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Introduction

In this thesis, I present the contribution—however small—that I have made
to High Energy Physics at accelerators over the course of these four years
of doctoral studies. My primary focus has been on Higgs Physics, exploring
both what we can measure with precision within the framework of the Stan-
dard Model, and what we can search for in the vast landscape of possibilities
Beyond the Standard Model.

As much as I would like to begin in medias res and dive straight into the
action of my research, a proper introduction to the theoretical background,
experimental context, and analysis tools is essential. For this reason, the first
five chapters of this manuscript are devoted to a selection of topics that form
the foundation and state-of-the-art context upon which this work is built.

They are organized as follows:

* Chapter 1 offers a concise overview of the Standard Model, with an
emphasis on Higgs boson physics. It concludes with a summary of the
most recent and remarkable Higgs-related results from the Large Hadron
Collider experiments.

* Chapter 2 leaves the calm and familiar shores of the Standard Model
to venture into the uncharted waters Beyond. It focuses on a specific
extension of the Higgs sector known as the Two Higgs Doublet Model,
and includes a review of the latest experimental findings in this area.

* Chapter 3 outlines the key features of the Large Hadron Collider and
the CMS experiment, with particular attention to detector technologies,
the reconstruction of physics objects, and both planned and ongoing up-
grades for the future.

* Chapter 4 is a lucid dream about the future of High Energy Physics,
delving into the Future Circular Collider program. It highlights the
physics motivations and the unprecedented opportunities such a machine
would offer for a deeper exploration of the Higgs sector.



¢ Chapter 5 describes the methods exploited in this research, detailing
the statistical and machine learning tools employed to obtain the results
presented in the following chapters.

My research results are presented in the following three chapters:

¢ Chapter 6 summarizes my work within the Tau Group in CMS, focused
on the validation and calibration of a new and improved identification
algorithm for hadronically decaying tau leptons. This tool is of key im-
portance for analyses such as the one described in the next chapter.

» Chapter 7 provides a detailed account of the search for additional Higgs
bosons via the process H/A — ZA/H — (¢~ 777~ using data from
the CMS experiment.

» Chapter 8 presents projections I performed for di-Higgs searches at fu-
ture colliders, in particular for the High-Luminosity phase of the Large
Hadron Collider and the hadron Future Circular Collider.

The work spans a wide range: from the study of technical tools used by
the entire collaboration, to physics analyses based on data from the ongoing
experiment, to projections aimed at establishing the physics reach of future
experiments, both near and far. I hope the reader will appreciate the variety of
these interesting topics as much as I enjoyed working on them.



Chapter

The Standard Model of Particle
Physics

Over the last century, a combination of extraordinary experimental and the-
oretical efforts have lead to a deep understanding of the fundamental struc-
ture of the Universe. The result of this endeavor is the formulation of the so-
called Standard Model of Particle Physics (SM), a theoretical framework that
describes the fundamental constituents of Matter and the interactions among
them. The success of the SM can be appreciated for both its remarkable abil-
ity to describe every observation to-date and for the historical role it had in
predicting the existence of particles and interactions that were subsequently
confirmed by experiments. One of the most crucial features of the SM is the
existence of a scalar boson, the Higgs boson, which is necessary to give masses
to the fundamental particles in a theoretically consistent way. The discovery
of a Higgs-like boson at the Large Hadron Collider (LHC) in 2012 [10}[11]]
provided us with the last piece of the puzzle and paved the way for future dis-
covery and precision programs at CERN and other facilities. In the following,
I will briefly summarize the SM, focusing in particular on the Electroweak
(EW) sector.

1.1 The fundamental building blocks of Nature

The SM is a Quantum Field Theory [12H14]] describing three of the four funda-
mental interactions (electromagnetic, weak and strong force) and all the known
elementary matter constituents.

In Fig. the full list of the SM elementary particles is given. The sum-
mary table shows that the fundamental particles are classified in two categories
according to their intrinsic angular momentum, the spin:
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* Bosons are particles with integer spin values, that follow Bose-Einstein
statistics. The carriers of the aforementioned fundamental forces belong
to this category.

* Fermions are particles with semi-integer spin values, that obey Fermi-
Dirac statistics. The particles that constitute the observable matter be-
long to this category.

The SM is based on the observation of the fundamental symmetries of nature:

* SU(3)¢ symmetry characterizes the Quantum Chromodynamics (QCD),
the theory that describes strong interactions between the matter particles
called quarks through the exchange of force-carriers called gluons.

* SU(2)r, x U(1)y symmetry characterizes the unified theory of elec-
tromagnetic and weak interaction. The electromagnetic interactionlﬂ
is mediated by photons and affects all particles endowed with electric
charge, i.e. quarks as well as the other type of matter particle existing
in nature, the so-called leptons (neutrinos excluded because of the zero
charge). The weak interaction, instead, affects all particles in nature and
is mediated by the W+ and Z bosons.

The framework is completed by the Electroweak Symmetry Breaking (EWSB)
mechanism that accounts for the particle masses, predicting the existence of the
Higgs boson, a so far unique fundamental scalar particle.

1.2 Quantum Chromodynamics

Quantum Chromodynamics [[16]] is the gauge field theory that describes the
strong interaction between quarks and gluons. The equivalent of the electric
charge for strong interactions is the color. Quarks occur in three different
colors (green, red or blue) and combine to form hadrons. There are two types
of hadronsﬂ mesons, made of one quark and one anti-quark, and baryons,
made of three quarks or anti-quarks.

Both mesons and baryons are colorless, or, equivalently, they are color sin-
glet states. In mathematical language, this means that they are invariant under

'The electromagnetic interaction alone is characterized by the U(1)c,, symmetry which is
at the basis of the Quantum Electrodynamics (QED).
2Exotic hadron states have also been observed [[17}/18].
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
| 1] 1
mass ~ =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? 0 =124.97 GeV/c?
charge % % % 0 0
spin | % U Y% C Y% t 1 9 0 H
up charm top gluon higgs
=4.7 MeVic* =96 MeV/c? ~4.18 GeV/c 0
v % % 0
+ (@ n S + (8 1 y
down strange bottom photon
=051 MeVi/c? ~105.66 MeV/c* ~1.7768 GeV/c ~91.19 GeV/c*
-1 -1 -1 0
% & N % 1 ;
electron muon tau Z boson
N—
<1.0 eVic? <0.17 MeV/c? <18.2 MeV/c? ~80.39 GeV/c*
0 0 0 +1
@ |I-@® [-® ||®
electr.on muon taq W boson
neutrino neutrino neutrino

Figure 1.1: A summary table [[15] with all the SM particles: the fermions (on the left)
are divided into quarks (in violet) and leptons (in green), while the bosons (on the
right), are classified into gauge bosons, i.e. the carriers of the interactions (in red) and
the scalar Higgs boson (in yellow). For each particle, the mass, electric charge and
spin values are reported.

SU (3) rotations in color space. As a consequence, the symmetry group of
QCD is SU(3), called color group.

In order to obtain the Lagrangian density for QCD, the Lagrangian density
for free quarks is introduced:

f
Liree = > @ (70 — mj)d’, (1.1)
j=1

@
. . N
where j is the flavor index, and ¢/ = | ¢,
J
a3
flavor j and accounts for the three colors.

is the field describing a quark of
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Given U, a transformation of SU(3), it can be written as a function of the
group generators Ty with k =1, ..,8:

8

U=1+i) 0g"Ty, (1.2)
k=1

where 0" are infinitesimal parameters and T}, is defined as:

)\k

To =5 (1.3)

In the previous equation, \* are the Gell-Mann matrices. In general, the num-
ber of generators of a symmetry group SU(N) is N2 — 1 and the group algebra
is given by:

[T, Ty) = if**°Te, (1.4)

where ¢ are totally antisymmetric tensors, called structure constants. The
Lagrangian density introduced for free quarks[I.1|results to be invariant under
a global transformation (constant matrix) U of SU(3):

P@) = U-g'(a) (15
By contrast, it is not invariant under a local transformation U (z) of SU(3):

¢ (x) = U(z) - ¢ (z) (1.6)

f
Lfree = Z q_J (Z.’Y)\a)\ - mj)q]
Ffl (1.7)
= Y @7 0n — m; + iV U (@)U (2))¢
j=1

Local invariance in color space, requires the introduction of 8 (N2 — 1) vector
fields G (), called gluons:

Aq
Ga(r) =G3(x) 5 = Gl(z), a=1,..,8, 18
TrGy(z) =0

The Lagrangian has to be modified to take into account the interaction between
quarks and gluons. At this scope, on the basis of the "minimal coupling" in
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electrodynamics, all ordinary derivatives d,, are replaced by:
Oy = Dy = 0y + 1gsGa(x) (1.9)

where D, is called covariant derivative and g, is a dimensionless coupling
constant. Consequently, the Lagrangian density becomes:

f
= @ (@)(iv* Dy — m;)¢’ (x) (1.10)
7j=1

This Lagrangian is invariant under local transformations. However, it is not
complete, since it does not contain the gluon dynamics term. In order to con-
struct this term, again on the basis of electrodynamics, a gluon field-strength
tensor Gy, () is introduced:

Grp(x) = O\G () — 0,G A () +igs[Ga(x), G ()] (1.11)
Its components G§ p are defined by:

Ao
Gopla) = G3, 5 (1.12)

The quadratic term in Eq. is typical of non-Abelian groups such as SU(3).
At this point, the Lagrangian density for QCD can be written:

1

Loep(r) = ——

G)\pa
4

) (i ADy — mj)qj(x) (1.13)

T M\

In conclusion, thanks to the application of the gauge principle, the QCD
theory can be written as a function of a single parameter g or, more frequently,
2

in terms of the strong coupling constant oy = and predicts the existence

&,
of 8 gluons. Like photons, QCD gluons are vector fields with spin 1, but, dif-
ferently from their QED counterpart, they carry color charges themselves, me-
diating color flips of quarks by absorption or emission. The main fundamental
consequence of this property is that gluons can interact with each other, while
photons cannot, at least not directly (meaning there is no photon-photon vertex
in SM). Such a dissimilarity leads QCD to be profoundly different from QED.

Because of the gluon self coupling, QCD vacuum consists not only of vir-
tual quark pairs (qq) but it is also filled with virtual gluon pairs, as illustrated

in Fig. [[.2] The polarizing effect due to quark pairs is similar to the QED
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oneﬂ while gluons have an opposite effect of antiscreening. Overall the ef-
fective color charge becomes larger with larger distance. Charge screening in
QCD leads to the concept of running coupling constants. At short distance
(large momentum transfer) the strong coupling decreases such that quarks can
be considerate approximately as free particles. This property is called asymp-
totic freedom and allows the usage of perturbation theory in calculations, in
order to produce quantitative predictions for hard scattering cross sections in
hadronic interactions. Conversely, at increasing distance the coupling becomes
so strong that it is impossible to isolate a quark from a hadron. This mecha-
nism is called confinement and explains why in Nature only colorless bound
states of quarks are observed.

Confinement
barrier
o

Color charge

1 fermi
e

t Distance from the bare
quark color charge

High-energy probe
“Asymptotic freedom’’

Figure 1.2: Illustration [[19] of the antiscreen effect in QCD (left) and of an approx-
imate behavior of the effective color charge versus the distance from the bare color
charge (right). The distance r can be equivalently expressed in terms of the trans-
ferred four-momentum ()2 between the charge and the probe, since 7 ~ 1/Q?.

The energy evolution of the strong coupling constant «vg can be approxi-
mately parametrized as:

(1.14)

where [ is a constant first computed by Wilczek, Gross [20] and Politzer [21]],
and the quantity A is called QCD scale and is indicative of the energy range
where non-perturbative dynamics dominates. Figure [I.3] [22] reports experi-
mental results for ag as a function of the momentum transfer, obtained with

3In QED the vacuum polarization leads to a screening effect of the charge, which appears
smaller with increasing distance of the probe, i.e. with decreasing transferred four-momentum
between the charge and the probe.
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different techniques. The word average value of a,g at the energy scale of the
Z boson is also quoted.

0.35 —p— T T
[ T decay (N"LO) —=+ ]
low Q? cont. (N3LO) e |
0a L DIS jets (NLO) ]
Tt Heavy Quarkonia (NLO)
e’e” jets/shapes (NNLO+res) H+ ]
- pp/pp (jets NLO) —=-
025 EW precision fit (N3LOy-=— 7]
pp (top, NNLO) ——
< o2}
S I
0.15
0.1
= (M%) =0.1179 = 0.0010
0.05 il : o E—
1 10 100 1000

Q [GeV]

Figure 1.3: Summary of measurements of a,g as a function of the energy scale ) .
The respective degree of QCD perturbation theory used in the extraction of ag is indi-
cated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to-leading order;
NNLO-+res.: NNLO matched to a resummed calculation; N3LO: next-to-NNLO).

1.3 Electroweak theory

The Electroweak theory describes electromagnetic and weak interactions
in a single unified model. The gauge group of the electroweak interaction is
SU(2)r, x U(1)y, where SU(2)y, is the weak isospin group and U (1)y is the
weak hypercharge group.

The three generators of SU (2), are:

Ta

T = — 1.1
5 (L.15)
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where 7¢ , a=1, ..., 3, are the Pauli matrices.

It is assumed, following experimental observations, that the left-handed
components of a leptonic family form a doublet of SU(2)r,, while the right-
handed component of the charged lepton behaves like a singlet of SU(2)p,
meaning that it is invariant under a SU(2), transformation. For example, for

. . v,
the electronic family, we have: | | and ep.
e

L
Vel
They can be arranged into a unique spinor: ¥ = | ey,
€R

Under a local transformation of U(1)y the spinor transforms as follows:

P — eX@Y (1.16)
where Y is the matrix:
yr 0 0
Y=|0 vy, 0 (1.17)
0 0 wyr

The parameter yy, is conventionally set to —% and the value of yp is set to —1
in order to have the correct form of the electromagnetic coupling.

As in the QCD case, the Lagrangian density is constructed in order to be
invariant under local transformations of SU(2)1, x U(1)y:

1 1 -,
L =~ Tr(Wy,(0)W(x)) = 3 Bagle) B¥(2) + Gin* Dyi(x)  (118)
D, is the covariant derivative, defined as:
Dyp(z) = (Ox + igW (2)Ta +ig' Bx(2)Y ) (2), (1.19)

where g and ¢’ are the gauge coupling constants, respectively for SU(2), and
U(l)y. Wi(x),witha=1, ..., 3, are the vector fields corresponding to SU(2),
and B, is the vector field corresponding to U(1)y. The matrices T, (a=1,...,3)

274 0
T, = (2" 1.20
( 0 0 (1.20)

and they form, together with the hypercharge matrix Y, a representation of the
generators of the group SU(2)r, x U(1)y.

have the form
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Finally, the strength tensors W), and B),, are defined as follows:

Wp(@) = W, (@) — 8, Wa(w) + iglWa (@), W(a) (1.21)

B)\p(.’IJ) = 8)\BP — 8PB)\ (122)

The fields that describe the vector bosons Wj[ and 7, carriers of the weak
interaction, and the photon A, carrier of the electromagnetic interaction, can
be derived from the vector fields W/\l, Wf, Wf and B), obtained from the
application of the gauge principle to the electroweak interaction.

The charged boson fields are defined as:

1
V2

while, the neutral boson fields are given by:

Wi (Wi FiW3) (1.23)

Z\ = cosGWWﬁf’ — sinfw By, (1.24)

Ay = sinOWWi’ + cosOw B, '
where Oy is the weak mixing angle, or Weinberg angle [23]], function of the
coupling constants g and ¢’:

/

. g
sinfy = ———
Vo +9” (1.25)
cosOy = 9
g2 +g/2

1.4 Spontaneous Symmetry Breaking

The Lagrangian density presented in Eq. lacks a term that accounts for
the masses of the vector bosons—such a term would take the form, for exam-
ple, of m%/VW;r WA~. However, the explicit inclusion of such a mass term is
prohibited, as it would violate gauge invariance.

Nevertheless, experimental evidence confirms that the vector bosons W+
and Z, mediators of the weak interaction, possess non-zero masses.

Within the SM framework, the generation of mass for both the gauge bosons
and the fermions is explained by the Brout-Englert-Higgs mechanism. This
mechanism, independently proposed by Higgs [24,[25]], and by Englert and
Brout [26]], incorporates the concept of Spontaneous Symmetry Breaking (SSB)
in a gauge-invariant field theory.
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In general, a SSB occurs when the Lagrangian of a system is symmetric
under a certain transformation, while the ground state of the system is not. In
order to make a simple example, let us consider a point particle moving along
an axis p in a one-dimensional potential V'(p) given by:

Lyo 1.4
Vip) = —5up™ + o (1.26)
where 2 > 0 and A\ > 0 are fixed constants. This potential, represented in
right Fig. [T.4] is symmetric under the transformation: p — —p. The equilib-
rium positions of the system, obtained by requiring %—‘g = 0, correspond to

2 .
po = %4/ 5 and are not symmetric under the exchange of p and —p. As a
consequence, the symmetry is spontaneously broken.

Vip)

Figure 1.4: (Left) An example of one-dimensional potential V' (p) that shows sponta-
neous symmetry breaking. (Right) Representation of the Higgs potential as function
of the real and imaginary parts of the field ¢ [27].

The theorized mechanism for EWSB requires additional scalar fields, called
Higgs fields. Let us introduce two complex scalar fields ¢; and ¢2, which form
a doublet of SU(2):

[ oi(@)) [ Rea(w) + iS¢ (x)
o) = (@(x)) - <ére¢2<m> +is¢2<m>> (20

Under a transformation of SU(2)r, ¢(x) transforms as follows:
¢(z) = U(z)o(x), (1.28)
while, under a transformation of U(1)y, it becomes:

d(x) — VX (), (1.29)
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where yz is the weak hypercharge of the doublet and is equal to % Again, the
Lagrangian is constructed in order to be invariant under gauge transformations:

Ly = (Dx9)'(D*¢) — V(¢'9), (1.30)
where D) is the covariant derivative, defined as:
Dy = 0y + igWy + ig' By (1.31)

and V(¢ ¢) must be chosen in order to lead to a spontaneous symmetry break-
ing.
At this purpose, let us consider

k A
V(gle) = o+ 70" (1.32)
whith & < 0 and A\ > 0. This potential, represented in left Fig. has two

g . .o, . . _ —k
stable equilibrium positions, corresponding to po = £/ 5", and an unstable

position: p = 0. The ground state is given by:

¢—ew“T“<0> a=1,..3 (1.33)
= o |, a=1,.., .
V2

where T'* are the generators of SU(2)r,. Since the coefficients o, vary with
continuity, there is an infinite number of ground states. The gauge symmetry

is broken when one of the infinite configurations of the ground state is chosen,
0

o0 |-
V2
If ¢p is substituted to ¢ in the first term of Lagrangian equation [1.30, we

for example: ¢g =

obtain the term:

2 2 2 2 A
_ + YAVA
(Dago) (D) = Ly 4 (4T 2 (1.34)
from which the vector boson masses can be derived:
o 9P _ € 2 _ (8 +9%)0 _ ¢’
w 4 4 sin20y’ z 4 4 sin20y cos20y,
(1.35)

The masses myy and myz have been measured at LEP 2 [28]], Tevatron [29]
and by the ATLAS experiment at LHC [30] and the world average values are
here reported [22]:

mw = 80.3692+0.0133 GeV, mz = 91.1880 £+ 0.0020 GeV, (1.36)
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The combination of the my; measurements reported above does not include the
Collider Detector at Fermilab (CDF) Collaboration result: myy = 80.433 +
0.0094 GeV [31]], which differs by 70 from the SM prediction. Very recently,
the CMS Collaboration published the result of the my, measurement with data
collected in 2016 [32]]:

my = 80.3602 £ 0.0099 GeV (1.37)

This result is particularly significant due to its extremely high precision, com-
pared to other measurements used in the world average but excluding CDF,
and its consistency with the SM prediction.

