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Abstract

The known incompleteness of the Standard Model gives rise to many theories of physics
beyond the Standard Model. Many of those theories predict the existence of additional
particles, motivating the search for new signatures.

This thesis will focus on the resonant production of a Higgs boson in conjunction with
an additional scalar particle S in the X — HS — bbWW decay channel with one lepton
in the final state. Depending on the masses of the resonance X and the particle S,
multiple possible topologies arise for this decay channel. The topic of this thesis is the
split-boosted topology, which is characterized by a sufficiently large separation between
the two W bosons, allowing for the resolution of the final-state lepton from the jet of the
hadronically decaying W boson, whilst the hadronic decay products of the Higgs boson
and the W boson are too collimated to be resolved.

For the analysis of this decay channel, a lepton study is performed to determine the
optimal choice of particle identity (ID) and isolation working points. It is shown that for
electrons, the tight ID in combination with the PFlowTight_VarRad isolation give the best
signal efficiency while rejecting a majority of the non-prompt background. For muons,
the medium ID in combination with the Tight VarRad is the best performing working
point. This selection is then used in the definition of signal leptons of the analysis.
Furthermore, the non-prompt control region for the split-boosted analysis is defined and
unblinded. Comparing the modelling to the data in the control region, it can be seen
that the shape of the distributions is modelled sufficiently by the Monte Carlo simulation,
while the absolute values feature an offset that needs to corrected in the fitting process
later in the analysis. To assess systematic uncertainties, the closure uncertainty of the
modelling is calculated. The Monte Carlo modelling provides a sufficient understanding
of the non-prompt background, making a data-driven approach unnecessary.
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1. Introduction

The Standard Model (SM) of particle physics [1] is one of the great achievements of mod-
ern physics. Encompassing the fundamental particles and the forces that govern their
interactions, except for gravity, the SM offers a comprehensive framework to describe
and understand the building blocks of nature. Developed in the latter half of the 20th
century, the SM has undergone extensive experimental testing. The results of these tests
align with the predictions of the SM with remarkable precision. One of the most recent
breakthrough discoveries was the discovery of the Higgs boson at the LHC in 2012 [2, [3].
The SM combines the electromagnetic, strong and weak interaction into one quantum
field theory. The only force not explained in the SM is gravity, which is described by
general relativity [4]. This limitation means that the SM, as it stands, is incomplete and
cannot fully describe the universe’s fundamental interactions. Beyond gravity, there are
several other phenomena not accounted for by the SM, such as neutrino masses, dark
matter, and more [5, [6].

This known incompleteness leads to a variety of theories beyond the Standard Model
(BSM). Many BSM theories predict the existence of additional fundamental particles.
Examples of such BSM theories are Extended Two Higgs Doublet models [7] or the Two
Real Singlet model [8], which both predict two additional scalar bosons. If these two addi-
tional scalar bosons X and S have masses such that mx > mg > my and mx —mg > my,
the resonant decay of a scalar boson X into a Higgs boson H in conjunction with a scalar
boson S becomes possible. The H and S bosons then decay further. In this thesis, the
bbWW decay channel is analyzed in the 1-lepton final state. For a thorough analysis of
this channel, it is important to understand the background processes and reduce their
impact on the results. Therefore, control regions for the different background contribu-
tions are defined, in which the modelling can be checked and background estimation can
be performed, if necessary. The focus of this thesis lies on the non-prompt background
contributions in the X — SH — bbWW decay channel. These contain non-prompt lep-
tons, that have their origin in hadronic processes and can fake the properties of the signal

leptons.



1. Introduction

First, an overview over the Standard Model and the Higgs mechanism within and beyond
the Standard Model is given in Chapter This is followed by a Chapter [3| on the
experimental background of the LHC and a description of the setup of ATLAS detector
at CERN. Then, a more detailed picture of the split-boosted 1-Lepton analysis of the
X — SH — bbWW channel is drawn in Chapter . A study of the working points
for lepton identification and isolation is presented in Chapter [f] followed by Chapter [6]
which describes the definition of a non-prompt background enhanced control region. This
chapter also contains the comparison between Monte Carlo simulation of the background
processes and the unblinded data, as well as an assessment of the systematic uncertainties
associated with this modelling. Chapter [7]gives a conclusion of the results and an outlook

into the next steps of the analysis and beyond the scope of this thesis.



2. Theoretical Background

In nature, there are four fundamental interactions: the electromagnetic, the strong and the
weak interaction, as well as gravity. The first three can be summarized into a consistent
theory by the Standard Model (SM) of particle physics. The SM is a largely successful
theory and has shown its ability to describe nature with great accuracy in the past decades.
However, the SM has some shortcomings which will be described in Section 2.2} To look
into these Beyond the Standard Model (BSM) scenarios, one should first understand the
Standard Model itself, which is discussed in the Section 2.1} In Section [2.1.2] the Higgs
pair production is explained followed by a Section detailing the X — SH — bbWW

decay channel.

2.1. The Standard Model of Particle Physics

The SM consists of four types of bosons mediating the three fundamental interactions
and twelve fermions plus the Higgs boson. All the fundamental particles of the SM are
represented in Figure Moreover, there are the corresponding antiparticles to all the
particles pictured in the figure. These can be interpreted as particles moving back in time
or as particles with a negative sign on the charges. Uncharged particles are their own

antiparticles.

All the mediating bosons have a spin of 1 and mediate one of the fundamental forces, each
coupling to different properties of the particle. The photon = couples to the electrical
charge, mediating the electromagnetic interaction. Strong interactions are mediated via
the gluon, which couples to the color charge of particles. The W* boson and the Z° boson
are the mediating bosons for the weak interaction. The fermions in the SM have spin—%
and some can be classified as quarks, which are the only fermions with a color charge
and thus take part in the strong interaction. The up-type quarks have an electric charge
of —i—% and down-type quarks have a charge of —%. The other fermions are the leptons,
which are the electron, the muon and the tauon as well as their corresponding neutrinos.

The Higgs boson is the only scalar boson in the SM (see Section [2.1.1]).
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Figure 2.1.: Overview over the particle content in the Standard Model. Spin and charge
values taken from [9].

The Standard Model possesses a SU(3). ® SU(2), @ U(1)y symmetry. Here the c refers
to the color charge, the L refers to the left-chiral nature of the weak interaction and the
Y indicates the weak hypercharge (see Section .

Quantum Electrodynamics

The electromagnetic interaction is described by quantum electrodynamics (QED) [10 [11].
This abelian gauge theory imposes a local gauge invariance under the U(1) symmetry
group. The QED Lagrangian is given by [I]

1

Lon = P@) ("0 —m(@) +  eb(@)yvA, = FUF. (21
—_————

|
free photon field

free fermion field fermion-photon interaction

where ¢ = 1)1~ is the adjoint spinor and +* denotes the gamma matrices. Furthermore,

m stands for the particle mass and F},, = 9,4, — 0, A, is the field strength tensor.



2.1. The Standard Model of Particle Physics
Quantum Chromodynamics

Quarks have a property which is called color charge. It can take three values: red, green
and blue. The mediating boson of the strong interaction, the gluon, couples to this color
charge.

The underlying theory of the strong interaction is called quantum chromodynamics (QCD)

[12] and the Lagrangian of QCD is given by

1

Locp = @GV (D) — G G (2.2)
with G, = 8,G% — 9,G% + g, [ GG (2.3)
and (D/L)’L'j = (9#(5”- — igs(Ta)ijGZ . (24)

Here g, denotes the coupling strength and 7T, = %)\a are the generators with the Gell-
Mann matrices \,. While f2% are the structure constants, the indices i and j correspond
to the color states. Equation expresses the kinematic terms of the gluon fields G7,
and Equation is the covariant derivative. This Lagrangian is invariant under a local
SU(3). symmetry.

A special property of the strong interaction is quark confinement, which means that color-
charged quarks cannot exist in isolated states but only in color neutral states. A quark
and an antiquark can form a bound state called a meson when they have opposite color
charges. The other option for a color neutral state are three quarks or antiquarks bound
together into a state called a baryon. For baryons, the three quarks must have different
color charges, so either red, green and blue or antired, antigreen and antiblue.

Together with the asymptotic freedom of QCD, which refers to the increase in coupling
strength with increasing distance, the confinement leads to the characteristic hadroniza-

tion when color neutral states get separated.

Quantum Flavordynamics

The weak interaction has some unique properties. In contrast to the other interactions,
it does not couple equally to particles of left- and right-handed chirality. Rather, the W+
boson, the mediator of the charged weak interaction, only couples to left-chiral particles
and right-chiral antiparticles. Theoretically, this is expressed by the third component of
the isospin having a value of I3 = j:%. Right-chiral particles and left-chiral antiparticles

consequently have I3 = 0.
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The charged weak interaction can be described by the Lagrangian [13], [14]

g2 (7 =7 Y
92 | - “1—’75 ij s 1= } _
ﬁ[u Y 9 ckm@; + &y 9 v w (2.6)

with u and d being up- and down-type quarks and ¢ and v representing the charged
leptons and the neutrinos. Here 7 is given by 7° = i7°y19?y3 and g, denotes the coupling
strength. Vexw is the Cabibbo-Kobayashi-Maskawa matrix [I5], which connects the quark
flavor eigenstates to the mass eigenstates and describes the mixing between quark flavors.
For the neutral weak interaction the Lagrangian takes the form of

J— 5 J—
ol [Py s Q| 2, (2.7)

1
Lnc = 5
with the electrical charge () and the Weinberg angle 6y,. The Z boson is the mediator
of the neutral weak interaction. It couples to a combination of weak isospin and the

electrical charge.

Electroweak Unification

In quantum flavor dynamics, three gauge fields associated with the associated with the
SU(2)y, are introduced: two associated with W* and one giving rise to a neutral current.
This current is not simply the Z° boson, as the Z° couples to both right-handed particles
and left-handed antiparticles.
The neutral weak interaction and the electromagnetic interaction have in common that
they are mediated by a electrically neutral boson. This motivated Glashow [16], Salam
[17] and Weinberg [18] to create a theory in which electromagnetism and the neutral weak
interaction are unified. In their theory, they replace the U(1), symmetry of QED with a
new U(1)y local gauge symmetry, where Y refers to the so-called hypercharge which is
given by [I]

Yy — 2<Q - 13) . (2.8)

Here, @) is the electric charge and I3 denotes the third component of the weak isospin.
The physical Z" boson is then acquired from a mixing of the third gauge field of quantum

flavordynamics and the gauge field of the U(1)y symmetry and can be written as

Z, = —B,sinfy + VVIS?’)COSQW : (2.9)
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Similarly, the photon can be written as
A = +Bycosby + W Psinby . (2.10)

The Lagrangian of electroweak unification takes the form of

1
Lyc = ngw2<c€ - cﬁv"’)fZ“ : (2.11)

with the coupling constant of the weak hypercharge g;. ¢y and c4 denote the vector and
axial-vector couplings which can be expressed in terms of electrical charge ) and third

component of the isospin I3 via

cy = I3 — 2Qsin’fy, (2.12)
ca=1I5 (2.13)

with the Weinberg angle 6y, which is a free parameter of the SM.

2.1.1. The Brout-Englert-Higgs mechanism

The Brout-Englert-Higgs mechanism [I9H24] is a crucial part of the SM. It explains how
gauge bosons can acquire mass.

In this mechanism, a complex scalar doublet ® is introduced, which can be written as

_ (g) | (2.14)

with a charged component ®* and a neutral component ®°. This field follows a potential
of the form [I]:
V(®) = (D) + \(dDT)2 (2.15)

For p? < 0, the potential has the typical form of the “mexican hat”, that can be seen in
Figure It has a non-zero expectation value and an infinite set of minima [I]. Since the
minimum of the potential is not at the origin, the electroweak symmetry is spontaneously
broken. The system chooses a vacuum state v = \/? and therefore violates symmetry.
One can now rewrite the field ® in the unitary gauge, so that it takes the form

1 0
*= 7 (U . h(@) . (2.16)
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Figure 2.2.: The plot shows the potential given by Eq. (2.15) with x? < 0 and X > 0.
The picture is taken from Ref. [1].

The result can then be inserted into the Lagrangian. By insisting on the SU(2), @ U(1)y
symmetry, one will obtain mass terms for the gauge bosons in the Lagrangian. The final

Standard Model Lagrangian is then given by

1 1 gav? v?

L= -0,HO"H — \W*H? — \H* — - \H*+2-W W+ —— 7 7" (217
2O QL At = M T W gy )
~———  mass term S>—m————
kinematic term self-interactions mass terms for gauge bosons

2 2
+ Loy wrrl 4 Ewoweg? 4 Z,2"H? . (2.18)

Z,ZMH
2 4 a *

4(g3 + 91) 8(g5 + g7)

interactions between the scalar and gauge fields

The Higgs mass is dependent on the parameter v of the Higgs potential and through
experimental determination of the Higgs mass the shape of the Higgs potential can be
probed. The Higgs mass is measured to be 125.25 GeV [9].

