributions become also more important for the same reason. Contrary to that,
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Figure 4.12: Composition of background processes after the event selection for the (a) three
resolved 77 channels and the (b) three boosted 77 channels. The processes are
ordered by their importance for each corresponding individual analysis channel.
Additionally, in the row of the each process the method is mentioned that is used
to estimate this background process.

the top quarks in the tt system are produced more likely back-to-back and the tau leptons from
the tt decay go in different directions. The same reasoning can be applied to QCD multijet
events where the jets do not have a preferred direction and the events are suppressed by the

AR requirement.
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4.5.1 Top quark pair production

The tt production has an inclusive cross section of about 830 pb for pp collisions at /s = 13 TeV
at the LHC [78]. The leading order (LO) Feynman diagrams are shown in figure [4.13]

g t g t q £
Figure 4.13: Leading order Feynman diagrams for top quark pair production. The main produc-
tion channels of tt in a pp collision is via gluon fusion (left), t-channel (middle) or

by quark-antiquark annihilation (right).

There are three different channels through which a tt pair can decay. A top quark almost always
decays into a b quark and a W boson, other decays are CKM-suppressed. The W boson in turn
can decay either into a quark-antiquark pair or a lepton and a neutrino. This leads to the three
possible final state combinations which are listed in table [4.7]

Table 4.7: List of tt final states and the corresponding branching fraction calculated from \\
The final state depends on the decay of the two W bosons into a pair of quarks (qq),

a lepton (e, u) and a neutrino (/) or a tau lepton (7) and a neutrino (v;).

tt channel Final state Branching fraction
fully hadronic  bb + qq + qq 45.5%
semi-leptonic  bb + qq + Iy 29.3%
bb + qq + Tv- 14.6%
fully leptonic ~ bb + lv + ly, 5.3%
bb + v, + Tv; 3.5%
bb 4+ Tv, + TU; 1.8%

The semi-leptonic channels ey, and p7y, of this analysis are highly enriched by tt events in which
electrons or muons can be produced from a leptonic tau lepton decay but also promptly from the
W boson decay. The possible final states of tt have a significant overlap or are even the same
as the signal final state which makes it very difficult to distinguish them. Additional smaller
contributions to the contaminating tt events enter the selection through jets misidentified as 7,
from one of the final state quarks of the semi-leptonic tt channel. Although this contribution is
significantly suppressed by the 7, identification algorithm at the chosen WP against jets, it still

needs to be considered due to the large cross section of tt production.
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66 4 Search for di-Higgs events

For the fully hadronic 7,7, channel, the tt contribution can be better suppressed due to the
lepton (e, ) veto or the AR requirement for boosted 7,7, pairs. Also the contribution from
misidentified 7, can be better suppressed due to now two required 7,. The mainly selected tt
events decay into real 7,, with a branching fraction of only 0.76% but combined with the tt
cross section it results in a non-negligible background contribution.

Although the final state of the signal processes is similar to or the same as the tt final state,
there are kinematic differences in the processes. These differences can be exploited to distinguish
between signal and tt events. The tau lepton pair in the signal process is produced from a
resonant decay of the Y or Hsy boson. On the other hand, in the tt process the tau leptons
are produced from different top quarks and are not directly related to each other. A kinematic
fit, which is introduced in more detail in section [4.8.1] of the tau lepton pair to a resonant
mass can help separate signal from tt events.

4.5.2 Z boson production in association with jets

The Z boson production in association with jets has a cross section of about 2000 pb for pp
collisions at /s = 13 TeV at the LHC. The LO Feynman diagrams are shown in figure m
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Figure 4.14: Feynman diagrams for Z boson production in association with jets. The main
production channel is through quark-antiquark annihilation and a following decay
of the Z boson into a pair of fermions. One or more additional jets can be present
in an event due to gluon or quark radiation during the hard process.

The Z boson production as a background is more strongly suppressed than the tt background
because, at leading order, the Z boson can only decay into a pair of b quarks or a pair of tau
leptons and the event selection requires both. Since the cross section for the Z+jets process is
even higher than for the tt process, it still has a significant contribution to the background. An
even smaller background contribution from Z — ee/uu decays occurs if electrons or muons
are misidentified as 71,. Such events are suppressed by the 7}, identification algorithms against

electrons/muons at the chosen WPs.

In Z+jets events that enter the analysis the tau lepton pair is produced from the Z boson decay
and the two b-tagged jets or the one bb-tagged AKS8 jet are either identified from real radiated
b quarks or jets from other quarks or gluons misidentified as b-jets.

The Z boson is a resonance like the Y and Hgy bosons and has a mass of about 91 GeV. In
a kinematic fit the reconstructed masses for these bosons can be close to each other making
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it difficult to distinguish between signal events and the Z boson background. On the other
hand, the reconstruction of the invariant mass of the bb pair can help to separate the Z boson
background from the signal events because the b-tagged jets in Z+jets events are not produced
from a resonance.

4.5.3 Single top quark production

The single top quark production has a summed cross section of about 290 pb for pp collisions
at /s = 13 TeV at the LHC , . The LO Feynman diagrams for the two main production
channels (t-channel and tW-channel) are shown in figure [4.15|
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Figure 4.15: Leading order Feynman diagrams for single top quark production. On the left is
the t-channel production where a top quark is produced via an W boson exchange
between a b quark and another quark. On the right a top quark is produced in

association with a W boson.

For this analysis, the single top quark production is a background similar to tt production
but easier to suppress because the final state has fewer particles and the cross section is
smaller. Depending on the decay of the involved W bosons, the possible final states at LO are
g+ b+ qgorq-+ b+ lvfor the t-channel and b 4+ lv 4+ lv, b 4+ lv 4+ qq or b + qq + qq for
the tW-channel. None of these final states have a pair of b quarks and a pair of tau leptons
which means the single top background can be suppressed by the event selection applied in this
analysis. However, single top quark events can still enter the analysis due to misidentification
of jets as b-jets or as bb-jets. Similar to the tt background, an additional way to distinguish
single top quark events from the signal events is provided by a kinematic fit.

There is a third possible production channel of single top quarks, the s-channel. This channel
has a much smaller cross section compared to the other channels and is therefore not considered

in this analysis.

4.5.4 QCD multijet production

The QCD multijet production has a cross section multiple orders larger than any of the
background processes introduced in this chapter. During a pp collision many different kinds
of scattering processes are happening where only the strong force is involved in the decay. A
possible Feynman diagram of such processes is shown in figure [4.16] The produced quarks and
gluons form hadrons and are later reconstructed as jets. In general, QCD multijet production

is strongly suppressed by the event selection. QCD events only enter the analysis if jets are
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68 4 Search for di-Higgs events

misidentified as b-jets, 71, or even electrons or muons. The probability of misidentification is low,
especially for high pt electrons or muons, but due to the very large cross section, QCD multijet
production has to be considered in this analysis. QCD is mainly relevant for the resolved 7,7},
channel where no electrons or muons are involved in the event selection. Additionally, it has a
considerable contribution in the boosted e7, and p7, channels that can be explained by the
relatively loose boosted tau identification WPs.
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Figure 4.16: One possible Feynman diagram for QCD multijet production. Quarks and gluons
can interact with each other only via the strong force producing final states with

multiple jets.

Simulation of the QCD multijet production is computationally expensive and additionally the
process is quite difficult to model. Therefore, in this analysis, QCD multijet production is fully
estimated with the Fg method discussed in section

4.5.5 W boson production in association with jets

The W boson production in association with jets has a cross section of about ten times higher
than Z+jets production but is in general quite similar to the Z+jets process. Leading order

Feynman diagrams for W+jets production are shown in figure 4.17|
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Figure 4.17: Feynman diagrams for W boson production in association with jets. The main
production channel is through quark-antiquark annihilation and a following decay of
the W boson into a lepton and the corresponding neutrino. One or more additional

jets can be present in an event due to gluon or quark radiation during the hard

process.

The only final state of the W boson relevant for this analysis is the decay into a lepton and

its corresponding neutrino. Since only one lepton is present in such events, this process is
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suppressed by the event selection. W+-jets events only enter the analysis if more than one
additional jet is misidentified as either a 71, or a b-jet. Due to the large cross section, W boson
production is still a considerable background process for the semi-leptonic ery, and 7y, channels.

As explained, W+jets events mainly enter the analysis due to misidentification of jets as 7.
Therefore this process is fully estimated with the Fr method (see section 4.6)).

4.5.6 Diboson production

The production of two vector bosons has a relatively small cross section of a few pb and is
regarded as a minor background for this analysis. Some LO Feynman diagrams for diboson
production are shown in figure [4.18]

q(’) V' q(') \A
Figure 4.18: Leading order Feynman diagrams for diboson production. On the left the two
vector bosons are produced via the s-channel and on the right via the t-channel.

Possible vector boson combinations are a pair of W bosons, a pair of Z bosons and a W and
Z boson together. Diboson events can even have the same final state as the signal processes,
for example, if a Z boson pair is produced and one Z boson decays into a pair of tau leptons
and the other one into a pair of b quarks. However, as already mentioned the small cross
section makes diboson production only a minor background contribution for any of the analysis

channels.

4.5.7 Single Higgs boson production

Like diboson production, single Higgs production is one of the minor backgrounds in this
analysis. The main production channels of Higgs bosons are gluon fusion, vector boson fusion
and Higgs boson radiation. Feynman diagrams for all of them are shown in figure 4.19|

Gluon fusion is the production channel with the highest cross section of a few tens of pb. The
other production channels have ten times smaller cross sections, not including the branching
fraction for the Hsyy — 77 decay relevant for this analysis. There are more possible Higgs
boson production channels, like being radiated from one of the top quarks in tt production (tt
+H) but this channel has an even smaller cross section and is therefore not considered.

Only in the boosted 7,7, channel, single Higgs boson production is a relevant background
contribution (see figure . The reason is the same as already mentioned for the Z+jets
production. The tau lepton pair is often boosted in one direction due to the massive initial
particle like the Higgs boson. Further, especially Z+H production contributes the most because
it can have the same final state as the signal processes.
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q
Figure 4.19: Feynman diagrams for single Higgs boson production. From left to right, the gluon
fusion, vector boson fusion and Higgs radiation production channels are displayed.

4.6 Estimation of events with jets faking hadronic tau leptons

The algorithms used to identify hadronically decaying tau leptons from reconstructed jets

were introduced in sections [3.4.3) and [3.4.4] However, analyses are still challenged by the

misidentification of jets originating from light flavor quarks or gluons as hadronic tau leptons.
The reason is not necessarily a bad misidentification rate of the algorithms but more the very
high production rate of gluon and light quark induced jets at the LHC.

For this analysis the main background contributions from 7y, fakes (jets misidentified as 7y,) are
from tt, single t, QCD and W+jets events, which can be identified from figure . These
contributions can be estimated using a data-driven method, called fake factor (Fg) method.
This approach was already successfully used in the measurements of the Z — 77 and
Hom — 77 production cross sections as well as in the previous X — Y(bb)Hgm(77)
search [9].

The fundamental idea of the Fg method is illustrated in figure 4.20. Four regions are defined
based on two different variables. For each variable a value is chosen that is used to orthogonally
separate the regions. For the Fr method one of the variables is always the 7, identification
discriminant against jets and separates the signal regions (SR and SR-like) enriched with
correctly identified 7, candidates from the orthogonal application regions (AR and AR-like)
enriched with 7, candidates enriched with 7}, fakes from jets. The second variable is chosen to
define a sideband determination region (DR) where the targeted background process is enriched.
The details of which variables are used will be discussed in the following sections.

Events are classified into one of the four regions based on the reconstructed 7, and the process
dependent variable. Next, a very important assumption is made that the ratio of the event
numbers between the two determination regions (SR-like and AR-like) is the same as the event
ratio between the signal and application region and therefore

Nsgr-ii
Nsr = Nar - Nii Ilie = Nar - Fr (4.3)
-like

holds. With this equation, the event number in the SR can be estimated from the calculated
fake factor (Fg) applied to the event yield in the AR. For the full Fg method this approach is
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Figure 4.20: Sketch of the sideband approach used for the Fg method.

used multiple times for each relevant background process, which leads to the second assumption
that needs to be made. The Fg's are applied in the AR to data and extrapolated to the SR.
Additionally, the process composition in data is unknown, therefore, the fractions of the relevant
processes are estimated from simulation. The process dependent Fg's are then only applied to
a fraction of the data events in the AR,

NSR = Z fracP™oc . NAR : ,_—||__)roc_ (44)

proc

The Fr method is specifically adapted for the needs of this analysis and will be described in
a less abstract way in the following two sections for the resolved and boosted 77 analyses,
respectively. An independent calculation is needed for both parts of the analysis because they
depend on different 7, identification algorithms.

4.6.1 Resolved 77 analysis

In the resolved 77 analysis the DeepTau algorithm is used to identify 71, (see section [3.4.3). To
be classified into SR or SR-like, events have to pass the medium WP and for AR and AR-like
they have to fail the medium WP but still pass the vvvloose WP, which is the loosest Deep Tau
WP.

For the er, and w7, channel only one 7y, is present and the Fg's are measured dependent
on the pr of this 7, and on the number of jets in an event. On the other hand, two 7}, are
present in the 7,7 channel. Therefore, for each 7, an individual Fg is measured and only the
corresponding 7y, has to fail the medium WP for the AR definition, the other 7, has to pass the
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72 4 Search for di-Higgs events

WP. The Fg's in the 7,7, channel are measured dependent on the pt of the respective 7, and,

like for the semi-leptonic channels, dependent on the number of jets.

The Fg's are measured for the relevant background processes split into three process categories, a
QCD measurement, a W+jets measurement and a tt measurement. The single top contribution
is considered in the tt measurement due to their large similarity. The measurements are

explained in the following sections.

The fraction measurement is performed in the AR based on simulated events. The results for
all three resolved channels are shown in figure [4.21] For all channels the measurement is split
into two regions, for events with one or no b-tagged jet and for two or more b-tagged jets. The
first category targets events with a bb-tagged AK8 jet because often such a jet can partially
be reconstructed as a b-tagged AK4 jet. The second category targets the resolved bb pair
reconstruction. Further, for the e7, and p7, channels the process fractions are measured in bins
of the transverse mass (mt) of the electron or muon and missing transverse momentum (TS
or 1) system, which is chosen due to its discriminating power between QCD and W-jets
events. The transverse mass is an approximation of the W boson mass where the missing
transverse momentum takes the place of the neutrino. In the 7,7, channel, on the other hand,
the fractions are measured in bins of the invariant mass of the two 7y, due to its discriminating
power between QCD and tt events. The process fractions are also measured twice for the two
different Fg measurements of the 7,7, channel. They are very similar, therefore, only one of
the measurements is shown in figure [4.21]

Due to the low fraction of the W+-jets process in the 7,7, channel, it does not have any
significant impact, so no individual Fg's are measured for this process in this channel and the
QCD Fg's are applied instead.