Let us consider a state ¢/ (x) that corresponds to a fluctuation around the
the ground state:

0
/ = o 1.38
¢ (x) (\p/%(l_i_pp(o))) ( )

By evaluating the Lagrangian density in this state, we obtain the term describ-
ing the interaction between the Higgs boson (H), carrier of the Higgs field
p'(x), and the weak vector bosons:

(DAd/ (@) (D¢ () =miy (1 + L plf)z JWWA=

2
0 0
(1.39)
1 (x /()2
IR PP EPYAL )+p(2) )2\ 2
2 0o 2o

From equation [1.39] the Higgs boson couplings to W W~ and ZZ bosons
result to be:

2 2
JHZZ = %m%, JHWW = %m%‘, (1.40)

It can be seen that the Higgs boson couplings to the gauge bosons are propor-
tional to the square of the boson masses. Moreover, by substituting ¢’(x) in
the expression for V(¢ (x) ¢ (x)), it results:

1
V(¢ (2)1¢' () = A2 4+ Apop” + 1)\/}/4 (1.41)

From the first term of this sum, the expression for the mass of the Higgs boson
can be obtained:

m% = 2\p} (1.42)
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A corresponds to the Higgs self coupling constant and is a free parameter of
the theory. Therefore, there is no a priori prediction for the Higgs mass. The
second and the third terms of the sum provide the expressions respectively for
the trilinear (A\3) and quadrilinear (\4) self couplings. Within the SM, we have:

A3=M=—5 (1.43)

The value of pg (called vacuum expectation value), is fixed by the Fermi cou-
pling constant Gr:

po = (V2GF)~2 = 246 GeV (1.44)

So far, it has been shown as, through the EWSB mechanism, the weak bosons
acquire mass, while the photon remains massless. Following a similar devel-
opment, also the fermion mass terms can be introduced. For this aim, let us
introduce the Yukawa Lagrangian that describes the interaction between the
Higgs boson and fermions. In the case of the electron, it has the form:

Ly ukawa = —Ce€R® (Z;) + h.c. (1.45)

where c. is a coupling constant (Yukawa coupling). The mass of the electron
results to be:

Me = —co 2L, (1.46)
V2
while the neutrino is massless. For the other leptonic families, the Yukawa
Lagrangian has an analogous expression. For what concerns the quarks, the
weak isospin eigenstates (referred to with the corresponding primed letter) are
different from the mass eigenstates, and the relations between them are defined
by the Cabibbo-Kobayashi-Maskawa matrix, Vo ar:

d d
s | =Verkum | s (1.47)
b b

In the case of the first quark generation, the Yukawa Lagrangian is defined as:

Ly ukawa = —¢yuirdTe <§,> — cqd' ro! (;‘,) +he. (1.48)
L

L
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where € = i72. In a similar way, it can be derived for the other quark gen-
erations. From Eq. [1.43] and [I.48] it can be observed that the Higgs boson
couplings to fundamental fermions are predicted to be linearly proportional to
the fermion masses. Nonetheless, the EWSB mechanism does not explain the
observed fermion mass hierarchy; in fact, the fermion masses, translated into
Yukawa couplings (Eq. [[.46)), constitute a substantial portion of the SM free
parameters [22].

The field ¢/(z) is constructed in order to be invariant under SU (3) trans-
formations. In fact, the Higgs boson does not interact with gluons, according
to their massless nature.

The final expression of the SM Lagrangian reads as:

1 1 1 -,
Lsy =— ZGApG/\p - ZW/\/JWAP - ZB/\pB)\p + i DM

(1.49)
+ (D) (DY¢) = V(9) + Lyukawa + h-c.
where the covariant derivative D) has the form:
Dy = 0\ +1igsGy + igW) —i—ig,B)\Y (1.50)

1.5 Status of Higgs Boson Physics at LHC

In 2012, the ATLAS [10] and CMS [11]] experiments at LHC discovered a new
resonance with a mass of approximately 125 GeV. The subsequent studies of
its properties proved the compatibility of the measured resonance with the SM
Higgs boson [22], e.g. confirming its nature of CP-even scalalﬂ [35L36].

In the following, the highlights of the Higgs boson physics at LHC are
outlined. Many steps have been taken toward understanding the nature of
this unique particle, yet several questions remain unanswered. In all observed
production and decay modes measured so far, the rates and differential mea-
surements are found to be consistent, within experimental and theoretical un-
certainties, with the SM predictions. Nevertheless, several channels are still
experimentally out of reach and the couplings of the Higgs boson to light
fermions are yet to be proven, as well as the Higgs self-interaction. Moreover,
within the current precision, a more complex sector with additional states is
not ruled out, nor it has been established whether the Higgs boson is an el-

“While the hypothesis of a pure CP-odd scalar is rejected, the possibility of a mixed state
of CP-even and -odd contributions is actually still possible. Analyses like in Refs. [33]34] are
searching for small CP-odd contribution that would represent an evidence of New Physics.



1.5. Status of Higgs Boson Physics at LHC 17

ementary particle or whether it has an internal structure like any other scalar
particles observed before it.

Many unresolved problems within the SM are related to Higgs Boson physics.
One of these is the naturalness or hierarchy problem: the Higgs boson mass
is affected by the presence of heavy particles and receives quantum correc-
tions which destabilize the weak scale barring a large fine tuning of unrelated
parameters. Historically, this has been the prime argument for expecting new
physics right at the TeV scale. New theoretical paradigms have been imagined,
such as a new fermion-boson symmetry called supersymmetry (SUSY) [37]] or
the existence of strong interactions at a scale of the order of a TeV from which
the Higgs boson would emerge as a composite state [38]]. Beyond the natural-
ness problem, extensions of the SM Higgs sector with additional scalars have
been proposed, for example, to provide explanations for the fermion mass hi-
erarchies [39], to account for the Dark Matter abundance [40] or to modify
the properties of the electroweak phase transition [41]]. For these reasons and
many others, the Higgs boson is considered a powerful tool to explore the
manifestations of the SM and to probe the physics landscape beyond it.

1.5.1 Production mechanisms at LHC

The main production mechanisms for the Higgs Boson at the LHC are sketched
in Fig.[I.5] In the picture, the Higgs interactions are labeled with the relevant
coupling modifier, r, defined as the ratio between the coupling and its SM
expectation (see Sec.|[I.5.4).

The main processes are summarized in the following:

* Gluon fusion (ggH), g9 — H + X (see diagram (a) in Fig. [I.5). Since
no direct gluon-Higgs coupling exists within the SM, the process is me-
diated by the exchange of a virtual, heavy top quark. Contributions from
lighter quarks propagating in the loop are suppressed proportionally to
mg. At high-energy hadron colliders, this mechanism has the largest
cross section. At the Run 2 LHC center of mass energy (13 TeV), the
cross section for this phenomenon is (at the next-to next-to next to lead-

ing order) aévg?}fo ~ 48.6 pb.

* Vector-boson fusion (VBF), gq¢ — qqH (see diagram (b) in Fig.[L.5). It’s
the second largest cross section at LHC. It proceeds by the scattering of
two quarks, mediated by the exchange of a W or Z boson, with the Higgs
boson radiated off the weak-boson propagator. The scattered quarks give
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rise to two energetic jets in the forward and backward regions of the
detector. The cross section of this process, in pp collisions at 13 TeV, is
OyBF ~ 3.78 pb.

* Higgs-strahlung (VH), q¢ — V' H (see diagram (c) in Fig. [I.5). It is
a process of associated production with W or Z gauge bosons. In ad-
dition, for ZH production there is also a gluon-gluon induced contri-
bution that involve top-quark loops, g¢g — V H. The cross sections
of this processes, in pp collisions at 13 TeV, are oy g ~ 1.37 pb and
oz ~ 0.88 pb.

e Associated production with tt (ttH), gg — Htt (see diagram (d) in
Fig. [I.3). In this process, the Higgs boson radiates off top quarks, pro-
viding a direct probe of the top-Higgs Yukawa coupling. The cross sec-
tion in pp collision at 13 TeV is o7 ~ 0.50 pb. Similarly, the Higgs
boson can be produced in association with a bottom quark, following the
same diagram and with a comparable cross section.

e Associated production with a single t (t) quark (tH) (see diagram (e,f)
in Fig. [1.53). In this process another light quark is present in the final
state. The cross section in pp collision at 13 TeV is oy 77 ~ 0.07 pb.

Table [I.T| summarizes the theoretical cross sections of the dominant Higgs
boson production processes in pp collisions as a function of the collision cen-
ter of mass energy, /s, for my = 125 GeV. The relative uncertainties, arising
for instance from higher-order perturbative QCD corrections, theoretical un-
certainties on Parton Distribution Functions (PDF) and ag, EW corrections,
are also reported. The trend is also visible in the left plot of Fig. The ex-
perimental measurements for these cross sections are presented together with
the decay rate ones in the next section, when the p framework [22] for signal
strengths is introduced.

1.5.2 Principal decay channels

The SM Higgs boson couples to vector bosons, with an amplitude proportional
to the gauge boson mass squared m%/, and to fermions with an amplitude pro-
portional to the fermion mass m . Hence, for example, the coupling is stronger
for the third generation of quarks and leptons than for those in the second gen-
eration. The observation of many Higgs boson decays to SM particles and
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Figure 1.5: Main leading order Feynman diagrams contributing to the Higgs boson
production in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or as-
sociated production with a gauge boson at tree level from a quark-quark interaction),
(d) associated production with a pair of top quarks, (e,f) associated production with a
single top quark. The different Higgs boson interactions are labeled with the coupling
modifiers x, and highlighted in different colors for Higgs—fermion interactions (red)
and Higgs—gauge-boson interactions (blue). The distinction between a particle and its

antiparticle is dropped.

(\T/EV) Production cross section (in pb) for my = 125 GeV
e
ggF VBF WH ZH ttH total
+17% +8% +8% +8% +10% +15%
1.96  0.95717% 0.065%5% 0.13*8% 0.079*8% 0.004710% 1.23+15%
+5.5% +2.2% +2.2% +3. 1% +5.6% +5%
7 16.9735% 1.04722% 0.58122% 0.34+31% 0,09+36% 19.1+5%
+5.4% +2.1% +2.1% +3.4% +5.9% +5%
8 21.4134% 1.60721% 0.70121% 0.42+34% 0.13+39% 04 215%
+5.6% +2.1% +2.0% +4.1% +6.8% +5%
13 48.6755% 3.78+21% 1.37+20% ( gg+11% ( 50+68% 55 1+5%
+5.6% 4 1+2.1% +1.8% +4.0% +6.9% +5%
13.6  52.2755% 4.1721% 1.46+18% 0.95+10% 0 57+69% 59 9+5%
+5.6% +2.1% +1.8% +4.1% +6.9% +5%
14 54.7755% 4.08¥21% 1 51+18% . 9gt+11% 0 61+69% g9 1+5%

Table 1.1: The SM Higgs production cross sections for my = 125 GeV in pp colli-
sions as function of /s [22]. The uncertainties are estimated assuming no correlation

between ag and PDF uncertainties.

the measurement of their branching fractions are a crucial test of the validity
of the theory. Any sizeable deviation from the predictions could indicate the

presence of New Physics.
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The Higgs boson, once produced, rapidly decays into a pair of fermions
or a pair of bosons. In the SM, its lifetime is 757 ~ 1.6 x 10722 and its
inverse, the natural width, is I' = h/7y = 4.14 £ 0.02 MeV, where 7 is
the reduced Planck’s constant [42]. The natural width is the sum of all the
partial widths, and the ratios of the partial widths to the total width are called
branching fractions (BR) and represent the probabilities for that decay channel
to occur. The main Higgs boson decays are sketched in Fig. [[.6] The Higgs
boson does not couple directly to massless particles (for example, the gluon or
the photon), but can do so through quantum loops (see for example c¢,d diagram
in Fig.[1.6).

The main Higgs decay modes and their BRs are shown in Table[T.2] The
dominant ones are H — bb and H — WW?*, followed by H — gg, H —
tv7=, H — ccand H — ZZ*. With much smaller rates the Higgs boson
decays also into H — vy, H — vZ and H — u*pu~. Right Fig. shows
the BRs of the main decays as a function of the Higgs boson mass.

a b
\ f
ICV K:l
H----- H-----
Y f
d
Y.z
tb
IC(,D
H--- t,b
tb
Y

Figure 1.6:  Higgs boson decays into heavy vector boson pairs (a),
fermion—antifermion pairs (b) and photon pairs or Zv (c,d).The different Higgs
boson interactions are labeled with the coupling modifiers «, and highlighted
in different colors for Higgs—fermion interactions (red) and Higgs—gauge-boson
interactions (blue).

In order to describe the characterization of the Higgs boson properties, the
concept of signal strength must be introduced.

The agreement between the observed signal yields and the SM expectations
can be quantified by fitting the data with a model that introduces signal strength
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Decay channel

Branching ratio

Rel. uncertainty

H =~y 2.27 x 1074
H—-ZZ 2.62 x 1072
H - WtWw- 214 x 1071
H 1t 6.27 x1072
H —bb 5.82 % 101
H —cé 2.80 x 1072
H—Z~y 1.53 x 1073
H—putu 218 x 107*

2.1%
+1.5%
+1.5%
+1.6%

+1.2%
-1.3%
+5.5%
—2.0%

+5.8%

Table 1.2: The BRs with relative uncertainties for a SM Higgs boson with mg = 125

GeV [22].
e R e R Ras
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Figure 1.7: (Left) The SM Higgs boson production cross sections as a function of the
center of mass energy for pp collisions. (Right) BRs for the main decays of the SM
Higgs boson near my = 125 GeV. The VBF process is indicated here as qqH. The

theoretical uncertainties are indicated as bands [22].

parameters. These are generically labeled u, and scale the observed yields
with respect to those predicted by the SM, without altering the shape of the
distributions. For a specific production and decay channel i — H — f, the
signal strengths for the production y; and for the decay p/ are defined as:

_ gi f
pi=<— . p
(0i)sm

Bf

(Bf)snr

(1.51)
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where ¢ is the production cross section and B is the branching fraction.
Perfect agreement with SM expectations would yield all ¢ equal to one. A first
test of compatibility is performed by fitting all data from production modes
and decay channels with a common signal-strength parameter. At the time of
discovery, the common g was found to be 0.87 = 0.23 by the CMS experi-
ment. The new combination of all the Run 2 data yields p = 1.002 £ 0.057,
in excellent agreement with the SM expectation. The uncertainties in the new
measurement correspond to an improvement by a factor of 4.5 in precision
compared with what was achieved at the time of discovery. At present, the
theoretical uncertainties in the signal prediction, and the experimental statis-
tical and the systematic uncertainties separately contribute at a similar level,
and they are 0.036, 0.029 and 0.033, respectively. Relaxing the assumption
of a common signal-strength parameter, and introducing different ji; and p1f,
CMS measurements are shown in Fig. [1.8][43]].

cMs 138 b (13 TeV) cMs 138 fb' (13 TeV)
® Observed [ #1s.d. (stat) ® Observed [ #1s.d. (stat)
— 1 5.d. (stat ® syst) [ +1s.d. (syst) —+15.d. (stat ® syst) [ +1sd. (syst)
—— 12 s.d. (stat @ syst) —— 12 s.d. (stat @ syst)
[ H Stat Syst [ : Stat  Syst
. ! +0.07
Hggh —@— 0971988 w004 007 utt -Er—: 1132000 2006 ‘097
: - 0.97°012 4008 4000
v , saonn o p =
. .80+0.12 0.10 0.07 i
B uw - 0.97:009 4005 008
am T 144328 w0z 78 - 1
[ u _@4. 0.85:010 006 +0.08
Hzn ——— 120%922  sop0 1098 r !
L : o> ————— 105902 015 1918
== r i
“ 4020 1013 :
A — 094155 =15 1§ " 1 op0ds  s0d2 w017
i " —%—‘ 2104 oz o6
u, : + + : + + +
i : — 60533 148 4% i ; 25058 %% 58
I i Ll 1 Lo | L
0 05 10 15 20 25 30 35 40 45 0 05 1.0 15 20 25 30 35 4.0
Parameter value Parameter value

Figure 1.8: (Left) Signal-strength parameters u; extracted for various production
modes, assuming B/ = (B7)sas. (Right) Signal-strength parameter 1 ¢ for different
decay channels, assuming o; = (0;)sas- The thick and thin black lines indicate the
1o and 20 confidence intervals, respectively, with the systematic (syst) and statistical
(stat) components of the 1o interval indicated by the red and blue band, respectively.
The vertical dashed line at unity represents the values of ; and p ¢ in the SM [43]].
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1.5.83 Measurement of the Higgs boson mass

The decay channels that allow us to measure the Higgs boson mass with the
highest resolution (typically 1-2%) are H — vy and H — ZZ* — 41, since
all final state particles can be measured very precisely. Figure[I.9shows, on the
left side, the invariant mass distribution of di-photon candidates obtained by
ATLAS and, on the right side, the CMS four lepton invariant mass distribution.
The best mass resolution is achieved, by both the experiments, in the di-photon
channel for central di-photon pairs.
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Figure 1.9: (Left) Invariant mass distribution of di-photon candidates observed by
ATLAS in Run 2. The residuals of the data with respect to the fitted background are
displayed in the lower panel. (Right) Four lepton invariant mass distribution observed
by CMS in Run 2 data [22].

The most precise mass measurement has been obtained recently by the AT-
LAS collaboration, by combining the results in the di-photon and the four-
lepton channels from Run 1 and Run 2 [44] [22]:

mpy = 125.11 + 0.09 (stat) + 0.06 (syst) GeV (1.52)

1.5.4 Higgs boson couplings

The first Higgs couplings to be measured at the LHC were those to bosons, as
the particle was initially discovered through the analysis of bosonic final states.
However, both the dominant Higgs production mechanism and its decay into
photons only proceed through fermion loops, providing indirect evidence of
the Higgs boson’s coupling to fermions. A direct observation and measure-
ment of these couplings—either through production or decay—is nevertheless
essential to fully establish this interaction.
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One of the highest priority goals of the LHC Run 2 physics program was
the direct observation of the Yukawa coupling of the Higgs boson to fermions
of the third generation (bottom and top quarks, and tau leptons). This objective
was achieved independently by both ATLAS and CMS, even with only partial
Run 2 datasets [22]]. Furthermore, using the full Run 2 dataset, the CMS Col-
laboration reported [45]] the first evidence for H — pp at 30 level with a signal
strength of v = 1.19 £ 0.40 (stat.) & 0.15 (syst.). This result constitutes the
first direct evidence of the H — i decay and therefore the first measurement
of the Higgs Yukawa coupling to second generation leptons.