The Higgs mechanism can also explain the fermion masses, by adding the term
La= =X (@anﬁ}% + Up®Mr) (2.19)
to the Lagrangian. This term is invariant under SU(2);, ® U(1)y transformations and in

unitary gauge takes the form of

AfU f—— - A e D=
L4 = —%(DLDR + DrDrp) — TJ;H(DLDR + DRDL) : (2.20)
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Here, A\ refers to the Yukawa coupling [I]. In this way down-type fermions can acquire
their mass and also an interaction term between the fermions and the Higgs boson is
generated. For up-type quarks the formalism takes a different form, because the vacuum
state of the Higgs potential must be in the neutral component of the doublet. So, the

conjugate complex scalar is needed, which can be written as

Do = —igy®* = (j_o*) : (2.21)

and transforms the same as the normal doublet. After symmetry breaking this results in

the Lagrangian term for up-type fermions looking like

La = (V1Pctn + Pr@lor) (2.22)
= —/\\g(ULUR +URUL) — \/\/%H(ULUR +URUL) (2.23)

The fermion masses are then given by

_ v

V2

2.1.2. Higgs boson pair production

The Higgs boson can undergo self-interactions in the SM. This allows for Higgs boson pair
production, but only in a non-resonant mode. The dominant production mechanism for
Higgs boson pairs at hadron colliders is gluon-gluon fusion (ggf). The possible processes
can be seen in Figure [2.3] But the two processes interfere destructively leading to a very
small cross-section of o(pp — HH) = 31.05fb for /s = 13 TeV [25]. This cross-section
will increase with the center-of-mass energy. For a centre-of-mass energy of /s = 14 TeV,

a cross-section of o(pp — HH) = 36.69fb is expected.

5 5
Figure 2.3.: Dominant SM processes producing two Higgs bosons at hadron colliders.
This cross-section can be enhanced by beyond the Standard Model processes (Section.

Two Higgs bosons can then also be produced in decays of a heavy resonance X that has

a mass larger than the Higgs mass. The corresponding Feynman diagram is pictured in
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g
Figure 2.4.: Higgs pair production in a resonant decay of a BSM particle X.

’ H bb \WW‘ T ‘ 27 ‘ Yy ‘
bb 34%
WW || 25% | 4.6%
TT 7.3% | 2.7% | 0.39%
Z7 3.1% | 1.1% | 0.33% | 0.07%
vy 0.26% | 0.1% | 0.02% | 0.01% | < 0.001%

Table 2.1.: Listed are the branching ratios for a Higgs boson pair with a Higgs mass of
my = 125 GeV [20]

Figure 2.4 The two Higgs bosons then decay further, resulting in the branching ratios
listed in Table [2.1l The highest branching ratio has the decay channel where both Higgs
bosons decay into a bb pair. The bbW W decay channel occurs in a quarter of these Higgs

boson pair productions.

2.2. Beyond the Standard Model Theories

Although the SM is largely successful theory, it is obvious that it has some shortcomings
and thus cannot be the ultimate theory of nature. One of these shortcomings is the fact
that in the SM neutrinos are massless particles. Contrary to this, neutrino oscillations
have been observed [5], which imply non-zero neutrino masses. This suggests a possible
BSM mechanism that generates these masses.

Another example for the incompleteness of the SM is the fact, that the CP violation
present in the SM cannot explain the asymmetry between matter and antimatter in the
universe [27]. Moreover, there is no explanation for gravity or dark matter [6] in the

Standard Model, which is needed for it to be an all encompassing theory.

This incompleteness of the Standard Model motivates a variety of BSM theories. Two

examples focusing on the Higgs sector will be illustrated in the following sections.

10



2.2. Beyond the Standard Model Theories

2.2.1. Two-Higgs-Doublet Model

The Two-Higgs-Doublet Model (2HDM) [2§] is an extension of the SM, where an addi-

tional complex scalar doublet is introduced to the potential. This potential then takes

the form
V (@1, ) = mi; {1 + m3,®hd, — mi,y(2{0) + ¢10]) (2.25)
A A
+ 5(@1@1)2 + 52(@5@2)2 + A3 D] D, B D, (2.26)
A
+ MDD, 0L D, + ?5 [(@}%)2 + (@3@1)2} . (2.27)

Here ®; and ®, are the two complex scalar doublets with hypercharge ¥ = +1. The

potential reaches its minimum for

1 0 1 0
(®) =75 (Ul) ()= (v2> . (2.28)

This theory results in eight fields, where three are assigned to the W* and Z° boson
masses. The remaining five fields result in physical states. Hence, in this theory there are
two scalar bosons h and H, two charged bosons H* and a pseudoscalar particle A.

The 2HDM can be extended by other additions such as another real singlet [7], leading
to the generation of three scalar bosons X, .S and H. The potential is then written as
As1

AS gy =2 (0]®,) S + )\232@);@2)52 , (2.29)

V= VQHDM+m—%SQ+ =
2 8 2

where VZPM ig the potential from Equation [2.25 Expanded around the minima, the
fields take the form

¢ o3
" (Hmm o Pr= i |0 S =UsHps (2.30)
V2 V2

Here, vy, v2 and vg are real expectation values with v = /v? + v3 ~ 246 GeV.

Two Z5 symmetries are imposed in the following way

ZQ : (I)l — q)l, q)g — —q)g, S — S, , (231)
and 75 :®; — &, &y = Dy, S — -5 . (2.32)

11
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If vg = 0 the second Z5 symmetry is conserved and S becomes a dark matter candidate
and if vg # 0 S mixes with other CP even scalar particles.
This leads to 3 physical states that couple to each other allowing the decay X — SH.

The scalar boson S could then decay into two W bosons.

2.2.2. Two-Real-Singlet Model

To obtain a BSM theory with extra scalar bosons, one can add N singlets ¢ to the potential
of the SM

v(¢u (I)> = VSM((I)) + ‘/Singlets((bi; (I)) (233)
with  Vsinglets (0, ) = a;d; + mijdid; + Tijudidjdr + Nijradid;drdy (2.34)

In the case of the Two-Real-Singlet Model (TRSM) [§] two singlets X and S are added

to the SM. These singlets are real and transform under the Z, symmetry as

75:8—-S, X=X, d&—=d | (2.36)
and Z5:X —»-X, S5 & . (2.37)

Under these assumptions, the potential in Equation [2.34] simplifies to

V(®,X,8) = 1i2(®T®) + \g(®TD)? 4 p2S* + A X2 + Ax X* (2.38)
+ Ao (PTD)S? + Ao x (PTP) X? 4 \gx 52X 2 (2.39)

Using the unitary gauge, the fields can be expressed as

(2.40)

1( 0 ) Vet Ox o vstds

V2 \v+ ¢ V2 V2

where v is the SM expectation value of the Higgs potential.

When v, and vx take non-zero values, the Zs symmetry is softly broken resulting in three
physical states hy, ho, hg with m; < my < mg that are a mixture between ¢y, ¢x and
¢s. One of these physical states h; has the couplings of the Higgs boson predicted by the
SM. Thus one can set this state equal to the discovered scalar boson, h;. The other two
physical states are CP even scalar particles. With the Higgs mass mpy and the parameter

v & 246 GeV set by measurement, the TRSM contains seven free parameters. These free

12



2.3. The X — SH — bbWW decay channel

Q
x

g

Figure 2.5.: Feynman diagram of the decay of a BSM scalar boson X decaying into a
Higgs boson and a scalar boson S.

parameters are the masses of the BSM particles my and mg, the vacuum expectation
values v, and vg but also the mixing angles 0gs, 0gx, 0sx, that describe the mixing
between the fields forming the mass eigenstates.

One important phenomenological implication of this model is that for ms < 2mpyg the
bW W decay channel has the highest branching ratio. This would mean that it is mostly
likely that S decays into two T bosons, while the Higgs boson decays into a bb pair.

2.3. The X -+ SH — bbWW decay channel

In some BSM theories, the production of a Higgs boson in conjunction with a BSM scalar
particle .S in the decay of a heavy resonance X is possible. In this analysis, the masses
of the bosons fulfill myx > mg > my. If all of the scalar bosons are produced on-shell,
another mass constraint emerges, which is my — mg > mpy. The Feynman diagram of
this decay is depicted in Figure [2.5] If S has a Higgs boson-like couplings but a different
mass than the Higgs boson, the bbWW W decay channel could have the highest branching
ratio with S — WW being the dominant decay mode for S.

In the 1-lepton final state, one of the W bosons decays hadronically, while the other one
decays leptonically. This final state is the best compromise between a reasonable branch-
ing ratio and a controllable background. Depending on the masses of X and S different
topologies of this decay channel arise. If the mass of the resonance X is large in compar-
ison to mg and the Higgs mass, the decay products have more kinetic energy leading to
boosted topologies, where not all decay products can be resolved. All possible topologies
in the 1-lepton final state can be seen in Figure 2.6, The simplest topology is the resolved
topology (see Cat. 1 in Figure , which occurs for low mg and my. In this topology, all
decay products appear seperated in the detector and can be resolved. For higher mx and
mg, the split-resolved and the semi-boosted topology become dominant. In both of them
one of the hadronic decay products is boosted. In the split-resolved case the hadronically

decaying W boson is boosted, whilst for the semi-boosted case the Higgs boson is boosted.

13



2. Theoretical Background

Above mx = 1TeV the dominant topologies are the split-boosted and the boosted topol-
ogy. The boosted topology is defined by collimated decay products of the Higgs boson as
well as the hadonically decay W bosons. Additionally, the final-state lepton is emitted so

closely to the hadronic W boson, that it cannot be resolved and might even overlap with it.

In this thesis, the focus lies on the split-boosted topology (see Cat. 2 in Figure ,
which is dominant for mx 2 1TeV and mg 2 0.3mx. The characteristics of the split-
boosted topology are the collimated hadronic decay products of the Higgs boson and the
hadronically decaying W boson and the large separation between the two W bosons. This
results in the final state lepton being separated from the jets such that it is possible to

be resolved in the detector.

14
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>
& I X->SH->bbWW 1-lepton
F Bcat. 1 [JcCat.2
- [JcCat.3 [JcCat. 4
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Figure 2.6.: All topologies of the X — SH — bbWWW decay channel in the 1-lepton
final state. The plot on top shows which of the topologies is dominant
depending on the mass of the BSM particles X and S.
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3. LHC and the ATLAS detector

The following chapter illustrates the setup of the Large Hadron Collider and the ATLAS

experiment, which is used in the data collection for the studies performed in this thesis.

3.1. Large Hadron Collider

The Large Hadron Collider (LHC) at CERN is a ring accelerator, in which both protons
and heavy ions can be collided. It was build in the old tunnel of the Large Electron-
Positron Collider (LEP). As of now it is the largest and most powerful particle collider in
the world. At the LHC, bunches of up to 10! protons collide 40 million times per second
[29].

In Run 3, which is the data collection period from 2022 to 2025, the LHC operates at an
center-of-mass energy of /s = 13.6 TeV. Besides the center-of-mass energy, the achieved
luminosity is an important parameter, which quantifies the amount of collision data. The
ATLAS experiment collected a luminosity of 140.07 fb~" in Run 2, the last data collection
period. For Run 3, the goal is a luminosity of 250 fb™".

The acceleration of the protons is done successively using a series of smaller accelerators.
First, negative hydrogen ions are accelerated to 160 MeV by the Linear Accelerator 4
(LINAC4) and then injected into the Proton Synchrotron Booster (PSB), where they are
stripped of their electrons. This leaves only protons, which are accelerated to 2 GeV. Next
the Proton Synchrotron brings them up to energies of 26 GeV. Then they enter the super
Proton Synchrotron, which accelerates the protons to an energy of 250 GeV before they
end up in the LHC collider ring. The overview of this accelerator chain can be seen in

Figure [3.1
Four large experiments are located along the collider ring of the LHC: ALICE [31], ATLAS

[32], Cms [33] and LHCb [34]. In the following section the ATLAS experiment will be

explained in detail.
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3. LHC and the ATLAS detector

The CERN accelerator complex
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Figure 3.1.: Overview of the accelerators at CERN [30].

3.2. ATLAS detector

The ATLAS detector [32] is one of the experiments located at the LHC at CERN. ATLAS
is an acronym for A Toroidal Lhc ApparatuS. The detector is a general purpose detector
and has a cylindrical shape with a length of 46 m and a diameter of 25m. An overview

of the setup of ATLAS can be seen in Figure [3.2]

The ATLAS detector is made up of several layers of instrumentation, each fulfilling a
specific purpose in the measurement. The Inner Detector is closest to the interaction
point, which is described in more detail in Section [3.2.1} After that an Electromagnetic
Calorimeter is placed in the ATLAS setup, followed by the Hadronic Calorimeter [29]. To

measure muons more precisely the outer layer of the ATLAS detector is equipped with the
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Figure 3.2.: Overview of the setup of the ATLAS detector at CERN. The image was
taken from Ref. [35].

Muon Spectrometer.

The coordinate system in the ATLAS detector can be seen in Figure [3.3] The origin of
the coordinate system is placed at the interaction point. The x-axis points to the center
of the LHC, while the y-axis is defined upwards and the z-axis follows the beamline such
that the coordinate system is right-handed. Due to the cylindrical form of the detector,

it is useful to apply a cylindrical coordinate system, where the azimuthal angle ¢ goes

\ center of

the LHC

Figure 3.3.: The coordinate system used in the ATLAS detector. [36]
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3. LHC and the ATLAS detector

around the z-axis and the polar angle 6 lies between the z-axis and the x-y plane.