The resulting event Fg is calculated by evaluating the measured process Fg's and the process

fractions on an event-by-event basis as

FEVEHt == fracQCD(mTv Nb-jets) : FSCD(DTY Njets)
+ fracV S (mr, Ny jets) - e 2 (pT, Niess) (4.5)

+ fractt(mTv Nb—jets) : /—_'Et(p-r, Njets)
for the semi-leptonic channels and for the 7,7, channel as

Fl?,VAeF{t = (fracQCD(mvis: Nb—jets) + fraCWJrjetS(mvin Nb—jets)) : FFQCD(DT: Njets) (4 6)
+ fractf(mviSv Nb—jets) : FEE(pT, Njets)-
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Figure 4.21: Process fraction measurements for the resolved er, (top), pum, (middle) and 7,7,

(bottom) channel. On the left side are the measurements of the fractions of QCD,
W-jets and tt for events with one or no b-tagged jet, on the right side for events
with two or more b-tagged jets. The sum of the process fractions is always one for
each measured bin. The tt fraction also includes single top events. The fractions
for the ery, and 7, channel are measured dependent on the transverse mass mrt
of the lepton (e or p) and the missing transverse momentum. In the 7,7, channel
the measurement depends on the visible invariant mass of the two 7y,.
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74 4 Search for di-Higgs events

Since the 7,7, channel has two Fr measurements for two different AR definitions but only one
SR, they have to be combined to avoid double contribution. The combined Fr is calculated as

Feomb = - (FERR, + FERR)). (47)

N —

After the FE®"'s are applied as weights to data events in the AR using equation there
is still an overestimation expected in the SR because of other process contributions in the
application region besides 7, fakes. For example, events with real tau leptons, where the 7}, is
not identified correctly, enter the AR. To avoid this effect, the simulated event yields of these
processes are therefore subtracted from the data in the AR.

The weighted data events can be binned in any required variable because the F¢'s are calculated
on an event-by-event basis. The main application will be on the final discriminants (see
chapter 5)) of this analysis.

Estimation for QCD multijets

As can be seen from figure [4.21] the QCD Fg's are mainly relevant for the 7,7, channel.
Their contribution in the er, and p7, channels is only visible for the N jets < 1 category.
FQCD
F

Nevertheless, is calculated for all three channels.

To define the DR for the Fr measurement, the charges of the two tau leptons are used. For the
signal region the tau leptons need to be oppositely charged because they decay from a neutral
particle. For QCD the reconstructed tau leptons are always jets misidentified as 7y, electron or
muons. This leads to the assumption that the reconstructed tau lepton pairs in QCD events do
not have a preferred charge combination, at least at leading order. The DR is thereby defined
to have tau leptons with the same charges. This cut already makes the DR enriched in QCD
event because other relevant processes like tt, Z+jets or diboson also have oppositely charged
tau leptons.

In the ety and um, channels, additional cuts are applied to further enrich the DR with QCD
events. To separate QCD from W-+jets events, the transverse mass mt(e/u, £T) is required
to be smaller than 50 GeV and to further remove contributions from tt events N jets = O is

required. The F,?CD'

s are measured in categories of Njes where the number of jets is set to
zero, one and greater than one. After the applied cuts the QCD purity in the DR is between

60% to 75% depending on the region, category and channel.

For the 7,7 channel no additional cuts are applied. The DR region is already significantly
enriched in QCD because W+jets and tt events are suppressed by the electron/muon veto in
this channel. For statistical reasons, the FSCD measurement is performed in only two Nets
categories. The zero and one jet categories are merged into one for this channel. After applying
the cuts the QCD purity in the DR is between 70% to 95% depending on the region, category
and considered 7.

The FFQCD measurements are performed for all categories independently and binned in the pt
of the 7,. Since there still are some small remaining contributions from other processes in
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4.6 Estimation of events with jets faking hadronic tau leptons 75

the SR-like and AR-like data distributions of the DR, they are estimated via simulation and
subtracted from the data. The resulting FFQCD bins from the ratio calculation are fitted with a
linear function and this function is used for the estimation as FSCD(pT). The results of the
measurements in the 7,7, channel for the leading 7y, are shown in figure 4.22, The uncertainties
of the measurement are discussed in section [5.2.3]

o 05 resolved 5, N, <=1 59.8fb" (13 TeV) o 05 resolved 5, N, >=2 59.8 fo! (13 TeV)
8 F —4— measured CMS data 8 F —4— measured CMS data
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0.4 = bestiit (normalization unc.) 0.4[ = bestiit (normalization unc.)
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(a) Niets < 1 category (b) Njets > 2 category

Figure 4.22: Results of the F,?CD(pT, Njets) measurement for the resolved 7,7, channel. The
measurement is split into two Nets categories in (a) and (b), and is derived
in pt bins of the 7,. A linear fit is performed to extract the Fg functions.
Two uncertainties are defined from the fit, namely a slope and a normalization
uncertainty shown in blue and red, respectively. The third uncertainty (green) is
related to the subtraction of (Monte Carlo) simulated background events from
data.

Estimation for W+jets

The W+jets contribution is relatively small in all channels as can be seen from figure [4.21] The
main contribution is in the er, and p, channels for the Ny jers < 1 categories. Therefore, the
F;NHets's are only derived for the semi-leptonic channels.

The DR for the W+jets Fr measurement is defined by inverting the bb pair selection of the
signal region, which means no resolved b-jet pair and no bb-tagged AK8 jet should be present
in an event. Neither of them are expected to be present in W+jets events. This cut already
removes the majority of tt events. To further enrich the DR with W+-jets events, a cut on
the transverse mass mt(e/u, £1) is applied to be higher than 70 GeV. With this the majority
of QCD and Z+jets events can be separated. For Z+jets events this is the case because one
of the leptons is not considered in the mass calculation and mv is then usually smaller. The
F;Nﬂ-em's are measured in categories of Njets where the number of jets is set to zero, one and
greater than one. After applying the cuts, the W-jets purity in the DR is between 60% and

90%, depending on the region, category and channel.
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The F;NHets measurements are performed independently for all categories and binned in pt of the
Th. Like for the QCD Fg measurement, there still are some small remaining contributions from
other processes in the SR-like and AR-like data distributions of the DR. These contributions are
estimated via simulated events and subtracted from the data events. The resulting F,yvﬂets bins
from the ratio calculation are fitted with a linear function, which is used for the estimation as
F,yvﬂets(pT). The results of the measurements for the yi7, channel are shown in figure m

The uncertainties of the measurement are discussed in section [5.2.3]
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Figure 4.23: Results of the F,\:/V+jets(pT, Niets) measurement for the resolved u7y, channel. The
measurement is split into three Nes categories in (a-c), and is derived in pr bins of
the 7,. A linear fit is performed to extract the Fg functions. Two uncertainties are
defined from the fit, namely a slope and a normalization uncertainty shown in blue
and red, respectively. The third uncertainty (green) is related to the subtraction

of (Monte-Carlo) simulated background events from data.

Estimation for tt

The main background contribution for this analysis comes from tt events. This is also the case
for the Fr method, as can be seen in figure Only in the 7,7y channel is the tt process not
the dominant one.

The definition of the DR is more challenging for tt than for QCD or W+jets because the final
state of the tt process is the same as for the signal processes and finding a tt enriched region
orthogonal to the signal region is difficult. Therefore, the /—_,Ef measurement is performed in two
steps.

The first step is to calculate the FE (Sim)'s for the Njes categories and dependent on the pr of

the 7y, from simulation. This calculation is performed directly in the AR and SR because no data
is involved that could bias the measurement. The second step is to calculate an inclusive scale
factor which is derived in a DR. This scale factor is used to scale the simulation based FE (sim):
to the observed data yield. The DR is defined by inverting the electron/muon veto in all of the

channels, thereby allowing more leptons to be present in an event. This cut does not enrich the
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4.6 Estimation of events with jets faking hadronic tau leptons 77

selection of tt events but defines an orthogonal region where the scale factor can be calculated

from data. The approach is the same as for the QCD and W+ jets estimation. All process
(data)

contributions besides tt with 7, fakes are subtracted from the data yield and the FF inc

between SR-like and AR-like is calculated inclusively without any dependence on a varlable.
The same is done for simulated tt events with 7, fakes. The scale factor as the ratio between

tF (sim),

these two Ff's and is applied to the measured F s to get the actual FEE estimation,

tt (data)

F (PTy Njets) Ftt 5|m(p_|_ Njets) : Ffmid (4'8)

tt (sim)
F,incl

For the e, and p7, channels the /—_tt (sim).

s are measured in four Nes categories with one or
zero, two, three and four jets in the events. This granularity is possible due to a large number
of events. For the 7,7, channel only two categories are defined with two or fewer and three or

more jets in the events.

For each category the resulting FE bins are fitted with a linear function, which is used for the
estimation as FE'(pr, Njets). The results of the measurements for the e7y, channel are shown in
figure[4.24] The uncertainties on the measurement are discussed in section [5.2.3|

Corrections for the FF measurements

For the Fr measurements two assumptions are made. The first assumption is that events can
directly be extrapolated from the AR to the SR. Further, it is assumed that the Fg's measured
in the DR can directly be extrapolated and applied in the SR. Both of these assumptions are
not fully correct and additional correction factors to each Fgroc need to be derived to account
for it.

First, the Fg's are measured only dependent on the number of jets and the pt of the 7,. Other
kinematic variables are not considered although they can have an effect on the extrapolation
from the AR to the SR. One such variable is the pt of the electron or muon in the er, and
uTh channels and the other 7, in the 7,7, channel. The pt of these leptons influences, for
example, the triggers and have characteristic differences in the distribution of the QCD, W+jets
and tt processes. Therefore, an inclusive non-closure correction is derived for this variable in

the DR for all channels. For the non-closure correction the measured Ff ¢’

s are applied in
the application-like region and the extrapolation is compared to the data distribution in the
signal-like region. The ratio of these two distributions is used as correction C for the FF"'s

when it is applied later in the analysis,
h h
lgr:ocrr(p Njets p e/u/other Th) pI’OC(p Njets) . C(p_T_/M/ot er Th)_ (49)

A second non-closure correction is derived, with the first correction already applied, in the same
way for all channels dependent on the mass of the 7y,. Studies showed that the Fg method has
biases in the decay modes of the 7,. To account for the decay modes directly is problematic
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Figure 4.24: Results of the FEE(pT, Njets) measurement for the resolved ery, channel. The
measurement is split into four Njets categories in (a-d), and is derived in pt bins
of the 7,. A linear fit is performed to extract the Fg functions. Two uncertainties
are defined from the fit, namely a slope and a normalization uncertainty shown in
blue and red, respectively.

because a second categorization next to Nje: would lead to very low event numbers in some of
the categories. Therefore, the mass of the 7}, is used to derive a non-closure correction due to

its high correlation with the decay modes.

Both non-closure corrections are shown in figure for QCD in the er, channel, for W+jets
in the u7, channel and for tt in the 7,7, channel. The deviations of the correction values
from one show the bias of the initially measured Fg's that only depend on the number of jets
and the pt of the 7,. To better describe the extrapolation from the AR to the SR, these
non-closure corrections are essential. Ideally, even more non-closure corrections are needed until
the correction values get closer to one. However, this also increases the computational effort
and is not included in the scope of this analysis.

For QCD an additional correction is derived to correct the extrapolation from the DR to the

SR, namely the difference between QCD events with same-charge and oppositely charged tau
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Figure 4.25: Results of the non-closure correction measurements dependent on the pt of the
electron, muon and second 7, as well as the mass of the 7}, for the three resolved 77

channels. In the left column corrections applied to FFQCD are shown, in the middle
column to FY'H and in the right column to FE. Besides the histogrammed

corrections also the smoothed functions with uncertainty bands are shown.

lepton pairs. In the semi-leptonic channels this is realized by defining four new regions as SR,
AR, SR-like and AR-like. The new regions have the same cuts applied besides one, the isolation
cut on the electron/muon. The isolation is inverted to select non-isolated electrons/muons with

FFQCD' FFQCD'S are then

Isoyel € [0.15,0.3]. In these four regions new s are measured. These
applied in the new DR and compared to estimation in the new SR. This correction is measured
dependent on the visible invariant di-tau mass my;s. In the 7,7, channel no electrons/muons
are present, therefore a new DR is exploited where both 7, fail the medium WP of DeepTau to
compare same and opposite charged tau lepton pairs. Also in this channel the correction is

measured dependent on my;s.

For W+-jets a similar correction is derived to correct the DR to SR extrapolation. The W+jets
DR is influenced by the high transverse mass (mi/“) cut and therefore the extrapolation into

the SR can be biased. In case of W+jets, the extrapolation correction is derived from simulation.

W-tjets, e/un
Fe T

New s are calculated where the cut on m+'" is dropped and after applying these new

F;Nﬂets's in the DR they are compared to the simulated W+jets events in the SR. Also here

the correction is measured dependent on my;s. Three DR to SR extrapolation corrections are
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shown in figure two for QCD in the ety and 7,7, channels and one for W+jets in the um,

channel.

) resolved er,, QCD 59.8fb” (13 TeV)
1'8;_ fvz’:ksmd Zt:)gress —+—measuved
1.6f smoothed curve
14F
125 | —4— + —+—
el T+ 4
o0sf +
0.6
o
02

o5 00 0 200

my;s (GeV)

250

1.8

Correction

1.6F
1.4F

0.8
0.6
0.4
02

resolved 7,7, QCD 59.8 b (13 TeV) 2 resolved ut . Wiets 59.8 o' (13 TeV)
F c F
F CMS data _+_ 4 <] F CMS data _+_ .y
:_ Work in progress measure 8 18 :_ Work in progress measure
smoothed curve (5) 1 6;_ smoothed curve
E 1.4F l
12 | —+‘ s + 1.2
et A ‘
1= _T_ -+ _+_ _+_ 1 <
[ r —=
0.8~ g
[ —d——
0.6F | T
E
0.4~
0.2F
0:\\\\‘\\\\‘\\\\‘\\\\‘\\\\ C:\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0 50 100 150 200 250 0 50 100 150 200 250
m,s (GeV) m,s (GeV)

Figure 4.26: Results of the DR to SR extrapolation correction measurements dependent on the
visible invariant di-tau mass my;s for the three resolved 77 channels. The two left

corrections are applied to FFQCD in the er, and 7,7, channel, respectively. The

right correction is applied to F;Nﬂ-ets in the pumy, channel. Besides the histogrammed

corrections also the smoothed functions with uncertainty bands are shown.