The current state of the art of the Higgs coupling measurements by AT-
LAS and CMS is summarized in Fig. [[.LT0] The fit has been performed by
CMS (ATLAS) in the context of the so-called x-framework, considering 6 (7)
free coupling parameters: Ky, Kz, Kt, k7, K and K, (and k.). The phe-
nomenological parametrization relating the fermion and vector boson masses
to the corresponding « modifiers uses two parameters, denoted M and €. The
parametrization reads:

mE
Mlie for fermions

mie (1.53)
RV = Uy e

REp =0
for vector bosons

where v is the SM higgs boson vacuum expectation value. The SM is re-
covered when (M, €) = (v,0) . In order to show both the Yukawa and vector
boson couplings in the same plot in Fig.[I.10} a reduced vector boson coupling
v/kmy /v is shown. The SM expectation is reported with a dashed blue (solid
red) line for a comparison.

The remarkable agreement with the predictions of the EWSB mechanism
over three orders of magnitude of mass is a powerful test of the validity of the
underlying physics. Statistical and systematic uncertainties contribute at the
same level to all measurements, except for x,,, which is still dominated by the
statistical uncertainty.

1.5.5 Higgs boson self-coupling

As seen in Sec. within the SM, the scalar potential of the Higgs field (h)
has the following form:
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Figure 1.10: Measured coupling modifiers of the Higgs boson to fermions and heavy
gauge bosons, as functions of fermion or gauge boson mass [4346]. For gauge bosons,
the square root of the coupling modifier is plotted, to keep a linear proportionality to
the mass, as predicted in the SM. The coupling to charm quark has not been observed
yet.

V(h) = ILh? + \guh? + 241 (1.54)

which is a simple rewriting of Eq. [I.30] where now v ~ 246 GeV is the
vacuum expectation value of h, A3 and A4 are respectively the Higgs trilinear
and quartic self-coupling, and for Higgs mass my = 125 GeV, Agyy = A3 =
A = m?% /20% ~ 0.13 [42].

Conveniently, most of the experimental results are usually reported in terms
of the self-coupling modifier, ), defined as the ratio A/Agps of the exper-
imental measurement of the coupling to its SM predicted value, in order to
parametrize any deviation from the theory.

Our current experimental knowledge on the Higgs boson self-interaction is
extremely limited. Alternative potentials that differ substantially from the SM
prediction in a region away from the minimum would be equally consistent
with current data and therefore cannot be ruled out. Related to that is the ques-
tion on the stability of the Higgs potential, namely the possibility for a lower
energy vacuum to exist which would make our current vacuum state metastable
(see Fig. [I.TI). In this perspective, understanding the scalar potential would
give information on how our universe formed and how it might end [27].
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Figure 1.11: The potential energy density V' (¢) associated with the field ¢, as a
function of the value of the field. (Left) The red curve shows the SM potential. The
Higgs field has a value corresponding to a minimum of the potential and the region
highlighted in black represents our current experimental knowledge of the potential.
Alternative potentials that differ substantially from the Standard Model away from
that minimum (for example, the blue curve) would be equally consistent with current
data. (Right) The shape of the potential define the stability of the universe [47].

The most direct ways to probe the Higgs potential are searching for dou-
ble (HH) and triple (HHH) Higgs production ﬂ the former allows to measure
A3, the latter A4. Due to the extremely small cross section of the triple Higgs
production, the current studies at LHC are focused on Higgs boson pair final
states. The HH production modes are shown in Fig[T.12] The leading produc-
tion mechanism is the gluon fusion, that has two leading contributions: in the
first one (Fig [[.12] a, the triangle diagram), two Higgs bosons emerge from
a top or bottom quark loop; in the second (Fig [[.12] b, the box diagram), a
single virtual Higgs boson, H*, emerges from the top or bottom quark loop
and then decays to two Higgs bosons. The explicit establishment of the latter
contribution would represent a direct manifestation of the Higgs boson’s self-
interaction. The scattering amplitudes of the box and triangle diagrams are
similar in magnitude but have opposite signs and interfere destructively (see
Fig[[.T3). This results in a small HH production rate, making its experimental
observation challenging. In fact, the HH production cross section is calculated
for mpy = 125 GeV to be ~ 32 fb, three orders of magnitude smaller than the
single Higgs boson cross section.

In order to access experimentally these rare events is, therefore, essential to
find a trade-off between keeping the branching ratio high enough and enhanc-

3Single Higgs production is also sensitive to the self-coupling through NLO EW corrections.
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Figure 1.12: Higgs boson pair production through ggH (a,b) and VBF (c,d,e).The dif-
ferent Higgs boson interactions are labeled with the coupling modifiers «, and high-
lighted in different colors for Higgs—fermion interactions (red), Higgs—gauge-boson
interactions (blue) and multiple Higgs boson interactions (green).
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Figure 1.13: Higgs pair invariant mass distribution at leading order for the different
contributions to the gluon fusion production mechanism and their interference [48]].

ing the signal purity, by selecting and combining different Higgs boson decays.
The branching ratios for the main combinations of Higgs decay channels are
reported in Fig.[1.14]

Given its small cross section, the HH production has escaped detection at
LHC so far. The results of the search are therefore expressed as an upper
limit on the production cross section. Left Fig. [I.T5] shows the expected and
observed limits on the HH production by CMS, expressed as ratios with respect
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Figure 1.14: Branching ratios for the most important HH decay modes. The channel
leading the sensitivity are the bbbb, bbyy and bbrT.

to the SM expectation, in searches using the different final states and their
combination. With the current dataset, and combining data from all currently
studied modes and channels, the HH production cross section is found to be
less than 3.4 times its SM expectation at 95% CL. Right Fig. [[.T5] shows the
evolution of the limits from the three most sensitive modes and the overall
combination. The CMS projections for the High Luminosity LHC (HL-LHC)
are also included and show how the expected sensitivity for this last foreseen
stage of the LHC operation is sufficient to reach a combined limit below unity.

Figure [I.16] presents the expected and observed experimental limits on the
HH production cross section by CMS as functions of the Higgs boson self-
interaction coupling modifier ) and the quartic VVHH coupling modifier xoy
(see Fig. [I.12). Cross section values above the solid black lines are experi-
mentally excluded at 95% CL. The red lines show the predicted cross sections,
which exhibit a characteristic dip in the vicinity of the SM values owing to
the destructive interference of the contributing production amplitudes. The
experimental limits on the HH production cross section also show a strong de-
pendence on the assumed values of k) or koy,. This is because the interference
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Figure 1.15: Limits on the HH production and their time evolution . (Left) Ex-
pected and observed limits on the ratio of experimentally estimated production cross
section and the SM expectation in searches using different final states and their com-
bination. The search modes are ordered, from upper to lower, by their expected sensi-
tivities from the least to the most sensitive. The overall combination of all searches is
shown by the lowest entry. (Right) Expected and observed limits on HH production in
different datasets: early LHC Run 2 data (35.9 fb~ 1), present results using full LHC
Run 2 data (138 fb~') and projections for the HL-LHC (3000 fb~!).

between different subprocesses, besides changing the expected cross sections,
also changes the differential kinematic properties of the two Higgs bosons,
which in turn affects strongly the efficiency for detecting signal events. With
the current dataset, CMS manages to constrain ) in the range of 1.24 to 6.49
and kay in the range of 0.67 to 1.38. The value xoy=0 is excluded, with a
significance of 6.60, establishing the existence of the quartic coupling VVHH.



30 Chapter 1. The Standard Model of Particle Physics

CMs 138 fb~" (13 TeV) CMs 138 fb~" (13 TeV)
T T T T T T T T T 103 F T T T T =3
K=kpy =ky=1 — Observed ~ ----- Median expected K=k =Ky =1 — Observed ~ ----- Median expected
== Theory prediction [ 68% CL expected == Theory prediction [B88 68% CL expected
----- 95% CL expected ----- 95% CL expected

108

Excluded Excluded

102

95% CL limit on o(pp — HH) fb
95% CL limit on o(pp — HH) fb

Excluded

Figure 1.16: Combined expected and observed 95% CL upper limits on the HH
production cross section for different values of « (left) and Koy (right), assuming the
SM values for the modifiers of Higgs boson couplings to top quarks and vector bosons.
The green and yellow bands represent the 1o and 20 extensions beyond the expected
limit, respectively; the red solid line (band) shows the theoretical prediction for the
HH production cross section. The areas to the left and to the right of the hatched
regions are excluded at the 95% CL.



Chapter

The Extended Higgs Sector

In the previous chapter, Chapter [T} I outlined how the SM provides a re-
markably accurate description of physical phenomena within its established
domain. Nonetheless, there are several phenomena it fails to explain, as well
as fundamental questions it leaves unanswered. Some of these open issues
were already touched upon in Sec[I.5] where the pivotal role of the Higgs bo-
son as a potential gateway to New Physics was emphasized.

In this chapter, I will summarize the key limitations of the SM that motivate
the development of Beyond—the—SM (BSM) theories to expand its reach. The
central idea is that the SM might represent just a low-energy approximation of
a deeper, more comprehensive framework—much like Newtonian mechanics
emerges as the low-velocity limit of relativistic mechanics. In the formulation
of an extended theory that aims to address the shortcomings of the SM, it
is often natural to extend the SM Higgs sector, leading to the prediction of
additional Higgs bosons in such BSM theories. The CMS analysis presented
in this thesis search simultaneously for two of such additional Higgs bosons,
specifically in the mass region below 1 TeV. The search is designed to be as
model-independent as possible, in principle looking only for a scalar resonance
of a certain mass and width, but an interpretation of the results in terms of
a specific two Higgs doublet model (2HDM) is also given. Hence, 2HDMs
are covered in some detail in Chapter [2.2] while other BSM theories with an
extended Higgs sector are introduced only briefly in Chapter 2.3

2.1 Limitations of the Standard Model

The following provides an overview of several key open questions that lie be-
yond the SM reach. This list is not exhaustive and is presented without any
particular order.



32 Chapter 2. The Extended Higgs Sector

Gravity The SM successfully describes three of the four fundamental
forces of nature—electromagnetism, the weak interaction, and the strong in-
teraction—but it does not incorporate gravity. Unlike the other forces, gravity
is currently described by Einstein’s General Relativity, a classical theory that
does not fit within the quantum framework of the SM. Efforts to reconcile grav-
ity with quantum mechanics have led to the development of quantum gravity
theories [49], which propose that gravity, like the other fundamental interac-
tions, is mediated by a force carrier: the hypothetical graviton. The graviton
is predicted to be a massless, spin-2 boson, and its existence arises naturally in
several theoretical frameworks, including string theory and extra-dimensional
models such as the Randall-Sundrum scenario [50]], where excitations of the
graviton could potentially be detected at high-energy colliders. However, de-
spite these theoretical motivations, no experimental evidence for the graviton
has been found to date.

Dark matter and dark energy There is conclusive and abundant evidence
from a wide range of astrophysical observations that the SM accounts for only
about 5% of the total energy content of the universe. Approximately 95% of
the universe consists of dark matter and dark energy [51].

Dark matter refers to a form of matter that does not interact with the elec-
tromagnetic force but does exert and respond to gravitational forces. Its exact
nature remains unknown. Much of the evidence for dark matter comes from
observing gravitational effects that cannot be explained by visible, baryonic
matter alone. Notable examples include the anomalously flat rotation curves
of galaxies, first measured by Rubin and Ford [52]], and the gravitational lens-
ing observed in the Bullet Cluster [53]], which provides compelling evidence
for the presence of collisionless dark matter. While SM neutrinos exhibit some
of the necessary properties, they cannot account for the full observed dark
matter distribution due to their low mass and relativistic nature in the early
universe. In contrast, BSM theories such as SUSY predict more viable candi-
dates, including Weakly Interacting Massive Particles (WIMPs), which remain
among the most actively studied dark matter candidates. For a comprehensive
overview of the observational evidence for dark matter, as well as the range of
theoretical models proposed to explain it, see Ref. [S1]].

In addition to dark matter, dark energy constitutes an even larger fraction of
the universe and is thought to be responsible for the observed accelerated ex-
pansion of the cosmos, as first inferred from Type la supernovae observations
in the late 1990s [54]. Unlike dark matter, which clusters under gravity, dark
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energy appears to act as a repulsive force on cosmological scales. Dark energy
currently lies entirely outside the framework of the SM and its physical ori-
gin remains deeply mysterious, with possible explanations [|55[ ranging from a
cosmological constant (A) in Einstein’s field equations to dynamic fields such
as quintessence.

Neutrino masses In the formalism of the SM, neutrinos are assumed to
be massless. However, the discovery of neutrino flavor oscillations—the phe-
nomenon in which neutrinos change flavor (electron, muon, tau) as they propa-
gate—provides clear evidence that neutrinos possess non-zero masses [56,57]].
This observation is incompatible with the minimal SM, which lacks the nec-
essary terms to give neutrinos mass. Constraints on the neutrino masses can
be derived from experiment - for example by studying the kinematics of weak
decays involving neutrinos [58]]. Although it is possible to extend the SM to
include neutrino masses, the exact mechanism responsible for generating them
remains an open question. Two primary approaches exist: either the neutri-
nos are Dirac fermions, hence their masses are produced by the same mecha-
nism of other leptons in SM and right-handed neutrinos must be introduced in
the theory, or they are Majorana fermions, which means another mechanism
(e.g. the Seesaw one [59]) gives neutrinos masses implying neutrinos are their
own antiparticle. The nature of neutrino mass—Dirac or Majorana—is still un-
known and is the subject of active experimental efforts, such as searches for
neutrinoless double beta decay, which would confirm a Majorana mass term if
observed. A detailed review of the neutrino mass problem is given in Ref. [22].

Asymmetry of matter and antimatter The Big Bang should have cre-
ated equal amounts of matter and antimatter in the early universe. But today,
everything we see is made almost entirely of matter. In order to generate the
observed matter—antimatter asymmetry from an initially symmetric universe,
any successful theory must satisfy the three Sakharov conditions [60]: there
must be processes that violate baryon number allowing the net production of
baryons over antibaryons, C and CP must be violated to differentiate between
matter and antimatter in physical processes (otherwise baryon-generating pro-
cesses would produce equal amounts of matter and antimatter) and, finally,
these baryon number- and CP-violating processes must occur out of thermal
equilibrium (otherwise the CPT theorem would ensure that forward and reverse
processes occur at equal rates, preventing the generation of any asymmetry).
The SM does contain all three ingredients to some extent, e.g. the CP violation
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in the CKM matrix. However, the strength and scale of these effects are far
too small to account for the observed baryon-to-photon ratio of the universe,
np ~ 6 x 10710 as measured from the cosmic microwave background and Big
Bang nucleosynthesis [61]]. Although weak CP violation in the lepton sector
and strong CP violation are, in principle, also predicted by the Standard Model
and could potentially account for the remaining asymmetry, they have yet to
be confirmed experimentally, and it remains unclear whether they provide a
complete explanation.

The hierarchy problem From a more theoretical standpoint, the hier-
archy problem highlights a structural issue within the SM [62]]: while the
electroweak scale is of order O(100) GeV, the Planck scale—where gravita-
tional interactions become significant and the SM ceases to be valid—is vastly
higher, around O(10'°) GeV. The SM offers no mechanism to explain why
such an enormous gap between these two fundamental scales exists, prompt-
ing the idea that a deeper, more fundamental theory might underlie the SM.
This concern is closely tied to the principle of naturalness, which favors theo-
ries where dimensionless ratios between parameters are of order unity. In this
context, the smallness of the Higgs boson mass presents a particular challenge.
Within the SM, the physical Higgs mass arises from a combination of a bare
mass term and quantum corrections, the latter of which grow quadratically
with the energy cutoff scale. If the SM remains valid up to a very high scale,
such as the Planck scale, the bare Higgs mass must be finely tuned to cancel
these large corrections, resulting in the observed mass of 125 GeV. This ex-
treme sensitivity to high-scale physics is considered unnatural and has driven
theoretical exploration of extensions to the SM that could stabilize the Higgs
mass without fine-tuning.

Despite its shortcomings, the SM remains an exceptionally successful frame-
work, accurately describing all current experimental observations. However, it
offers limited insight into the deeper reasons why the parameters and structures
we observe take their specific forms. For instance, the SM does not explain the
origin of the mass hierarchy among quarks and leptons, nor does it account for
why there are exactly three generations of each. Likewise, electroweak sym-
metry breaking is implemented by postulating a particular form of the Higgs
potential—an effective mechanism, but one that leaves open the question of
why this potential should have its specific shape. Some of the BSM theories
described in the following give more in-depth answers to these questions.
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2.2 Two Higgs Doublet Models

In the SM, the Higgs sector is minimal, meaning that only one complex Higgs
doublet is included in the theory. This is the simplest form to introduce elec-
troweak symmetry breaking. However, the Higgs sector may also be more
complicated, i.e. extended by including more additional fields than just the
one Higgs doublet.

As the name suggests, the Two Higgs Doublet Models (2HDMs) are a class
of models that include two Higgs doublets, hence theorize the existence of
multiple physical Higgs bosons. The original motivation behind 2HDMs was
to introduce additional sources of CP-violation, able to explain the observed
matter-antimatter asymmetry [[63[]. Another motivation is that some broader
BSM frameworks require at least two Higgs doublets. The best known exam-
ple are SUSY theories, in which an even number of Higgs doublets are needed
to generate masses for all fermions. SUSY theories are able to provide a so-
lution for the naturalness problem and predict viable dark matter candidates.
Moreover, some axion models that explain why CP-violation in the strong sec-
tor seems to be suppressed in nature also require two Higgs doublets [641|65]].
Thus, there is a clear incentive to explore the parameter space and rich phe-
nomenology of 2HDMs. Detailed overviews of different types of 2HDMs and
their implications can be found in [42,/66.(67].

2.2.1 Theory

The two Higgs doublets are constructed analogously to the doublet in the SM,
each has four degrees of freedom, and both acquire vacuum expectation values
which spontaneously breaks the electroweak symmetry and give mass to the
fermions, and the vector bosons.

The predicted physical Higgs bosons are five in total:

* Two CP-even and neutral Higgs bosons, denoted as h and H.
* One CP-odd and neutral Higgs boson, usually referred to as A.
* Two charged Higgs bosons, denoted as H*.