Another useful quantity is the pseudorapidity n which is defined as

n=—In {tan(i)] . (3.1)

Furthermore, the distance between the momentum vectors of two objects in the detector

AR = /A2 + Ag? . (3.2)

The momentum of an object in the detector is typically expressed as the transverse mo-

pr=\/pi+p; . (3.3)

can be described by

mentum

3.2.1. Inner Detector

The Inner Detector is, as the name suggests, the detector closest to the interaction point.
As a tracking detector, its main purpose is to reconstruct particle tracks and measure
charged particles. The basic principle of this detector relies on the Lorentz force. With
the help of a magnetic field, the particles are deflected by the Lorentz force, according to

the equation:
pr

:B‘q

Here, pr is the transverse momentum of the particle, B is the magnetic field strength, ¢ is

(3.4)

the charge of the particle and R is the radius of the particle’s trajectory. Thus, the radius
of the trajectory is related to the ratio of the pr and ¢, which are properties of the particle
measured. From the direction of the curvature of the trajectory, one can also determine
the particle’s charge[l]. Since this kind of detector relies on the ionization, only charged
particles can be detected. In the Inner Detector, a solenoidal magnetic field of 2T is used
[29]. The Inner Detector is composed of three subdetectors. These subdetectors are the
silicon pixel detector, the semiconductor tracker and the transition radiation tracker [29].
The silicon pixel detector, the innermost part of the Inner Detector, is made up of about 92
million silicon pixels, which are arranged in 4 barrel layers and 3 end cap layers. All pixels
have a size of 50 x 400 um? except for the pixels in the Insertable B-Layer (IBL). The
IBL was added before Run 2 to improve vertex detection and B-hadron identification.
It was inserted between the B-Layer (the innermost layer of the pixel detector in the
barrel region) and a beam pipe with a smaller radius. The pixels of the IBL have a size
of 50 x 250 um?. If a charged particle hits a pixel, it ionizes the atoms in the material

and creates electron-hole pairs, which travel to the electrodes resulting in a measurable

20



3.2. ATLAS detector

current. These hits can then be reconstructed to a full trajectory of the particle.

In the semiconductor tracker, silicon strips replace the arrays of pixels, while having
overall the same measurement principle as the silicon pixel detector. The semiconductor
tracker contains over 6 million strips in 4 barrel layers and 9 end cap disks. The silicon
strips have a mean pitch of about 80 um. Combined the silicon pixel detector and the
semiconductor tracker have a pseudorapidity coverage of |n| < 2.5.

The transition radiation tracker (TRT) is located at the outermost part of the Inner
Detector. The basic principle of this detector relies on transition radiation, which is
emitted when a charged particle traverses an inhomogeneous medium. The radiation
excites gas atoms creating a current. The TRT is especially useful for the identification
of electrons. Since transition radiation is highly dependent on the Lorentz factor, light
particles such as electrons emit more transition radiation than heavier particles, thus
contributing to particle identification. In the TRT, the particles travel through drift
tubes filled with a mixture of xenon, carbon dioxide and molecular oxygen. It contains
300000 of these tubes, giving the detector a coverage of |n| < 2.0. All in all, the spatial
resolution of the TRT equates to 170 um.

The overall momentum resolution of the Inner Detector is o, /pr = 0.05% - pr & 1.0%
[GeV].

3.2.2. Calorimeters

Within a calorimeter, traversing particles interact with the detector material, initiating
a cascade of secondary particles in a process known as a particle shower. The shower
develops through repeated interactions, including radiation, ionization, scattering, and,
in the case of hadrons, nuclear interactions. These processes lead to energy loss and par-
ticle multiplication until the secondary particles fall below the energy threshold required
for further interactions, at which point the shower gradually ceases [I]. Calorimeters can
be distinguished into electromagnetic and hadronic calorimeters. The Electromagnetic
Calorimeter (ECAL) is designed specifically to measure the energy deposition of particles
that interact electromagnetically (electrons, positrons and photons). Moreover, there are
hadronic calorimeters (HCAL) dedicated to the measurement of hadron energy. Elec-
tromagnetic and hadronic showers differ in their properties in the detector. In general,
electromagnetic showers are expected to be shorter and narrower than their hadronic
counterpart.

In the ATLAS Detector, sampling calorimeters are used. They are built from alternating
layers of active and absorbing material.

Liquid argon (LAr) calorimeters are utilized in the ATLAS detector and placed around the
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3. LHC and the ATLAS detector

Inner detector. They can be divided into a calorimeter covering the barrel region as well
as the LAr electromagnetic endcaps, two LAr hadronic endcaps and three LAr forward
calorimeters also for hadronic showers. The choice of passive material of the calorimeter
depends on the placement in the detector. While the barrel and end-cap part of the
ECAL use lead as a passive material, copper is used in the end-cap of the HCAL and
in the forward region in combination with tungsten. The HCAL, that spans around the
barrel region, is made up of plastic scintillating tiles as the active and steel as the passive
material. The ECAL in the barrel region and endcaps have an n coverage of |n| < 3.2.
The same 7 coverage is achieved by the HCAL except for the forward region, where the
7 coverage is given by 3.1 < |n| < 4.9 [29].

The calorimeters are designed such that they contain the showers and prevent them from
going into the muon system. Therefore, the calorimeter thickness is carefully chosen.
The ECAL has a total thickness of > 22 radiation lengths (Xj) in the barrel region and
> 24 Xy in the end-caps. In interaction lengths (), the thickness can be expressed as
9.7 X\ for the barrel region and 10 A for the end-caps.

The energy resolution of the ECAL is designed to be o5/E = 10%/VE @® 0.7% [GeV]
for electromagnetic showers. For the HCAL the energy resolution equates to op/E =
50%/vE @ 3% [GeV] for the barrel and the end cap parts. In the forward part of the
HCAL the energy resolution is given by og/E = 100%/vVE ® 10% [GeV][29].

3.2.3. Muon Spectrometer

Muons are minimally ionizing particles and hence exit the Inner Detector and the calorime-
ters without depositing a significant fraction of their energy. Therefore, a dedicated
tracking detector is placed around the calorimeters, the so-called Muon Spectrometer
[29]. The Muon Spectrometer can be divided into two parts: a large barrel toroid, which
covers |n| < 1.4, and the end-caps, which is equipped with two smaller magnets and
covers 1.6 < |n| < 2.7. The region between 1.4 < || < 1.6 is commonly referred to as
the transition region. In this region muons are deflected by the barrel and the endcap
magnets [29].

The measurement of the tracks is done using Monitored Drift Tubes (MDT) for the major-
ity of the n-range. For 2.0 < |n| < 2.7 tracks are detected with Cathode Strip Chambers
(CSC). These are multiwire proportional chambers with cathodes, that are segmented
into strips and are more robust to a higher rate and rougher background conditions.

For triggering, Resistive Plate Chambers are installed in the barrel region, whilst Thin
Gap Chambers are used in the end-caps. Together the trigger system covers |n| < 2.4.

Overall the muon spectrometer reaches a resolution of o, = 10% for pr = 1TeV muons
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3.2.4. Trigger system

The recorded data in the ATLAS detector causes a data stream of more than 60 TB/s.
Due to limited processing speed and storage capacity, it is impossible to store all the
information and a selection of the recorded data is necessary. For this, the trigger system
is used.

At the ATLAS experiment, the recorded data is sorted through a two-level trigger system.
First, the Level-1 (L1) trigger uses calorimeter information and information from the
muon spectrometer to search for high transverse-momentum muons, electrons, photons,
jets, and 7-leptons decaying into hadrons, as well as large missing and total transverse
energy. In this hardware based trigger, the information is compared to trigger objects
and based on the similarity they are kept in storage or are discarded. With this selection
the event rate is reduced from 40 MHz to about 100kHz. The L1 trigger also defines
Regions-of-Interest (Rols). These are regions that contain interesting features according
to the algorithm [29].

After that, the high level trigger (HLT') uses these Rols as seeds for further software based
selections. Other than the L1 trigger it also uses the information from the Inner Detector.
This trigger performs its seletion based on high-level objects, which is why this trigger is
also called high-level trigger (HLT). After the HLT the trigger rate is reduced to 3.5 kHz
[29].
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4. The split-boosted 1-Lepton
Analysis

The analysis presented in this thesis specifically focuses on the split-boosted topology of
the X — SH — bbWW decay channel in the 1-lepton final state. The characteristics of
this topology are described in Section [2.3] A sketch of this topology is shown below.

Figure 4.1.: Split-boosted topology of the X — SH — bbWW decay channel in the 1
lepton final state.

To illustrate the general approach of this analysis, the following sections will detail some

of the overarching definitions relevant for this thesis.

4.1. Samples

The samples used for the studies in this thesis will be described in the following sections.

4.1.1. Signal Samples

The generation of X — SH samples is performed at leading order in ag using PYTHIA
8.309, applying the A14 tune and the NNPDF2.3LO parton distribution functions (PDF)
set. The simulation of hadronization and parton showering is also carried out with PYTHIA
8.309, while EVTGEN 2.1.1 is used to handle the decays of heavy-flavor particles.

Figure [4.1/shows the available signal mass points for X and S for the X — SH — bbWW
in the 1 lepton final state. The dataset names can be found in Appendix [A.2]
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mx in TeV
mg in GeV
400
500
750
1000
1500
2000
2500

SSESEN

NENEN

NENEN

v
v
v

SSENENEN

Table 4.1.: Overview of the available mass points for the signal samples.

4.1.2. Background Samples

The background samples used in this thesis can be separated into two categories: prompt
and non-prompt backgrounds. The prompt backgrounds are backgrounds that contain
prompt leptons, which have their origin in leptonic decays of heavy bosons or top quarks.
In hadronic processes, so-called non-prompt leptons emerge. These are typically not-well
isolated, and their vertex is distinguishable from the primary vertex. Hence, hadronic
backgrounds are referred to as non-prompt backgrounds. In this thesis, all-hadronic ¢, all-
hadronic W +jets and dijet processes make up the non-prompt background. The prompt
backgrounds considered are tt, W-+jets, Z+jets, single top and diboson.

The samples used for ¢t with one lepton in the final state are generated using the POWHEG
v2. The parton shower is modeled using PYTHIA 8.308, whilst heavy flavor generation is
done with EVTGEN 2.1.1. The W+jets samples are modeled using SHERPA 2.2.14 a tune
NNPDF3.0nnlo at next-to-next-to-leading order. The same configuration is used for the
generation of the Z+jets samples. For the single top contribution samples generated with
POWHEG v2 are used. Their parton shower is simulated with PyTHIA 8.308 and for heavy
flavor decays EVTGEN 2.1.1 is used. The samples used for the diboson background are
generated using SHERPA 2.2.14 with a NNPDF3.0 tune at next-to-next-to-leading order.
For the non-prompt samples, all-hadronic ¢t are generated with POWHEG v2. The parton
showera are simulated using PYTHIA 8.308, while heavy flavor decays are modeled with
EvTGEN 2.1.1. The all-hadronic W +jets samples are produced with SHERPA 2.2.14 and a
NPDF3.0 tune at next-to-next-to-leading order. The parton distribution functions LHA
is applied. The generation of the dijet samples uses PYTHIA 8.308 with a Al4 tune at
leading oreder and the NNPDF2.3LO parton distribution functions. Heavy flavor decays
are simulated using EVTGEN 2.1.1.

A complete list of the datasets used can be found in Appendix
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4.2. Analysis Objects

4.2. Analysis Objects

The objects used in this analysis are defined as listed in Table [1.2]

’ \ Electrons \ Muons \ Small-R jets \ Large-R jets ‘
Input - - EM PFlow objects | UFO jets
Radius - - 0.4 1.0

plRin 10 GeV 10 GeV 50 GeV 250 GeV
|| e 2.47 2.5 4.5 2.0
Identification Tight Medium - -
[solation criteria | Tight_VarRad | PFlowTight VarRad - -

Table 4.2.: Overview of the objects used in the analysis.

Here, it is important to remark that the identification and isolation requirements for lep-
tons are the results of the lepton selection study in Chapter [5} For further information
on identification and isolation, the reader is encouraged to look into the lepton selection
study.

Tau leptons are not considered in this analysis, since they decay further leptonically or
hadronically after a short amount of time. The hadronically decaying tau leptons are
neglected in the analysis, while the leptonically decaying ones are reflected in the analysis

through their decay products.

In Run 3, EM PFlow objects (Electromagnetic scale Particle Flow) are used as input
for the small-R jets. These objects combine charged particle tracks and calorimeter
energy deposits for improved jet accuracy. To be more precise this analysis uses the
AntiKt4EMPFlowJets collection, which contains jets clustered by the anti-k; algorithm
with a radius parameter of R = 0.4 [37]. For large-R jets unified flow objects (UFO) from
the AntiKt10UFOCSSKSoftDropBetal00Zcut10Jets container are used [38]. The jets in
this container are again clustered by the anti-k; algorithm using a radius parameter of
R = 1.0 and afterwards are groomed using the SoftDrop [39] algorithm with 5 = 1.0 and
Zewt = 0.1. Similar to the EM PFlow objects, they use a combination of charged particle

tracks and calorimeter energy deposits.

4.3. Object Reconstruction

To reconstruct the final-state objects of the X — SH — bbWW decay channel, different

techniques are used. First, an overlap removal ensures that objects are not double counted
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4. The split-boosted 1-Lepton Analysis

in the analysis (see Section [4.3.1)). Furthermore, important objects in the analysis such as
the Hy, and Wy,q candidate are found using taggers, which are described in Section 4.3.2]
These taggers can determine the origin of a given jet, which is also used to distinguish

jets stemming from decaying to quarks.