All correction are derived as histograms which then are smoothed with a Gaussian kernel to get

a smoothed correction function with a corresponding uncertainty. Such an approach is chosen
to reduce effects of statistical fluctuations in the histograms. The uncertainties are discussed in

section [5.2.3]

4.6.2 Boosted 77 analysis

In the boosted 77 analysis, a BDT based algorithm is used to identify 7, (see section [3.4.4).
The SR and SR-like are defined for events with 7, candidates passing the loose WP and for
the AR and AR-like, the events have 7, candidates that fail the loose WP. The technical setup

for the FE"° measurements and the construction of the final
for the resolved 77 analysis. Therefore, this section will focus on the differences related to
the definition of the SR, AR and DRs and the dependencies on variables like Njets. In general,
requiring AR (71, ) < 0.8 significantly reduces the number of selected events, therefore, some
statistical issues occur during the Fg measurements and are mitigated by reducing the number

of Njets categories for which the measurement is performed.

FEg'e"t is the same as described

The process fraction measurement is performed in the AR based on simulated events after the
boosted 77 event selection (see section [4.3.4). The results of the measurement can be found in
figure for the three boosted 77 channels. As already seen for the resolved 77 F¢ fractions,

the main contribution is from the tt (with single top) process.

Estimation for QCD multijets

For the measurement of the

FFQCD'S the same approach is chosen as described for the resolved

77 analysis. The DR is defined by the charges of the two selected tau leptons which need to
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Figure 4.27: Process fraction measurements for the boosted er, (top), pu, (middle) and 7,7,
(bottom) channel. On the left side are the measurements for events with one or
no b-tagged jet, on the right side for events with two or more b-tagged jets. The
sum of the process fractions is always one for each measured bin. The tt fraction
also includes single top events. The fractions for the er, and u7, channels are
measured dependent on the transverse mass mt of the lepton (e or x) and the
missing transverse momentum. In the 7,7, channel the measurement depends on
the visible invariant mass of the two 7.
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be of the same charge. Due to small numbers of events, the categorization in Nets changes
to two categories for the e7, and 7, channels, namely one or zero jets and two or more jets.
For the 7,7, channel no categorization in Njets is defined. The results for the 7,7, channel are
shown in figure [4.28]
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Figure 4.28: Results of the F,?CD(pT) measurements for the boosted 7,71, channel for each 7.
The measurements are not split by Njets categories due to small event numbers,
and are derived in pt bins of the 7,'s. A linear fit is performed to extract the
Fr functions. Two uncertainties are defined from the fit, namely a slope and a
normalization uncertainty shown in blue and red, respectively. The third uncertainty
(green) is related to the subtraction of (Monte-Carlo) simulated background events
from data.

Estimation for W+-jets

,_—'\:N+Jet51

The measurement of the s is done in the same way as described for the resolved 77

analysis. The DR is defined by inverting the b-jet pair and bb-tagged AKS jet selection. Similar
to the FSCD measurement before, due to small event yields the categorization in Njets changes
to two categories for the er, and 7, channels, namely one or zero jets and two or more jets.

F;Nﬂets's are measured due to almost no contribution in this channel.

QCD:
Fe

For the 7,7, channel no
Therefore, the same approach as for the resolved 77 analysis is chosen to use the s for

W-tjets events in the 7,7, channel. The results for the p7y, channel are shown in figure [4.29|

Estimation for tt

Also for the FE{ measurement the same approach is used as in the resolved 77 case. The F,Ef's
are first measured with simulated events and then an inclusive simulation to data scale factor
is applied like in equation . The DR is defined by inverting the electron/muon veto in the
three boosted channels. In the er, and p7, channels three Njets categories are defined for one
or zero jets, two jets and three or more jets. For the 7,7, channel no categorization in Njes is
used due to small event yields. The results for the e, channel are shown in figure [4.30
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Figure 4.29: Results of the F,YV’Ljets(pT, Njets) measurement for the boosted p7y, channel. The
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measurement is split into two Njets categories and is derived in pt bins of the 7.

A linear fit is performed to extract the Fg functions. Two uncertainties are defined

from the fit, namely a slope and a normalization uncertainty shown in blue and

red, respectively. The third uncertainty (green) is related to the subtraction of

(Monte-Carlo) simulated background events from data.
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Figure 4.30: Results of the F}E(p-r, Njets) measurement for the boosted ery, channel. The

measurement is split into three Nes categories and is derived in pt bins of the 7y,.

A linear fit is performed to extract the Fr functions. Two uncertainties are defined

from the fit, namely a slope and a normalization uncertainty shown in blue and

red, respectively.

Corrections for the FF measurements

As for the resolved 77 analysis, corrections need to be calculated to account for the mis-modeling

related to the initial assumptions of the Fg method. The non-closure corrections are calculated

to correct the extrapolation from the AR to the SR. This is done in the same way as described

for the resolved 77 case by calculating the ratio between data in the SR-like and the applied
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Fﬁmc in the AR-like. Two non-closure corrections are derived, one for the pt of the electron,

muon or other 7y, in the er,, umy and 7,7 channels, respectively, and one for the mass of the
Th, also for all three channels. Both non-closure corrections are shown in figure [4.31} for QCD
in the 7,7, channel, for W-jets in the er, channel and for tt in the p7, channel.
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Figure 4.31: Results of the non-closure correction measurements dependent on the pt of the

electron, muon and second 7}, as well as the mass of the 7y, for the three boosted

77 channels. In the left column corrections applied to F;N

o :
TIeS are shown, in the

middle column to /—_,EE and in the right column to FFQCD. Besides the histogrammed

corrections also the smoothed functions with uncertainty bands are shown.

Further, additional corrections dependent on the visible invariant mass my;s are derived for QCD
and W+jets targeting the extrapolation from the DR to the SR. The correction for W+jets is
only relevant for the er, and p7, channels and is derived in the same way as explained in the

resolved 77 case. The cut on mt is removed and new

in the DR with these new F;NHets'

F;/V—Hets:

s are measured. The estimation

s is then compared to simulated W+jets events in the SR.

The DR to SR correction for QCD differs in the definition of the four orthogonal regions
compared to the resolved 77 case. For the er, and pu7, channels, instead of the inversion of

the electron and muon isolation, the AR(71, 72) criterion is inverted to be greater than 0.8.

This region can partially overlap with events selected for the resolved 77 analysis but since this

correction is not applied in the resolved 77 analysis, this is not concerning. For the 7,71, channel,
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again the unused DR is exploited where both 7, fail the loose WP of the BDT discriminant.
These DR to SR corrections are shown in figure [4.32]
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Figure 4.32: Results of the DR to SR extrapolation correction measurements dependent on the
visible invariant di-tau mass my;s for the three boosted 77 channels. The two left
corrections are applied to FFQCD in the er, and 7,7, channel, respectively. The

+jets

right correction is applied to F;N in the pumy, channel. Besides the histogrammed

corrections also the smoothed functions with uncertainty bands are shown.

4.7 Event simulation

The second method used to estimate background processes as well as signal processes is the
Monte Carlo event simulation. Simulated events are used for all background contributions that
are not covered by the Fr method. In sections and [4.7.2] it will be discussed how the
background and signal processes are simulated, respectively. Since simulated events usually
differ from data, corrections are applied for multiple sources of discrepancies. The relevant
corrections for this analysis will be discussed in section [4.7.3]

4.7.1 Simulation of background events

The simulation procedure is always similar, independent of the simulated process. The main
part of the event simulation is performed by Monte Carlo (MC) event generators like Mad-
Graph5_aMC@NLO [83], Powheg and Pythia 8.2 [85], which are state-of-the-art tools for
generating simulated high energy physics events. A list of the MC event generators used for
the different background processes is given in table [4.8]

The simulation starts with the pp collision. At such high energies as at the LHC, the protons
in the pp collision do not interact with each other as a whole but rather their constituents
called partons. The momenta of the protons are split among all partons, which means that the
momentum fraction of the two colliding partons is not known. Therefore, parton distribution
functions (pdfs) are used for the event simulation. The pdfs describe the probability of finding
a parton with a given momentum fraction at a certain energy scale. One such pdf set is
NNPDF3.1 , which is frequently used for event simulations at the LHC.
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Table 4.8: List of the MC event generators used for the simulation of the background processes
and the order of perturbative QCD.

Process Event generator Order
tt Powheg NLO
single top Powheg NLO
Z+jets MadGraph5_aMCONLO NLO
Diboson Pythia 8.2 LO
single Hgp Powheg NLO

Next, the hard scattering process is simulated, where the required partonic process with its final
state is generated. This is, for example, the semi-leptonic tt process or Z boson production with
aZ — 777" decay. Following the simulation of the hard scattering process, additional steps
are necessary to model a full event. This includes parton showering with Pythia 8.2 , which
models additional radiation and the showering of the final state particles to lower energies. At
some point the energy gets low enough that the hadronization process starts and hadrons are
formed from quarks and gluons.

In addition to the hard scattering process, soft interactions in a pp collision occur frequently.
This process is called underlying event and is part of the simulation to get a better estimation
of the data. Additionally, on average about 30 interactions happened during a single proton
bunch crossing in data taken at CMS in 2018. This pileup is estimated by adding specifically
simulated pileup events to the event.

Once the event is fully simulated, the interactions of the particles in the event with the CMS
detector are simulated using Geant4 [87]. This step involves detailed modeling of the detector
geometry, material properties and generation of electrical signals to emulate the response of all
the subdetectors to the passing particles.

At this stage, the simulated events include the full detector data equivalent to real data events
and the same event reconstruction is applied. However, differences to real data still remain, for
example, in identification efficiencies or energy reconstruction and need to be corrected, which
will be discussed in section [4.7.3]

4.7.2 Simulation of signal events

Events for the signal processes, gg — X — Y(bb)Hsym(7777) and gg — X — Y (777 )Hsm(bb),
are centrally produced by the CMS collaboration. The simulation of the processes is based on
the Feynrules implementation of the NMSSM (see section . For the simulation of a
single mass pair hypothesis the mass parameters for the X and Y bosons are set to the values of
the hypothesis. Further, the width of these two bosons is set to a small value of 1073 GeV so
that the narrow width approximation can be assumed for the limit estimate. The Feynrules
implementation is used in the MadGraph5_aMC@NLO simulation software to simulate

86



4.7 Event simulation 87

the hard process at leading order. The branching fractions for the X — YHgsy decay and for
the Y(— bb)Hsm(— 7777) and Y(— 77 77)Hsm(— bb) decays, for the respective signal
processes, are set to one in the simulation to produce only the corresponding final states of
interest.

In total 574 different mass pair hypotheses are generated for each signal process to scan the
unknown mass of the X and Y bosons. The mass grid is shown in figure and ranges from
240 — 4000 GeV for mx and from 60 — 2800 GeV for my. For each mass pair hypothesis 400
thousand events are generated. For the analysis in this thesis only a subset of the hypotheses
will be used to showcase the possibility of a combined, resolved and boosted, final state analysis
strategy. This subset is indicated by the red colored mass pair hypotheses in figure [4.33]
However, the final analysis of the CMS collaboration will include all of the mass pair hypotheses.

4.7.3 Corrections for simulated events

The simulated CMS detector response does not always align fully with the detector response of
the real detector. Therefore, the following corrections are applied in this analysis.

Pileup reweighting

The number of pileup interactions in data depends on the instantaneous luminosity delivered by
the LHC. However, this number is often unknown at the time simulated events are generated.
This is mitigated by randomly adding additional pileup interactions to the hard scattering
process following a Poisson distribution. For the Poisson distribution the expected number of
pileup interactions for the given run period is used. Since the expected and measured pileup

distribution usually does not match, a correction is needed.

The correction is calculated from the ratio between the measured pileup distribution during a
run period and the pileup distribution used in the simulation . By applying this correction,
the simulated events are reweighted to better match the data.

Lepton reconstruction efficiencies

The analysis selection contains criteria for the identification, isolation and triggering of electrons
and muons. For these, corrections are applied, derived from data and simulation efficiency
measurements for these three criteria. For the measurements the tag-and-probe method is used,
aiming for Z — ee/uu events. They can be selected with high purity, especially after applying
a cut on the Z boson mass window around mz = 91 GeV. The efficiencies are calculated in an
iterative manner by applying an already measured efficiency correction to the next measurement.

(1D, iso, trig) = e(trigliso, ID) - e(iso|ID) - £(ID) (4.10)

The already applied efficiency corrections are indicated by b in £(a|b) and the efficiency that
should be measured by a. In the resolved er, and u7, channels of the analysis all three
corrections are applied, while for the boosted er, and um, channels no isolation cut is applied
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Figure 4.33: Two dimensional grid of produced signal samples valid for both signal processes.

The grid points highlighted with green and red are officially produced by the

CMS collaboration.

The

The red grid points will be used in this analysis.

grid points in grey are not produced due to the resonant production constraint

my > my + 125 GeV.
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and therefore also no isolation correction is needed. The corrections are provided centrally by
the CMS collaboration .

For the identification of resolved and boosted 71, and the di-tau triggers a similar approach is
used. The efficiencies of data and simulation are measured with the tag-and-probe method in
an Z — 77 enriched control region in the u7y, final state. The corrections are provided centrally
by the CMS collaboration [55].

For the boosted 7,7, channel, a combination of an AK8 jet and a 7 trigger is used. Specifically
for these triggers, correction factors are measured in a dedicated study with a reference
trigger method. As reference trigger, a single muon trigger is used and the efficiency is calculated
with

e — Nsig_ trig & ref. trig. - (411)

Nref. trig.

Lepton and jet energy reconstruction

The energy correction for jets as well as an additional dedicated energy for b-jets are discussed
in section and section [3.4.5] respectively.

The electron energy correction is introduced in section 3.3.4] The energy correction for muons
is small and can be neglected for this analysis.

The resolved and boosted 7, energy corrections are measured separately due to the different
identification algorithms. However, the measurement of the energy correction is performed
in a similar way. The um, final state in a Z — 77 enriched control region is exploited to fit
the 7, energy dependent on the 7, decay mode. For both resolved and boosted 7, the energy
correction is provided centrally by the CMS collaboration , and is below 2% for all decay
modes.