The masses of the Higgs bosons, mp,, mp, m4 and my+ are free param-
eters of the model. In its most general form, the potential in terms of the two
Higgs doublets ®; and ®5, can be written as
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and the ®; and ®5 are complex Higgs doublets with hypercharge Y = 1:
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Here we restrict to the CP-conserving models in which all \; and m?, are real
and the electroweak vacuum expectation values v; and vy are also real with
v? = v? + v3 = (246 GeV)2,

In order to forbid tree-level Flavor Changing Neutral Current (FCNC), an
additional Z5 discrete symmetry is introduced under which the charge assign-
ments of fields are shown in Table Because of this Z, symmetry, the \g
and A7 terms in the general scalar potential in Eq. [2.T]are absent, while the soft
breaking m?, term is still allowed. The mass parameters m?; and m3, in the
potential are determined by the potential minimization conditions at (vq, v2):

1
mi; = mizts — 5112 (Alc% + >\3458%) ; 03
) .
M3y = miy/tg — 57)2 ()‘2526 + )\3456%) ,

where the shorthand notations tg = tan 8 = vy /v, sg = sinf3, cg = cos 3,
and A345 = A3 + Ay + A5 are employed.
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Model o2 03] u’p diy e
Type-1I + - + + +
Type-11 + - + — —
Lepton-specific + - + + —
Flipped + - + — +

Table 2.1: The Z5 charge assignment in the four types of 2HDMs without FCNC. The
other fields are even under Z> symmetry.

From the scalar potential in Eq. (2.1)) with Ag = A7 = 0, we can obtain the
mass matrices of the Higgs fields
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1 t —1
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The mass eigenstates are obtained from the original fields by the rotation ma-
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< A >_<—Sinﬁ cosﬁ)(aQ)’ (2.8)
GT _ cosf sinpf gbli
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where G° and G* are Goldstone bosons which are absorbed as longitudinal
components of the Z and W+ bosons. The remained physical states are the

trices:
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five Higgs boson described above. Their masses are given by

m? = 12 \? Q.11
SBCs
2
1
mZs = 22 2y 4 As)? (2.12)
sgcg 2

where M3 is the mass matrix shown in Eq.
The gauge-kinetic Lagrangian is given as

Ly = (D'®)1 (D, @) + (D'®o)T (D, ®s) . (2.13)

We can obtain the neutral Higgs couplings to VV (VV = ZZ WTW ™)

2 12 h H
ngg'“gv2zz<1+2gﬁ+2yg>
8 v v
2 h H
+ZUQW+W_<1+2yX+2@Q, (2.14)
v v

where y} = sin(8 — a) and y}; = cos(8 — «).
According to different charge assignments, there are four different models
with Yukawa interactions:

—L=Y2Q,®rur+ Yo Qp P2dr + Yo L ®aeg + hic. (type D),
(2.15)

—L =Y QpPrup+ Yy Qp P1dg + Y L 1 e + hec. (type IT),
(2.16)

—L =Y, QL (i)Q up+ Yn @L Podr + Y Ly ®1ep+ hec. (lep. spec.),
2.17)

—L =Yy @L i)g urp + Yq @L ®1dr + Yy Lr Poep + hec. (flipped),
(2.18)

where Q{ = (uL,dL), L% = (VL,ZL), 5’1,2 = iTg@iz, and Yug, Yd1,2 and
Y1 2 are 3 x 3 matrices in family space. These constitute the four 2HDM types:

Type-I In Type-I models, only one of the doublets - ®$2- couples to all
fermions, i.e. to quarks and leptons. The other one only couples to gauge
bosons. This type is also referred to as fermiophobic.
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Type-II In Type-II models, ®; couples to down-type quarks and leptons,
whereas ®, couples to up-type quarks. This type is also called MSSM-like,
because it features in the Minimal Supersymmetric Model.

Lepton specific In lepton specific models, ®; couples to leptons and @2
to quarks.

Flipped Similar to Type-II, but flipped: In this type of models ®; couples
to down-type quarks, while ®5 couples to up-type quarks and leptons.

We can obtain the Yukawa couplings

m - m _
~Ly = =Lyl hff+ =Lyl Hff

—i@ﬁu Auysu + i@md Adrysd + i@w Alst
v v v

2 2
FHY 7 Voru (‘[md KPR — V2, Ko Pr)d + h.c.
v v
2
n V2 keHT 7Pge + h.c. (2.19)
v

where y;: = sin(f —a) +cos(f—a)k s and y{l = cos(f—a) —sin(B—a)ky.

The values of x,, g and £y for the four models are shown in Table [2.2]

Type-1 Type-11 lepton-specific flipped

K l/tg l/tg l/tg l/tg
Kd 1/t5 —tg 1/t5 —tg
Ry 1/t5 —tg —tg 1/t5

Table 2.2: The couplings x,,, k4, and k4 for the four types of 2HDM:s.

The 2HDM considered here has seven free parameters (versus fourteen of
the most general case): mp, myg, ma, my+, @, tan 5 and the mixing param-
eter m3,. The interpretation provided in the CMS analysis presented here is
restricted to the so-called alignment limit, which occurs when cos(5—a) — 0.
In this case, one of the two CP even Higgs bosons (usually the one denoted with
h) has couplings exactly like the SM-Higgs boson and is, therefore, identified
with it. The interpretation offered is based on a Type-II 2HDM, while other
models can be tested in the future.
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2.2.2 Status of searches at LHC

There are usually two ways to probe the extended Higgs sectors: through their
modifications to the SM-like Higgs couplings tested by Higgs coupling preci-
sion measurements, and direct searches for BSM Higgs bosons at high energy
colliders. The current direct searches at the LHC include both conventional
search channels of H/H*/A — ff, VV’, as well as final states involving
a SM-like Higgs H — Vh, hh. Under the alignment limit of the 2HDM,
both the decays H — V'V and H — Vh, hh as well as the V H and VBF
production modes vanish at tree level, making a discovery more challenging.
However, if there is a mass hierarchy between the BSM Higgs bosons, ad-
ditional exotic decay modes, such as H/A — ZA/H, H/A — H*WT,
H — AA,HTH™ or H* — H/AW open up and quickly dominate the
decay branching fractions. Such exotic decay modes open a new window to
search for new BSM scalar bosons.

This section summarizes the 2HDM-inspired searches of new neutral scalars
carried out in ATLAS and CMS. The list and the categorization is taken from
Ref. [68]] and updated with the most recent publications.

A more comprehensive summary report of the searches for additional scalars
at LHC with Run 2 data can be found in Ref. [69

Conventional channels Most of the existing direct searches for BSM
Higgs bosons focus on their conventional decays into a pair of quarks, leptons
or gauge bosons. The following table presents a summary of recent searches
performed at the 13 TeV LHC.

channel CMS ATLAS
AJH — ptp= | 7ol | 721

A/H —bb | [73,74] | [75]
A/H — 7= | [76H79] | [80]

AJH — vy | [81H483] | [84-86]
AJH —tt | [87.88] | [89]
H—Z7Z [90.91] | [92]
H— WHTW~ | [91,93] | [94]

!This report has been compiled by the ATLAS collaboration. While all the reported searches
exists also for CMS, a comprehensive reference encompassing all Run 2 analyses is not cur-
rently available.
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Note that the gg — A/H — tt channel involves a non-trivial interference with
the SM backgrounds that has been taken into account in the analysis.

Exotic Decays into the SM Higgs Away from the alignment limit, the
heavy CP-odd Higgs can decay into the SM-like Higgs via A — hZ. Ad-
ditionally, the heavy CP-even Higgs can decay into a pair of SM-like Higgs
bosons, H — hh. The following table presents a summary of such searches
performed at LHC.

channel ATLAS CMS
8TeV | 13TeV | 8§ TeV | 13 TeV
A — hZ — bbe+ e~ los1 | o6 | 1971 | 98]
A— hZ —trr—ete= | [99] | [100] | [97] | [101]
H — hh [102] | 1031 | [104] | [105]

A detailed summary by CMS of searches for SM Higgs production through
decays of heavy resonances can be found in Ref. [106].

Exotic Decays of the SM Higgs If the BSM scalars are sufficiently light,
ma/g < mp/2, exotic decays of the SM-like Higgs h — AA/HH open
up. While the decay h — H H vanishes under the alignment limit, the decay
h — AA is unsuppressed. The following table lists the current LHC searches
that consider this channel.

channel ATLAS CMS

h — AA — bbbb [107] [108]
h— AA — bbrt7~ [109] | [110,111]
h — AA — bbutp~ (112] | [111,113]

h— AA = 7771~ [114] [115]

h— AA — 5 ptp~ | [116] [117]

h— AA— -t | [118) | [119]
h = AA = vy (120) | (1210122

Exotic Decays in BSM Sector If the two neutral BSM Higgs states A and
H have a sufficient mass splitting, [m 4 —m | > mz, the exotic decay channel
H/A — ZA/H opens up. Both ATLAS and CMS have performed searches
listed in the following table. The analysis presented in this thesis work targets
the H/A — ZA/H — 777 £*¢~ channel, using Run 2 data collected at a
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higher center-of-mass energy energy (13 TeV) and with a significantly larger
integrated luminosity (138 b1, compared to Run 1 (8 TeV, 20 fb=1).

channel ATLAS CMS
H/A — ZA/H — (+47bb [123]] (13 TeV) | [[124] (13 TeV)
H/A— ZA/H — (Y0741~ — [[125] (8 TeV)
H/A— ZA/H — (Y0 tt [126] (13 TeV) | [127] (13 TeV)

In Ref. [68]] these direct LHC searches are used to constraint the Type-I and
Type-1I 2HDM parameter space. Further constraints arise from flavor physics,
electroweak precision observables, and global fits to Higgs coupling modifiers.

In the scenario where the heavy scalar masses are degenerate, i.e. myg =
mq = mpy+, decays suchas A — HZ or H — AZ are kinematically for-
bidde The phenomenology is therefore dominated by conventional decay
channels into SM particles. Exclusion plots are reported in Fig [2.T] in the
(m 4, tan B) plane for both Type-1 and Type-II models. In the Type-I case,
constraints are most effective at low tan 3 due to the enhancement of gluon fu-
sion production. In the Type-II case, constraints extend to high tan 3 because
of the enhanced bottom and lepton Yukawa couplings. Notably, the alignment
limit (cos(8 — a) — 0) suppresses the couplings of the heavy CP-even scalar
H to gauge bosons, reducing the sensitivity of  — V'V and H — hh chan-
nels. Similarly, A — hZ is suppressed in this limit. The analysis shows the
importance of combining different search strategies, including Higgs coupling
fits, width constraints, and direct resonance searches.

For the scenario in which the heavy CP-even and CP-odd Higgs bosons are
non-degenerate in mass, exotic decays of the foom A — ZH and H — ZA
(provided the mass splitting exceeds the Z boson mass) becomes of particular
interest because they remain unsuppressed in the alignment limit, where many
conventional decay channels lose sensitivity. Exclusion limits are shown in
Fig. in the (m 4, mp) plane for several fixed values of tan 5 and under the
alignment limit. When m4 > mpg + myz, the A — ZH channel becomes
accessible and often dominant. Conversely, H — Z A is favored when mpy >
m4 + mgz. The branching ratios for these decays are typically large, and the
resulting final states suchas A — ZH — (/= bbor A — ZH — (T~ 71~
provide clean experimental signatures.

2This is true also for the less extreme case in which the mass difference between the two
neutral scalars is smaller than the Z boson mass.
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Figure 2.1: Constraints for degenerate heavy Higgs mass spectrum m4 = mpy =
mg+. 95% C.L. exclusion region in the m 4, vs. {5 plane on the Type-I 2HDM
with ¢g_, = 0.1 (left) and Type-1I 2HDM with c¢g_, = 0.05 (right) originating from
i) the measurement of the Higgs width I'j, (grey), ii) the conventional search results
on H/A — 777~ (dotted orange), H/A — bb (dot-dashed pink), H — V'V (red),
H/A — ~v (dashed brown), H/A — tt (dot-dashed magenta) and 4¢ production
(dashed purple), and iii) exotic decay channels A — hZ (dashed dark blue), H — hh
(dot-dashed green) and h — A A (dotted cyan). Region enclosed by the grey hatched
line are excluded at 95% CL by the current Higgs coupling measurements [68]].

For both Type-I and Type-II 2HDMs, the combination of all channels cover
the majority of the region in which one of the Higgs masses is below the
di-top threshold, ma,mpy < 2m;. In addition to A/H — ZH/A, these
constraints come from direct searches for the lighter BSM Higgs state which
decays into conventional final states A/H — ~v and 777~. In particular,
the gap region for A/H — HZ/AZ is mostly covered by these searches.
However, these channels become inefficient for Higgs mass above 2m;, where
A/H — tt opens up. This region can be probed by the measurements of
ttZ rate, which effectively constraints the process A/H — ZH/A — ttZ.
The direct searches recently presented by ATLAS and CMS in the channel
A/H — ZH/A — (10" tt are expected to strongly improve these indirect
constraints.

Constraints are analyzed in the (tan 3, m 4) plane for fixed m (see Fig. .
They come from direct search channels of the BSM Higgs bosons, the Higgs
coupling pp and Higgs width I'j, precision measurements, and the 4t cross

section measurements. While for my4 < 300 GeV, the strongest conven-

~

tional search constrains are related to the decay of the pseudoscalar A, at large
m4 2 300 GeV constraints mainly come from direct searches for H, whose
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Figure 2.2: Constraints on the Type-I (left panel) and the Type-II (right panel) 2HDM
in ma vs. myg plane. Top: Parameter space excluded at 95% C.L. by the A/H —
HZ/AZ search in the alignment limit, cg_o = 0, for tg = 1.5 (blue), 7 (red) and
30 (green). Bottom: Constraints at 95% C.L. for cg_, = 0 and tg = 1.5 from LHC
searches for A/H — H/AZ (blue), A/JH — 77~ (dotted orange), A/H — ~yv
(dashed brown), h — AA/HH (dotted cyan) and ¢tZ production (green) as well
as LEP searches (purple) and the Higgs width measurement 'y, € (0.08,9.16) MeV

(erey) [68].

mass is fixed to my = 200 GeV. Therefore, there is no dependence on m 4
for the 7777, v7y and 4t exclusion limits in the large m 4 region.

For the Type-I 2HDM with cg_, = 0.1, the small m4 < mj,/2 and the
small tg < 2 — 3 are excluded combining all channels, with the A — H Z gap
of |ma—my| < myz region completely covered by the A/H — 77~ and 7,
the 4¢, and the A — hZ channels. For the Type-II 2HDM with cg_, = 0.05,
the small 3 < 1 region is covered mostly by the H/A — v, the 4t, and the



2.2. Two Higgs Doublet Models 45

5o Type-l: my =200 GeV 5o Type-ll: my =200 GeV
--- cos(B—a)=0 --- cos(B—a)=0
—— cos(B—a)=0.1 —— cos(B—a)=0.05

cos(B—a)=0.2

tanp
tanp

0.5 0.5
0.1 0.1
100 300 500 700 100 300 500 700
my [GeV] my [GeV]
. Type-l: cos(B —a)=0.1 and my =200 GeV . Type-ll: cos(B — a) =0.05 and my =200 GeV
{

N N
I kS
T T
< <

tanp

S
NN

<
T e
IS
g
;
tanpB
~
Y

5 e

A~y VAT (Y N
1 . __n‘\l DG S 1 fmmpdbenal ! o HIASYY
i J sy ! d 4
0.5 :/ /},/ Hn, 0.5 i ! ] U
\ ! ; /u{ﬁ 4
1 I T
i 1 i i
+ H
1 1 Th ;/ :
1 1 i I 1
0.1 - 0.1 .
300 500 700 100 300 500 700
ma [GeV] ma [GeV]

Figure 2.3: Constraints on the Type-I (left panel) and the Type-II (right panel) 2HDM
inm 4 —tg plane. Top: Parameter space excluded at 95% C.L. by the A/H — H/AZ
search for my = 200 GeV and cg_, = 0 (red), 0.1 (blue) and 0.2 (green) in the left
panel and cg_, = 0 (red) and 0.05 (blue) in the right panel. Bottom: Constraints at
95% C.L. for myg = 200 GeV and cs_, = 0.1 from LHC searches for A — HZ
(blue), A — hZ (dashed dark blue), H — AA (dashed cyan), H/A — 777~ (dotted
orange), H/A — ~v (dashed brown) and 4¢ production (dashed magenta) as well as
the global fit of SM-like Higgs couplings strength i, (grey hatched region) and the
Higgs width measurement I';, ¢ (0.08,9.16) MeV (grey) .

A — HZ and hZ channels, while large ¢ region is covered by H/A — 717~
and A — HZ.

The study highlights the importance of combining conventional decay modes,
exotic BSM-to-BSM decays, and precision Higgs observables. The exotic
decay channels, in particular, prove crucial for probing the alignment limit
and significantly enhance the overall exclusion reach for neutral scalars in the
2HDM.
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2.3 Other BSM theories with an extended Higgs
sector

Supersymmetry SUSY is probably the most well-known BSM theory. In
supersymmetric models, a superpartner for each SM particle exists, with the
spin modified by half a unit but otherwise the same quantum numbers. The
superpartners of bosons are fermions and vice versa. The fact that such su-
perpartners with the same mass as the SM particles have not been observed
implies that SUSY is a broken symmetry. SUSY models provide explanations
for several of the questions the SM is unable to answer. For example, loop
corrections to the Higgs mass involving the superpartners cancel those of the
SM particles, solving the hierarchy problem (see e.g. Refs. [[128][129]). Fur-
thermore, if the superpartners carry a new quantum number that is conserved,
the so-called R-parity, the lightest supersymmetric particle is stable, i.e. it
cannot decay to any SM particle despite potentially being very massive, and
thus poses a viable dark matter candidate (see e.g. Refs. [130,/131]]). Finally,
SUSY predicts a unification of the electromagnetic, weak and strong forces
at high energies, and it is even possible to integrate gravity into some SUSY
theories (see e.g. Ref. [[132]). The downside of SUSY is that it contains many
free parameters, leading to a wide range of models. This complexity makes
it difficult to produce precise predictions that can be conclusively tested or
excluded. Good overviews of the SUSY formalism in general are given in
Refs. [[133H135]]. The simplest possible SUSY model consistent with the SM
is the Minimal Supersymmetric Standard Model (MSSM) [136[]. The Higgs
sector of the MSSM is a Type-II 2HDM, as in SUSY a single Higgs doublet
cannot couple to both up- and down-type quarks because the scalar fields are
represented by chiral multiplets while their complex conjugates have opposite
chirality.

Electroweak singlet A simpler extension of the SM are the electroweak
singlet models, which include one additional (real or complex) scalar field that
transforms as a singlet under the SM symmetry group. Such models present
the simplest, minimal BSM solution to the question why there is a matter-
antimatter asymmetry and what could be a viable DM candidate [42]. If a real
field X is added, the modified, gauge-invariant Higgs potential reads

V(®,X) = p30T® — u3X% 4 A (@7T0)% + o X? + N30TDX?  (2.20)
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where the ,u? as well as \; and A2 need to be positive and A3 needs to satisfy
A3 > —2v/A1 g for the potential to be bounded from below. The model then
predicts two mass eigenstates with mixing angle « in the Higgs sector. If the
mass eigenstates are non-degenerate, one could correspond to the SM Higgs
and the other to a new neutral Higgs boson—e.g. one of the two targeted in this
thesis. The coupling of this additional Higgs to vector bosons is modified by a
factor sin a with respect to the SM couplings in these models. A more in-depth
overview of the electroweak singlet models can be found in Refs. [42}/67].