4.3.1. Overlap Removal

Since the object reconstruction algorithms run independently of each other on all tracks
and energy clusters from the calorimeter, geometrically overlapping objects might be
double counted leading to a distortion of the analysis. To avoid this instance, an overlap
removal between electrons, muons and jets is implemented. The tool used in this analysis
[40] removes overlaps between electrons and muons that share a track. For the overlap
removal between muons and jets, first non-b-tagged jets that overlap with muons are
removed in a cone around the muon with a size of AR = 0.2. After that, an outer
cone with a size of AR = 0.4 is defined around all the remaining non-pileup jets and all
overlapping muons are discarded. The overlap removal between electrons and jets is done

analogously with the same cone sizes [41].

4.3.2. Tagging

In this analysis multiple flavor taggers are used to assist in the preselection as well as the

region definitions. The following sections will describe these taggers.

Small-R Jet b-tagging

The b-Tagging of the small-R jets uses the DL1d tagger [42, 43] with the 77% working
point. This tagger uses a deep feed-forward neural network based on several input features.
Besides the jet pr and |n|, it also uses outputs from other subtaggers as input, namely
IP2D/IP3D, SV1, JetFitter and JetFitter c-tagging. IP2D/IP3D is a tagging algorithm
that uses a likelihood ratio between different flavor jet hypotheses based on track impact
parameters to determine the jet flavor. The SV1 algorithm and the JetFitter algorithm
both reconstruct secondary vertices. For additional properties of the secondary vertices
the JetFitter c-tagging algorithm can be used.

The DL1d tagger uses in contrast to other DL1 taggers also the output of the Deep Impact
Paramet Set sub-tagger (DIPS) as input variables. From these variables, the network

calculates a discriminant defined as

Po
fcpc_'_(l_fc)pu 7

DDLl = lOg (41)
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where py, p. and p, are the probabilities how likely the jet is to be a b-jet, a c-jet or a
light-flavour jet, respectively. f. is the effective c-jet fraction in the background training

sample.

Hy, b-tagging

The identification of the Higgs boson decaying into a pair of b quarks is crucial for a proper
event selection. In this analysis, the latest GN2X algorithm [44] from ATLAS is used for
the b-tagging of the large-R jets. With the help of this transformer neural network based
tool, it is determined whether a large-R jet originates from a boosted Higgs boson decay
into bb pairs. Jets are required to have m > 50 GeV, py > 250 GeV and || < 2.0.

Using the information of the charged particle tracks of the large-R jet, the network calcu-
lates probalities on how likely the large-R jet is an Hy, jet, H.. jet, top jet, or a multijet

event. From these probabilities a discriminant is defined as :

PHbb
Dt = In (chc - Pice + frop - Drop + (1 — frce — frop) 'pQCD> (4.2)

with the probabilities pree, Pree, Props PQep- fHee and fiop being free parameters, which

the weight of the probabilities of a H.. jet or a top jet with respect to a multijet event.

The optimized values for fy.. and fiop are 0.02 and 0.25. The discriminant is pictured in

Figure

This tagger offers a variety of working points which correspond to cuts on the discriminant.

These working points are given in percentages and refer to the Hy,-tagging efficiency [44].

Newest developments of this tagger allow the tagger to be mass-dependent. This feature
was introduced to avoid mass sculpting of the efficiency. Instead of the fixed cut working
point given in percentages, this tagger uses flat mass working points, which are given in

decimal numbers that correspond to the flat efficiency [45], [46].

WZ Tagger

The WZ Tagger [47] in the version SmoothedWZ is used for the identification of hadronically
decaying W bosons in large-R jets in this analysis. This tagger uses rectangular cuts on
the jet mass, the number of ID tracks with pr > 500 MeV associated with the jet before
grooming and the energy-correlation function Dy [48] with 5 = 1. Large-R jets need to
fulfil pr > 200 GeV, m > 40 GeV and |n| < 2.0 to be considered by the tagger. The tagger

then provides several working points that can be selected by the user.
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Figure 4.2.: Discriminant of the GN2X tagger with fi,, = 0.25 and fg.. = 0.02 for the
four jet classes. Working points are derived by imposing a threshold on
the discriminant distribution of the Hy, jets to achieve the desired signal
efficiency. The discriminant is defined in Equation [£.2] This Figure is
taken from Ref. [44].

Top Tagger

In this analysis, the ATLAS DNNTopTagger [49] is used to distinguish jets that originate
from top quarks from other large-R jets. This tagger is based on a deep neural network
(DNN), which is optimized to determine which jets were produced by the hadronic decay
of a top quark, specifically for contained tops.

For the training, only jets with a groomed reconstructed jet mass larger than 40 GeV
and a number of constituents of at least 3 are considered in the DNN. To improve the
distinction between top-jets and quark-/gluon-initiated jets, the DNN training uses jet
substructure moments as input. The tagger requires large-R jets to fulfill pr > 350 GeV,
m > 40GeV and |n| < 2.0. This tagger is especially useful for this analysis to veto top
background in region where they are not useful, for instance in the QCD and W+jets

control regions and also in the definition of the top control region.
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4.4. Event Selection

4.4.1. Preselection

The preselection for the split-boosted 1-lepton analysis starts by checking whether the
events pass the triggers. Here, a large-R jet trigger is used. This trigger fires, if at least
one large-R jet is present in the event. After that, the transverse momentum of the lead-
ing large-R jet is required to be larger than 500 GeV offline. This cut ensures that the
triggers work properly and are well within the trigger plateau. Furthermore, every event
is required to have exactly one signal lepton. The signal lepton is defined as listed in
Table [4.2] Next, a cut on the number of large-R jets is placed, which requires events to
have at least two large-R jets. This is needed in the next step, where the Hy, and the
Whaa candidate are classified. This classification first assigns the Hj, candidate as the
jet with a mass closest to the Higgs mass my = 125 GeV and then the Wy,q candidate
is found using the SmoothedWZ tagger at an 80% working point [47]. To further refine
the selection, the preselection demands a Hy, and a Wy,q candidate to be present in the
event.

To reflect the characteristic large separation between the signal lepton and the Wi.q jet
of the split-boosted topology, a cut on the AR between the lepton and the closest jet is
placed, which demands AR(/, closest jet) > 1.

The background composition after preselection is shown in Figure for the partial Run
3 dataset. It can be clearly seen that the background is largely dominated by W +jets
and tt contributions, followed by the non-prompt contribution. Also, the background
yields after preselection are listed in Table [4.3] For signal, a cross-section of 100 fb was
assumed and the resulting yields are pictured in Figure The values of the predicted
signal yields can additionally be found in Appendix These yields only reflect the
part of Run 3, that was recorded during 2022 with a luminosity of 26.07fb™!. For the
expected total luminosity of Run 3 of 250 fb™" the yields need to be multiplied by a factor
of 9.5. The wedge of the pie chart named “non-prompt” is composed of dijet as well as

all-hadronic tt and all-hadronic W+jets. A full list of the used samples can be found in
the Appendix
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Non-Prompt

14.01%

Single Top

4.50%

, Diboson
W + jets 3.87%

35.91%
4.50% Z + jets

37.21%

tt

Figure 4.3.: Background composition after preselection for partial Run 3 for a lumi-
nosity of 26.07fb~'. The non-prompt contribution is made up of Dijet,
all-hadronic ¢t and all-hadronic W +jets.

| | event yield |

tt 3627.20

W+jets 3500.00
Single Top 438.89
Z+jets 438.51
Diboson 377.32

Dijet 1325.07
all-hadronic tt 32.51
all-hadronic W+jets 8.36

Table 4.3.: Background yields after preselection for partial Run 3 corresponding to a
luminosity of 26.07 fb™'.
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4.4.2. Preliminary Definition of the Signal Region

On top of the preselection explained in Section [{.4.1] the H,, candidate is additionally
required to pass the working point of the mass-dependent GNN Tagger, that is equivalent
to 75% of efficiency (see Section to fulfill signal region requirements. [|
With this definition, the background composition of the signal region has the contributions
shown in Figure . In the signal region, the dominating contribution is the ¢t background
followed by single top and W+jets. The non-prompt background only contributes about
7% to the background of the signal region.
The yields in the signal region for the different background contributions can be found in
Table [4.4, The signal yields are pictured in Figure [£.5] and a table with the values can be
found in Appendix All the yields were calculated for partial Run 3 with a luminosity
of 26.07fb™" and for the signal luminosity, a value of 100 fb was assumed.

Non-Prompt

7.17% Single Top
20.39%

W + jets
14.20%

3.77% Diboson
e 1.79% Z + jets

52.70%
tt

Figure 4.4.: Background composition in the signal region for partial Run 3 for a lu-
minosity of 26.07fb~!. The non-prompt contribution is made up of Dijet,
all-hadronic ¢t and all-hadronic W +jets.

IThe 75% efficiency working point of the mass-dependent working point is named 0.94. For further
information on this, the reader is referred to [45] [46].
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4. The split-boosted 1-Lepton Analysis

’ ‘ event yield ‘

tt 11.45

W+jets 3.08
Single Top 4.43
Z+jets 0.39
Diboson 0.82

Dijet 1.56
all-hadronic tt 0.00
all-hadronic W+jets 0.00

Table 4.4.: Background yields in the signal region for partial Run 3 corresponding to a
luminosity of 26.07 fb™'.
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Figure 4.5.: Signal yields after preselection and in the signal region for partial Run 3
corresponding to a luminosity of 26.07fb™*. For the signal a cross-section
of 100 fb was assumed. The numbers can also be found in Appendix [A.6]
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5. Study of the lepton identification

and isolation working points

In this chapter a study of the lepton identification and isolation working points will be
presented. The goal of this study is the optimization of the categorization of signal leptons
based on lepton identification and isolation. This categorization is used throughout the
analysis in the definition of electrons and muons as shown in Table [4.2]

Non-prompt leptons are leptons produced in the decay of hadrons. Since these hadrons
have already traveled a distance in the detector when they emit the lepton, the vertex
where the non-prompt lepton originates from, is distinguishable from the primary vertex.
In contrast to prompt leptons, which stem from decays of heavy bosons and top quarks,
non-prompt leptons are difficult to model via Monte Carlo simulations because of their

hadronic origin.

5.1. Lepton Identification

One of the quantities used to define leptons is the lepton identification (ID). This quantity
represents how likely it is that a given lepton candidate is in fact a muon or an electron,
respectively. The lepton ID is defined differently for muons and electrons. For muons a
cut-based method is used. The corresponding cuts to the working points are listed in Table
E [50]. The variable NP9 refers to the number of precision layers hit by the muon

layers
Nprecision

HoleLayers 1S the number of precision hole layers

candidate in the detector. Similarly,
hit. isAuthor (MuGirl) and isAuthor (MuTagIM0) are boolean variables that describe
whether or not the muon was reconstructed with the MuGirl and MuTagIMO algorithms,

respectively. The g/p-significance X, is defined as [50]

. |(Q/29)ID - (Q/p>MS| ' (5.1)

a/p =
2 2
\/OIb T Ons

Here, (q/p)ip refers to the ratio of charge and momentum measured in the Inner Detector,

whilst (¢/p)ms is the ratio of charge and momentum measured in the muon spectrometer.
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5. Study of the lepton identification and isolation working points

omp and oyg are the corresponding uncertainties [50].

’ Working Point \ Definition

Medium N Yup <T& .
(NpreCISlOn > 1 ()1‘ (NpremSlon S 1

layers layers

& NR<sion -9 & |n<0.1))

HoleLayers
Loose As for Medium or

<7 GeV & |n| < 1.3 & NPrecsion
(p 7

layers

& isAuthor (MuGirl) & isAuthor (MuTagIMO))

Table 5.1.: Definitions of the muon ID working points [51].

For electrons the ID working points are based on a likelihood function, which is used
to distinguish electrons stemming from prompt processes from light-flavor jets, electrons
from photon conversions, and non-prompt electrons from the decay of hadrons. This
likelihood uses different variables that describe properties of the showers in the calorimeter
as well as properties in the tracking detector. Examples for that are the transverse
impact parameter relative to the beam-line dy, the number of hits in the pixel detector
and variables describing the shower shape. A detailed list of the variables used as input
for the likelihood function can be found in Ref. [52]. An updated description of the

calorimeter variables that enter the likelihood function, is provided in Ref. [53].

5.2. Lepton Isolation

Isolation is a measure of how many particles are produced in the surroundings of a particle.
This helps in the distinction between prompt and non-prompt leptons. Prompt leptons
are expected to not have other particles close to them and are therefore expected to be well
isolated. This, however, does not apply to non-prompt leptons [54]. Isolation variables

can be defined based on calorimeter or tracking information or a combination of both.

5.2.1. Tracking isolation variables

The basic principal of a tracking based isolation variable consists of a cone of radius R
around a particle track. The transverse momenta of all the tracks within the cone are
summed up and divided by the transverse momentum of the particle by which the cone
was defined. Apart from fixed radius variables, there are also isolation variables which
use variable cones. In this case the radius is dependent on the transverse momentum of

the particle such that the isolation cone shrinks with increasing transverse momentum.
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5.2. Lepton Isolation

The radius is then given by

R, — min( 10 Ge\/7 R)

p (5.2)

Variable cones are used in the isolation variables as ptvarcone, whereas fixed cones are
labeled as ptcone. These are then followed by a two digit number such as 10,20,30, which
refers to a radius R = 0.1,0.2, 0.3, respectively [55].