Reweighting of the tt pt spectrum

The main background of this analysis is the tt process, which is simulated at next-to-leading
order with Powheg [84]. For the analysis, it is crucial that the kinematic distributions like
the pt of the top quarks are well modeled in simulation. However, in measurements of the tt
production cross section , , it was identified that the pt spectrum of the top quarks is
harder in simulation compared to data. This discrepancy can partially be explained by missing
higher order corrections but these are not applied in the Powheg event simulation.

In the measurements a correction function is derived which is used to reweight tt events
dependent on the pt of the two top quarks. For each top quark i the weight is calculated with

w(p}) = exp(0.0615 — 0.0005 - pt) (4.12)

and then combined to a total event weight w't = v/wt - wt. This event reweighting is applied
to all simulated tt events that enter the analysis, except the events where the selected 7, is a
misidentified jet. These events are estimated with the Fg method.
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Efficiency of b-jet identification

The accurate modeling of the b-jet identification efficiency in simulated events is important for
this analysis because the signal events, but also the main background (tt), are mainly selected
due to the b-jet pair selection described in section [4.3.3] However, the identification efficiency
in simulation differs from data.

In the training of the final parametric neural network (PNN) classifier, the shape of the DeepJet
discriminant is used as an input variable, therefore, the full discriminant shapes needs to be well
modeled. The corresponding corrections are measured centrally by the CMS collaboration [59]
with the tag-and-probe method in a phase space with two oppositely charged leptons and two
additional jets targeting the tt events. The Z+jets contribution is reduced by removing events
with a di-lepton mass close to the Z boson mass. One of the selected jets is used as the tag
object requiring that it passes the medium WP of the DeepJet algorithm. Similar corrections
are measured for mis-tagged jets induced by light quarks in a phase space specifically selecting
Z+jets events.

The corrections are measured dependent on the value of the b-tagging discriminant D, the pt
and 7 of a single jet. An event weight is calculated based on the evaluation of the scale factor

SF for each selected jet in an event,

Njets
Wevent = 1| SF(Di, pr.ivmi) (4.13)
i

This way of correcting the full shape of the b-tagging discriminant has the effect that after
applying the weight the yield of the selected events changes. To account for this, a reweighting
ratio r is measured with the sum of the event weights before and after applying the b-tagging
SF’s and before applying event cuts related to the b-tagging discriminant,

N,
Z,’ events Whefore, i

=
Nevent
Z/ events Wafter, i

(4.14)
For this analysis the reweighting ratios are measured for each simulated background process in
each analysis channel. The results are listed in table [4.9] The ratios are applied together with
the b-tagging scale factors for each event in the analysis as Weyent = r - W2,

event*

Efficiency of X — bb AKS8 jet identification

As for the b-jet identification efficiency also the efficiency of the ParticleNetMD algorithm for
identifying boosted bb pairs needs to be estimated and corrected. The CMS collaboration
provides measured corrections for the X — bb tagging of ParticleNetMD .

However, the provided working points are too tight for this analysis because together with
the additional selection of a tau lepton pair almost no events would be left. For this reason
a custom WP is used as mentioned in section [3.4.6. Dedicated corrections for this WP are
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Table 4.9: Results of the reweighting measurement for the b-jet identification efficiency correc-

tion for the six analysis channels and each simulated background process.

Analysis Process Ratio in er,, Ratio in u7, Ratio in 7,

resolved 77 tt 1.002 1.004 1.005
single top 1.002 0.998 1.009

Z+jets 0.996 0.997 0.991

Diboson 0.991 0.991 0.991

single Hgw 0.987 0.989 0.989

boosted 77 tt 0.973 0.968 0.921
single top 1.055 0.999 0.892

Z+jets 0.941 0.945 0.901

Diboson 0.937 0.966 0.886

single Hgp 0.939 0.938 0.923

planned to be derived for the full analysis of the CMS collaboration but are not available at the
moment. Therefore, a different approach is chosen for this thesis. The correction factors are set
to one for all events which have a bb-tagged AK8 jet and a 50% uncertainty on this correction
is used in the final fits. This rather conservative approach should cover any inconsistencies
between the data and simulation efficiencies for the X — bb identification.

4.8 Mass reconstruction algorithms

In this analysis two mass reconstructions are used. The first method is FastMTT. It is a simplified
version of the SVfit algorithm , which is a likelihood based 77 system reconstruction method
inspired by the matrix element method , . Dedicated studies were conducted to investigate
this method and the possibilities of replacing it with a neural network approach. For more
details on both approaches readers are referred to . In the following the second mass
reconstruction method will be introduced.

4.8.1 Kinematic fit for mass of the bb + 7~ 77 system

A mass estimation of the bb 4+ 77 system, and hence of the X boson, can significantly help in
the identification of signal events. The approach used for this analysis is based on the HHKinFit
tool, which was originally developed for the reconstruction of a heavy X boson decaying into a
pair of Hgym bosons , . The method uses kinematic constraints that the decay products of
the Y and Hgy bosons must satisfy due to the narrow width of these bosons and the precisely
known mass of the Hgy boson of 125 GeV. These constraints are applied in a x? fit of the bb
+ 77 + 5@55 system to get a better estimation of the X boson mass. This method is applied
in this analysis for events where a resolved b-jet pair is present.
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92 4 Search for di-Higgs events

A x? function is introduced that allows one to vary the measured energies of each b-jet and

each tau lepton within a range given by the resolution but is penalized if the varied energy

values get too different from the initially measured energy. Additionally, the missing transverse
=zmiss

energy p7'** is included as an estimate of the momenta of the neutrinos produced in the decay
of the tau leptons. The sketch in figure illustrates the typical constellation in signal events.

/ Xrecoil
v

Figure 4.34: Sketch of a possible signal event in the u7, final state. The missing pt vector is
expected due to the missed neutrinos in the decay of the tau lepton pair. Further,
the recoil vector is indicated because it is used in the kinematic fit.

Compared to the initial implementation of Ref. , this analysis has only one Hgy boson and
the mass for the Y is unknown. Further, this analysis has two different signal processes in which
the decay products of the Y and Hgy bosons change. This is challenging because, instead of
one single kinematic fit, a range of multiple kinematic fits is performed scanning the my mass
hypotheses. The scanned my values are the same as the produced signal mass hypotheses (see
figure . Additionally, the number of kinematic fits doubles because the scan is repeated
for each signal process. This results in 56 kinematic fits performed for each selected event in
this analysis.

After all kinematic fits are performed the best fit is chosen as the one with the smallest x? value
and the best fit value of m&i"Fit and the discrete value of m&"Fit are used as mass estimations
in the following analysis. Further, the X2, itself is used for the training of the final classifier
because real signal events are expected to have a relatively small x2. value compared to
background events in which the underlying event signature for the kinematic fit is not given.

In the following sections the individual steps of the kinematic fit will be explained.

Fit of the b-jet energy

For the fit it is assumed that the direction measurement (7 and ¢) of the b-jets is precise
enough to be neglected in the fit. Therefore, only the energy of the b-jets is varied by the fit.
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4.8 Mass reconstruction algorithms 93

For a single fit the mass of the boson from which the b-jets are originating is fixed and a two
body decay is assumed, which means that my, b, = My /g, and using the four vectors of the
b-jets

2 2 2
MY ey = Mby,by = (Pby + Pb,)
=P, + P, + 2 Pby  Pby (4.15)
:m§1+m§2+2-Eb1-Eb2—2-/3b1 ~5b2

At this step an approximation is applied that the mismeasurement of the jet energy and jet

momentum is equivalent, at least in leading order, and the their ratio g = [ is constant. The
1
V152

can be rewritten to only depend on the two energies of the b-jets and constant values as

same constant behavior is assumed for the mass £ = % with v = and equation |4.15

E;
ma/HSM:m§1+T§+2-Eb1-Eb2-C (4.16)
2
ith
" Boy By MRy — B, — R
C=1- 2 Tb - bubo b b (4.17)

meas. meas.
Ev, - Eb, 2 EQ  E]

which is a constant value that can be calculated from the measured b-jet energies. Equation[4.16|
can now be solved as a quadratic equation of Ep, which then only depends on £,

Eb2 = _Eb1 : 762 C+ \/Egl ' ryﬁz 2 - ,ygz ’ (mgl o ma/HSM)' (4.18)

With this the x? function for the minimization can be defined as

) (Eb1 _ Etr;;eas.)2 (Eb2 _ Etr;;eas.)2

Xb-jets = > + > . (4.19)
o by b,

By replacing Ep, with equation|4.18|the energy of the first b-jet can be determined by minimizing
the X%—jets function. The resqlting best fit energy Egilt can then be inserted into equation m
to get the best fit energy Eg'; of the second b-jet. The resolution oy, of the b-jet energies is
taken from the b-jet energy regression described in section [3.4.5]

Fit of the tau lepton energy

The tau lepton system is handled differently in the kinematic fit due to the neutrinos in the list
of decay products of the Y or Hgp. Therefore, a two body decay cannot directly be used to
fit the energies. Nevertheless, the energies of the visible decay products like electrons, muons
or 7,, depending on the analysis channel, are defined with the same two body procedure as
already for the b-jets in equation to reduce one degree of freedom in the fit.
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94 4 Search for di-Higgs events

Instead of the individual tau lepton energies, the full event recoil in the transverse direction is
fitted. The x? function is defined as

Xgecoil = A/_j'lz_,recoil : COV;:—;OH : A/_jT,recoiI (4'20)

rmeas.

which compares the difference APt recoil = /ﬁfrecon — PT recoil Detween the measured recoil vector
PTrecoil = —(PTioy T PTibs + PTay + Pl + PTomiss) (4.21)
and the best fit vector before the tau lepton decay
=fit - _(—‘fit + =fit + =fit + =fit ) (4 22)
PT recoil = —\PT,b; T PT b, T PT, 1 T PT,1)- :

The covariance matrix of the recoil is calculated from the covariance of the missing transverse
momentum and the covariance matrices of the b-jets and visible tau lepton decay products as

COvrecoil = COV;

PT,miss

The covariance matrices of the the four objects / can be calculated with

o co(e)  sin(é)cos(6))
CoVi = (sin(¢,)-cos(¢,) sin®(¢)) ) Tpr (4:24)
and £
Opr, = sin(n;) - ﬁ L OE,. (4.25)

For the b-jet energy resolution again the results from the b-jet energy regression are used and
for the leptons it is assumed that their energy resolution is much better than for jets and

therefore it is set to zero.

Full kinematic fit procedure

In summary the x2 function for the fit is defined from equations and as

X2 = X%—jets + X?ecoil' (4'26)

Because the energies of the two b-jets and the energies of the two tau leptons are connected
and during a single fit the masses my and my,,, are fixed, the x2 function has only two free
parameters, which are Ep 1 and E; ;.

For the boundaries of possible energy variations of the four objects different approaches are
used. For the b-jets the boundaries are set to £50£ of their energy resolution from the b-jet
energy regression. For the tau leptons the lower boundary is set to the energy of the visible
object T’":'L” = ;"Si assuming that the neutrino energy is missing. For the upper boundary,
equation is used for the tau leptons with the visible energy of the second tau lepton

e = E, 1(EYS).
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The fit of this x? function is performed in two steps. The first step is a minimization along one
dimension of positive (E, 1 — E;.1) values. The second step happens only if a minimum can
be found in the first step. The second step is then a two dimensional minimization using the
Newton method. The fit is regarded as converged if the value differences of the x? or one of
the two energies, (Ep 1 and E; 1), between two steps of the fit is smaller than a threshold of
e = 0.01.

The results of the kinematic fit applied in the resolved 77 analysis are compared in figure [4.35|
to two simpler estimations of the X boson mass by calculating the invariant mass of the decay
products, once just the visible bb+77 system and once additionally with pymss. The true mass
hypothesis is mx = 500 GeV. It is clearly shown that the kinematic fit provides a significantly
better mass estimation and resolution.

CMS Simulation Work in progress (13 TeV) CMS Simulation Work in progress (13 TeV)
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S 0.30[ _|_KinFit: | 1 Ro.s30f | KinFit: |
3 | = 495.6 + 82.5 GeV | S = 486.7 + 98.4 GeV |
£ €
S _|_ b1by+eTh+pr miss: | S _|_ b1by+UTh+Pr misst |
€ 0.251 T p=479.0 = 94.4 GeV 4 S0.25F T u=473.9 £100.7 Gev |
b,b,+et;: biby+uTy: |
= 379.9 + 104.5 GeV +m=3m511m40w
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Figure 4.35: Comparison of the kinematic fit for the X boson mass estimation to a simple
calculation of the invariant mass. The mean values of the distributions for the
three resolved 77 analysis channels (a)-(c) are calculated and compared to the
true mass of my = 500 GeV.
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Further, the mass estimations of the kinematic fits are compared for the two signal processes and
the resolved and boosted 77 analysis. The distributions for five different mass pair hypotheses
are shown in figure [4.36, where the Y boson mass is always 250 GeV and the X boson mass is
varied. For the distributions all three tau lepton pair decay channels (er,, um, and m,7) are
combined. In all cases the estimation of the mass for lower myx values yields similar results by
finding the correct true mass. For higher my, the distribution starts to get broader, especially
for the signal process where the Y boson decays into a pair of tau leptons. A reason for this
could be that for such high energies the approach in which the energy boundaries are set for
the fit is not suited anymore and gives the fit to much freedom, especially for the tau leptons,
for which no direct energy constraint is present in the x? function. The setting for the energy
boundaries is not changed in any way compared to the initial implementation of the HHKinFit
tool, where both boson are assumed to be Hgy bosons. For the signal process where the Hgy
boson decays into a tau lepton pair the my is better estimated.
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Comparison of kinematic fit results for different initial masses of myx for the two

signal processes on the left and right side. The resolved and boosted 77 pair

reconstruction is shown in (a)-(b) and (c)-(d), respectively. For the Y boson, the

mass is always set to 250 GeV. The shown distributions are a combination of the

mass estimations of all three tau lepton pair decay channels, er,, pum, and m,7h.
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5 Measurement strategy and results

The aim of a search is to find indications of BSM physics or, if no signal is found, provide
exclusion limits. To achieve that, a phase space needs to be defined which is enriched in
the hypothetical signal events. This implies that a clear separation between hypothetical
signal events and expected background events is desired. The separation can be achieved by
identifying kinematic variables, e.g. estimates of the invariant mass of particles, which show
significantly different distributions for signal and background. For the resonant di-Higgs search
conducted in this thesis, this could be, for example, the my estimation of the kinematic fit
introduced in section[4.8.1) However, the analysis aims not to test a certain mass pair hypothesis
but performed a full mass grid scan with very different phase spaces of the signal processes
depending on the mass hypotheses. Therefore, a separation from background events cannot be
achieved with a single variable for all tested mass pair hypotheses. Instead, parametric neural
networks (PNNs) are trained to separate signal from background events for each individual
mass pair hypothesis based on a set of input variables which describe the events. The details
about the PNN classifier are explained in section Next, the statistical framework is
described in section , for which the foundations are taken from , and the final upper
limit measurements of the search are evaluated in section (5.3l

5.1 Event classification with neural networks

The task of separating the signal and background processes for this analysis is performed
with a PNN. This PNN classifies events into categories of physics processes by utilizing event
information like, for example, the kinematic properties of the reconstructed b-jets or tau leptons.
In the following the key features of these PNNs will be discussed.