Composite Higgs Whereas in the SM the Higgs boson is an elementary
particle, in composite Higgs models it is a bound state of a new strong inter-
action, i.e. the composite Higgs is not point-like but made of smaller compo-
nents, held together by this new force. If f denotes the energy scale at which
the components of the composite Higgs become relevant - just like e.g. quarks
only become "visible" if protons are scattered at high energies - and v the vac-
uum expectation value of the Higgs field, in such a model the couplings of the
Higgs boson to vector bosons are modified by a factor /1 — 3’0—3 with respect
to the SM [137]]. Heavy Higgs bosons could then occur as higher energy exci-
tations of the composite Higgs, similar to excited hadrons, where several states
of different mass exist. The key motivation behind composite Higgs models
is that they provide a solution for the hierarchy problem. Recent reviews of
composite Higgs models and their compatibility with LHC data can be found
in Refs. [[137,/138]].

2.4 How to find new Higgs bosons?

The BSM analysis presented in this thesis work is a search for two new neutral
Higgs bosons, which in the 2HDM interpretation would be the CP-even H and
the CP-odd A bosons, assuming that the other neutral CP-even Higgs boson,
the h, is the already observed SM Higgs boson. Although generally this search
strives to be as model independent as possible—i.e. it looks only for two scalar
resonances of a certain mass—some assumptions on the production and decay
modes, as well as the mass and width hypothesis, are needed to guide where it
is worth to look exactly, and whyﬂ These assumptions can be based on what

3 An alternative approach to such theory motivated direct searches for specific signatures are
model agnostic searches recently developed in CMS, as in Ref. [[139], where anomaly detection
machine learning methods can look for a generic deviation from the expected distributions.
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we know about the SM Higgs boson or on certain BSM benchmark scenarios
(see e.g. Ref. [42]]), as outlined in the following.

Production mode The first thing to know when searching for neutral
Higgs bosons in CMS data is how it would be likely produced in pp colli-
sions. As seen in Sec. [[.5.1] the dominant production mechanism for the SM
Higgs boson at LHC is gluon fusion. The direct search presented here assumes
that also additional neutral Higgs bosons would be produced mainly via this
mechanism.

Decay channels and width Since the Higgs boson is not a stable parti-
cle, it can only be reconstructed through its decay products, as discussed in
Sec.[I.5.2] Therefore, identifying the most likely decay channels is essential
for any analysis targeting additional Higgs bosons.

Given the structure of the modified Higgs potential (Eq. [2.1), the extended
Higgs sector allows for interactions among the Higgs bosons themselves. If
there is a significant mass splitting between the scalar states, heavier Higgs
bosons can decay into lighter ones. In the search described here, the heavier
of the two neutral scalars, A or H, decays into the lighter one accompanied
by a Z boson. This decay mode dominates over a wide range of A/ H masses
in the alignment limit of the 2HDM| as shown in the left panel of Fig.
Conveniently, the leptons from the Z boson decay provide a clean and efficient
trigger for identifying such events.

Turning to the possible decay modes of the lighter neutral Higgs boson,
the structure of the Yukawa couplings in the extended Higgs sector (Eq. 2.19)
implies that decays to heavier fermions are preferred, similarly to the SM. In
the alignment limit, this makes bottom quarks and tau leptons the most likely
final states (see right panel of Fig.[2.4). Once the new Higgs mass is sufficiently
large, decays into top quark pairs become kinematically allowed and quickly
dominate.

This analysis specifically targets the final state involving tau leptons, which
offers the dual advantage of a clear experimental signature and sensitivity to
low Higgs masses, down to 20 GeV. Complementary analyses focus on final
states with bottom or top quarks.

“Recall that in the alignment limit, the coupling of H to vector bosons is suppressed (see
Eq. [2.13), and the pseudoscalar A does not couple to vector bosons at tree level in the CP-
conserving 2HDM.
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Figure 2.4: (Left) Branching ration of the A boson as a function of its mass. (Right)
Branching ration of the I boson as a function of its mass. Both plots refer to a
Type-1I 2HDM where tan8 = 1 and m4 > my. Values are computed with
2HDMC-1.8.0 [140].

Another important aspect of Higgs phenomenology is the total decay width
of the new Higgs bosons. In many BSM interpretations, the additional Higgs
bosons are assumed to have a negligible width relative to their mass—just like
the SM Higgs boson. For illustration, Fig. 2.5 presents the relative width of the
H boson at three different mass values, within the parameter space of a Type-II
2HDM.

Especially for the lower mass scenario and in particular near the alignment
limit of cos(8 — «) ~ 0 the relative width of the heavy Higgs could be very
small, of the order of 0.1% of its mass or even less. Thus, in a large fraction of
2HDM parameter space the narrow width approximation (NWA) can be used.
The NWA is a central assumption in the 2HDM interpretation of the CMS
search presented here, allowing interference effects to be neglected—as it is
only justified within the NWA framework.

Mass range Finally, it should be emphasized that there are no theoretical
predictions for the masses of the A and H bosons. The mass ranges explored in
the search presented here are therefore determined by practical considerations.
The lower bound for the lighter BSM Higgs boson mass is set by the minimum
value at which it can be reliably detected through tau leptons in the CMS de-
tector. The upper bound is chosen based on the decision to focus on resolved
tau candidates (i.e. a non-boosted topology), and on the expectation that a suf-
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Figure 2.5: Contours of the relative width of the H boson with respect to its mass,
I'/m, as a function of the 2HDM parameters cos(f — «) and tan § for Type-I and
Type-II models and three different H boson masses [[141].

ficient number of events will occur within this energy range at the LHC. The
mass range for the heavier BSM Higgs boson is chosen accordingly, taking
into account the requirement m /4 > ma/ g + mz.

In principle, none of the aforementioned assumptions necessarily hold for
BSM Higgs bosons, as the underlying new physics may follow a paradigm
not yet envisioned by existing theories. Nonetheless, this thesis search aims to
identify possible deviations from the SM expectations in the chosen final state,
regardless of the specific nature of the new physics responsible for them.
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The LHC and the CMS
experiment

3.1 The Large Hadron Collider

The LHC stands as the world’s most powerful particle accelerator, engineered
to collide protons or lead ions at unprecedented energies. It occupies a 27-
kilometer circular tunnel, 100 meters underground, located at CERN in Geneva.
This tunnel, initially built between 1983 and 1988 for the Large Electron-
Positron Collider (LEP), was later repurposed for the LHC. Construction of
the LHC spanned from 1998 to 2008, with the primary goal of verifying the
SM by detecting the elusive Higgs boson. The collider also explores the TeV-
energy range, searching for New Physics, e.g. in the form of SUSY particles,
which were widely considered potential extensions of the SM at the time.
The accelerator is designed to collide proton beams at a center-of-mass energy
of /s = 14 TeV, reaching an instantaneous luminosity of 1 x 103* cm=2s~!.
Additionally, it can collide lead ions with an energy of 5.0 TeV per nucleon,
reaching peak luminosities of 1027 cm~2s~!. Proton and heavy ion beams are
accelerated in bunches, with 40 million bunch crossings occurring per second.
These bunches are directed to collide at four key interaction points along the
tunnel, where the detector systems of the LHC four major experiments are
located, as illustrated in Fig. [3.1]

These experiments are: ALICE (A Large Ion Collider Experiment), ATLAS
(A Toroidal LHC ApparatuS), CMS (Compact Muon Solenoid), and LHCb
(Large Hadron Collider beauty). ATLAS and CMS are multipurpose detec-
tors, designed to discover the Higgs boson and investigate possible BSM sce-
narios. ALICE focuses on studying quark-gluon plasma created in heavy ion
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collisions, while LHCb examines particles produced in the forward region,
particularly focused on the study of heavy-flavored mesons.
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Figure 3.1: Illustration of the CERN accelerator complex (Image: CERN).

Proton beams are generated from hydrogen gas, undergoing several stages
of acceleration and focusing. Initially, negative hydrogen ions are produced at
160 MeV by LINAC2 and then passed through the Proton Synchrotron Booster
(PSB), where electrons are stripped, leaving only protons. These protons are
further accelerated by the Proton Synchrotron (PS) and Super Proton Syn-
chrotron (SPS) to an energy of 450 GeV before being injected into the LHC
rings for final acceleration.

Within the LHC, superconducting dipole magnets, operating at an 8.3 T
magnetic field, guide the proton beams along their circular path. These mag-
nets are cooled to 1.9 K using superfluid helium. The beams are focused by
quadrupole magnets, while eight radiofrequency cavities per beam accelerate
them.



3.1. The Large Hadron Collider 53

A critical parameter in collider experiments is luminosity, which measures
the number of particle collisions per unit time relative to the interaction cross
section:

1dN
F=oa
Luminosity depends on various machine parameters, including beam size, bunch
content, and revolution frequency. In the LHC, each beam is made of about
2500 bunches, separated by 25 ns intervals, and each proton bunch typically
contains around 10*! protons.

Left Fig. [3.2]illustrates the LHC’s integrated luminosity achievements dur-
ing Run 1 (2010-2012), Run 2 (2015-2018) and beginning of Run 3 (2022-
2024). During Run 1, proton-proton (pp) collisions were first achieved at a
center-of-mass energy of 7 TeV in 2011, later increased to 8 TeV in 2012.
This period culminated in the discovery of the Higgs boson by the CMS and
ATLAS collaborations. Following upgrades, the LHC resumed operations in
2015, reaching 13 TeV collisions until 2018. By the end of Run 2, the LHC
exceeded its design luminosity by a factor of two. After further upgrades, pp
collisions restarted in 2022 with Run 3, which is currently ongoing and ex-
pected to end in 2026.

8 8
CMS = 2010,7TeV,450pb™" CMS B 2023 (13.6 TeV): <> = 52
—an Ex & 3“;;,, 7 BN 2022 (13.6 TeV): <p>=46 {7
150 — 2015, 13 TeV, 43 b EEE 2018 (13 TeV): <p> =37

2016, 13 TeV, 41.6 o'

o

I 2017 (13 TeV):
=0 2016 (13 TeV):
2015 (13 TeV):<p>=14 |5
W 2012 (8 TeV): <> = 21
2011 (7 TeV): <p> = 10

= 2017, 13 TeV, 49.8 b
— 2018, 13 TeV, 679"
— 2022, 13.6 TeV, 41510
— 2023, 13.6 TeV, 32.7 fo '
— 2024, 13.6 TeV, 122.2 b7}

<
<

o

Iy

oy(13.6 TeV) =80.0mb |4
ofr(13 TeV) = 80.0 mb

off(8TeV)=73.0mb |2
o (7 TeV)=71.5mb

w

50

Total integrated luminosity (fo™)
N

Recorded luminosity (fb™'/1.0)

0 50
1}
B 0 e of W o

0
9

Y ) ®
Date (UTC) Mean number of interactions per crossing

Figure 3.2: (Left) Luminosity delivered to the CMS experiment during stable beams
for pp collisions at nominal center-of-mass energy, in 2010-2012 (Run 1), 2015-2018
(Run 2) and 2022-2024 (Run 3) data taking periods, separately for each year [[142].
(Right) Distribution of the average number of interactions per crossing (PU) for pp

collisions in Run 1, Run 2 and beginning of Run 3. The overall mean values and the
minimum-biaﬂ:ross sections are also shown [|142].
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Given the high beam intensities, multiple pp collisions occur with each
bunch crossing, a phenomenon known as pileup (PU). In physics analyses,
only the highest energy collision is typically considered, with the others clas-
sified as pileup events. The LHC was designed with an average PU of 25.
Right Fig. [3.2]shows the PU distribution measured by CMS during Run 1, Run
2 and Run 3. It is evident that Run 3 pp collisions are characterized by sig-
nificantly higher instantaneous luminosity, resulting in a much more intense
pileup. Operating at this level of pileup represents an unprecedented challenge
for both the detector apparatus, which was originally designed for lower radi-
ation intensity, and the software reconstruction chain.

A significant upgrade, the HL-LHC [143]], is planned after the end of Run
3. Figure[3.3|shows the expected plan for this phase, with the current operation
of LHC terminating in 2026 and the Run 4 starting around 2030, after approx-
imately 4 years of long shutdown. This upgrade will considerably boost the
luminosity delivered to the experiments, increasing of a factor =~ 3 the peak
luminosity and collecting a data equivalent of 3000 fb~! in 10 years of oper-
ation (see Fig.[3.4). The enhanced luminosity will increase sensitivity to rare
decays, allowing us to probe with higher precision the SM and tackle the most
elusive hints of New Physics.

3.2 The Compact Muon Solenoid experiment

The CMS experiment [[147] is one of the four major experiments at the LHC.
The detector has a cylindrical structure typical of collider experiments, with
an approximate length of 30 m and a diameter of 15 m. As its name implies,
a key component of the CMS apparatus is a superconducting solenoid with an
internal diameter of 6 m, generating a magnetic field of 3.8 T.

Starting from the interaction point and moving outward, the detector con-
sists of a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic
calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL),
all housed within the solenoid. Having both the calorimeters within the mag-
netic field is a key feature of the CMS detector system, distinguishing it from

"Type of data collection that aims to record a broad, unbiased sample of all inelastic colli-
sions, without favoring any specific final state or process.
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Figure 3.4: Expected peak and integrated luminosity during HL-LHC. The figure
shows when the long operation shutdowns are expected [[145].

the ATLAS system, which has the hadronic calorimeter outside the magnetic
field.

Outside the solenoid, the muon reconstruction system is composed of gaseous
detectors embedded in the steel flux-return yoke, which is essential for guid-
ing the magnetic field lines. Figure [3.3]illustrates the structure of the CMS
detector.
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Figure 3.5: Layout of the CMS detector ||

3.2.1 Coordinate system and kinematics of pp collisions

LHCb

— ALICE ATLAS
Figure 3.6: CMS coordinate system ||

The CMS detector is symmetrically structured around the proton beam line,
with the collision point at its center. Consequently, the coordinate system used
is as depicted in Fig. [3.6] where the z-axis aligns with the beam line, and
collisions occur at z = 0. In this system, the x-y plane is transverse to the
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beam, with the y-axis pointing upwards towards the surface and the x-axis
pointing towards the LHC ring’s center (right-handed coordinate system).

Spherical coordinates provide a convenient solution for describing the po-
sitions of outgoing particles, given the symmetrical design of the apparatus.
The radial coordinate r is the distance from the z-axis on the x-y plane, the
azimuthal angle ¢ is measured in this plane starting from the x-axis, and the
polar angle 6 is measured relative to the z-axis.

The three-momenta of the particles are often described using two compo-
nents, the longitudinal momentum p, and the transverse momentum pr, de-

fined as:
lp7| = |plsin@ = y/p3 + p;. (3.1)
Similarly, the transverse energy is defined as | Ep| = |E|sin f. The transverse

components of momentum and energy are convenient for describing the kine-
matics of pp collisions, as they are Lorentz-invariant quantities. Moreover,
the transverse plane is where the missing energy (carried away, for example,
by neutrinos) can be inferred, whereas in the longitudinal direction the initial
energy of the colliding proton constituents is unknown.

A commonly used spatial coordinate to describe a particle’s angle relative
to the z-axis is the pseudorapidity 7, defined as:

=—In [tan 9] = arctanh (pz) 3.2)
2 [p|

where 0 is the polar angle. As # approaches zero, 7 tends towards infinity.
Particles produced at high 7 are referred to as being produced in the forward
direction. In the limit of relativistic particles, pseudorapidity converges to the

y=1mn <E+pz> (3.3)

and differences in pseudorapidity are Lorentz invariant under boosts along the

definition of rapidity, y:

z-axis. The angular separation between particles is often measured using:

AR =\/(An)? + (Ag)? (3.4)

which is also Lorentz invariant under boosts along the z-axis in the relativistic
limit.
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3.2.2 Magnet

The superconducting solenoid of the CMS apparatus provides a uniform mag-
netic field in the axial direction which is essential to bend charged particles
and thus determine the particles charge/mass ratio from the track curvature.

The magnet is made of refrigerated superconducting nobium-titanium coils,
for a total length of 13 m and a diameter of 6 m. It was originally designed
to generate a magnetic field of 4 T, but it was then operated at 3.8 T in order
to ensure better longevity [[149]]. The tracker and the calorimeter detectors are
housed within the solenoid, which is surrounded by the return yoke, a 12-sided
iron structure that contains and guides the field lines. This return yoke extends
up to 14 m of diameter and is composed of three layers. The muon detectors
are embedded in the return yoke, interleaved with its layers.

Charged particle trajectories are bent by the magnetic field and the curva-
ture is exploited to determine the electric charge sign and the transverse mo-
mentum. In particular, the best momentum resolution o, /pr achievable for a
solenoidal magnetic field, is given by:

Opr 8 pr

o S x 03. B 12 (3.5)
where B is the magnetic field intensity in Tesla, S is the sagitta of the particle
trajectory and R is the solenoid radius, both measured in meters. In order
to maximize the pr resolution, it is necessary to have large magnetic field
intensities along with large sized magnets.

In case of the CMS experiment, the presence of the return yokes allows to
establish a strong magnetic field, provided by the large solenoid magnet, while
keeping the overall size of the apparatus limited and compact, as the name
indicates. Figure [3.7] shows the magnetic field distribution within the CMS
apparatus: the nominal intensity of 3.8 T is established in the volume of the
inner tracker and calorimeters, while it is reduced to 1.5 - 2 T in the volume
defined by the return yoke.

3.2.3 Silicon Tracker

The tracker detector of the CMS experiment is optimized to reconstruct with
great precision the trajectories of charged particle within the 3.8 T magnetic
field provided by the solenoid. Being the innermost detector of the apparatus,
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Figure 3.7: Illustration of the longitudinal section of the CMS detector displaying the
distribution of the magnetic field intensity (left) and lines (right) ||
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Figure 3.8: Schematic cross section of the CMS tracker in the r-z plane. Due to the
tracker symmetry around r = 0, only the top half is displayed [[150].

it is positioned closest to the interaction point. The tracker has a cylindrical
structure, measuring 5.8 m in length and 2.5 m in diameter. It employs silicon
detector technology, chosen for its high radiation hardness, fine granularity and
large hit redundancy, which are crucial to perform a good pattern recognition.
The CMS tracker structure is optimized to be as lightweight as possible, ensur-
ing that it minimally alters the trajectory of the particles crossing it. A sketch
of the tracker in the r — z plane is displayed in Fig. [3.§]

The innermost part of the tracker consists of layers of silicon pixel detec-
tors. In the original design, the pixel detectors covers the pseudorapidity range
of |n| < 2.5. The cylindrical part, called Tracker Pixel Barrel (TPB). is com-
posed of three layers, which have diameters ranging from 8.8 cm to 20.4 cm.
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In addition, two disks, called Tracker Pixel Endcap (TPE), are located at each
end of the TPB. The pixel detector provides a very good resolution on the im-
pact parameter, which is crucial for the reconstruction of secondary vertices,
such as those created by the decay of heavy-flavor hadrons.