Furthermore, the variable names include Nonprompt A1l MaxWeightTTVA where TTVA
refers to the track-to-vertex association and Nonprompt_All MaxWeight is the working
point. This working point checks that the track has either been used in a vertex fit and
has a maximum weight or has not been used in a vertex fit but fulfills |Azsinf| < 5mm
and |dy| < 5. Here |Azsinf)| is the absolute value of the distance between the z, of the
track and the primary vertex and |dy| is the tranverse impact parameter with respect to
the beam line [55].

The variable name can also contain a requirement on the minimum tranverse momentum
of the tracks, denoted as for instance pt1000, where the number indicates the minimum
pr in MeV. Additionally, some variables include the tag LooseCone which indicates that
tracks that fall within a window of |An| > 0.01 are excluded [55].

Track based isolation variables take only charged particles into consideration [54].

5.2.2. Calorimeter based isolation variables

For the calorimeter based isolation variables, a cone around a calorimeter cluster is de-
fined. The transverse energy from clusters within this cone is summed up and divided by
the transverse energy of the defining cluster.

For calorimeter based isolation variables there are different possibilities of using the
calorimeter information. In etcone the transverse energy of all calorimeter cells is summed
up. For topoetcone the sum of the topoclusters within the cone is used. Additionally

there is the eflowcone which only uses clusters that could not be matched to jets.

5.2.3. Recommended isolation working points

The recommended working points [56] for muons and electrons are listed in Table[5.2] For
muons all the recommended working points use a combination of tracking and calorime-
ter based variables. Similarly, the electron isolation working points Loose_VarRad and
Tight_VarRad are using both tracking and calorimeter based isolation variables. As the

name suggests, the TightTrackOnly FixedRad and the TightTrackOnly VarRad only
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5. Study of the lepton identification and isolation working points

rely on tracking based isolation variables, whilst HighPtCaloOnly only takes calorimeter

information into account.

Isolation
Muons \ Electrons
Loose VarRad Loose VarRad
Tight_ VarRad Tight_VarRad

PflowLoose VarRad | TightTrackOnly VarRad
PflowTight VarRad | TightTrackOnly FixedRad
- HighPtCaloOnly

Table 5.2.: Recommended isolation working points for Run 3 [56].

The definitions of all these working points can be found in the Appendix
To illustrate the meaning of these working point definition, the example Loose_VarRad
and Tight_VarRad will be explained in more detail. These two working points are defined

for muons as

Loose_VarRad = p{"*"* /pp < 0.15&E$"* /pr < 0.3 (5.3)
Tight_VarRad = p{"*"® /pr < 0.04&E$"* /pr < 0.15 . (5.4)

The distributions of the variable pre®¥ /pr and the variable E$* /pr are shown in
Figure for a signal mass point of mx = 2000 GeV, mg = 1500 GeV, including the cuts
used in the definition of the Loose_VarRad and Tight_VarRad working points. All muons

below the cut fulfill the isolation working point.
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5.3. Signal efficiencies
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Figure 5.1.: On the left the distribution of p¥*<°m®3Y /py is plotted for muons of a signal
sample for myxy = 2000 GeV, mg = 1500 GeV. Analogously, the right plot
shows the distribution of E$™2Y/pp. The cuts from the working point
definition are marked in the plot in purple (Loose_VarRad) and orange
(Tight_VarRad) according to Equation

5.3. Signal efficiencies

To study the effect the isolation and ID working points have on the signal, all available
signal samples for 16 different mass points ranging from my = 1TeV, mg = 0.4 TeV to
myx = 3TeV, mg = 2.5TeV were used. A list of all available mass points can be found
in Section 4.1.1} For each sample, it is determined how many of the leptons pass the ID
and isolation working points. The efficiency ¢ is calculated for every combination of 1D
and isolation working point by dividing the number of leptons passing the working point
by the total number of leptons. The studied working points are listed in Table 5.2} In
the beginning, no selection and no overlap removal are applied to the objects and events.
Investigations with further selection criteria are detailed in Sections and The
only cuts used in this study are pr and || from the object definitions (see Table in
Section (4.2

In the signature of the X — SH — bbWW decay channel, one important feature is the
signal lepton that originates from the decay of a W boson. To distinguish these prompt
signal leptons from other non-prompt leptons, promptness is required for the signal ef-
ficiency. This is done with a tool that consideres the truth information from the Monte
Carlo simulation. In Figure the number of leptons passing each ID working point are
depicted. Especially for electrons, it can be seen that the number of all electrons is very
high in comparison to the ones passing the working points (see top left plot of Figure .

In the A11 category lie all particles that are labeled as electrons without any identification
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5. Study of the lepton identification and isolation working points

applied. The high number of electrons in this bin indicates that a lot of these electrons
are not signal leptons and therefore not useful for this study. Thus, it is useful to require
the electrons to be prompt for the study of the signal. The same line of reasoning applies
to the muon case as well, as it can be seen in the top right plot of Figure. The bottom
row of Figure show the number of prompt electrons and prompt muons passing the

ID working points, respectively.

Electrons ,,,,.,,,,,Mu,on?
700000F ' ' ' 80000
600000 E 70000
500000 F E 60000
é’ E g
£ 400000 { §50000¢
E 4
3 300000 ] E 40000
** g 30000 F
200000 ] 20000
100000+ 7 10000
0 Loose Medium  Tight 0 Medium
Prompt electrons Prompt muons
35000:_' M L A A A S B A A '_: :' T T — T T T
30000; _ 250001 b
& 25000F {1 20000f ;
£ soooot I
g 20000} 1 S 15000F ]
© 15000F {1 E :
#* g 3 100001 ]
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ot : ot

All Loose  Medium  Tight All Loose Medium

Figure 5.2.: Number of leptons passing each of the ID working points for all electrons
(top left), all muons (top right), prompt electrons (bottom left) and prompt
muons (bottom right). For the prompt leptons a tool was used to determine
the promptness of the leptons.

The signal efficiencies for the different ID working points can be seen in Figure [5.3
Effiencies are also calculated for all combinations of ID and isolation working points. To
summarize the main behaviors, Figure shows the signal efficiencies for two example
mass points for muons and electrons. The signal efficiencies for all mass points can be
found in the Appendix [A.4]

Furthermore, the kinematic dependency of the efficiencies was tested. For electrons,
Figure [5.5 shows the kinematic dependency of the ID and isolation working points. For
the right plot, the tight ID working point was applied. It can be clearly seen that the ID

as well as isolation all plateau towards high tranverse momenta. In the electron isolation
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Figure 5.3.: The plots show the signal efficiencies for the different ID working points.
The masspoints were split up into low mass ratio between S and X in the
top row and high mass ratio in the bottom row. The left column depicts
the electrons while the right column corresponds to muons.

it becomes obvious that the HighPtCaloOnly working point loses efficiency towards high

transverse momenta, especially in comparison to other working points, which lie closely

together. For muons, the equivalent distributions are depicted in Figure[5.6| To compare

the isolation working points, a medium ID was applied. Again, both distributions plateau

towards high transverse momenta. Differences between the working points are only small

for muons in comparison to electrons.
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Figure 5.4.: Signal efficiencies for prompt electrons (upper row) and prompt muons
(lower row). Two different masspoints are examined. The left column
shows the mass point mx = 1TeV, mg = 0.5 TeV, while the right column
shows the mass point mx = 3TeV, mg = 2.5 TeV. The x-axis displays
the ID working points and the isolation working points are represented by

color.
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Figure 5.5.: Efficiency vs. the transverse momentum pr of the ID working points (left)
and of the isolation working points (right) for electrons for the mass point
mx = 3TeV, mg = 2.5 TeV. To compare the isolation working points, the
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Figure 5.6.: Efficiency vs. the transverse momentum pr of the ID working points (left)
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mx = 3TeV, mg = 2.5 TeV. To compare the isolation working points, the
medium ID was applied.
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5. Study of the lepton identification and isolation working points

5.4. Background rejection

For a conclusive picture of the performance of the lepton working points, the background
should also be investigated. For this study, three backgrounds are of interest: Dijet, tt
and W+jets. In this thesis, the focus will be on the results of the Dijet background,
since Dijet events include a significant number of non-prompt leptons. In contrast to
that, the ¢t and W +jets samples also contain prompt leptons and therefore feature small
background rejections. For completeness, background efficiency and background rejection
plots for ¢t and W -jets backgrounds can be found in the Appendix .

The background efficiencies ey, are, similar to the signal efficiencies in Section , de-
fined as the number of leptons passing the working point divided by the number of all
leptons. In contrast to the signal, no promptness of the leptons is required in the dijet
backgrounds, because this background contains almost no prompt leptons. This choice
does not impact the results of the study, as long as the same conditions are applied for
all working points.

The background efficiency is pictured in Figure . Background efficiencies for tt and
W +jets can be found in Appendix [A.5]

To see how much the ID and isolation working points surpress the background, the back-

ground rejection 7, is plotted in Figure The background rejection is defined as
Tbk‘g i 9 (55)

where g4 is the background efficiency.

To put the background rejection into perspective to the signal, Figure depicts the
background rejection as a function of the averaged signal efficiency. The averaged signal
efficiency is given by the average of the signal efficiencies of all 16 mass points. This
averaging can be done because the behaviour of the signal efficiencies does not change
significantly between mass points, as can be seen in Figure [5.4]

The best performing working points can be found in Figure by choosing a working
point which combines high background rejection with a high signal efficiency. For muons
this means that the Medium ID in combination with the PflowTight_VarRad isolation is
the best choice to characterize signal muons. In the electron case, it was decided to use the
Tight VarRad isolation in combination with the Tight ID, even if the HighPtCaloOnly
isolation has a higher background rejection. This choice comes for multiple reasons. The

HighPtCaloOnly isolation working point does not perform as well as the other working
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Figure 5.7.: Background efficiency for leptons in the dijet background for all the possible
combinations between ID and Isolation working points. The left plot shows
the background efficiencies for electrons, while the right plot pictures the
efficiencies for muons.
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Figure 5.8.: The plots depicts the background rejection for the different ID and isolation
working points in the dijet background. The background rejection is given
by Equation [5.5, The left plot shows the rejection for electrons, while on
the right side only muons are considered.
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Figure 5.9.: Background rejection against the averaged signal efficiency for all combi-
nations of ID and isolation working points. The left plot depicts the results
for electrons, while the right plot shows the results for muons.

points for leptons with high transverse momenta in boosted scenarios. This behavior was

investigated for the split-boosted scenario and can be observed in Figure [5.5 Another

argument against this working point is the loss of signal due to the lower signal efficiency.
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5.5. Overlap Removal

Due to the already very limited number of events in this decay channel, it was ultimately

decided to use the safer choice of the Tight_VarRad isolation.

5.5. Overlap Removal

The study described up to this point was performed with no overlap removal for the
leptons. To validate the results, it is necessary to repeat the study with overlap removal
(OR) applied to all leptons. The criteria for OR were already explained in Section [5.5]
Figure [5.10| shows the background rejection of the dijet background over the averaged
signal efficiency and compares the results with and without overlap removal. Again the
averaged signal efficiency refers to the average of the signal efficiencies for all 16 mass
points. For muons, an applied overlap removal improves the signal efficiency, while also
increasing the background rejection slightly as seen in the right plot in Figure [5.10} The
same effect can be observed for electrons in the left plot in Figure but with an even
smaller impact. Both cases show that the behavior of the working points relative to each
other is not impacted by the overlap removal verifying the results of the lepton study in

Section [£.4]
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Figure 5.10.: The plots show the background rejection against the averaged signal effi-
ciency for the available combinations of ID and isolation working points.
Here the filled markers display the result with and the unfilled markers
without overlap removal (OR). The left plot pictures the results for elec-
trons and the right plot exhibits the results for muons.
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5.6. Topology Specific Lepton Study

To optimize the previous study for the spit-boosted topology, a selection is implemented

where the leptons are required to have a distance to the closest large-R jet of
AR((, closest jet) > 1 . (5.6)

With this cut the study described in Sections and is repeated. The results for
the background rejections and averaged signal efficiencies are pictured in Figure|5.11] To
solely focus on the effect the AR cut has an the performance of the working points, no

overlap removal is applied.
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Figure 5.11.: Background rejection plotted against the average signal efficiency. The
filled markers display the results with the AR cut (see Equation ,
and the unfilled markers show the results without this cut. The left plot
depicts the results for electrons and the right plot shows the results for
muons.

Again leptons in the signal are required to be prompt, whilst leptons in the background
are not.
When working with this cut, an overlap removal for electrons needs to be implemented.
Otherwise the electron itself is often falsely identified as the closest jet. This can be
avoided by substracting the four-vectors of the electron and the large-R jet in case
AR(¢, closest jet) < 1, and requiring that the jet still fulfills pr > 250 GeV, which is
the threshold UFO jets need to pass.
When compared to the results in Section the AR cut reduces the background re-
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jection while increasing the signal efficiency (see Figure |5.11]). The improvement of the
signal efficiency is here even larger than in Section [5.5] where the effect of the overlap

removal was studied.

Since the behavior of the working points relative to each other does not change, the choice

for the lepton working points made in Section is further verified.
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6. Control Region Investigations for
Processes with Non-Prompt and

Fake Leptons

For a proper analysis, control regions for the dominant background processes need to be
set up. These control regions can then be used to check the modelling and to perform
background estimates, that can then be extrapolated to the signal region. The contribu-
tion of the background should be dominant or at least enhanced in the respective control
region.