5.1.1 Architecture and training process

The architecture of the networks is based on fully connected feed-forward layers with multiple
neurons in each layer. Such an architecture is rather common and was already discussed in
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the 1980's \\ Nevertheless, such an architecture can still have, if not better, but at least a
performance comparable to newer and more sophisticated architectures like, for example, graph

neural networks [101].

The PNNs have, for all analysis channels, 39 input neurons corresponding to 37 event variables
and two parameter variables. Before the variables are given to the input layer, they are
transformed so that the variable distributions for all events have a mean value of zero and a
standard deviation of one. Following the input layer, three hidden layers consisting of 500,
500 and 300 neurons are arranged, respectively. The output layer, located after the hidden
layers, has eight neurons corresponding to eight process categories in which an event should be
classified. A sketch of this network structure is shown in figure[5.1]

Example input  Input layer Hidden layers Output categories Example
variables output vector

Preprocessing

X = Y(bb)H(tT) .
p,(1)=62GeV = — /A A // \\\‘ Y(bb) resolved 0.60
\‘ A\\'lIL 4\\'[/; ’ SRR — 0.0

l ‘\\\
p,(b-jet) = 178 GeV ——> ‘\6 // " "’ “V Vl’ »\g‘«"' X = Y(tt)H(bb)

AN seaRaey —— 0.02
/'A’, "lA A""'A A'A’A'A A\VA“ A'A X = Y(tt)H(bb) — 0.03

T ’ / V‘V‘V‘V VI“V 0“/ H(bb) boosted X
’.‘ — 0.07

m =116GeV — 4" ’V /' \\ lAA‘\ Top quark pair
+ single top — 0.13
m, = 800 GeV _— - 002
Diboson

m,=250GeV = —— + single H(bb/tt) .. 0.10

: S=1

Figure 5.1: Sketch of the parametric neural network classification. The input layer receives an
input variable vector for a single event. Part of the input vector are two parameter
variables defining the probed mass pair hypothesis. After the processing through
the hidden layers, the PNN has eight output nodes predicting the underlying physics
process of the event. Four nodes are dedicated to the main background processes
and two are for each signal process, respectively. The signal process nodes are split
into nodes for resolved and boosted bb pair decay.

The neurons of a neural network are all set up in the same way. They take all values from the
previous layer and calculate a weighted output value

Ny
fout()_(‘) = Z w; - x; + b. (5.1)
i

Each neuron has a trainable weight vector w with a length corresponding to the length of
the values provided by the previous layer and a trainable bias parameter b. After each layer's
output calculation, an activation function is applied. For the hidden layers the hyperbolic
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tangent function is used, fact.(X) = tanh(fout(X)), and for the output layer each node i gets a
normalized prediction value calculated with the softmax activation function

exp(x;)
i exp(x;) .

The resulting output vector sums up to one and each of the values ranges between zero and

fact..i(X) = (5.2)

one. Such a definition can be interpreted as a probability for an event to correspond to one
of the processes. An event is classified into the process category where it gets the highest
probability value.

The training process of a neural network is set up so that the trainable parameters are updated
iteratively. The trainable parameters are the aforementioned weights and biases of the layers
and an update is done after comparing the prediction of the neural network with the truth.
For this comparison a loss function is calculated and in case of this analysis the categorical
cross-entropy is used, which is defined as

N C
L==3> Zyt(r';l,/ ‘ |09(J/,§:e)d,/)- (5.3)
N

The first sum covers all events in a processed batch with N events. The second sum evaluates
the truth Ve i to prediction ypreq,; comparison for each output process category C. The truth
labels yirue can be one for the correct category or zero for all wrong categories.

The goal of a training is to minimize the value of the loss function. This is achieved by using
the Adam algorithm [102]. Adam is an extension of the stochastic gradient decent where a

weight is updated via
oL

. ow;
with an adjustable learning rate Ir. The calculation of the gradients uses the backpropagation
of error algorithm to reduce the computational effort. In this analysis the initial learning
rate is set to 1074

Whew,i = Wj — Ir

(5.4)

During a training process of a neural network it can happen that the network starts to overtrain,
which means that it only learns the data that is used in the training and cannot generalize it to
other comparable datasets. Two ways to account for these problems are applied in this analysis.
The first method is Dropout , which randomly excludes neurons during the training steps.
This approach reduces the probability that individual neurons become too important, which is
a sign of overtraining. In this analysis a dropout probability of 40% is used. This means that
40% of the neurons are randomly excluded in each training step. The second method is the L2
regularization, which is a penalizing term added to the loss function. The term calculates the
squared sum of all training weights and thereby has a negative effect on the loss function if
the weight values get too large. The scaling factor for this term, before it is added to the loss
function, is chosen to be 1073.
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As training data, all selected events are used. The data is split into half for each process
and for each half an individual PNN is trained. After the training is finished, the PNNs are
used to predict the process categories of the other dataset, respectively. During the training a
second data split is performed to define a training (75%) and a validation (25%) dataset. The
validation data is used to control the learning process. After each training step the loss function
is calculated for this independent validation data without adjusting the training weights. If
the loss of the validation and training datasets starts to deviate from each other, this is an
indication of overtraining. Further, if the validation loss does not decrease for 50 training steps,
the training is considered converged and the weight parameters with the lowest loss are used.

5.1.2 Classes of processes

The task of the PNN is to classify events into process categories which are mutually exclusive
to each other and are enriched in events of a certain process. Having well separated signal and
background processes helps to constrain systematic uncertainties related to a certain process
during the statistical inference. Therefore, four background classes are defined targeting the
main background contributions of the analysis and four signal classes targeting the two different
signal processes and their different phase spaces for the Y or Hgy boson decay into the bb pair.

The first background category is defined for the Fr method. This process category is trained
on measured data that fails the 7, identification WPs for the respective resolved and boosted
77 analyses. The Fg method has its own systematic uncertainties that only affect the 7, fake
distributions, therefore, it is reasonable that it has an own category.

Next, the main background contribution has its own category, which is tt production. Single
top production is added to this category due to the similarity of the final state with one or two
top quarks. From both simulated processes the part of events that has jets faking the selected
Th is removed since it is already covered by the Fr method.

The third background category is defined for Z+jets events. Since this process is of relevance
especially for the boosted 77 analysis, it has its own category. Also for Z+jets, only events that
have either real tau leptons or prompt electrons or muons that can also fake 7,’s are considered.

The fourth category is defined for all minor background contributions. This includes diboson
production and single Higgs boson production. These processes are, in most of the analysis
channels, almost negligible but have a small contribution of a few percent in the boosted 7,7y
channel.

Each of the signal processes gets two separate categories. The idea is to separate the resolved
and boosted reconstruction used to identify the bb pair, especially because both ways to
reconstruct bb pairs can be present in an event. For the training of the PNN the simulated
signal events are split based on the generator level information of the two b quarks. Each
event with AR(b$®", b5°") > 0.5 gets a "resolved" label and events with smaller AR distances
between the two b quarks get a "boosted" label.
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5.1.3 Parametrization of the neural network

One of the challenges of this analysis is that a large number of hypotheses needs to be tested.
Ideally, for each hypothesis a dedicated neural network has to be trained, but the computational
effort needed to achieve that is significant. Therefore, the previous analysis @I grouped
kinematically similar mass pair hypotheses together into a single training, thus reducing the
number of trained neural networks by about a factor of six. Nevertheless, this was still a
significantly large number.

A new approach is chosen for this thesis using parametric neural networks. This means that a
single neural network is trained simultaneously on all mass pair hypotheses and two parameters
are introduced that represent the two mass hypotheses for myx and my as additional input
variables (indicated in figure[5.1). A study tested this approach in a reduced setting of
only one dimension, that is, having a fixed mass for mx and a parameter for my. This study
showed that with this approach a comparable sensitivity in the final limit measurement can be
achieved. In this analysis, the setup is extended to all produced mass pair hypotheses with a
two dimensional parametrization.

The aim of this input parametrization is that the neural network learns to classify signal events in
a certain specialized way for each tested mass pair hypothesis. On the other hand, background
events do not have any defining mass pair hypothesis and should not depend on these two
input parameters. This is mitigated in the training by randomly sampling mass pair values
from the set of all mass pair hypotheses considered for each background event in each training
update step. Using this approach, it is achieved that, regardless of the mass parameters, the
separation between the background categories stays similar. Of course, the separation between
signal and background events is still affected by the mass parameters because the kinematic
information of the signals changes for different mass pair hypotheses.

5.1.4 Training data

For each analysis channel an individual PNN is trained. The number of events that can be
used for each PNN training varies significantly between the process categories because of the
rather tight event selection, especially for the boosted 77 channels. A list of unweighted event
numbers that are used in the training is given in table [5.1]

The imbalance in training event numbers between process categories Neyt cat is mitigated by a
balancing weight. Each process category gets a category weight wc,: that scales the importance
of the events up or down depending on their deviation from the mean category event number

Nevt tot /8 of the full dataset.
1 Nevt,tot

Nevt,cat 8

The same procedure is applied for each signal process category to balance the importance of

Weat =

(5.5)

the different mass pair hypotheses. Although the total number of signal events is quite high,
this is not the case for all individual mass pair hypotheses. Some of them only provide a few or
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Table 5.1: Numbers of unweighted training events for each analysis channel, split for the eight
process categories. The values represent the rounded mean of the two halves of the
training datasets. For the signal categories the values are the sum of the selected
events for all 574 mass pair hypotheses.

Category res. ety res. uT, res. TwT, boost. er, boost. u7, boost. T,
res. Y(bb) 156700 290900 217600 324700 517500 562700
boost. Y(bb) 24200 41000 28900 114400 210700 253800
res. Hsp(bb) 439200 509900 466100 143700 197000 176100
boost. Hgym(bb) | 243100 257400 252800 113300 215600 262100
jet — 7, fakes 23000 438000 3000 440 930 130
tt/ single t 113466 127500 11300 3470 7840 40
Z+jets 1560 3800 1680 580 930 1090
VV / single Hgm 2300 4300 2650 420 530 550

even no events, which is related to the split into resolved and boosted pairs of b quarks and

tau leptons.

One of the negative effects of the tighter selection of the resolved b-jet pairs (see section [4.3.3),
compared to the previous analysis @[] is the low number of training events for some of the
background categories. Especially the boosted 77 categories suffer from this because they
additionally have the tight cut on the AR between the two tau leptons. Nevertheless, a training
with these few events could successfully converge, taking into account all the measures taken

to prevent overtraining.

5.1.5 Input variables

In the PNN training, 37 variables are used which describe the physics of the events. These
variables are related to the kinematic information about the tau lepton pair, the b-jet pair, the
bb-tagged AKS8 jet, the missing transverse momentum and more high-level variables calculated
from this information like AR distances, invariant masses and the kinematic fit results. The
full list of variables used in the training is given in table[5.2] If for an event a certain variable is
not present, for example if no bb-tagged AKS jet is reconstructed, a default value is set outside
the variable range.

An analysis is performed to identify the most important input variables for the classification
of events into a certain process category node using a Taylor expansion. This method derives
Taylor coefficients taking the PNN as a function and expanding it around a specific input
variable. These Taylor coefficients can be used as an indication for the sensitivity of a PNN
output node to a certain input variable . This Taylor coefficient analysis (TCA) is applied
to each PNN training for all analysis channels. As an example, the TCA results are shown in
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Table 5.2: All event variables used in the PNN training and classification with a short description.

Label Description

njets Number of jets

nbtag Number of b-tagged jets

nfatjets Number of AKS8 jets

pt_1 pt of the electron, muon or pr-leading 7,
eta_ 1 7 of the electron, muon or pr-leading 7,
phi_1 ¢ angle of the electron, muon or pr-leading 7,
pt_2 prt of the 7, (pr-subleading 7y, in 7,7,)

eta_2 n of the 7, (pr-subleading 7, in 7,7)

phi_2 ¢ angle of the 7, (pr-subleading 71, in T,7,)
deltaR_ditaupair AR distance of the tau lepton pair

m_vis Visible invariant mass of the tau lepton pair
m_fastmtt Mass estimate of the 77 system with FastMTT?!
pt_fastmtt pr estimate of the 77 system with FastMTT?!

eta_fastmtt
phi_fastmtt
bpair_pt_1
bpair_eta_1
bpair_phi_1
bpair_btag_value_1
bpair_pt_2
bpair_eta_2
bpair_phi_2
bpair_btag_value_2
bpair_deltaR
bpair_m_inv
bpair_pt_dijet
fj_Xbb_pt
fj_Xbb_eta
fj_Xbb_phi
fj_Xbb_msoftdrop
fj_Xbb_nsubjettiness_2overl

met

metphi

mt_1
kinfit_mX
kinfit_mY
kinfit_chi2

n estimate of the 77 system with FastMTT*!