Each pixel cells has a size of 100 x 150 zm?, offering high granularity. This
design provides spatial resolutions of 10 um in the  — ¢ plane (perpendicular
to the beam axis) and 20 pm along the z-axis (parallel to beamline).

The original CMS pixel tracker was upgraded for Run 2 in order to han-
dle the increased luminosity and center-of-mass energy of the LHC, as well as
the higher PU environment. During the extended year-end technical stop of
the LHC in 2016/2017 the original CMS pixel detector has been therefore re-
placed with the CMS Phase-I pixel detector. As shown in Fig.[3.9 the Phase-I
detector layout has several improvements over the original design.
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Figure 3.9: Layout of the CMS Phase-I pixel detector compared to the original detec-
tor layout, in longitudinal view [[151].
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The CMS Phase-I pixel detector consists of 4 barrel layers (instead of three
from the original design) and 3 endcap disks on each side (instead of two).
These additional layers and disks extend the hit coverage in regions of high
pseudorapidity. The Phase-I pixel upgrade also introduced a digital readout
chip capable of handling higher rates and a new cooling system, necessary to
maintain the detector’s performance at high luminosities.

The outermost part of the CMS silicon tracker is composed of silicon mi-
crostrip detectors, which are structured with different geometries, each opti-
mized for a different region of the detector volume. The barrel is organized in
two parts [[150]:

¢ the Tracker Inner Barrel (TIB) consists of 4 layers and is characterized
by a single-hit resolution of 13-38 ym in the » — ¢ direction.
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¢ the Tracker Outer Barrel (TOB) consists of 6 layers and ensures a reso-
lution of 18-47 pum in the r» — ¢ direction and 47 pm in the longitudinal
direction, similar to the TIB.

The endcap disks are equipped with concentric rings of silicon strip modules:
the Tracker Inner Disks (TID) comprise three disks, while the Tracker Endcaps
(TEC) comprise nine disks. The TID and TEC disks are characterized by the
same spatial resolution as the TIB and TOB layers, respectively.

3.2.4 Calorimeter

The CMS calorimeter system is a hermetic detector with the goal of measur-
ing the energy of outgoing particles in collision, crucial for reconstructing the
total energy of an event and for estimating the missing energy associated with
undetected particles like neutrinos.

The energy measurement is based on detecting the energy loss of parti-
cles passing through the calorimeter material, where they produce cascades
of secondary particles referred to as showers. The showers initiated by parti-
cles that interact only electromagnetically, such as electrons and photons, are
called electromagnetic showers; the ones produced by hadrons that interact via
the strong force are called hadronic showers. The CMS calorimeter comprises
two subsystems optimized to contain and detect the two types of showers: the
electromagnetic (HCAL) and the hadronic (HCAL) calorimeters.

Electromagnetic Calorimeter

The CMS ECAL is designed to detect photons and electrons with good energy
resolution. The barrel and the endcap are equipped with 75848 lead tungstate
(PbWO,) crystals and cover a large range of pseudorapidity up to |n| < 3
[152]. Figure[3.10|displays a layout of the ECAL barrel, endcap and preshower
subsystems:

* The ECAL Barrel (EB) is made of 61200 crystals which are 23 cm long
and have a frontal surface of ~ 2.2 x 2.2 cm?. They are arranged in

modules and provide a coverage of A¢ x An = 0.0175 x 0.0175.

¢ The two ECAL Endcaps (EE) are composed by 7324 crystals each and
cover the pseudorapidity range 1.48 < |n| < 3.0. The single EE crystals
are characterized by a A¢ x An that ranges from 0.0175 x 0.0175 to
0.05 x 0.05.
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» Two pre-shower detector (ES), consisting of two lead radiators and two
planes of silicon strip detectors, are positioned in front of the two EE
subsystems, respectively. The ES covers the pseudorapidity range 1.65 <
|n| < 2.6. It is aimed to identify two close-by photons from neutral pion
decay, allowing for 7 —  separation, and to improve the estimation of
the direction of photons.

Crystals in a Preshower
supermodule __

Supercrystals

Preshower

End-cap crystals

Figure 3.10: Layout of the the CMS ECAL, showing the crystal barrel and endcap
detectors, as well as the silicon pre-shower detector [[153]].

When an electron enters the calorimeter material, it emits photons via the
process of bremsstrahlung. These photons, if energetic enough, can in turn pro-
duce electron-positron pairs. The resulting secondary electrons and positrons
then repeat the process. In this way, an electromagnetic shower develops and
continues until the photon energies fall below the threshold for further pair
production, which is roughly twice the electron rest mass. To effectively mea-
sure the energy of a primary electron or photon, the calorimeter must be large
enough to contain most of the electromagnetic shower. The size of this shower
depends on two parameters related to the calorimeter material: the radiation
length X and the Moliere radius. The radiation length X describes the lon-
gitutidal extension of the shower and is the mean distance over which a high-
energy electron loses all but 1/e of its energy by bremsstrahlung. In practical
terms, usually 25-30 X are needed to contain the shower. The radial spread of
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the shower is instead described by the Moliere radius, defined as the radius of
an ideal cone that would contain the 90% of the energy released by the shower.
The PbWOy crystals are characterized by a short radiation length (0.89 cm)
and a small Moliere radius (2.19 cm), ensuring a good shower containment
within a limited volume.

The PbWOy, crystals are scintillators, characterized by a scintillation decay
time comparable with the 25 ns time interval between two consecutive bunch
crossings and an emission peak at 425 nm. Each crystal is equipped with two
avalanche photomultipliers (PMT) in the barrel and a single vacuum photo-
triode in the endcap, for scintillation light detection.

In general the energy resolution of an electromagnetic shower is parametrized
as a function of the incident electron/photon energy, E, expressed in GeV:

2 - % + % te (3.6)
where a, the stochastic term, depends on event to event fluctuations in lateral
shower containment, photo-statistics and photodetector gain; b, the noise term,
depends on the electronic noise and event pile-up; and c, the constant, depends
on non-uniformity of the longitudinal light collection, leakage of energy from
the rear face of the crystal and the accuracy of the detector inter-calibration
constants. The ECAL barrel energy resolution was measured for electrons
obtaining the following values: a = 2.8% GeVY/2, b = 12% GeV and ¢ =
0.3% [[153].

Hadron Calorimeter

The CMS HCAL [154] is a sampling calorimeter which utilizes alternating
layers of brass (the absorber) and plastic scintillator (the active material). It is
composed of a barrel (HB) and two endcap (HE) subsystems, as schematized in
Fig.[3.T1] As visible, a minor part of the HCAL, HCAL Outer (HO), is placed
outside the magnet solenoid: in this way, the magnet itself and the return yoke
serve as absorbers, enhancing the detection of high energy hadrons. A forward
calorimeter (HF), instead, increases the geometrical acceptance in the range of
pseudorapidity 2.9 < |n| < 5.

Hadronic showers are in general much more complex than electromagnetic
showers. When a hadron with an energy above around 5 GeV interacts with
the calorimeter material, both inelastic and elastic scattering processes occur
between the incoming particle and the nucleons in the atomic nuclei of the ma-
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Figure 3.11: A quarter slice of the CMS HCAL detectors. The right end of the beam
line is the interaction point. FEE denotes the location of the Front End Electronics for
the barrel and the endcap [[155].

terial. The high-momentum transfer in these interactions leads to the produc-
tion of a large number of secondary hadrons, which in turn continue to interact,
creating a cascade of further interactions and energy loss. The hadronic shower
gradually ceases as the energy of the secondary hadrons decreases, eventually
stopping through ionization energy loss or nuclear absorption. Neutral pions
produced in the cascade, decay in two photons, which initiate electromagnetic
showers. For this reason, a hadronic shower usually contains an electromag-
netic component, which accounts for the 20-30% of its total energy.

In hadronic cascades, the lateral spread of the shower is primarily deter-
mined by large transverse momentum transfers in nuclear interactions, as op-
posed to the multiple scattering of charged particles that drives the lateral
development of electromagnetic showers. This distinction leads to hadronic
showers generally being broader and more complex in structure than electro-
magnetic ones.

The longitudinal extension of a hadronic shower can be described in terms
of the interaction length, that is defined as the mean distance a hadron travels
in a material before undergoing an inelastic interaction with a nucleus. The
interaction length depends on the atomic number (A) of the detector material
and is typically much larger than the electromagnetic interaction length. Be-
cause of that, hadronic showers penetrate much deeper into the calorimeter
than electromagnetic showers. To effectively confine hadronic showers, dense,
high-A materials are typically used in hadronic calorimeters. In the case of
the CMS HCAL, brass is chosen as the absorber material, since it has a short
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interaction length (~15 cm) and is non-magnetic. The energy is measured by
plastic scintillators equipped with wavelength shifting fibres and photodiodes.

The HB is structured as 36 identical azimuthal wedges, each made up of
brass absorber plates that are positioned parallel to the beam axis, interleaved
with plastic scintillators segmented in both ¢ and 7 directions with a granular-
ity of A¢p x An = 0.087 x 0.087.

The HO complements the HB in the central region: their combination offers
nearly 11 hadronic interaction lengths in total.

The HE, which covers the forward region, is similarly structured with 79-
mm-thick brass plates. These plates are separated by 9-mm gaps that accom-
modate scintillators, and the HE granularity is A¢ x An = 0.17 x 0.17.

Finally, the Hadronic Forward (HF) calorimeter extends the pseudorapidity
coverage up to || < 5. It is constructed using steel and quartz fibers aligned
parallel to the beam. Charged particles produce Cherenkov light in the quartz
fibers, which is then collected by PMT tubes. The HF detector is housed within
a radiation shielding which consists of layers of 40 cm thick steel, 40 cm of
concrete, and 5 cm of polyethylene for neutron shielding.

The signals from photodiodes or PMTs are processed by being integrated
and digitized through a custom-designed chip, which is located directly on the
detector.

The hadronic energy resolution follows a similar parametrization to that
used for the electromagnetic calorimeter:

98 _ 9 4. 3.7)

E VE
where E is in GeV, a is a stochastic term and c is the constant term, which
becomes dominant at high energies. For the barrel and the endcap region the
resolution parameters are found to be a = 90% GeV'/? and ¢ = 4.5%, while
for the HF a = 172% GeV'/2 and ¢ = 9% [[155].

3.2.5 Muon System

Because muons can penetrate several metres of material losing little energy
(mainly through ionization processes) unlike most particles, they are not stopped
by any of the CMS calorimeters. Therefore, chambers to detect muons are
placed in the outer part of the experiment where they are the only particles
likely to produce a clear signal.

The muon system is housed within the three layers of the return yoke and
relies on gaseous detectors of four different technology: Drift Tubes (DT),
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Cathode Strip Chambers (CSC), Resistive Plate Chambers (RPC) and Gaseous
Electron Multipliers (GEM). In the layout of Fig. [3.12] which displays the
transverse section of a CMS quadrant, the configuration of the muon chambers
is shown, with different colors for the different technologies employed.
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Figure 3.12: One quadrant of the CMS detector in its Run 3 configuration, with the
Muon detectors in different colours .

The barrel system extends up to || < 1.2 and the endcap up to |n| < 2.4,
which corresponds to the geometrical acceptance of the muon system.

In the muon chambers, each hit position is recorded, and the full muon
track is reconstructed by combining hits from multiple detector layers. The
return yokes provide a magnetic field of ~ 2 T, enabling precise momentum
measurement in a compact setup. For this reason, the combined set of muon
chambers is often referred to as the Muon Spectrometer.

However, in addition to muons, also other particles can reach the muon
system, such as punch-through hadrons from the inner detectors and neutrons
from particle showers or gaps in the HCAL’s forward shielding. Neutron expo-
sure, in particular, can be a risk to the gaseous detector’s durability. Moreover,
low energy neutrons can activate surrounding materials, leading to radiative
de-excitations of the nuclei and photon emissions that generate background
signals.
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Therefore, accurate measurement of the muon track, with good spatial res-
olution and ample hit redundancy, is crucial for background rejection and pre-
cise muon final-states identification. A good time resolution is required too,
as the muon system serves also as trigger and a fast response time is essential
to unambiguously assign a muon trigger candidate to the right bunch crossing.
The various detector technologies employed in the muon system are described
in the next sections.

Drift Tubes

The Drift Tubes (DT) are installed within each of the four concentric cylindri-
cal stations forming the barrel section of the CMS muon system. This detector
technology was selected for the barrel area due to the low rates expected and
the relatively weak magnetic field in this region, as illustrated in Fig.[3.7]

L)

=TT

Figure 3.13: Layout of the CMS barrel muon DT chambers in one of the 5
wheels [[156]. The chambers in each wheel are identical with the exception of wheels
-1 and +1 where the presence of cryogenic chimneys for the magnet shortens the
chambers in 2 sectors.

The 250 DT chambers are arranged across five wheels, covering a pseu-
dorapidity range of up to |n| < 2.1. Figure illustrates the configuration
of one of these barrel wheels. The fundamental element of the DT system
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is depicted in left Fig. [3.14] It is essentially a rectangular drift cell bounded
by cathode aluminum strips on the sides and aluminum plates on the top and
bottom, with an anode wire centered along the cell’s symmetry axis. The cell
is filled with an Ar-CO2(85% — 15%) gas mixture, which ionizes as charged
particles pass through, generating electron-ion pairs that then drift toward the
electrodes. The cathode electrodes are designed to shape the electric field
within the cell, ensuring a uniform drift velocity across its width. This en-
ables accurate conversion of drift time into distance. The maximum drift dis-
tance is ~ 21 mm, which translates in a maximum drift time of about 380 ns
in Ar-CO2(85% — 15%) gas mixture, resulting in a single-wire resolution of
approximately 200 pm.

DT chamber
|_local frame X /Muon

Anode wire  Electrode strips
]

strip
Muon

Figure 3.14: (Left) Section of a drift cell of a Drift Tube detector, showing the anode
wire and the cathode strips, as well as the drift lines and the isochrones. (Right)
Structure of a DT Chamber with three superlayers composed of 4 layers each [[157].

Each DT chamber is composed of 2 or 3 superlayers, with each superlayer
consisting of 4 layers of DT cells that are staggered by half a cell width, as il-
lustrated in right Fig.[3.14] The superlayers are configured with wires oriented
either parallel or transverse to the beam line, allowing for precise measure-
ments of the muon position in both the » — ¢ plane and along the z-axis. The
spatial resolution achieved in each DT chamber, by combining all layer mea-
surements, is approximately 80-120 pm in the » — ¢ plane and 130-390 pm
along the r — z plane [157]. The design specifications for the DT subdetector
set a time resolution requirement of 5 ns. However, tests have shown that the
chambers and their associated electronics surpass this target, achieving a time
resolution of under 3 ns for high-p7 muons [[157]).



3.2. The Compact Muon Solenoid experiment 69

Cathode Strip Chambers

The Cathode Strip Chambers (CSC) are installed on four disks (stations) within
each endcap section, between the iron disks of the return yoke, which also
function as shielding. The choice of CSC technology for the endcap, as op-
posed to DTs, is driven by the higher muon rates and the intense and inho-
mogeneous magnetic field in that region. The muon chambers in the endcap
feature a trapezoidal design and are arranged to ensure complete coverage in
the » — ¢ plane. The CSC is a type of multi-wire proportional chamber where
the cathode plane is divided into strips that run perpendicular to the direction
of the wires. When an ionizing particle crosses the gas volume, it generated
electron-ion pairs. The electrons then drift toward the anode wires and, thanks
to the strong electric field established within the chamber, they further ionize
the gas, leading to an avalanche effect. This avalanche induces a distributed
charge on the cathode plane, which is segmented into strips. By using the
charge barycenter, the position of the particle track along the wire can be ac-
curately reconstructed, as illustrated in Fig.[3.15]

cathode
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T T e s esesemse cathode with strips
-
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Figure 3.15: Principle of coordinate measurement with a cathode strip chamber. Top:
cross section across wires. Bottom: across cathode strips. Close wire spacing allows
for fast chamber response, while a track coordinate along the wires can be measured
by interpolating the signals induced on the strips [[158].
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Each CSC trapezoidal chamber is constructed from six wire planes, with
the cathode strips arranged radially to facilitate the measurement of the r — ¢
coordinates. Each plane consists of 80 cathode strips, with a pitch that varies
between 2.2 and 4.7 mrad in the ¢ direction. The orthogonal anode wires
are spaced from 2.5 to 3.16 mm apart. These chambers are filled with a gas
mixture of CO4, Argon and CFy in the proportion of 40%-50%-10%.

In each endcap muon station (ME1-ME4 in Fig. [3.12)), two rings of cham-
bers are installed, with the first station (ME1) containing three rings. Each ring
is composed of either 18 or 36 trapezoidal chambers.

The spatial resolution achieved by the CSC subsystem varies from approx-
imately 70 pm in the ME1/1 chamber to about 210 pm in the ME4/1 chamber,
while the time resolution is around 3 ns [[157].

Resistive Plate Chambers (RPC)

The RPCs are installed in both the barrel and endcap CMS sections, and they
complement the DTs and CSCs with a very fast response time, crucial for
trigger purposes. The RPC is a type of gaseous detector with planar geom-
etry, composed of two bakelite planes coated with a thin film of graphite, a
positively-charged anode and a negatively-charged cathode, separated by a 2
mm wide gas gap (a mixture of freon, isobutane, sulphur hexafluoride and wa-
ter vapor). Each CMS RPC chamber is composed of two such gas gaps facing
a shared layer of readout strips, as illustrated in Fig.[3.16] A high voltage of
approximately 9.6 kV is applied on the outer graphite coated surfaces of the
bakelite plates. When a charged particle crosses the gas volume, it initiates
an ionization cascade, resulting in an avalanche that induces a signal on the
readout strips.

In the barrel, RPCs chambers follow the same segmentation as the DT su-
perlayers, as shown in Figs.[3.12][3.13] Six layers of them are embedded within
the barrel iron yoke: four of these layers situated in the inner and outer sides
of the first two stations of the DT chambers, while the other two are located
on the inner side of the third and fourth stations of the DTs. Each barrel RPC
chamber is equipped with 96 readout strips running parallel to the beam line,
with pitch ranging from 2.1 cm (in RB1) to 4.1 cm (in RB4).

In the endcap, the RPCs are organized across four stations, similarly to the
CSCs. The chambers have a trapezoidal shape and are equipped with readout
strips arranged radially characterized by a length spanning from 25 cm in the
most forward RE1 chamber to 80 cm in the RE4 chamber and a strip pitch
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Figure 3.16: Schematic view of a RPC [157].

ranging The strip pitch also ranges from 0.7 up to 3 cm. The RPC performance
benefits from a spatial resolution of approximately 1 cm and a time resolution
around 2 ns.

3.2.6 Gaseous Electron Multiplier (GEM)

During the future high-luminosity phase of the LHC, the muon hit rate in the
forward region is expected to reach a value of 5 kHz/cm? in the first muon
layer. Such a high rate necessitates, in the forward region, of a detector resis-
tant to radiation, with high rate capability and capable of minimize the number
of misidentified tracks in order to keep the trigger rate under control [159].