One important background in the split-boosted 1-lepton final state are non-prompt lep-
tons, that fake the properties of the final-state lepton and are therefore hard to differen-
tiate from the signal. These leptons stem from hadronic background processes and not
from the decay itself. To reduce their impact on the analysis, an accurate non-prompt
background estimate is desired.

For this estimate, one needs to find a control region with an enriched contribution of
non-prompt leptons. This investigation is subject of Section [6.1] After the definition
of the control region, the data within this region can be unblinded and the agreement
between data and Monte Carlo prediction can be examined (see Section [6.2)). Besides the
statistical uncertainties covered in Section [6.2] some systematic uncertainties can also be
inferred, which are discussed in Section [6.3]

6.1. Defining a control region

For the definition of a control region with an enriched contribution of non-prompt leptons,
a set of variables is investigated to find properties that can distinguish the non-prompt
background from the signal and other backgrounds. Furthermore, it is important to en-
sure orthogonality to other control regions and the signal region (see Section . The
non-prompt background consists of dijet events and all-hadronic final-states from ¢ and

W +jets processes. Other background processes that are considered in this study are t,
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6. Control Region Investigations for Processes with Non-Prompt and Fake Leptons

W+jets, Z+jets, single top and diboson production which contain at least one prompt
lepton. A complete list of the used samples can be found in Appendix and [A.3} In
this study, a preselection is applied which is described in Section [£.4.1] For the definition
of the analysis objects see Section [£.2]

In the Run 2 analysis, the following variables were used for the definition of the control

regions [36] :
« Number of b-tagged TAR jetd]
« transverse mass of the lepton and missing transverse energy combined (W)

« mass of the Hy, candidate and mass of the W),q candidate

The definitions of the control regions in Run 2 can be seen in Table

CR Definition
tt 2 b-tagged TAR jets in the event, m?&“f{‘ < 40 GeV
W+jets 0 b-tagged TAR jets in the event, 60 GeV < mYVE/'ep < 120 GeV
QCD | 0 b-tagged TAR jets in the event, mjvf/lep < 60 GeV or mqulep > 120 GeV

Table 6.1.: Definitions of the control region in the ATLAS Run 2 analysis [36].

The knowledge from the Run 2 analysis can be used as a starting point for Run 3. How-
ever, it should be acknowledged that object definitions changed between Run 2 and Run
3, which leads to the variables not being equivalent. Furthermore it is important that in
Run 2 only the boosted topology was analyzed and region definitions might vary for the
split-boosted topology.

The first useful variable is the transverse mass of the lepton and the missing transverse

energy, which is defined as

mePtY = \/2 - Emiss . piP (1 — cos Ad(v,lep)) (6.1)

where EI is the missing transverse energy assumed to result from a neutrino, plTep is the
transverse momentum of the lepton and A¢(v,lep) is the angle between the ER and
the lepton. Figure depicts the distribution of this variable. For the non-prompt back-

ground the distribution peaks around small values, while the other backgrounds peak at

ITrack assisted jets (TAR) jets are replaced by Unified Flow Objects (UFO) jets in Run 3.

52



6.1. Defining a control region

higher transverse masses. The signal shows a flat distribution until mlﬁp” = 60 GeV and

slowly decreases afterwards. For the control region a cut of mlﬁpw < 50 GeV is applied.

In addition a cut on the ratio of the lepton transverse momentum and the transverse
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Figure 6.1.: Transverse mass of the lepton and the missing transverse energy.

momentum of the leading large-R jet is placed. This distribution is shown in Figure [6.2]

Without any cuts applied, the non-prompt background exhibits two peaks in this distri-
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Figure 6.2.: Ratio of the lepton transverse momentum and the transverse momentum
of the leading large-R jet. On the left the distribution is shown before
any cuts are applied and on the right the distribution after the cut on the
transverse mass of the lepton and the missing transverse energy is pictured.

bution (see left plot in Figure . However, the second peak disappears after the cut

on the transverse mass of the lepton and the missing transverse energy. Thus, the cut

pr of lepton
pr of leading large-R jet

< 0.05 can be used to separate the non-prompt contribution from the

data and all the other backgrounds, which peak at higher values.

Additionally, a veto on the Hy, b-tagging is applied to ensure orthogonality to the signal.
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6. Control Region Investigations for Processes with Non-Prompt and Fake Leptons

To provide orthogonality to the t# control region, a veto on the top tagging is imple-

mented. The distribution of how many events pass or fail these working points is plotted

in Figure [6.3]
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208 2
************** 0.6
So06y e 8
kel el
(9] (9]
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O )44t @ Y-
g L g
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c c e ]
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GN2X tagger 1.55 working point Top tagger 80% working point
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signal my = 2000 GeV, ms = 1000 GeV signal my = 2000 GeV, ms = 1000 GeV
——- signal my =3000GeV, ms =2500 GeV ——- signal my =3000GeV, ms =2500 GeV
tt tt
— W+jets — W+jets
Non-prompt Non-prompt
—— Single top —— Single top

Figure 6.3.: Events passing or failing the tagging working points after preselection. On
the left the GN2x tagger, which tags H;, canidates, with a 1.55 working
point is applied. This working point is equivalent to an efficiency of 85%.
On the right the Top tagger is applied with a 80% working point.

The final definition of the non-prompt control region is thus:
o Preselection
o Hy, candidate fails GNN tagger the 85% working pointﬂ

Top tagger fails the 80% efficiency working point

Mt < 50 GeV

pr of lepton
pr of leading large-R jet <0.05

The background composition in this non-prompt control region is depicted in Figure [£.4]
It can be seen that the control is dominated by non-prompt contributions with about

48%. 1In the region, there are also small contributions from Single Top, Diboson and

2The 85% efficiency working point of the mass-dependent working point is named 1.55. For further
information on this, the reader is referred to [45] 46].
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6.1. Defining a control region

Dijet
47.03%
Allhadronic tt
0.86% Single Top
2.19%

3.00% Diboson
. o

4.38%Z + jets

0.00%

Allhadronic W + jets 15-77%tf

26.77%
W + jets

Figure 6.4.: Background composition in the control region. The non-prompt back-
ground is here broken down into dijet, all-hadronic t¢ and all-hadronic
W+tjets.

Z+jets. tt makes up about 15% of this region. The W +jets background is the hard-
est to distinguish from the non-prompt background and still contributes about 27% to
the non-prompt control region. The yields of the respective background contribution for
the partial Run 3 dataset are summarized in Table [6.2] It should be emphasized that
these yields are only for 2022 data, corresponding to 26.07fb™*, and for full Run 3 the

yields will be approximately 8 times higher. Another important aspect is the signal con-

’ \ event yield ‘

tt 28.81 £6.20

W+jets 48.92 4 2.82
Single Top 4.01 + 1.60
Z+jets 8.01 & 0.40
Diboson 5.49 + 0.45

Dijet 85.94 £ 20.27
all-hadronic tt 1.57+1.12
all-hadronic W+jets | 0.00 4 0.00

Table 6.2.: Background yields with statistical uncertainties in the signal region for par-
tial Run 3 for a luminosity of 26.07 fb™*.

tamination in the non-prompt control region. The expected signal events in the control
region for the parial Run 3 dataset are listed in Table [6.3. Here, a cross section of 100 fb
was assumed for the signal. Even in the worst case, which is about 2 signal events for

myx = 3000GeV, mg = 1000 GeV, signal contamination is so low that it makes up less
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6. Control Region Investigations for Processes with Non-Prompt and Fake Leptons

than 1% of the events in the control region.

mass point ‘ event yield

myx = 1000 GeV, mg = 400GeV | 0.14 £ 0.07
mx = 1000 GeV, mg = 500 GeV | 0.18 £ 0.09
myx = 1000 GeV, mg = 750GeV | 0.09 £+ 0.07
myx = 1500 GeV, mg = 500 GeV | 1.23 +0.26
my = 1500 GeV, mg = 750GeV | 0.71 £0.23
mx = 1500 GeV, mg = 1000 GeV | 0.43 +0.14
my = 2000 GeV, mg = 750 GeV | 1.33 £0.27
myx = 2000 GeV, mg = 1000 GeV | 1.13 £ 0.26
myx = 2000 GeV, mg = 1500 GeV | 0.46 £ 0.17
myx = 2500 GeV, mg = 1000 GeV | 1.45 £ 0.30
myx = 2500 GeV, mg = 1500 GeV | 0.80 £ 0.20
myx = 2500 GeV, mg = 2000 GeV | 0.68 £ 0.22
myx = 3000 GeV, mg = 1000 GeV | 1.96 £ 0.31
myx = 3000 GeV, mg = 1500 GeV | 1.20 £ 0.27
mx = 3000 GeV, mg = 2000 GeV | 0.86 £ 0.21
myx = 3000 GeV, mg = 2500 GeV | 0.65 £ 0.20

Table 6.3.: Signal yields in the control region for all 16 available mass points. These
yields were calculated for a luminosity of 26.07 fb™*. For the signal a cross-
section of 100 fb was assumed.

6.2. Modelling in the control region

After the definition of the control region, the data in that region is unblinded. Part of
the unblinded distributions will be shown and discussed in the following, while the rest
can be found in Appendix In the following distributions, the full Run 2 dataset will
investigated additionally to the partial Run 3 dataset. The reason for that is the limited
amount of data from Run 3 which leads to a high statistical uncertainty on the results.
For the event yields a luminosity of 140.07 fb™" was used for Run 2 and for partial Run 3 a
luminosity of 26.07 fb™'. The uncertainties plotted for the data points are the statistical
uncertainties based on a Poisson distribution which is given by the square-root of the
data yield itself. The plot at the bottom of the figure shows the ratio of the data and the
Monte Carlo simulation. Here, the error bars are also divided by the Monte Carlo simula-

tion. In all these plots, the signal yields are scaled up by a factor of 100 for better visibility.
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6.2. Modelling in the control region

To assess the quality of the Monte Carlo background fit, a weighted x2-test is performed.
The resulting x? value, which can be found in the upper right corner of each plot, is

defined as

bk
xdata —; g

ZZ :Liata bkg
2 _ ooy
X'=—pN (6.2)
dof
. : bk
Here, z88% are the datapoints of the data and ¢ are the corresponding errors. z;*® are

the datapoints of the Monte Carlo simulation with the corresponding errors 0? 8 Nt is
the number of the degrees of freedom of each plot which is given by number of bins in the

histogram.

The mass and the transverse momentum py of the Hy, candidate are pictured in Figure[6.5]
and Figure The distribution of the Hy, mass features as expected a peak around the
Higgs mass for both the data and the Monte Carlo simulation.

Analogously, the mass and transverse momentum of the W),q candidate are depicted in
Figure [6.7] and Figure [6.§

The distributions of the transverse momentum of the Hy, and Wy,q share similar shapes
with a peak around 500 GeV. This peak is the result of the cut on the transverse mo-
mentum of the leading large-R jet in the preselection. Since the leading large-R jet is not
always the Hy, candidate, values smaller than 500 GeV are possible and there is no sharp

cut in the distribution. The same applies for the Wi.q candidate.
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Figure 6.5.: Mass of the Hy, candidate on the left for the full Run 2 dataset and on the
right for the partial Run 3 dataset.

Another important object of the analysis is the final-state lepton. The unblinded data
in comparison to the Monte Carlo prediction for the lepton tranverse momentum and
pseudorapidity is shown in Figures 6.9 These plots distinguish between final states

with electrons and muons as the signal lepton.
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2 dataset and on the right for the partial Run 3 dataset.
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the right for the partial Run 3 dataset.
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Figure 6.9.: Transverse momentum pr of electrons on the left for the full Run 2 dataset
and on the right for the partial Run 3 dataset.
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Figure 6.10.: Transverse momentum pr of muons on the left for the full Run 2 dataset
and on the right for the partial Run 3 dataset.
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Figure 6.12.: Pseudorapidity 1 of muons on the left for the full Run 2 dataset and on
the right for the partial Run 3 dataset.
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6.2. Modelling in the control region

Figures [6.13] [6.14] and [6.15] depict the distributions of data and Monte Carlo for the dis-
tance between the different objects in the topology. In the distance between the Wi.q
candidate and the lepton, the AR > 1 cut from the preselection can be observed. Addi-

tionally, one can see that in the majority of the events the Hy, candidate and the W.q
candidate are emitted back-to-back with a AR ~ 7 (see Figure [6.15)). Due to this geo-
metrical relation between the Hp, candidate and the W) ,q candidate, a cut on the AR

between the Hy, candidate and the lepton is inferred from the preselection cut.

1u|| Run 2 35 partial Run 3

@ T T T @ T T : T T T

c 2_ ] T 2_

% x?=26381] 1 o Data E . ) X2=0.8066

100~ T ——-- Signal my=1000, ms=400 x100

7 4/ 1 . .,
] Signal my = 2000, ms = 1000 x100 25
sof /%/// -  —— Signal mx=3000, ms=2500 x100 7
E ] HEm Single Top 20
607} { 3 Diboson Y.
] ] )
7
E 4

N Z+jets

t 10
. Wejets
Non-Prompt

Data/MC

70 15 20 25 30 35 40 45 50
AR(Whaa, Lep)

Figure 6.13.: Distance AR between the W),q candidate and the lepton on the left for
the full Run 2 dataset and on the right for the partial Run 3 dataset.
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Figure 6.14.: Distance AR between the Hy, candidate and the lepton on the left for
the full Run 2 dataset and on the right for the partial Run 3 dataset.