¢ angle estimate of the 77 system with FastMTT?
pt of the pr-leading b-jet

7 of the pr-leading b-jet

¢ angle of the pr-leading b-jet

DeepJet discriminant value of the pr-leading b-jet
pt of the pr-subleading b-jet

1 of the pr-subleading b-jet

¢ angle of the pt-subleading b-jet

DeepJet discriminant value of the pr-subleading b-jet
AR distance of the b-jet pair

Invariant mass of the b-jet pair

pt of the combined b-jet pair vector

pt of the bb-tagged AKS jet

n of the bb-tagged AKS jet

¢ angle of the bb-tagged AKS jet

Softdrop mass of the bb-tagged AKS jet
Estimate of the bb-tagged AKS8 jet to be

more one or two prong like

Missing transverse momentum

¢ angle of the missing transverse momentum
mr of the electron, muon or pr-leading 7, and p'ss
Estimated mass for the X with the kinematic fit
Estimated discrete mass for the Y with the kinematic fit
Minimal x? value of the kinematic fit

L FastMTT is a simplified version of the SVfit algorithm , which is a likelihood based 77 system reconstruction
method inspired by the matrix element method
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figure based on a first order Taylor expansion for all PNN output nodes. The results are
shown only for the resolved e7, channel, they are similar in the other channels. For each node
the five input variables with the highest mean value of the Taylor coefficients (t;) are listed.

res. ety res. Y(bb) node res. ety jet » T, fakes node
: : : : : : : : - ; : : - : : : :

< lrinfit-mx >F + - <tpo>F + E
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<trjxwhpt > . . . ! o . L <t >f . . . L ¢ . . I
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— : : : ‘ : : : — — : : : ‘ : : : —
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Figure 5.2: Results of the Taylor coefficient analysis for each output node of the PNN in the
resolved e7y, channel. On the left the four signal nodes are shown and on the right
the four background nodes. Only the top five input variables are listed for each
node, which have the highest mean value of the Taylor coefficients (t;). Positive
values indicate a correlation with the corresponding output node score, negative an
anti-correlation.

The sign of (t;) indicates the direction of the correlation between the input variable and the
output node, where negative (t;) values indicate anti-correlation. Further, the distributions of
some of the most important variables are shown in figure 5.3/ to illustrate the discriminative
power of these variables between the different process categories.

First, regarding the four signal process nodes, the most important variables are mass estimates
like the kinematic fit, FastMTT or the softdrop mass. This is expected because the difference of
the two signal processes lies in the asymmetry of the Y and Hgpy boson masses. The separation
becomes worse when my gets close to the Hgpy mass or even has the same mass. In this case
the PNN cannot separate the two signal processes and the classification is basically random in
this respect. Another expected behavior is the importance of variables related to the bb-tagged
AKS jet for the two boosted bb categories. The existence of a well reconstructed bb-tagged
AKS jet in an event is a significant indicator of a boosted bb final state.
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Figure 5.3: Distribution of important input variables split for the different process categories.

The distributions are from the resolved e7, channel. For the signal distributions
myx = 450 GeV and my = 250 GeV are chosen. The reconstructed mass of the 77
system (top left) shows dedicated mass peaks in the distributions for the Y, Hgp

and Z bosons. The estimate of the kinematic fit for the myx (top right) shows mass

peaks for the two signal processes and a rather flat distribution for the background

processes. The pr of the 7, (bottom left) shows different degrees of falling pr
spectra for the different processes. The prt of the bb-tagged AK8 jet (bottom right)
is statistically limited but shows a trend for the signal processes to have higher pr.

For the background processes the mass reconstruction also plays a significant role for the

separation from other processes. For example, the reconstruction of the 77 system results

in peaking distributions for the Z and single Hsp bosons.

On the other hand, the mass

reconstruction is also relevant for the tt and single top category because it has rather flat

mass distributions, which can be used to identify events from regions where no mass peaks are

expected. For the category of the Fg method the same can be applied because it is enriched in

tt events in which a jet fakes a 7,. Additionally, the pt of the 7}, is interesting for the Fr method
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category because it has the distribution with the deepest falling course of all categories, as can

be seen in figure

The distribution of the kinematic fit estimation for my in figure shows a deviation from
the expected behavior. The expected mass peak at myx = 450 GeV is clearly visible for both
signal processes, however, additional smaller peaking structures can be identified. This could
partially be related to a rather low number of events used for the histogram, but more likely
this is an issue of the kinematic fit itself. Compared to the previous analysis ﬂgﬂ the number of
scanned my values is reduced in this analysis. This choice could have been too granular for a
more exact mass estimate, for example, if the X2 values of the fits are close to each other. In
that case neighboring mass hypotheses could be chosen which are further away from the truth.

5.1.6 Validation of the input variables

The variables used for the training of the PNNs are validated by performing goodness-of-fit tests
on each of the variables. This is a necessary measure to ensure that the PNNs are not trained
on information where the observed data and the prediction model are in disagreement. Such a
disagreement would then be propagated to the output nodes of the PNNs. The goodness-of-fit
test is a way to quantify how well the prediction model fits to the observed data by taking into
account statistical and systematic uncertainties. For the goodness-of-fit a saturated model
test [106] is performed on all input variables. This test is a more general, likelihood based
approach compared to a x? test.

The statistical model used for the final measurement will be introduced in the next section [5.2]
but will already be used for the goodness-of-fit tests for the input variable validation. For
simplicity the saturated model test will be introduced taking only the statistical uncertainties
into account, which basically is equivalent to a x? test. The likelihood is defined as

—(d; — fi)2>

1
[,:” exp
i \/2 T o? ( 207

where / is a single bin for which the observed data d; is compared to the tested model prediction

(5.6)

f;, taking into account the statistical standard deviation o; of the data. The next step is to
normalize this likelihood, following the Neyman-Pearson lemma [107], to the case where the
model prediction is exactly the same as the data f; = d;. This is the saturated model and is

defined as
1

»Csaturated = H —. (5.7)
i 2.7 - U,—Q

Thereby, the normalization can be written as

i
2
Lsaturated © 0y
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With all this, the test statistic of the goodness-of-fit test can be specified as
g=—2-In(A). (5.9)

The likelihood function becomes more complicated when taking systematic uncertainties and
their correlations into account.

For the goodness-of-fit test of a single input variable the test statistic gops is calculated once
with the observed data. To calculate the p-value of the test statistic, a Monte Carlo approach is
used. Pseudo-datasets (“toys") are generated by randomly varying the prediction model within
all its uncertainties. For a single goodness-of-fit test, 1000 toys are generated and their test
statistic Goy is calculated. By comparing the results of the test statistics of the observed data
and the toys the p-value is derived as

. Ntoys(Qtoy > Gobs)
P= N
toys

: (5.10)

which is the fraction of toys that have a higher test statistic value than the observed data. The
p-value can have values between zero and one and an input variable passed the goodness-of-fit
test if the p-value is above 5%.

The distributions of the variables for the goodness-of-fit tests are binned in a way that the data
distribution is equally populated in each bin. The number of bins for each variable distribution
is initially set to ten, but some of the input variable distributions have very low event numbers.
This is the case for several variables of the boosted 77 channels due to the tight boosted
selection. Further, variables related to the bb-tagged AKS jet are rather sparse in events because
of the still rather tight WP of ParticleNetMD. For such variables the number of bins is reduced
dependent on the total number of events for these variables while they have at least ten events
in one bin.

In total 222 goodness-of-fit tests are performed for the six analysis channels. The calculated
p-values for the full set of input variables are added in the figures[A.1fA.6l Additionally, the
results of three goodness-of-fit tests in the resolved ery,, 7, and boosted p7y, channels are
showcased in figure for one of the more important variables for the event classification,
the kinematic fit estimate for my. The edge of the last bin of the equally populated myx
distributions is moved to 1000 GeV to make the lower bins better visible. In general, the last
bin of the my distribution goes above 4 TeV. The p-values are calculated from the test statistic
distributions with equation [5.10!

The results of the goodness-of-fit tests demonstrate good agreement between the observed
data and the prediction model used in this analysis. A few variables show p-values below the
defined 5% threshold, but they are not zero, which means that they are not totally outside the
statistic distribution of the toy test. An example is shown in figure|A.7. Further investigation of
the distributions of these variables revealed that the reason for the small p-values is most likely
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Figure 5.4: Distributions of the kinematic fit estimate for my with the corresponding goodness-
of-fit tests. The top row shows the resolved e}, channel, the middle row the resolved
Th7h channel and the bottom row the boosted u7, channel. The distribution bins
are chosen such that they are equally populated in data. For the saturated model
test statistic (Goy) 1000 pseudo-datasets (“toys") are generated and the observed
value of the test statistic (qGops) is indicated in red.
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statistical fluctuations in single bins. Therefore, these variables will still be used in the PNN
training.

In summary, the goodness-of-fit tests show that the prediction model in this analysis can
describe the observed data within the uncertainties of the model. Nevertheless, it must be
stated that these goodness-of-fit tests do not consider effects of higher dimensional correlations
between the input variables, which is utilized by the PNN for the event classification. Such
correlations can be tested by introducing a multidimensional binning with two or more variables
at the same time, but this is not done in the scope of this analysis. Reasons for that are the
high computational effort and the highly reduced event yields per bin in the multidimensional
space, which is an issue for some of the input variables already in the one dimensional case.

5.2 Statistical inference and uncertainty model

The predictions of the PNNs are used to classify events into one of the process categories. An
event is classified in the category for which it has the highest prediction score. This procedure
results in eight orthogonal distributions enriched in a certain process. Studies of these eight
discriminants showed that many of them have a very small event yield. This especially concerns
the boosted 71,71, channel and in general the signal categories. Therefore, it is decided to not use
any binning of these distributions and to use a single yield bin for each category. Considering
all analysis channels, this approach introduces 24 background bins and 24 signal bins.

The measurement of a cross section ¢ or a limit on a cross section is accomplished by measuring
the signal strength modifier defined as

Oobs

o= (5.11)

Oexp

where e, is the expected cross section times branching fraction from theoretical calculations
based on a model like the SM or derived from simulation of the process. The measured cross
section is oops and if the expected cross section is correct, then the signal strength modifier
should have a value close to one within uncertainties. To measure u of the signal processes, all
selected bins enter a binned likelihood function

L(nlp-s(0)+b(0) = [[ Pilu-si(0)+bi(0)) x [ €816)). (5.12)
i€bins JEnuis.

This function derives the likelihood for an observed number of data events n by calculating the
Poisson distributed probability

_ (u-si(0) + b;(6))"
n,-!

P(nilp - si(0) + bi(0)) -exp(—(p - 5i(0) + bi(6))) (5.13)

for the observed number of data events n; in each bin i for a given prediction model p-s;(6)+b;(0).

The prediction model includes the signal event number s;, scaled by a signal strength modifier
1, and the background event number b;. Both, s and b, depend on the values of the nuisance
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parameters . The nuisance parameters are used to incorporate the systematic uncertainties of
the analysis. Each nuisance parameter 6; is approximated by a probability density function C,
which reflects prior knowledge or constraints on the nuisance parameter. This prior is defined
by the best estimate @- of the value of 0.

The likelihood function £ is maximized by varying all parameters, ;1 and 6, to obtain the best
fit value of the signal strength modifier i. Deviations from the prior of the nuisance parameters
decrease the value of the likelihood function, which means that a good estimate of the priors
is an important part of the likelihood maximization. Essential systematic uncertainties are
discussed in the following. The uncertainty model is adapted from the previous analysis @[]

Usually, systematic uncertainties can be introduced as a rate or a shape changing variation
of a certain uncertainty source. However, due to the decision to reduce the PNN category
predictions to a single bin, effectively all shape uncertainties are reduced to rate uncertainties.

5.2.1 Uncertainties specific to signal events

Uncertainty sources of the signal event simulation are propagated to the signal estimation
in the statistical model. These uncertainties arise primarily from the limited precision of the
matrix element (ME) calculation for the hard interaction of the signal processes, which are
gg — X = Y(bb)Hsm(7777) and gg — X — Y(7777)Hsm(bb). The systematic uncertainties

are defined for two sources.

The first source is related to the pdf. For signal events the NNPDF3.1 set is used in the
simulation of the pp interaction. This set consists of about 100 individual pdf fits for which
the pdf input parameters are varied within their uncertainties. The mean of these fits is used
as a nominal pdf in the event simulation in MadGraph5_aMCONLO [83]. An event weight
is generated for each of the pdf fits and the standard deviation of these weight estimations,
relative to the nominal pdf, quantify the pdf uncertainty. In the previous analysis @ it was
identified that the pdf uncertainty is flat and is around 18%. Therefore, in this analysis this
uncertainty is introduced as an 18% rate uncertainty.

The second source of uncertainty is related to the re-normalization and factorization scale (ug
and uf) at which the signal processes are produced. The scales are varied during the ME
calculation in MadGraph5_aMC@ONLO by factors of 2 and 0.5 to define the up and down
uncertainty variations. The nominal scales are dynamically chosen for each event to be

[R = pE =Y mr, (5.14)
1
which is the sum of the transverse masses of all final state particles /. Usually in CMS analyses,
two independent uncertainties are defined for ur and pg, but due to a technical issue in this
analysis a combined uncertainty is used, where both scales are varied by a factor of 2 or 0.5 at
the same time. The effect of this combined uncertainty goes up to 20%.
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5.2.2 Uncertainties specific to simulated events

Uncertainty sources of simulated signal and background events are mainly related to the
differences between simulation and the measured data. Corrections related to the reconstruction
and identification of objects like electrons, muons, jets or 7, are already discussed in section[4.7.3|
In this section the corresponding uncertainties will be summarized. All systematic uncertainties
are correlated between the analysis channels, except for uncertainties related to triggers,

energy scale and identification, and the Fr method.

Identification and isolation of electrons/muons

For the electron and muon identification, a global rate uncertainty of 2% for each of them is
introduced in the e, and u7, channels, respectively. The same is done for the isolation in the
respective channels. The reason for using a rate uncertainty instead of a shape uncertainty is
the small dependence of the efficiencies on the electron/muon pr.

Electron/muon triggers

The uncertainty for the single electron or muon triggers is constructed the same way as for the
identification of electrons or muons by introducing a 2% rate uncertainty for each of them.

Electron/muon energy scale

The uncertainty of the electron energy scale measurement is included as systematic uncertainties
in this analysis. This includes one uncertainty related to the energy scale and one to the energy
resolution. Since for muons no energy correction is applied, no uncertainty on the muon energy

scale is propagated.

Identification of 7,

In the e7, and p7y, channels, systematic uncertainties are defined by propagating the uncertainties
of the correction measurements performed by CMS and are binned in pt of the 7,
thereby introducing a shape dependence. For the 7,7, channel the same is done but binned
in the decay modes of the two 7y,. Since different 7y, identification algorithms are used in the
resolved and boosted 77 analyses, independent uncertainties are introduced for each of them.

Energy scale of m,

The approach for the 7, energy scale uncertainty is basically the same as for the identification
of 7,. The uncertainties of the 7, energy scale measurements performed by CMS ,
are propagated to the analysis as systematic uncertainties, independently for the resolved and
boosted 77 channels.