Therefore, in order to enhance track reconstruction and trigger capabilities
of the endcap muon system, large-area triple layer GEM detectors were in-
stalled in the CMS endcap before the start of Run 3. This single station, called
GE1/1, covers a pseudorapidity range 1.55 < |n| < 2.18 and is the first of
three endcap rings that are foreseen for the HL-LHC upgrade. A sketch of the
GE1/1 station is displayed in Fig.[3.17]

Each GE1/1 endcap ring contains two layers of 36 triple GEM chambers
positioned just in front of the first CSC station, ME1/1, with each chamber
spanning a 10 sector in azimuth. The chambers are manufactured in two dif-
ferent sizes: the odd-numbered chambers in GE1/1 are slightly longer to opti-
mize pseudorapidity coverage while fitting within the spatial limitations set by
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Figure 3.17: Sketch of GE1/1 system of one endcap ||

the support structure, as illustrated in [3.18] The GE1/1 subsystem is located
between 566 and 574 cm in z and spans a radial range of 145 to 230 cm.

> GEM inner frame

Outer frame

Drift board

Figure 3.18: (Left) Layout of the GE1/1 chambers along the endcap ring, indicating
how the short and long chambers fit in the existing volume. (Right) Blowup of the
trapezoidal detector, GEM foils, and readout planes, indicating the geometry and main

elements of the GEM detectors || ||

The CMS triple GEM detector, a micro-pattern gas detector, consists of four
gas layers separated by three GEM foils. At the base of this GEM assembly is
a printed circuit board that holds the drift electrode. The top layer, the readout
board, has radially oriented strips along the chamber’s long side, with strip
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pitch ranging from 0.6 to 1.2 mm. The readout board is segmented into up to
8 x 3 n — ¢ partitions, each equipped with 128 strips.

The basic unit of a GEM detector is the GEM foil, a thin polyimide sheet
coated on both sides with copper and etched with a uniform array of fine holes.
The polyimide layer is typically 50 pm thick, with a 5 pm copper coating
on each side. The hexagonal hole pattern has a pitch of about 140 um, with
holes generally taking on a biconical shape—inner diameters around 50 pm
and outer diameters about 70 pm, though specific dimensions vary by etch-
ing method (see left Fig 3.19). When a voltage difference is applied across
the GEM foil, charge multiplication takes place within the holes. In a single
GEM detector, most electrons are driven toward the anode by the induction
field, while some are collected at the bottom of the GEM, as shown in right
Fig3.19] By cascading multiple GEM foils, each operating at a lower gain,
the avalanche spreads over multiple holes, thus limiting charge density and re-
ducing discharge risks. In CMS, the triple GEM foils operate at stable gains
between 10* and 10°. The GEM detectors in the GE1/1 station operate with an
Ar/COs gas mixture in a 70:30 ratio. In GE1/1, pair of chambers are matched
to form a "super-chamber", providing two measurement planes and maximiz-
ing the detection efficiency for the station.
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Figure 3.19: (Left) Scanning Electron Microscope picture of a GEM foil showing the
hole pattern. (Right) Illustration of the avalanche formation inside a GEM hole ||

GEM technology is well-suited for the high particle rates of the forward
region, tolerating rates up to hundreds of kHz/cm? while providing precise
spatial and timing resolution, approximately 250-500 pm and under 10 ns per
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layer, respectively. When combined in the GE1/1 station, these layers achieve
a spatial resolution of about 100 pm.

3.2.7 The CMS Trigger System

At the LHC proton bunches cross at a rate of 40 MHz and each bunch contains
10" protons, resulting in a proton collision rate of 107-10° Hz. It is not pos-
sible to store the result of each collision to disk: considering a 2 MB size per
event and a collision rate of 1 GHz, a storage capacity of approximately 1 PB/s
would be required. With the current technologies, CERN is capable of storing
a few tens of PB per year from the LHC.

For this reason, the CMS experiment is equipped with a two-level trigger
system, responsible for selecting events that are interesting from the physics
point of view, within a very broad research program. The first level trigger
(L1T) is a hardware based system, designed to make very fast decisions (4
us of latency) by exploiting only information reconstructed by the calorime-
ters and the muon detectors [[161]]. The L1T reduces the rate from 1 GHz to
110 kHz, which is further handled, in the next stage, by the high-level trig-
ger (HLT), a software-based system which runs the full event reconstruction
customized for fast processing. In Run 3, the HLT has reached a final output
rate of 2.6 kHz. Additionally, the HLT stores extra samples, under the name of
parking datasets, which are reconstructed with a certain delay and only when
the resources are not needed for the main reconstruction, at a rate of 3 kHz.
Another strategy in the trigger reconstruction, called scouting, allows us to
store 30 kHz of HLT-reconstructed data and 40 MHz of L1T-reconstructed
data, without undergoing offline reconstruction.

L1 Trigger

The L1 trigger selects events on the basis of information reconstructed by the
calorimeters and the muon system, as schematized in Figure|3.20

In particular, calorimeters and muon detectors reconstruct the so-called
Trigger Primitives (TPs), which are basically energy and position measure-
ments. The L1T calorimeter and muon systems then reconstruct jets, electrons,
photons, hadronically decaying 7 leptons, and muons, and the calorimeter trig-
ger computes energy sums. Finally, the L1T Global Trigger (GT) makes the
final decision, called LI Accept (LL1A), by applying selections on the multiplic-
ity and kinematic quantities of these objects, as well as the proximity to each
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Figure 3.20: Overview of the CMS L1 trigger system. Trigger primitives (TP) from
the forward (HF) and barrel (HCAL) hadronic calorimeters, and from the electromag-
netic calorimeter (ECAL), are processed by the Calorimeter Trigger System and sent
to a demultiplexing card (DeMux). Energy deposits (hits) from the resistive-plate
chambers (RPC), cathode strip chambers (CSC), and drift tubes (DT) are processed
either via a pattern comparator or via a system of segment- and track-finders and sent
onwards to a global muon trigger (GMT). The information from the DeMux and GMT
is combined in a global trigger (GT), which makes the final trigger decision. This de-
cision is sent to the tracker, ECAL, HCAL or muon systems via the trigger, timing
and control (TTC) system. The data acquisition system (DAQ) reads data from vari-
ous subsystems for offline storage [[161]].

other, timing information and beam presence. A complete set of L1 selections
dedicated to a specific region of the phase space is referred to as L1 seed and
the so called LI menu gathers together all the L1 seeds to be used during pp
collisions.

The L1 latency, which is the time needed to perform this fast reconstruction
and to decide whether to read out the full-event information, is 4 ps for CMS
and it includes the needed latency for taking the data out of the detector to the
counting room and sending the L1A back to the on-detector electronics.
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High Level Trigger

The L1T output rate is further reduced to 2.6 kHz by the HLT, a software-based
trigger system which exploits the full event reconstruction to select events con-
sidered interesting for the wide CMS physics program. Since Run 3, the HLT
has started to make use of graphical processing units (GPUs) in the farm. Many
reconstruction algorithms were implemented to run on both central processing
units (CPUs) and GPUs: they are executed on a GPU if available, otherwise
on a CPU.

Both the L1 and the HLT output rates can be tuned by defining a prescale
factor: in this case, not all the events passing the specific selection criteria are
selected, but a random subset. A complete sequence of L1 and HLT selection
criteria, including the prescale, is called trigger path.

The HLT selection consists of two sequential steps: first, the full informa-
tion from calorimeters and muon detectors is exploited reducing the event rate
by approximately one order of magnitude; then, also the information from the
silicon tracker is reconstructed and further selections are applied.

HLT algorithms are very versatile, and therefore customized HLT paths
dedicated to specific signals can be implemented. The event reconstruction
performed at the HLT is mainly based on the same algorithms used for offline
object reconstruction, but optimized for fast processing.

After the HLT makes the final decision, the data is initially stored locally
on disk in raw data format and then transferred to the Tier-0 computing center,
which perform offline reconstruction and store the data permanently.

Offline reconstruction consists of a large number of complex and sophisti-
cated algorithms, described in Chapter [3.3] aimed at identifying the different
particles created in the pp collisions.

For storage, different datasets are defined on the basis of different classes of
trigger paths: for instance, the Muon and Electron datasets collect data selected
by trigger paths applying primarily requirements on muons and electrons, re-
spectively.

3.3 Physics object reconstruction

The raw detector information is combined and used to reconstruct physics ob-
jects, which are the input of all data analyses. A global event reconstruction
is performed to identify few elementary objects: charged and neutral hadrons,
electrons, photons, and muons. These are subsequently combined with sophis-
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ticated algorithms to reconstruct more complex objects such as hadronically
decaying 7 leptons, jets, and missing transverse momentum.

3.3.1  Tracks and primary vertex

At the CMS experiment, track reconstruction relies primarily on the Combina-
torial Kalman filter [[162]].

A track seed is initially built from either two hits and an estimated beam-
spot or three hits, in order to reduce the number of possible hit combinations to
be processed (seed generation). The track seeds allow to obtain a first estimate
of the track parameters, essential for the track building process. Then, the
Kalman filter extrapolates the seed trajectories along the expected flight path
of a charged particle and assign additional hits to the track candidate (track
finding) [163]]. After the track finding step, the track parameters are fitted by
taking into account all the hits associated to the track (track fitting). Tracks
are then selected according to the normalized x? value (track selection). This
helps to discard tracks incorrectly reconstructed from hits of different particles.

This tracking sequence—seed generation, track finding, track fitting, and
track selection— is repeated iteratively. Prompt tracks with high py, which
are the easiest to find, are reconstructed at the first iterations, while later iter-
ations target tracks more difficult to reconstruct. At the end of each iteration,
hits already associated to a reconstructed track are removed to reduce the com-
binatorial complexity in the next iterations [[164]. Additionally, the Cellular
Automata (CA) track seeding algorithm developed for parallel architectures is
employed to further enhance the efficiency of track reconstruction [[164]]. The
CA algorithm creates hit doublets (cells) for each pair of layers and then com-
pute the compatibility between adjacent cells as schematized in the sketch of

Figure 3.21: Sketch of the Cellular Automata track seeding [|165].
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This approach facilitates parallel processing of track candidates, thereby
improving both the speed and robustness of pattern recognition. The inte-
gration of the Combinatorial Kalman filter and Cellular Automata provides a
comprehensive framework for achieving high-quality track reconstruction in
the CMS detector.

For each event, a large number of interaction vertices is originated, which
includes the main hard scattering interaction, called primary vertex (PV), and
the vertices from pileup collisions. The PV is reconstructed from the track
collection following three main steps: selection of the tracks, clustering of the
tracks compatible with the same interaction vertex and fitting for determining
the vertex position. For each vertex reconstruction, a weight is assigned to the
tracks used for that vertex, based on their compatibility with the vertex. At
the end, the vertex with the highest summed track weights is selected as the
PV. The resolutions in x and z are estimated to be, in minimum-bias events,
less than 20 and 25 pm respectively, for primary vertices reconstructed with at
least 50 tracks [163]], as it can be observed in Figure (red dots). Overall, a
better resolution is observed in a jet-enriched sample (black dots), produced by
requiring each event to have a reconstructed jet with transverse energy Er >
20 GeV. Having significantly higher mean pr, these tracks benefit from a better

resolution.
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Figure 3.22: Primary-vertex resolution in x (left) and in 2 (right) as a function of the
number of tracks at the fitted vertex, for two kinds of events with different average
track p values [[163]].

Figure shows the resolution, as a function of pr, of dy and 2y, defined
as the coordinates of the impact point in the radial and z directions. These
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results are evaluated on simulations of isolated muons with with pr = 1, 10,
and 100 GeV, in different 7 partitions.
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Figure 3.23: Resolution, as a function of pr, of dy (left) and zg (right), for single
isolated muons in the barrel, transition, and endcap regions, defined by 7 intervals of
0-0.9, 0.9-1.4 and 1.4-2.5, respectively. For each bin in pr, the solid (open) symbols
correspond to the half-width for 68% (90%) intervals centered on the mode of the
distribution in residuals [163]].

3.3.2 Particle Flow

Particle Flow (PF) reconstruction is a sophisticated technique used in the CMS
experiment to achieve high-quality identification and reconstruction of parti-
cles produced in pp collisions. Figure [3.24] shows a sketch of different par-
ticle interactions with the subsystems of the CMS detector. In principle, be-
fore the introduction of the Particle Flow algorithm, jets can be reconstructed
by exploiting only the information collected by the hadron calorimeter, while
electrons and photons can be reconstructed primarily by the electromagnetic
calorimeter, and muons can be reconstructed solely by the muon chambers.
However, a significant improvement in event description can be achieved by
correlating the basic elements from all the sub-detectors and combining all the
information collected to identify each final-state particle and reconstruct their
properties. This integrated approach, known as Particle Flow, leverages the
strengths of each sub-detector to provide a more accurate and comprehensive
picture of the collision events [[165].
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Figure 3.24: Sketch of the specific particle interactions in a transverse slice of the
CMS detector, from the beam interaction region to the muon detector. The muon and
the charged pion are positively charged, while the electron is negatively charged [165]].

The PF approach consists of the following steps:

1. Track reconstruction. Tracks are reconstructed as described in [3.3.11

Originally, track reconstruction was aimed at measuring the momentum
of energetic and isolated muons, at identifying energetic and isolated
hadronic 7 decays, and at tagging heavy flavor jets. It was then opti-
mized for the PF algorithm with the iterative approach, which increases
the tracking efficiency, while keeping the background rate under control.

. Calorimeter cluster finding. The clustering algorithms in the calorime-

ters have the multiple purposes of detecting and measuring the energy
and direction of stable neutral particles (photons and neutral hadrons),
separating them from charged hadron energy deposits, reconstructing
and identifying electrons and bremsstrahlung photons and retreiving en-
ergy measurents for charged hadrons with low quality or high-pr tracks.
The clustering is carried out independently in each subdetector. It starts
from the identification of cluster seeds, i.e. cells that have an energy
larger than the neighbouring ones besides overcoming a given thresh-
old. Then, topological clusters are formed by taking into account the
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neighbouring cells contributions under certain conditions. Final clus-
ters are reconstructed from the topological clusters by using a dedicated
algorithm and are accurately calibrated.

3. PF element association. While crossing the CMS subdetectors, each
particle originates different PF elements that are connected together by a
link algorithm. For instance, a track and a calorimeter cluster are linked
if the extrapolated track position in the calorimeter is geometrically com-
patible with the cluster area. If more than one cluster is associated to the
same track, the link which minimizes the spatial distance is kept.

4. Particle identification. Particles are identified in the following order:
first, muons are reconstructed from silicon tracks linked with tracks in
the muon system and their calorimeter deposits are subtracted from the
Particle Flow hit collection. Then, it is the turn of electrons and isolated
photons: electrons are reconstructed by combining tracks and ECAL
clusters, while photons are reconstructed from ECAL clusters not con-
nected to a track. Once muons, electrons, and isolated photons are iden-
tified and removed from the PF blocks, the remaining particles to be
identified are hadrons from jet fragmentation and hadronization. These
particles may be detected as charged hadrons (7%, K*, or protons), neu-
tral hadrons (e.g. K9 or neutrons), nonisolated photons (e.g. 7° from
decays), and more rarely additional muons (e.g. from early decays of
charged hadrons).The ECAL and HCAL clusters not linked to any track
give rise to photons and neutral hadrons, respectively. Finally, each of
the remaining HCAL clusters of the PF block is linked to one or several
tracks (not linked to any other HCAL cluster) and these tracks may in
turn be linked to some of the remaining ECAL clusters (each linked to
only one of the tracks), to reconstruct the charged hadrons.

3.3.3 Jets

Quarks and gluons produced in pp collisions generate a parton shower and
hadronize, resulting in jets of collimated particles. At the CMS experiment,
jets are reconstructed by clustering the PF objects with the anti-k7 algorithm [[166]
within the FastJet software package [[167]]. The algorithm follows an iterative
procedure, which takes the various hadron candidates reconstructed by the PF
algorithm and groups them into jets. For each object ¢ of transverse momentum
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pr,i a distance from the beam axis is defined as follows:
dip = p;g . (3.8)
Another distance is associated to each possible pair in the following way:

AR,
R2

dij = min(p73, pr5) 3 - (3.9)
where AR, = (pi — ¢;)° + (i — n;)*, and R is the size of the jet cone
in the 7 — ¢ plane. In the non-boosted cases, characterized by final-state-
objects of relatively low transverse momentum, jets are normally clustered
with a distance parameter AR of 0.4 (AK4 jets). Larger AR values (0.8 or 1.5)
are, instead, used for the reconstruction of jets coming from Lorentz-boosted
W, Z and Higgs bosons, from top quarks or from heavy new resonances. After
ordering all the distances d;p and d;; in decreasing order the algorithm works
as follows:

1. the smallest distance is examined:

a) if it is of type d;p, then i is assigned to a jet;

b) ifitis of type d;; the momenta of the particles ¢ and j are summed.

2. if the particle has been assigned to a jet it is removed from the list, then
the algorithm investigates the new smallest distance available.

The procedure is started anew iteratively till each particle has been assigned
to a jet. Jet energy and transverse momenta are measured in simulation using
the properties of stable particles which have been clustered into a jet by the
anti-k; algorithm. Pile-up jets, electronic noise in the calorimeters, and other
factors can cause a discrepancy between the jet modeling in simulation and
the reconstructed jets. A calibration of the jet energy is performed in order
to achieve a more accurate description of the jet properties at reconstruction
level. The set of corrections applied to the jet energy and transverse momen-
tum are globally referred to as jet energy corrections (JECs). Reconstructed
jets are then usually identified as originating from heavy flavor quarks or light
quarks, through a procedure called heavy flavor tagging, performed by several
algorithms proposed in CMS [168-170]. The relevant one for the CMS analy-
sis presented here is called DeepJet [[168]/171]] and is based on a convolutional
recurrent neural network which receives, as input, low-level features from a
large number of jet constituents. In the context of the analysis outlined here,
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the jet tagging is solely used to identify jets initiated by bottom quarks and
veto event with at least one of such jets.

3.3.4 Missing Transverse Energy

In pp collisions the hard scattering interaction can be assigned to two sin-
gle partons belonging to the colliding protons, while the interaction between
partons of the same proton can be neglected. Each parton has a momentum
D = z; P equal to a fraction x; of the proton momentum P. The momen-
tum fractions z; and x5 carried by the colliding partons are not necessarily
equal. The parton momenta p; and ps are therefore not required to be equal in
module, but are both directed along the beam line. Therefore, the momentum
associated to the partonic scattering center of mass, p; + pa, has a projection
in the transvere plane equal to 0. The physical variables chosen to describe a
pp collision must be invariant under Lorentz boost along the z axis, e.g. the
transverse momentum of a particle. In any collision the transverse momenta of

the particles emitted must sum up to 0:

> Pri=0, (3.10)

with pp; transverse momentum of the i-th particle, and the sum running on
all particles produced in the hard scattering vertex. This is verified under the
assumption that all particles are reconstructed and their energy is correctly
measured. A more accurate depiction of what is observed experimentally is
that some energy in the transverse plane is missing. This missing transverse
energy (ﬁ%ﬁss) is defined as:

reco.