The variables used to define the control region are plotted in Figure and Figure
In these plots, the cuts from the definition of the control region are visible in these
plots. Figure [6.1§| pictures the number of b-tagged small-R jets. These jets are tagged as
described in Section 3.2
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Figure 6.15.: Distance AR between the Hy, candidate and the W},,q candidate on the
left for the full Run 2 dataset and on the right for the partial Run 3
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Figure 6.16.: Transverse mass of the lepton and the missing transverse energy on the
left for the full Run 2 dataset and on the right for the partial Run 3
dataset.

The final discriminant, which was used in Run 2 and will mostly likely also be used in
Run 3, is defined as:

Mivie et = \/(pH—>bE)2 F(pWaaa)2 - (pf)2 + (pret)2 (6.3)

Its distribution is shown in Figure [6.19]
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Figure 6.17.: Ratio of the tranverse momentum of the lepton and the transverse mo-

mentum of the leading large-R jet on the left for the full Run 2 dataset
and on the right for the partial Run 3 dataset.
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Figure 6.19.: The final discriminant myisimer as defined in Equation on the left for

the full Run 2 dataset and on the right for the partial Run 3 dataset.
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6.3. Systematic uncertainties

To assess the quality of the Monte Carlo modelling in the control region, systematic
uncertainties should also be investigated. From looking at the distribution of the final
discriminant myisimet, One can see that the shapes of data and Monte Carlo simulation
seem to be similar. However, there is a clear difference in the absolute number of events,
which is especially visible in the Run 2 dataset. This trend can be observed in all of the
distribution shown in the previous section.

This systematic offset can be quantified by summing up the events in the bins to the

total number of events in both data and Monte Carlo simulation. The results are listed
in Table [6.4]

’ Run period \ Events in Data \ Events in Monte Carlo \ Difference ‘
Run 2 800 £ 28.28 1034.26 £ 25.30 (22.65 + 3.33)%
partial Run 3 | 158 4 12.57 182.78 4+ 14.89 (13.56 +9.84)%

Table 6.4.: Number of total events in data and Monte Carlo simulation for Run 2 and
partial Run 3. The last column shows the relative difference between data
and MC in percentages. For Run 2 a luminosity of 140.07 fb~! was used and
for partial Run 3 a luminosity of 26.07 fb™.

Another approach to understand the uncertainties of the modelling was taken by calcu-
lating the closure uncertainty. The closure uncertainty is defined as

Tdata — T
_ data MC (64)

Oclosure —
Tmc

The closure uncertainty binned in myisimet is depicted in Figure m To account for the
offset in absolute values, also a corrected closure uncertainty was computed. For that,
the data and Monte Carlo simulation were first normalized to 1 and then Equation
was applied. The resulting plots can be found in Figure [6.21] The closure uncertainty
distributions clearly show that a correction of the observed offset effectively reduces the
uncertainties.

Overall, it is evident that the partial Run 3 dataset is significantly impacted by the low
number of events leading to large statistical fluctuations. Similarly, statistical uncertain-
ties increase for higher values of myisimet, Where statistics also decrease. Nevertheless,
with an appropriate normalization correction, a reasonable systematic uncertainty can be

obtained for the shape of the final discriminant.
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Figure 6.20.: Closure uncertainty ocesure for the full Run 2 dataset on the left and
partial Run 3 on the right. The definition of the closure uncertainty can
be found in Equation [6.4]
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7. Conclusion and Outlook

The X — SH — bbWW decay channel offers a unique window to search for particles
beyond the Standard Model (BSM). The search for BSM particles is highly significant,
as it provides an oppurtunity for uncovering the existence of new, heavy bosons pre-
dicted by several extensions of the Standard Model, such as two-Higgs-doublet models
or the two-real-singlet model. These new bosons, if discovered, would radically alter our
understanding of fundamental interactions and open the door to a more comprehensive
framework that could explain unresolved phenomena like dark matter, neutrino masses

and many more.

The results of this thesis contribute to the object definitions and region definitions for the
analysis of the split-boosted topology of the X — SH — bbWW decay channel in the
1-lepton final-state. These components are essential building blocks for the construction
of a robust and precise analysis for Run 3 at ATLAS.

The following sections summarize and discuss the findings of this thesis and give an

outlook into further steps that need to be taken by the analysis group.

7.1. Lepton Study

The lepton study performed in Section [5| establishes particle identification and isolation
working points that generally feature high signal efficiencies for muons and electrons (see
Figure [5.4). When comparing the signal efficiencies to the background rejection for the
dijet background in Figure [5.9] one should look for the working point with the highest
background rejection while keeping a reasonable signal efficiency. The resulting choice of
working points for signal leptons is also listed in Table [7.1]

For electrons, the Tight_VarRad isolation was chosen, even though the HighPtCaloOnly
working point has the highest background rejection. This choice was made due to the
fact that it was at first unclear whether the latter working point should be used in the
split-boosted topology. In boosted scenarios, the HighPtCaloOnly working point tends

to not perform well for leptons with high momenta. Upon further investigation, this
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behavior was found in the split-boosted although not as pronounced as in the boosted
topology. It was nevertheless decided to go with the safer choice of the Tight VarRad
working point. Another reason for this decision was the higher signal efficiency and the
overall higher statistics that are kept with Tight_VarRad. The choice for muons is rather

uncontroversial, where the working point PflowTight_VarRad was chosen.

’ signal electrons \ signal electrons ‘

Tight ID Medium ID
PflowTight_VarRad | Tight_VarRad

Table 7.1.: Definition of signal leptons based on ID and isolation.

To check the impact the overlap removal has on the choice of working points, the same
study was performed with an overlap removal (as described in Section applied lead-
ing to the plots in Figure[5.10] The changes in signal efficiency and background rejection
due to the overlap removal are only minor, such that no adjustment of the choice of work-
ing points from above was needed.

Furthermore, a AR cut was introduced to the lepton study to adapt the study to the split-
boosted topology (see Section . The results pictured in Figure show in general,
that this cut reduces background rejection and slightly increases signal efficiency. But
ultimately, the performance of the working points relative to each other is not impacted,
which can be seen in Figure The previously chosen working points (see Table [7.1])
are the best performing working points even when the cut is applied. Thus no alteration

of the choice of working points is needed.

At the time this study was conducted, there were only Loose and Medium ID available for
muons while the Tight and HighPt working points were not available for the study, since
they could not be used in the analysis framework used for this thesis. So the results of
this study should be further verified at a later point when the working points are available
to use in the framework. However, the experience from Run 2 indicates that it is likely

that the analysis can use the final results of this study.
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7.2. Background Modelling in the Non-Prompt
Control Region

In Chapter [0 a control region dedicated to the understanding of the non-prompt back-

ground was defined. The cuts used for the definition are :
o Preselection
e Hy, candidate fails GNN tagger at 85% working point [[]
« Top tagger fails at 80% efficiency working point

o miPT < 50 GeV

pr of lepton
pr of leading large-R jet < 0.05

This results in a non-prompt control region with a purity of about 47% (see Figure .
Someone might argue that a higher purity in the control region would be beneficial to the
analysis. A higher purity can certainly be achieved with additional cuts, but this comes
with a drastic reduction in the number of events. Because the split-boosted 1-lepton
analysis in general already has to deal with few events, it is advisable to not apply further
cuts and thus keep more events. Moreover, a purity of 47% should be enough to check

the modelling in the control region.

To compare the unblinded data points to the Monte Carlo background modelling in the
control region, a set of kinematic variables was investigated. In general, it can be ob-
served that the plots for the partial Run 3 dataset are largely dominated by statistical
uncertainties leading to prominent fluctuations in the bins. These statistical uncertainties
are reduced for the plots depicting Run 2 distributions and will also be reduced for Run
3 in the future, when more data is available.

A weighted x2-test is performed to assess the goodness of the fit. The yx? values are
significantly larger for Run 2, due to the reduced statistical uncertainty, but overall lie
within a reasonable range.

Another overall trend that is evident, is the good agreement in shape of the distributions.
Moreover, there is a significant offset visible between the absolute values of data and the
Monte Carlo simulation. The offset can be quantified by simply comparing the numbers

of total events in data and in Monte Carlo. The differences between Monte Carlo and

!The 85% efficiency working point of the mass-dependent working point is named 1.55. For further
information on this, the reader is referred to [45] 46].
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data event yields in the control region is (22.65 + 3.33)% for the Run 2 dataset and
(13.56 £ 9.84)% for the partial Run 3 dataset. The differences of the Run 2 dataset and
the Run 3 dataset agree within their errors and are therefore consistent, which shows
that there is probably a normalization correction missing and not other additional effects
at play. The large error on the difference for the partial Run 3 dataset stems from the
prominent statistical fluctuations in this dataset.

At any rate, this offset can be corrected with normalization corrections in a fit. This
will also reduce the values of the y?-test. For that, one first needs to find out which
backgrounds need this normalization correction by looking into the other control regions.
This task lies beyond the scope of this thesis but needs to be adressed in the future by
the analysis group.

Besides the statistical uncertainty, systematic uncertainties also need to be considered.
This was done in Section [6.3] by calculating the closure uncertainty in the bins of the final
discriminant myisymet. Furthermore, a corrected closure uncertainty was calculated to ac-
count for the offset, which originates from a missing normalization correction, discussed
above. For the partial Run 3 dataset, the results are significantly impacted by the low
statistics resulting in large uncertainties. The same behavior can be seen in Run 2 for the
higher values of myismet, Where statistics tend to get lower as well. Apart from that, we
can see that with a normalization correction a reasonable systematic uncertainty can be

derived for the final discriminant.

With these results, it can be concluded that the non-prompt background is modeled suf-
ficiently well by Monte Carlo simulation and no data-driven approach to the background
estimation is necessary. The contribution of the non-prompt background to the signal
region rather small at 7%, such that a data-driven estimate would use time and person

power on detail work that can be more beneficial in other places of the analysis.

Overall, it needs to be mentioned, that the ATLAS recommendations for the dijet reweight-
ing have been adjusted. It should therefore be checked how much this impacts the results
of this thesis and whether alterations for the split-boosted 1-lepton analysis are needed

in the future.

With the ongoing data-taking at the ATLAS detector, statistical uncertainties will decrease
and more data will be available to detect new signatures in the future. Such a discovery
would be a breakthrough not only for Higgs physics but also physics beyond the standard

model and help physicists to further understand the universe.
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A.1. Isolation Working Points

Electrons:

HighPtCaloOnly: topoetcone20 < max(0.015 - pr, 3.5 GeV),

Loose__VarRad: ptvarcone30 Nonprompt_ All MaxWeight TTVALooseCone_pt1000/pT < 0.15 & topoetcone20/pT
< 0.2,

Tight_ VarRad: ptvarcone30_Nonprompt_ All_MaxWeight TTVALooseCone_ pt1000/pT < 0.06 & topoetcone20/pT
< 0.06,

TightTrackOnly_ VarRad: ptvarcone30_Nonprompt_All MaxWeight TTVALooseCone_pt1000/pT < 0.06,
TightTrackOnly_ FixedRad: ptvarcone30_Nonprompt_ All MaxWeight TTVALooseCone_ pt1000/pT < 0.06 (pr
< 50 GeV), ptcone20_ Nonprompt_ All. MaxWeight TTVALooseCone_pt1000/pT < 0.06 (pr > 50 GeV),

Muons:

Loose__VarRad: ptvarcone30_Nonprompt_ All_MaxWeight TTVA_ pt1000/pT < 0.15 & topoetcone20/pT < 0.3,
Tight_ VarRad: ptvarcone30_Nonprompt_ All MaxWeight TTVA_pt1000/pT < 0.04 & topoetcone20/pT < 0.15,
PflowLoose__VarRad: (ptvarcone30_Nonprompt All MaxWeight TTVA_pt500 + 0.4 neflowisol20)/pT < 0.16,

PflowTight_ VarRad: (ptvarcone30_Nonprompt_ All_MaxWeight TTVA_ pt500 + 0.4 neflowisol20)/pT < 0.045