Th triggers

The systematic uncertainties for the di-tau triggers in the resolved 7,7, channel and the AK8
jet + FT triggers in the boosted 7,7, channel are propagated from the corresponding correction
measurements mentioned in section 4.7.3|
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Jet energy scale

The calibration of jet energies in CMS involves various sources of uncertainty that are accounted
for in the analysis as systematic uncertainties. These uncertainties are part of the jet energy
scale (JES) corrections which are applied during data and simulation processing. A total of
28 uncertainty sources are defined for the 2018 run period. To simplify the analysis, these
uncertainties are grouped into 11 merged sources by combining strongly correlated uncertainties.
Such an approach is motivated by the fact that this analysis is not particularly sensitive
to the jet energy. This uncertainty scheme covers the absolute jet energy scale calibration.
Further, it takes into account the relative jet energy scale calibration which takes care of
momentum imbalance in different detector parts and statistical limitation of the jet energy
scale measurements. Another source is related to the jet flavor (b, c, gluon or light flavors)
dependence of the energy calibration. Remaining differences between simulation and data are
taken care of by non-closure correction with corresponding uncertainties.

Jet energy resolution

The jet energy resolution is usually smaller in simulation compared to data, therefore, an energy
smearing is applied to the jets in simulated events. The corresponding systematic uncertainty

is part of the statistical model in this analysis.

Top quark py spectrum

For tt events, a top quark pr reweighting is applied as introduced in section [4.7.3l The
corresponding up and down variations are defined by not applying the reweighting to the tt
events and by applying it twice.

Identification of b-jets

For the b-jet identification, a shape calibration is applied to the DeepJet discriminant in this
analysis. This calibration introduces systematic uncertainties related to the purity of the b-jet
selection and the contamination from light flavor jets. Additional uncertainties account for
statistical fluctuations in the measurement of the b flavor and light flavor calibration scale
factors. For c-jets no dedicated scale factors are measured, however, an uncertainty is defined
based on the uncertainty measured for b-jets. Since the calibration depends on the pt of the
jets, scale factors are derived for each JES variation and are applied during the calculation of
the JES uncertainties.

Identification of bb-jets

As already described in section [4.7.3] no dedicated scale factors are applied to correct the
differences in efficiency of the ParticleNetMD algorithm between data and simulation. Instead,

a large uncertainty of 50% is introduced and applied to each event containing a bb-tagged
AKS jet.
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Pileup

A reweighting procedure is applied to align the distribution of pileup interactions in simulated
events with the observed distribution in data. To estimate the uncertainty associated with this
method, the assumed inelastic pp cross section is varied by +4.6% as recommended by CMS.
The impact of this variation is then propagated to the distributions used in this analysis.

Luminosity

All simulated events are scaled to the integrated luminosity measured in the 2018 run period.
The measurement of the luminosity in this run [108] introduces a systematic uncertainty in this
analysis of 2.5%.

Cross sections of background processes

Each background process is scaled to a cross section obtained from a state-of-the-art theoretical
calculation. These cross sections are subject to the precision of the calculations. To account for
this systematic uncertainties are considered. The uncertainties for each background process are
listed in table and are a combination of the scale, pdf and strong coupling as uncertainties.

Table 5.3: List of cross section uncertainties for each background process in the analysis. For
single Hgym boson events the uncertainty depends on the production channel of
the Hgpm.

‘ tt Z+jets singletop VV single Hgp
Rate uncertainty ‘ 4.4% 2% 2.7% 56% 1.3% —3.6%

5.2.3 Uncertainties on the Fr method

The different measurements performed for the Fr method are subject to systematic uncertainties
related to the involved simulated events and to statistical fluctuations. In the following, it is
explained how these uncertainties are propagated to the uncertainty model of the analysis.

The first uncertainties are related to the process fraction measurement. To account for the
estimation of the fractions in the application region, each individual process fraction is scaled by
+7%, while the remaining fractions are adjusted proportionally to maintain the total fraction
sum of one. This procedure results in three variations of the estimation of misidentified 7,
which are treated as systematic uncertainties.

Next, uncertainties for the measured FFQCD, F;NHetS and F,EE are defined. Each Fg is measured
with a linear fit of the form Fg(p) = a- p7* + b. The uncertainties of the fit parameters a and
b are used to construct two sources of uncertainty. The first source is a normalization defined
by the variation of b. The second source can change the shape in pt based on the variation of
the slope parameter a. For each Fr measurement two such variations are added as systematic
uncertainties to the analysis.
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Another source of uncertainty arises in the measurements of FFQCD and ngﬂets from subtracting
events other than QCD and W+jets events in the QCD and W+jets DRs, respectively. Any
inaccuracies in the subtracted simulated events could bias the Fg measurement. To account for
this, the combined shape of the subtracted events is scaled by +7%, and the Fr measurement
is repeated. The resulting variation is treated as a systematic uncertainty for the corresponding
FE.

Statistical uncertainties associated with the non-closure corrections and the extrapolation from
the DR to the SR are propagated into the analysis as independent systematic uncertainty for
each correction. Since these corrections are not directly fitted but smoothed using Gaussian
kernel smoothing, the uncertainties are constructed from an envelope around the smoothed
curve. This envelope is derived through a Monte Carlo approach, where the measured data
points of the correction histogram are shifted within their statistical uncertainties and the
smoothing is repeated for each of these variations. The resulting +10 intervals of this envelope
are used as a systematic uncertainty in the analysis.

All mentioned uncertainty sources are defined independently in each analysis channel for both
resolved and boosted 77. An example of some of these systematic uncertainties is shown in
figure 5.5/ In general, the variations can range from 1% to 10%. Especially, the uncertainties
of the fraction measurements are relatively large, which is the result of the 7% up and down
variation during the fraction measurement.

5.2.4 Statistical uncertainties

All background and signal estimation methods are inherently limited by their statistical precision.
For simulated background and signal estimations, the number of simulated events constrains
the accuracy of the prediction. Similarly, the Fg method is limited by the number of events in
the application region. These limitations introduce systematic uncertainties that are statistical
in nature and uncorrelated across all PNN categories and bins.

To account for these uncertainties, the Barlow-Beeston approach is adapted. A single
Gaussian nuisance parameter is introduced for each bin, allowing for variations in the predicted
event yields. This method provides a simplified but effective framework for addressing statistical
uncertainties. In this analysis, where the signal events are concentrated in a few bins with low
background yield, these uncertainties can have a significant impact.

5.3 Results of the search

The conducted analysis has the goal to search for resonant di-Higgs production in bb and 77
final states, in particular in a new boosted phase space. A fit of the prediction model to data
is performed to identify hypothetical excesses. In this analysis no excess is found. Therefore,
upper limits of the production cross section times branching fractions are calculated for the two
signal processes gg — X — Y(bb)Hsm(7777) and gg — X — Y (7= 7")Hgm(bb), individually.
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Figure 5.5: Variations of some Fr method uncertainties in the misidentified 7, category. The

binning is more granular than the distribution used in the final limit calculation.

In (a) the fraction uncertainties of the boosted um, channel are shown. Each

variation is a result of a +£7% variation of the corresponding process in the fraction

measurement. In (b) the FE' measurement uncertainties of the resolved ery, channel

are shown. The normalization and slope uncertainties are estimated from the linear

fit of the F,Ef. In (c) the FFQCD correction uncertainties of the resolved 7,7, channel

are shown. Variations of two non-closure corrections and one DR to SR correction

are derived from the envelope of multiple smoothed curves. In general, the variations

can range from 1% — 10%.

For the upper limit measurement the test statistic is defined in a similar way as already
introduced for the goodness-of-fit tests of the input variables (see section [5.1.5)) by following
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the Neyman-Pearson lemma [107] and using the likelihood function from equation m

gu=—2"-In (W) (5.15)
Vi

The parameters [i and éﬂ globally maximize the likelihood function £ and thereby minimize the
test statistic g,, for a tested hypothesis u. This test statistic is used in the CLg method
to define a ratio of p-values, where once the signal hypothesis is tested with a signal strength
modifier 1 and once the background-only hypothesis is tested (i = 0). The CLs value is defined
as

~

obs

_ Pu S T(Qulp, 05,
L—po  [2° f(qol|O, 63%%)

Aobs

CLs

(5.16)

where (ops is the observed value of the test statistic in data and the p-values are calculated
by integrating over the distributions f of the test statistics for the signal+background and
background-only hypotheses. The CLs method has advantages over relying only on the p-value
p,. of the signal hypothesis, as it avoids falsely excluding signal hypotheses when the analysis
lacks sensitivity. This can happen when the signal strength modifier ;1 becomes very small.
To set a limit on a signal hypothesis, the CLs value must be < o« = 0.05, which defines the

confidence level of the limit to 95%.

Before calculating the cross section limits for the two signal processes the validity of the
prediction model is tested by performing goodness-of-fit tests including only background
categories of the PNN output. These tests are performed for the 92 mass pair hypotheses for
which a limit is calculated in this analysis (see figure . The results are shown in figure
Although some of the tests have a p-value smaller than 5%, the majority (around 78%) of the
tested mass pair hypotheses show a good result. Therefore, it can be assumed that the fit
model has no significant issues. However, the goodness-of-fit tests fail more often for low mx.
This observation could be investigated in a future study to further improve the fit model.

In figure [5.7| the four background categories are shown for the six analysis channels, evaluated
for mx = 3000 GeV and my = 1600 GeV. These distributions and uncertainties are the result
of a maximum likelihood fit to the observed data. The background categories show very good
agreement between the observed data and the prediction model. In almost all categories the
most prominent process is tt, however, the majority of tt events are still classified into the
tt category. The other background processes are also primarily enriched in their dedicated
categories. The largest confusion between background processes occurs for tt and jet — 7,
fakes. The reason is that the misidentified 7, events are enriched in tt, as already identified from
the fraction measurements of the Fr method (see section . For this mass pair hypothesis,
an example of the efficiency and purity of the PNN categories in the resolved p7y, channel is

shown in figure [B.8|

The signal categories for the same mass pair hypothesis are shown in figure 5.8/ Across all
tested mass pair hypotheses, including this example, no significant excess over the prediction
model has been observed, therefore, no signal shape is drawn in the histograms. The categories
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Figure 5.6: Goodness-of-fit results when only considering the background nodes of the PNNs.
The p-values of the 92 tested mass pair hypotheses are histogrammed. For these
92 tests, 72 result in a p-value over 5%.

have very low event yields, even below a single event, which results in relatively large statistical
uncertainties. Further, there are cases where no data events are present, however, this is not
a problem for the limit calculation. For the shown mass pair hypothesis, it is expected that
the Y boson decays in a resolved final state of tau lepton or b-jet pairs. For this reason, the
boosted bb category of the Y(bb)Hsy (77) signal process is missing, even no background events
are classified in this category. For the analysis channels in which data events are present, a
reasonable agreement between the prediction model and data is visible.

In the following the results of the limit calculations are discussed for the two signal processes
independently. The gg — X — Y(bb)Hsm (7~ 7T) process is compared with the results of the
previous analysis @] to highlight the importance of the new boosted phase space, which is
added in this analysis. Further, the new limit results for the gg — X — Y(7=77)Hgm(bb)
process will be shown.

5.3.1 Upper limits for the Y (bb)Hgn(77) final state

To set exclusion limits on the product of the production cross section o and branching fraction
B, a signal strength modifier y is introduced, which is given by

p o< o(gg — X) x B(X = Y(bb)Hsm(7771)). (5.17)

For this process, upper limits were measured in a previous analysis @I that derived limits for
the full Run-2 dataset of CMS, which corresponds to 137.2fb~ L. This is a factor of about 2.3
more data than used in this analysis. Further, the NN used for classification, the final binning
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Figure 5.7: Background categories for all analysis channels based on the evaluation for my =
3000 GeV and my = 1600 GeV. In (a) the category of the Fg method is shown
with the corresponding process named “1y, fakes". In (b) the tt and single top
category is shown, in (c) the Z+jets category and in (d) the diboson and single
Higgs boson category. The uncertainties on the bins reflect the systematic and
statistical uncertainties after a maximum likelihood fit to data.
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Figure 5.8: Signal categories for all analysis channels based on the evaluation for mx = 3000 GeV
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process are shown, in (a) for the resolved bb and in (b) for the boosted bb final
states. In (c) the category of the Y(bb)Hsm(77) signal process is shown for the
resolved bb final state. The boosted bb categories of this process is not present
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reflect the systematic and statistical uncertainties after a maximum likelihood fit to
data.
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of the NN predictions and the event selections were different compared to this analysis. The
previous analysis contains more data and individually optimized NNs instead of a single PNN
for all mass hypotheses. On the other hand, this analysis includes a boosted selection of the
final state particle pairs, while the previous analysis only considered resolved tau lepton and
b-jet pairs.

All these differences between this and the previous analysis are part of the comparison in
figure[5.91 There, upper limits are shown for two different mass points of the X boson. Based
on figure|4.6a) it can be concluded that for my = 800 GeV, the final state particle pairs are most
likely in a resolved state. This behavior is precisely reflected in figure where the expected
upper limits for all analysis channels and for only resolved channels are close to each other,
which means that the boosted categories do not contribute to the sensitivity of the analysis.
Only for very small values of my is the effect of the boosted categories visible, where both limit
expectations diverge. Further, the limits for this my hypothesis in this analysis are still less
stringent than the previously set upper limits. The difference of almost one order of magnitude
can partially be explained by the smaller dataset analyze in this analysis. However, the more
significant reason is the much simpler PNN-based setup of the final category discriminants.
These findings are valid for all mass pair hypotheses where resolved final state particle pairs are
expected.

A different picture can be seen in figure [5.9bl For an X boson mass of 3000 GeV, almost all
final state particle pairs are expected to be boosted. The upper limits calculated considering
only resolved categories are much worse compared to both the previously set limits and the
new limits with resolved and boosted signal events. Further, despite the fact that a smaller
dataset is used and the setup of the classifier and definition of the final discriminants is less
sophisticated, this analysis can already improve the previously measured upper limits by more
than one order of magnitude. Of course, this is only valid for mass pair hypotheses for which
boosted final state particle pairs are expected.

A summary plot of all 92 upper limit measurements is shown in figure 5.10/ Further, in a more
detailed view, the measurements are displayed in the appendix sections|C.9|-[C.11} together
with a two dimensional summary histogram of the observed upper limits in figure [C.12| If
a signal were present, an excess of the observation from the expectation would be visible.
The highest fluctuation is around 1.8 standard deviations (o) for the mass pair hypothesis
my = 3500 GeV, mx = 1000 GeV. In summary, the observations are statistically consistent
with the background-only expectation.