A.2. Signal Samples

mc23_13p6TeV.800760.PyS8EG__A14NNPDF23LO_XHS_ X1000_S400_bbWW __llep.deriv.DAOD_PHYS.e8544 s4162 r14622 p5855
mc23_ 13p6TeV.801856.Py8EG__A14NNPDF23LO_XHS X1000_S500__bbWW __1llep.deriv.DAOD_PHYS.e8544 54162 r14622 p5855
mc23_ 13p6TeV.800762.Py8EG__A14NNPDF23LO_XHS X1000_S750_bbWW __1lep.deriv.DAOD_PHYS.e8544 54162 r14622 p5855
mc23_13p6TeV.801992.Py8EG__A14NNPDF23LO__XHS_X1500_S500_bbWW__1lep.deriv.DAOD__PHYS.e8544 s4162_r14622_p5855
mc23_13p6TeV.800767.PyS8EG__A14NNPDF23LO_XHS_X1500_S750_bbWW __llep.deriv.DAOD_PHYS.e8544 s4162_r14622 p5855
mc23_ 13p6TeV.800768.PyS8EG__A14NNPDF23LO__XHS X1500_S1000_bbWW__1llep.deriv.DAOD_PHYS.e8544 s4162_r14622_ p5855
mc23_13p6TeV.800773.Py8EG__A14NNPDF23LO__XHS_X2000_S750_bbWW__1lep.deriv.DAOD__PHYS.e8544 54162 r14622_ p5855
mc23_13p6TeV.800774.Py8EG__A14NNPDF23LO_XHS_X2000_S1000_bbWW __1lep.deriv.DAOD_PHYS.e8544 s4162_r14622_ p5855
mc23_13p6TeV.800775.Py8EG__A14NNPDF23LO_XHS X2000_S1500_bbWW__1llep.deriv.DAOD_PHYS.e8544 s4162_r14622_ p5855

mc23_13p6TeV.800781.Py8EG__A14NNPDF23LO__XHS X2500_S1000_bbWW__1llep.deriv.DAOD_PHYS.e8544 s4162_r14622_p5855
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mc23_13p6TeV.800782.Py8EG__A14NNPDF23LO_XHS X2500_S1500_bbWW__llep.deriv.DAOD_PHYS.e8544 s4162_r14622_ p5855
mc23_ 13p6TeV.800783.Py8EG__A14NNPDF23LO__XHS X2500_S2000_bbWW__1llep.deriv.DAOD_PHYS.e8544 s4162_r14622_p5855
mc23_13p6TeV.800789.Py8EG__A14NNPDF23LO_ XHS X3000_S1000_bbWWv__1lep.deriv.DAOD_PHYS.e8544 s4162_r14622_p5855
mc23_ 13p6TeV.800790.Py8EG__A14NNPDF23LO_XHS X3000_S1500_bbWW__1llep.deriv.DAOD_PHYS.e8544 s4162_ r14622 p5855
mc23_ 13p6TeV.800791.Py8EG__A14NNPDF23LO__XHS X3000_S2000_bbWW__1llep.deriv.DAOD_PHYS.e8544 s4162_r14622_p5855

mc23_13p6TeV.800792.Py8EG__A14NNPDF23LO__XHS_X3000_S2500_bbWW__1llep.deriv.DAOD__PHYS.e8544 s4162_r14622_p5855

A.3. List of Background Samples

Dijet:

mc23_ 13p6TeV.801165.Py8EG  A1ANNPDF23LO_jj JZ0.deriv.DAOD_PHYS.e8514 54162 r14622 p5980
mc23_13p6TeV.801166.Py8ECG AT4ANNPDF23LO_jj JZ1.deriv.DAOD_PHYS.e8514 54162 r14622 p5980
mc23  13p6TeV.801167.Py8ECG  A14NNPDF23LO_jj JZ2.deriv.DAOD_PHYS.e8514 54162 r14622 p5980
mc23 13p6TeV.801168.Py8EG A14NNPDF23LO_jj JZ3.deriv.DAOD_PHYS.e8514 54162 r14622 p5980
mc23_13p6TeV.801169.Py8EG_ AT4ANNPDF23LO_jj_JZA4.deriv.DAOD_PHYS.e8514_s4162_r14622 p5980
mc23 13p6TeV.801170.Py8ECG  A14NNPDF23LO_jj JZ5.deriv.DAOD_PHYS.e8514 54162 r14622 p5980
mc23 13p6TeV.801171.Py8EG A14NNPDF23LO_jj JZ6.deriv.DAOD_PHYS.e8514 54162 r14622 p5980
mc23_13p6TeV.801172.Py8EG A1ANNPDF23LO_jj JZ7.deriv.DAOD_PHYS.e8514 54162 r14622 p5980
mc23  13p6TeV.801173.Py8ECG  A14NNPDF23LO_jj JZ8.deriv.DAOD_PHYS.e8514 s4162 114622 p6266

mc23_ 13p6TeV.801174.Py8EG A14NNPDF23LO_jj JZ9incl.deriv.DAOD_PHYS.e8514 s4162 r14622 p6266

tt:

mc23_13p6TeV.601229.PhPy8EG__Al14_ ttbar_ hdamp258p75_ SingleLep.deriv.DAOD__PHYS.e8514_ s4162_r15540_ p6266

all-hadronic tt:

mc23_13p6TeV.601237.PhPy8EG__A14_ ttbar__hdamp258p75_ allhad.deriv.DAOD__PHYS.e8514_s4162_r15540_ p6266

W +jets:

mc23_13p6TeV.700777.Sh_ 2214 Wenu_maxHTpTV2_ BFilter.deriv.DAOD_PHYS.e8514_s4162_r14622_p5855
mc23_13p6TeV.700778.Sh_ 2214 Wenu_maxHTpTV2_ CFilterBVeto.deriv.DAOD__PHYS.e8514_s4162_r14622_ p5855
mc23_13p6TeV.700779.Sh_ 2214 Wenu_ maxHTpTV2_ CVetoBVeto.deriv.DAOD__PHYS.e8514_s4162_r15540_ p6266
mc23_13p6TeV.700780.Sh_ 2214 Wmunu_maxHTpTV2_ BFilter.deriv.DAOD_PHYS.e8514 s4162_ r14622_ p5855
mc23_13p6TeV.700781.Sh_ 2214 Wmunu_ maxHTpTV2_ CFilterBVeto.deriv.DAOD__PHYS.e8514_s4162_r14622_p5855

mc23_13p6TeV.700782.Sh_ 2214 Wmunu_ maxHTpTV2_ CVetoBVeto.deriv.DAOD__PHYS.e8514_s4162_r15540_p6266

78



A.3. List of Background Samples

mc23_13p6TeV.700783.Sh_ 2214 Wtaunu_maxHTpTV2_BFilter.deriv.DAOD_PHYS.e8514_s4162_r14622_p5855
mc23_13p6TeV.700784.Sh_ 2214 Wtaunu_maxHTpTV2_ CFilterBVeto.deriv.DAOD__PHYS.e8514_s4162_r14622_ p5855

mc23_13p6TeV.700785.Sh_ 2214 Wtaunu_ maxHTpTV2_ CVetoBVeto.deriv.DAOD_PHYS.e8514_s4162_ r15540_ p6266

all hadronic W+jets:

mc23_13p6TeV.700843.Sh 2214 Wqq ptW_ 200 ECMS.deriv.DAOD_ PHYS.e8514 s4162 114622 p5855

Single Top:

mc23_13p6TeV.601348.PhPy8EG_th_ lep_ antitop.deriv.DAOD_PHYS.e8514_s4162_r14622_p5855
mc23_13p6TeV.601349.PhPy8EG_th_lep_ top.deriv.DAOD__PHYS.e8514_s4162_r14622_ p5855
mc23_13p6TeV.601350.PhPy8EG__tgb_lep_ antitop.deriv.DAOD__PHYS.e8514_s4162_r14622_ p5855
mc23__13p6TeV.601351.PhPy8EG__tgb_lep_ top.deriv.DAOD__PHYS.e8514_s4162_r14622_p5855
mc23_13p6TeV.601352.PhPy8EG_tW_dyn_DR_ incl_antitop.deriv.DAOD_PHYS.e8514_ s4162_r14622_ p5855

mc23 13p6TeV.601355.PhPy8EG tW_dyn DR incl top.deriv.DAOD_ PHYS.e8514 s4162 r14622 p5855

Diboson:
mc23__13p6TeV.701085.Sh_ 2214 ZqqZll.deriv.DAOD__PHYS.e8543 s4162_r14622_ p5855
mc23_13p6TeV.701090.Sh_2214_ ZbbZll.deriv.DAOD_PHYS.e8543_s4162_r14622_ p6266
mc23_13p6TeV.701095.Sh_ 2214 ZqqZvv.deriv.DAOD_PHYS.e8543_s4162_r14622_p6266
mc23__13p6TeV.701100.Sh_ 2214 ZbbZvv.deriv.DAOD_PHYS.e8543_s4162_r14622_p6266
mc23_13p6TeV.701105.Sh_ 2214 WqqZll.deriv.DAOD_PHYS.e8543 54162 r14622_p6266
mec23_13p6TeV.701110.Sh_ 2214 WqqZvv.deriv.DAOD__PHYS.e8543_ s4162_r14622_p6266
mc23__13p6TeV.701115.Sh_ 2214 WlvZqq.deriv.DAOD_ PHYS.e8543_s4162_r14622_p6266
mc23_13p6TeV.701120.Sh_ 2214 WlvZbb.deriv.DAOD_PHYS.e8543_s4162_r14622 p6266

mc23_13p6TeV.701125.Sh 2214 WIvWqq.deriv.DAOD PHYS.e8543 54162 114622 p6266

Z+jets:

mc23__13p6TeV.700786.Sh_ 2214 Zee maxHTpTV2_BFilter.deriv.DAOD_PHYS.e8514 s4162_r14622_p6266
mc23_13p6TeV.700787.Sh_ 2214 Zee_ maxHTpTV2_ CFilterBVeto.deriv.DAOD_PHYS.e8514 s4162_ r14622_ p6266
mc23_13p6TeV.700788.Sh_ 2214 Zee_ maxHTpTV2_CVetoBVeto.deriv.DAOD__PHYS.e8514_s4162_r15540_ p6266
mc23__13p6TeV.700789.Sh_2214_ Zmumu__ maxHTpTV2_ BFilter.deriv.DAOD_PHYS.e8514_s4162_r14622_ p6266
mc23_ 13p6TeV.700790.Sh_ 2214 Zmumu_maxHTpTV2_ CFilterBVeto.deriv.DAOD_PHYS.e8514_s4162_ r14622_ p6266
mc23_13p6TeV.700791.Sh_ 2214 Zmumu_ maxHTpTV2_CVetoBVeto.deriv.DAOD_PHYS.e8514_s4162_r15540_ p6266

mc23_13p6TeV.700792.Sh_ 2214 Ztautau__maxHTpTV2_BFilter.deriv.DAOD_PHYS.e8514_s4162_r14622 p6266
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mc23_13p6TeV.700793.Sh_ 2214 Ztautau__maxHTpTV2_CFilterBVeto.deriv.DAOD_PHYS.e8514_ s4162_r14622_p6266
mc23_13p6TeV.700794.Sh_ 2214 Ztautau__maxHTpTV2_ CVetoBVeto.deriv.DAOD_PHYS.e8514_s4162_r15540_p6266
mc23_13p6TeV.700795.Sh_ 2214 Znunu_ pTV2_BFilter.deriv.DAOD_PHYS.e8514_s4162_r14622_p6266
mc23_13p6TeV.700796.Sh_ 2214 Znunu_ pTV2_ CFilterBVeto.deriv.DAOD_PHYS.e8514_s4162_r14622 p6266

mc23_13p6TeV.700797.Sh_ 2214 Znunu_ pTV2_ CVetoBVeto.deriv.DAOD_PHYS.e8514_s4162_r15540_p6266
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A.4. Signal Plots
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Figure A.1.: Signal efficiencies for prompt electrons (upper row) and prompt muons
(lower row). The left side shows mass points with a low ratio between
mg and mx and the right shows mass points with a high ratio. The bars
show the different combinations of ID and isolation. The shades of grey
represent the ID working points.
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A.5. Background Plots
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Figure A.2.: Background efficiencies for prompt electrons in the upper row and prompt
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muons in the lower row. The bars show the different combinations of 1D
and isolation. The shading of the bars indicates the applied ID working
points. The left column shows the tt background, while the right column
uses the W+jets background.
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Figure A.3.: Background rejection over the signal efficiency for the W +jets and the tt
background for electrons on the left and muons muons on the right.

A.6. Signal yields

| Mass Point [GeV]

\ event yield \

Mass Point [GeV]

\ event yield ‘

mx = 1000, mg = 400 88.49 mx = 2000, mg = 1500 183.31
mx = 1000, mg = 500 81.25 mx = 2500, mg = 1000 308.31
mx = 1000, mg = 750 12.96 mx = 2500, mg = 1500 293.96
mx = 1500, mg = 500 189.40 mx = 2500, mg = 2000 188.11
mx = 1500, mg = 750 206.46 myx = 3000, mg = 1000 325.04
mx = 1500, mg = 1000 166.76 mx = 3000, mg = 1500 324.00
mx = 2000, mg = 750 261.22 mx = 3000, mg = 2000 297.37
mx = 2000, mg = 1000 274.25 mx = 3000, mg = 2500 187.39

Table A.1.: Signal yields after preselection for partial Run 3 corresponding to a lumi-
nosity of 26.07 fb~!. For the signal a cross-section of 100 fb was assumed.
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| Mass Point [GeV]

\ event yield \

Mass Point [GeV]

\ event yield ‘

mx = 1000, mg = 400 2,77 mx = 2000, mg = 1500 70.60
mx = 1000, mg = 500 2.13 mx = 2500, mg = 1000 172.60
mx = 1000, mg = 750 0.15 mx = 2500, mg = 1500 163.35
mx = 1500, mg = 500 76.31 myx = 2500, mg = 2000 84.76
myx = 1500, mg = 750 62.29 mx = 3000, mg = 1000 193.54
mx = 1500, mg = 1000 34.91 mx = 3000, mg = 1500 193.70
mx = 2000, mg = 750 136.39 mx = 3000, mg = 2000 170.32
mx = 2000, mg = 1000 133.48 mx = 3000, mg = 2500 88.43

Table A.2.: Signal yields in the signal region for partial Run 3 corresponding to a lumi-
nosity of 26.07 fb~!. For the signal a cross-section of 100 fb was assumed.

A.7. Unblinded distributions
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Figure A.4.: Jet substructure variable Cs of the Hy, candidate on the left for the full
Run 2 dataset and on the right for the partial Run 3 dataset.
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Figure A.9.: Jet substructure variable D, of the W}.q4 candidate on the left for the full

Run 2 dataset and on the right for the partial Run 3 dataset.
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