5.3.2 Upper limits for the Y(77)Hsm(bb) final state

For the second signal process the measurement of the upper limits follows the same procedure.
To set exclusion limits on the production cross section ¢ times branching fraction B, a signal
strength modifier u is introduced, which is given by

p o< o(gg — X) x B(X = Y(7~77)Hsm(bb)). (5.18)
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Figure 5.9: Upper limits on o(gg — X) x B(X — Y(bb)Hsm (7~ 7)) for two different mass
hypotheses for the X boson. In (a) the limits for mx = 800 GeV are shown and in
(b) for myx = 3000 GeV. Besides the expected 95% confidence interval upper limits,
the expected upper limits are shown when only resolved categories are considered.
This is the closest setup that can be compared to the limit results from the previous
analysis @ which are shown as well.

A summary plot of all 92 upper limit measurements is shown in figure [5.11l Further, in
a more detailed view the measurements are shown in the appendix sections - |D.15]
together with a two dimensional summary histogram of the observed upper limits in figure D.16]
The highest fluctuation is around 2 standard deviations (o) for the mass pair hypothesis
my = 320 GeV, myx = 70 GeV. In summary, the observations are statistically consistent with

the background-only expectation.

Most of the mass pair hypotheses have asymmetric masses of the Y and Hgy bosons, however,
the case where my = 125 GeV is considered as well in this analysis. Studies showed that the
PNNs cannot differentiate between the two signal processes for symmetric masses of the Y and
Hswm bosons. Therefore, signal events are randomly classified into the signal categories. For the
measurement of the upper limits this leads to very similar results, independent of the signal
process. In figure the results of this analysis are compared with other analyses, which
targeted the symmetric mass pair combinations X — Hgy(bb)Hspm(77). First, there are the
results of the previous search @] however, only the my = 120 GeV mass point was part of
the analysis. Furthermore, the CMS collaboration has conducted another search specifically
targeting the my = myq,, case , but only the result with the 2016 dataset was published
until now, corresponding to 35.9fb~1. The last measurement shown in the figure is the search
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Figure 5.10: Observed and expected 95% confidence level upper limits on o(gg — X) x B(X —
Y(bb)Hsm(777T)). A scaling (indicated in parentheses) is applied in order to
display the results in a single figure. The expected limits are shown as a dashed line
with the 68% and 95% confidence interval of the expectation given by the yellow
and blue bands. The observation is shown by black points. No deviation beyond
the 2 standard deviations level is found for all 92 tested mass pair hypotheses.

by the ATLAS collaboration using the full Run-2 dataset , which has an integrated luminosity
of 139fb~!. The ATLAS search found an excess with 3.10 (2¢) local (global) significance for
a resonant mass of myx = 1000 GeV.
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with the 68% and 95% confidence interval of the expectation given by the yellow
and blue bands. The observation is shown by black points. No deviation beyond
the 2 standard deviations level is found for all 92 tested mass pair hypotheses.

The results of this analysis are less sensitive than the upper limits measured in the other searches
for X boson masses lower than 1200 GeV. However, for higher masses this analysis can still
maintain its sensitivity due to the newly added boosted categories, while the other searches
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Figure 5.12: Observed and expected 95% confidence level upper limits on o(gg — X) x B(X —
Y(777%)Hsm(bb)) for the symmetric case when my = my,,. Additionally, other
published results from the CMS and ATLAS collaborations are shown. The
predecessor analysis @] of this search is shown in red for my = 120 GeV. In darker
blue, the limits from the CMS X — Hgym (bb)Hspm (77) search is shown, which
considered the 2016 dataset with 35.9fb~1. In green, the limits obtained in the
full Run-2 ATLAS X — Hspm(bb)Hsm(77) search is shown.

lose sensitivity because they are only focused on resolved final state topologies. Taking into
account that this analysis still has room for improvement, for example by just adding more data

from CMS Run-2, this comparison should change in the near future.
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6 Summary and Outlook

Particle physics seeks to uncover the fundamental building blocks of the universe and their
interactions. The discovery of the Higgs boson at the LHC in 2012 , was a milestone,
confirming the mechanism responsible for giving mass to SM particles. Current research topics,
such as di-Higgs production at the LHC, aim to explore the Higgs sector further, like measuring
the Higgs boson self-coupling and probe phenomena beyond the SM, potentially discovering

new physics.

The goal of this thesis is to set an intermediate milestone in the search for resonant di-Higgs
production. This thesis covers the cases where a heavy Higgs boson X decays into a pair of
125 GeV Higgs bosons (Hswm) as well as the decay into the Hsy boson and an additional light
Higgs boson Y. A new event selection strategy is introduced that targets boosted topologies of
the final state particles, which occur primarily for high mx. By that, this analysis allows to test
extensions of the SM Higgs sector as proposed, for example, by theories like the NMSSM. In this
context, in this analysis, improved upper limits are set, compared to the previous CMS search @ﬂ
on the production cross section times branching fraction on the gg — X — Y(bb)Hgm (7~ 71)
process for mx > 2TeV and my < 2TeV. Further, the analysis is extended to additionally
measure upper limits on the gg — X — Y (7~ 7)Hgm(bb) process, which has not been done
before. This analysis provides a new baseline for searches for these processes, which will be
extended in future searches with more data from the second and third runs of the LHC.

The challenging aspect of this analysis is the combination of the different possible bb and 77
final states. The kinematic properties of the signal processes vary significantly with the change
of the mass hypotheses of the X and Y bosons. If a particle decays into two new particles, these
two decay products can get a significant Lorentz boost, especially if the mass difference of the
initial particle and the decay products is large. This can be referred to the X — YHsgp\ decay
as well as the decay of the Y and Hsy boson into the final state particles (bb and 77). These
boosted decay products are often too close to each other to be resolved individually. Therefore,
a dedicated reconstruction and identification approach for each combination of resolved and
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boosted topologies of the final state particles is required. Especially, boosted final states of
the tau lepton and b-jet pairs were not explored in the scope of resonant di-Higgs searches
before and started to emerge only recently due to modern identification algorithms such as
ParticleNet [62].

Further challenges include the accurate estimation of background processes that have a similar
event signature and the final event classification task, considering the large number of tested X
and Y masses (O(100)). One of the main background contributions are events in which jets
are misidentified as hadronically decaying tau leptons (71,) and this background is estimated in
a data-driven way using the fake factor (Fg) method. For this analysis, two sets of phase space
specific Fg's have been measured targeting resolved and boosted 77 pairs, respectively. The
challenge of the event classification is tackled by a parametric neural network, where the two
signal mass hypotheses (mx and my) are used as input parameters for the neural network, thus
reducing the training effort of individual neural networks for each mass combination to a single

neural network.

Compared to the upper limit measurements published by ATLAS and CMS so far [9] [71]
72], this analysis is still lacking in terms of sensitivity in the resolved bb and 77 final state
sectors of the two dimensional myx and my plane. However, this analysis aims to achieve a
more comprehensive selection of signal events by including all possible final state topologies.
This results in a comparable or even better sensitivity when looking at the boosted bb and
77 final state sectors. For example, the upper limit on the cross section times branching
fraction for the mass combination (mx = 3000 GeV, my = 250 GeV) is measured to be
o(gg — X) x B(X — Y(bb)Hsm(7777)) < 1.2fb, which is about 40 times lower than the

previous result.

This analysis is a snapshot of the currently ongoing analysis in CMS. New developments of the
ParticleNet algorithm targeting the boosted 77 pair identification will soon be available for
analyses. Since in this analysis a relatively old approach is used to identify boosted 77 pairs,
an improvement in sensitivity is expected. Further, more thorough studies of the kinematic
fit and PNNs as well as a more refined binning of the final discriminants are also expected to
contribute to a better sensitivity of the analysis. In the near future, more data will be added to
the analysis, including the 2016 and 2017 data taking periods of the LHC Run-2 and from the
currently ongoing Run-3 data taking. This alone will increase the analyzed dataset by five times.
Finally, the results of this analysis only cover 92 of 574 available (mx, my) combinations,
therefore, the coverage of X/Y masses will increase in the final CMS analysis.
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Appendix

A Goodness-of-fit results for the input variables of the PNNs

CMS work in progress 59.8 fb~1 (13 TeV)

kinfit x? Y 0.428
kinfit Y mass 887
kinfit X mass 0.9¢3
fastMTT ¢(tT) 40.861
fastMTT n(t7) Y 0.193
fastMTT pr(TT) Y 0.354
fastMTT di-t mass Y 0.410
my(t1, MET) 0%09
PmeT Y 0.609

MET 0.984y
X(bb)-tagged fatjet nsubjettiness 2/1 Y 0.240
X(bb)-tagged fatjet softdrop mass Y 0.348
X(bb)-tagged fatjet ¢ 4 0.855
X(bb)-tagged fatjet n Y 0.161
X(bb)-tagged fatjet pr Y 0.560
di-b pr Y 0.699
AR (by, b3) Y 0.386
di-b mass 0.94p
visible di-t mass Y 0.808
AR (11, T3) Y 0.186
Sub-leading b-jet b-tag score Y 0.509
Leading b-jet b-tag score 0.072
Sub-leading b-jet ¢ Y 0.199
Leading b-jet ¢ Y 0.611
Sub-leading b-jet n Y 0.442
Leading b-jet n Y 0.244
Sub-leading b-jet pr Y 0.761
Leading b-jet pr Y 0.713
(12) Y 0.325
#(t1) Y 0.393
n(tz) Y 0.289
n(t1) Y 0.382
pr(T2) Y 0.311
pr(T1) Y 0.407
number of fatjets Y 0.191
number of b-jets Y 0.547

number of jets ' ' ' __¥.875

0.0 0.2 0.4 0.6 0.8 1.0

Saturated GoF p-value

Figure A.1: One dimensional goodness-of-fit tests with p-values for the resolved er}, channel.
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CMS Work in progress 59.8 fb=! (13 TeV)

kinfit x2 Y 0.691
kinfit Y mass Y 0.551
kinfit X mass Y 0.733
fastMTT ¢(tT) Y 0.773
fastMTT n(t7) Y 0.367
fastMTT pr(tT) Y 0.395
fastMTT di-t mass 0.026
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Leading b-jet pr 0y08
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#(t1) Y 0.574
n(tz) Y 0.136
n(t1) 0.009
pr(t2) Y 0.324
pr(T1) Y 0.318
number of fatjets Y 0.149
number of b-jets Y 0.096

number of jets ' ' Y ' 0.577

0.0 0.2 0.4 0.6 0.8 1.0

Saturated GoF p-value

Figure A.2: One dimensional goodness-of-fit tests with p-values for the resolved py, channel.
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CMS Work in progress 59.8 fb~1 (13 TeV)

kinfit x? Y 0.638

kinfit Y mass 0.974y
kinfit X mass Y 0.359
fastMTT ¢(tT) 0.947
fastMTT n(t7) Y 0.376
fastMTT pr(TT) Y 0.451
fastMTT di-t mass Y 0.675
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n(tz) 0.998
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pr(t1) Y 0.602
number of fatjets Y 0.232
number of b-jets Y 0.434

number of jets ' ' _ Y ' 0.654 '

0.0 0.2 0.4 0.6 0.8 1.0

Saturated GoF p-value

Figure A.3: One dimensional goodness-of-fit tests with p-values for the resolved 7,7, channel.
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CMS Work in progress 59.8 fb~1 (13 TeV)
kinfit x? Y 0.533
kinfit Y mass Y 0.077
kinfit X mass 0y 06
fastMTT ¢(T71) Y 0.096
fastMTT n(t7) Y 0.213
fastMTT pr(TT) Y 0.644
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&(t1) Y 0.104
n(tz) Y 0.122
n(ty) Y 0.776
pr(t2) Y 0.121
pr(t1) Y 0.165
number of fatjets Y 0.179
number of b-jets Y 0.355
number of jets ' ' ' ' 0.95¢
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Saturated GoF p-value

Figure A.4: One dimensional goodness-of-fit tests with p-values for the boosted er,, channel.
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CMS Work in progress 59.8 fb~1 (13 TeV)

kinfit x? Y 0.627
kinfit Y mass Y 0.731
kinfit X mass Y 0.764
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Figure A.5: One dimensional goodness-of-fit tests with p-values for the boosted p7, channel.
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CMS Work in progress 59.8 fb~1 (13 TeV)

kinfit x? Y 0.664
kinfit Y mass Y 0.598
kinfit X mass Y 0.475
fastMTT ¢(tT) Y 0.748
fastMTT n(t7) Y 0.522
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number of fatjets Y 0.290
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number of jets ' Y ' ' 0.387
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Figure A.6: One dimensional goodness-of-fit tests with p-values for the boosted 71,7, channel.
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B PNN performance
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Figure B.8: Efficiency (a) and purity (b) of the parametric neural network training shown an as
example for the training in the resolved p7, channel, evaluated on signal masses
my = 3000 GeV, my = 1600 GeV. Both efficiency and purity are calculated based
on raw event numbers. The contribution of the processes in the actual categories
have to be calculated by considering the corresponding process cross sections and

generator weights. The “misc” category correspond to the VV and single Hgy
category.
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Figure C.9: Expected and observed 95% confidence level upper limits on the Y(bb)Hgn(77)
signal process. The expected limits are shown as a dashed line with the 68% and
95% confidence interval of the expectation given by the yellow and blue bands.
Besides the expected 95% confidence interval upper limits of this analysis the
results from the previous analysis @ are shown as well.
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Figure C.11: Expected and observed 95% confidence level upper limits on the Y (bb)Hgm(77)
signal process. The expected limits are shown as a dashed line with the 68% and
95% confidence interval of the expectation given by the yellow and blue bands.
Besides the expected 95% confidence interval upper limits of this analysis the
results from the previous analysis @] are shown as well.
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Figure C.12: Observed 95% confidence level upper limits on the Y(bb)Hgpm(77) signal process
for all mass pair hypotheses.
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Figure D.13: Expected and observed 95% confidence level upper limits on the Y (77)Hsm(bb)
signal process. The expected limits are shown as a dashed line with the 68% and
95% confidence interval of the expectation given by the yellow and blue bands.
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Figure D.14: Expected and observed 95% confidence level upper limits on the Y(77)Hsm(bb)
signal process. The expected limits are shown as a dashed line with the 68% and
95% confidence interval of the expectation given by the yellow and blue bands.
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Figure D.16: Observed 95% confidence level upper limits on the Y(77)Hsm(bb) signal process
for all mass pair hypotheses.
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