PE == P 3.11)
%

where the sum now runs over the reconstructed particles, and pr; is the re-
constructed transverse momentum of each particle. The ﬁ%‘iss itself combines
detector inefficiencies effects with the presence of particles which escaped the
detector without interacting, like neutrinos or neutral weakly interacting parti-
cles in BSM theories, collectively referred to as invisible particles. Tau leptons
decay through weak charged current, and at least a neutrino is always present
among the decay products. Hence, the CMS analysis presented in this thesis

work strongly relies on the proper reconstruction of the ﬁ%ﬁss.
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3.3.5 Tau leptons

Tau decays can either be fully leptonic, with the tau decaying into a muon
or electron and two neutrinos, or involve hadrons (plus one tauon neutrino),
with or without intermediate mesonic resonances (see the branching fractions
reported in Fig. [3.25)). In the following, fully leptonic decays will be referred
to simply as leptonic (1;), while decays involving at least a charged hadron will
be called hadronic (7).

It is common to refer to the charged decay products of tau leptons as prongs
and divide the decay channels according to the number of prongs. Leptonic
decays are all one prong decays, thus they do not require other labeling aside
from, where relevant, specifying whether the tau decayed into a muon (7,)
or an electron (7). Hadronic decays instead are classified depending on the
mesonic resonance involved, leading to the labels: 75, with h € {m, p, a%P " a{’P "}
The labels a}" and 37" are both associated to decays involving the a; meson
as a resonance, and indicate respectively decays with one or three prongs.

When talking about reconstruction of tau leptons it is usual to refer im-
plicitly to the identification of hadronic decays. This is because 7; candidate
is simply an isolated lepton reconstructed following the usual procedures for
electrons and muons. The reason for not implementing more precise recon-
struction techniques stems from the difficulty of separating 7; candidates from
prompt leptons. Leptonic decays involve always two neutrinos, making them
3-body decays, in which only one decay product is actually identified. This
means that the fraction of energy of the decaying tau lepton carried by the
prong falls within a continuous spectrum. Energy related quantities are there-
fore not different between 7; and prompt leptons. Furthermore, tau leptons
have decay lengths of the order of millimeters, making the distinction between
leptons coming from the PV and the ones coming from vertices so close to the
beamline extremely difficult.

Reconstruction of hadronically decaying tau leptons is operated in CMS
with the hadron-plus-strip (HPS) algorithm [[172,/173[]. Candidate jets, pho-
tons and electrons reconstructed by the PF algorithm are tested for compati-
bility with hadronic decay channels of tau leptons. A typical 75, candidate is
an isolated collimated jet with low multiplicity. The HPS algorithm aims at
identifying 7, candidates with high efficiency while rejecting the main back-
ground: quark and gluon jets coming from the QCD multijet production.

The HPS algorithm is seeded by PF jet candidates identified by the anti-k;
algorithm with a cone size of AR < 0.4. For each seeding jet, particles in an
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hadrons

Figure 3.25: Pie charts representing the tau lepton decay channels with relative
branching fractions. The right chart shows the detail of the different hadronic de-
cay modes, separated in one prong ones and three prongs ones, thorugh color code.
The letter h is used to label charged hadrons.

n-¢ cone of radius AR = 0.5 around the jet axis are then tested as candidates
for:

* hadrons: charged particles depositing their energy in both ECAL and
HCAL;

* strips: a cluster of electrons and photons producing in ECAL signatures
compatible with a ¥ decays.

Several tau hadronic decay channels include 7° mesons, which decay into two
photons almost 100% of the times. Photons have a chance of converting into
an electron-positron pair, which then are separated along the ¢ direction due to
the magnetic field. This results in an ECAL cluster narrow in 1 and extended
in ¢, referred to as strip. Photons and electrons in the jet cone are clustered
to form a strip if they are found in a certain An x Ay window. In Run 1 the
window size was fixed and set to An x Ay = 0.05 x 0.20 [172]], while in Run
2 a dynamic strip reconstruction was introduced [[173]].
The algorithm proceeds iteratively:

1. astrip is seeded by the leading photon or electron (e/~) found in the jet
not yet assigned to a strip;

2. the position and transverse momentum of the leading e/~ are assigned

to the strip as the position of its center (*'"?? and ©*!"P) and momentum

e
T )
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3. the next highest p e/~ candidate is then assigned to the strip if the dis-
tance between its position (77 and ¢%/7) and the strip center satisfies
the following relations:

An(e/v — strip) < max (f( /7) + f(psPy, 0.15) (3.12)

Ag(e/y — strip) < mazx (g(peT/ )+ g(p), 0. 30) (3.13)
with

f(pr) =0.20 - p0%0 (3.14)

g9(pr) =0.35 - pp"™ (3.15)

4. if the e/~ candidate is included in the strip then the properties of the
strip are re-evaluated based on its constituents:

e/y
stmp Z pe/'y (3 16)
e/v
stmp _ Stmp Z pe/’Y e/ (3 17)
e/y
StT'lp Strlp Z pe/'y e (3 18)

5. the process continues till no other e/~ candidate is found within the strip
window, and the clustering of a new strip is initiated using the unas-
signed e/~ candidates.

The algorithm improved strip reconstruction compared to the fixed-window
one done in Run 1, as it allowed to tackle events with different topologies:

* high energy 73 decay in highly collimated jets and the use of a smaller
window size allows for better discrimination against quark and gluon
jets;

¢ through multiple scattering in the tracker, electrons and positrons origi-
nated by the ¥ decay could fall outside the fixed window;
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* charged pions could radiate low pr particles by interacting with the
tracker material reaching ECAL outside a fixed window.

The functions defined in Eq. and were chosen in order to include in
a strip 95% of all electrons and photons coming from 73, decay products. This
was done by simulating single 75, and reconstructing the distance in 1 and ¢
between the e/~ coming from 7, decays and the 7, direction of flight, used as
a proxy for the strip center, and then fitting the contour representing the 95%
quantile as shown in Fig.[3.26]

CMS simulation CMS simulation
T T

—_ —_ 1%}
T T T T
- @\ () Q
12
S __fp) L g s —9(p,) 0 T
2 T c .© T he]
oS 025 300 © g o]
g « 95% envelope T = * 95% envelope 100 &
02 0§ = 2
) =
= g 50 B
200 © = 5
0.15 ° T =
- g 60 ©
150 @ ]
0.1 % 0 g
100 2 P
005 - 20
et s ere e,
Il 1 L | L 1
0 5 10 15 20 ° 0 5 10 15 20 °
efy ely
p;" (GeV) p;" (GeV)

Figure 3.26: Distance in 7 (left) and in ¢ (right) between e/~ candidates and the
T, direction of flight, as a function of pﬁ}/ 7. The dashed lines represent the functions
f(pr) and g(pr) shown in Eq. and [3.15| which are used to fit through the dotted
points, which show 95% quantile for the given pr bin [[173].

The highest energy hadron and strip candidates selected (up to six each)
are then combined as potential 75, candidates and compared to the different
hadronic decay modes of tau leptons. The assignment of a decay mode is
based on the number of prongs and strips available and the invariant mass of
the tau decay products.

For each T}'L candidate, corresponding to different combinations of hadrons
and strips, the invariant tau lepton mass m., is reconstructed. It is defined as
the module of the 4-momentum p,, = (E;, ,p}", Dy pZh) obtained by adding
the 4-momenta of the reconstructed visible decay products. It is useful to fac-
torize the contribution on the tau invariant mass coming from the strips when
defining the decay mode. This is done since the energy associated to a strip
depends on its window size, as it affects how many electrons and photons are
associated to the strip. An ad hoc estimation of this contribution is calculated
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as [173]:

: om., stri 2 om stri ?
Amiff”’:\/ (g @i™) + (pmoi™) o 619

where the two partial derivativesE] in the equation represent the changes to the

invariant mass brought by the distance of the strip from the 7, direction of
flight.

Based on the number of reconstructed hadrons and the values of m,, and
AmSP of each 7, candidate, the HPS assigns the decay mode as follow

» one prong (h*): This DM corresponds to cases where only one charged
hadron candidate was identified, not accompanied by good strip candi-
dates, and m,, < 1. The choice of this mass window allows to target
not only charged pions, but also the rarer decays to kaons. For this DM,
m, 1s then assigned to be equal to the pion mass.

» one prong plus one strip (h*7°): A charged hadron is required to be
identified together with a strip, and their visible invariant mass is re-
quired to be 0.3 — Am,, < m,, < 1.3 x /pr/100 + Am,, , with the
upper limit constrained between 1.3 and 4.0.

« one prong plus two strips (h*77"): This DM requires one hadron
to be reconstructed alongside two strips. Their visible mass should be
0.4 — Am,, < m., < 1.2 x /pr/100 4+ Am,,, with the upper limit
constrained between 1.2 and 4.0.

* two prongs (h*h*(hT)): This DM is assigned to 7, candidates where
two charged hadrons are identified having invariant visible mass be-
tween m,, < 1.2. For this decay mode and the next one, the require-
ment on the 7, candidate electric charge is relaxed to allow values differ-

The two partial derivatives in Eq. are analytically defined as:

strip strip, ™
oms, py""PEr — FE Pz

anstm'p = Mo, > (320)
Om~, _py"PpE — pa oy

Opstrip = ’ (321)
¥ My,

T T T T strip __ . strip , strip , strip
where P - (Eﬂ'apacvpyypz) and 1Y - (ESt”Pva :py » Dz

momenta associated respectively to the charged prong system (e.g. the pion in one prong de-
cays) or the strip.
3The values for the tau lepton mass are all expressed in GeV.

) represent the 4-
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ent from 1, the two charged hadron candidates can therefore have either
equal or opposite charge.

+ two prongs plus one strip (h*h*(hT)7%): Cases with two charged
hadrons and a strip are assigned to this DM. The visible mass should fall
within the range m,, < 1.2 x /pr/100 + Am, , with the upper limit
constrained between 1.2 and 4.0.

* three prongs (h*h*hT): This DM is associated to three charged hadrons
with no additional strip, their invariant visible mass is required to be
0.8 <mg, <L1.5.

» three prongs plus one strip (h*h*h¥70): Three charged hadrons and a
strip are required to be present, furthermore the mass of the tau candidate
should be in the range 0.9 — Am,, < m;, < 1.6+ Am,,.

At this stage the decay channels are selected with a rather loose selection,
as can be noticed by the presence of the two prong channels which corre-
spond to 75, candidates with charge different from 1. Two prong decays can
be originated by three prong decays where one of the charged hadrons was not
reconstructed in cone around the jet axis. For most analyses such decays are
excluded as they are not sufficiently well reconstructed. Only one and three
prong decays are considered from this point onward.

It is common to label the hadronic decays with an integer index based on
the number of prongs (1,ongs) and strips (Ng¢rip):

DM =5 X (Nprongs — 1) + Narip - (3.22)

With this convention one prong decays are assigned the labels 0, 1 or 2, while
three prong decay correspond to the indices 10 and 11. Another matter to con-
sider is that DMs 1 and 2 are defined with a largely overlapping mass window.
Furthermore, in the decay of sufficiently boosted a; meson, the two 7°
emitted quite close to each other. This leads to a large fraction of events in

can be

which one single strip can incorporate the decay products of both 7 mesons.
To account for that, all decays with DM 2 are merged into the DM 1 ensemble
after the selection operated by the HPS algorithm. The DMs used in the CMS
analysis presented in this thesis are 0,1,10,11. A schematic representation of
these four DMs is shown in Fig. to emphasize the expected signatures of
each DM, those being the tracks and energy deposits in HCAL for the charged
pions, and the electromagnetic clusters in ECAL originated by neutral pions.
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Figure 3.27: Schematic representation of the four HPS-DMs considered at analysis
level. From left to right the DMs shown are: one prong, one prong plus 7’s, three
prong and three prong plus 7°.

3.4 CMS upgrade for the HL-LHC Era

The HL-LHC era set to begin in 2030, will provide the CMS experiment with
an instantaneous luminosity of up to 7.5 x 103*cm =25~ from pp collisions
at a center-of-mass energy of 14 TeV. To fully exploit this unprecedented data
set, the experimental setups must be upgraded to withstand the challenging
conditions of the HL-LHC E], including up to 200 simultaneous collisions per
bunch crossing (PU events) and a substantial radiation dose delivered to the
detectors. The increase in PU condition is expected to be mitigated with detec-
tors that will have improved granularity and timing capabilities, while a new
silicon tracker and endcap calorimeter will be installed to cope with the higher
dose expected. Finally, a large fraction of the on-detector electronics, as well
as the entire trigger and data acquisition system, will undergo a complete over-
haul to address the larger event size and acquisition rate during the HL-LHC
era. The full upgrade project is often called Phase-II upgrade.

3.4.1 Upgrade of the tracker system

The Phase-II Tracker System will again be divided into Inner Tracker and
Outer Tracker systems, featuring a symmetrical barrel plus two endcaps ge-
ometry with acceptance extended up to || < 4.0 [[174]. The Inner Tracker
will be pixel-based, with a pixel size of 25 x 100 ym?, organised in four bar-
rel layers and eight small and four large discs per side, for a total of 2 x 10°

*Furthermore, the radiation dose received so far makes the upgrade mandatory for the tracker
and calorimeter endcaps, whose performance have shown degradation during Run 3.
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channels. The Outer Tracker will feature 44 million strips and 174 million
macropixels, organised in six barrel layers and five discs per side. The design
of the Tracker addresses the need for radiation resistance and increased gran-
ularity, allowing for the reconstruction of approximately 1200 tracks per unit
of 1. It also has a much-reduced material budget in front of the calorimeters,
preserving their resolution. Finally, in contrast to its Phase-I predecessor, the
Phase-II tracker will contribute to the L1T decision through the Outer Tracker
pr modules, which are track stubs compatible with trajectories of particles
with pr > 2 GeV. Figure [3.28] shows the Tracker geometry and the logic for
the reconstruction of the pr modules.
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Figure 3.28: (Top) CMS Phase-II Tracker System geometry, divided into Inner
Tracker (orange and green modules) and Outer Tracker (red and blue modules). (Bot-
tom) Reconstruction of modules in the Outer Tracker, which are input to the L1T
decision.
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3.4.2 The High-Granularity Calorimeter

The upgraded endcap calorimetry system for the CMS Phase-II must meet sev-
eral demanding criteria. It requires a high-density structure to ensure compact
lateral development of particle showers, along with fine granularity in both lat-
eral and longitudinal dimensions. Additionally, it must be capable of precise
shower timing measurements. Crucially, the system must also contribute to
the L1T decision. The High-Granularity Calorimeter (HGCAL) [[175] is the
proposed design to address those requirements. It is a 5D calorimeter (posi-
tion, energy and time) with coverage in the region 1.5 < |n| < 3.0, segmented
into 47 layers, and divided into electromagnetic (CE-E) and hadronic (CE-H)
sections, with both sections structured as sampling calorimeters. It uses two
types of sensors: silicon cells in CE-E and the high-radiation part of CE-H,
and scintillator cells elsewhere.

The CE-E section comprises 26 layers of silicon sensors interspersed with
Cu, CuW and Pb absorbers, yielding a total of 27.7 and 1.5 radiation lengths.
On the other hand, the CE-H section comprises 7 layers of Si sensors and 14
layers of mixed silicon—scintillator sensors, interspersed with stainless steel
and Cu absorbers and corresponding to 8.5 interaction lengths.

3.4.3 The MIP Timing Detector

The MIP Timing Detector (MTD) [[176] is a dedicated tracking layer designed
to measure the production time of minimum ionising particles with high preci-
sion. A primary motivation for its implementation is the PU mitigation: due to
the longitudinal spread of LHC proton bunches, pp interactions within a single
bunch crossing are distributed both spatially and temporally, with a time spread
characterized by a root mean square of approximately 200ps. This allows for
pileup discrimination in both spatial and temporal dimensions, as illustrated
in the left panel of Fig.[3.29] Beyond PU suppression, the MTD would also
enhances sensitivity to a range of new physics scenarios, e.g. improving the
identification of delayed particles and providing precise time-of-flight mea-
surements of heavy charged long-lived particles.

The MTD is divided into two sections: the Barrel Timing Layer (BTL), a
cylindrical detector located inside the Tracker support tube, covers |n| < 1.5;
the Endcap Timing Layer (ETL), a pair of disks located in front of the HGCAL
thermal screen, covers the region 1.6 < || < 3.0. The BTL sensors are
LYSO:Ce scintillating crystal bars, instrumented with 25 mm? cell-size silicon
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Figure 3.29: The pp interactions are spread both in the longitudinal coordinate and in
time. Leveraging the separation in the two dimensions leads to a better identification
of the PU vertices.

photomultipliers (SiPMs) on both ends of the crystal for readout. The ETL
sensors are silicon low-gain avalanche diodes (LGADs), grouped in arrays and
bump-bonded to a custom readout chip. The timing resolution for the MTD
reaches 30-65 ps in the barrel region, and 35 ps per track in the endcap.

3.4.4 Upgrade of the Barrel Calorimeters and Muon De-
tectors

Besides the all-new endcap calorimeter and MIP timing detector, the other
CMS subsystems will also undergo improvements for the CMS Phase-II. In
order to address the extended latency and higher trigger rate requirements of
the HL-LHC era, the CMS barrel calorimeters will undergo upgrades in their
electronics systems [|177].

The CMS muon system will also be upgraded to maintain high perfor-
mance under increased radiation and event rate conditions [[178]]. New cham-
bers will be added in the forward region: GEM detectors in the GE1/1 and
GE2/1 stations, and improved RPCs (iRPCs) in the RE3/1 and RE4/1 stations
(see Fig.[3.30). The new iRPC chambers will have lower electrode thickness,
smaller gas gaps, lower charge thresholds and integrated readout strips, allow-
ing better intrinsic timing resolution of 0.5 ns and better space resolution of
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1.5 cm in 7. These additions will extend muon acceptance up to |n| = 2.8 and
improve redundancy, especially in the high-7 region.

n 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
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Figure 3.30: Overview of the CMS Phase-II muon systems, with the new GEM cham-
bers (MEO, GE1/1 and GE2/1) and iRPCs (RE3/1 and RE4/1) [[178]]. The new stations
will enhance CMS detection capabilities of forward muons.

All muon subsystems (DT, CSC, RPC, GEM) will also receive new elec-
tronics, with enhanced time resolution, radiation tolerance, and compatibility
with the upgraded trigger and DAQ systems. The upgraded system will en-
able precise muon timing, improved spatial resolution, and robust triggering
capability, even in the dense environment of the HL-LHC.
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The FCC integrated program

As noted in the 2020 update of the European Strategy for Particle Physics,
“the successful completion of the high-luminosity upgrade of the (LHC) ma-
chine and detectors should remain the focal point of European particle physics,
together with continued innovation in experimental techniques” — a goal mo-
tivated by the need to “exploit the full physics potential of the LHC and the
HL-LHC.” At the same time, the Strategy identifies that for the future, “an
electron-positron Higgs factory is the highest-priority next collider”, while “for
the longer term, the European particle physics community has the ambition to
operate a proton-proton collider at the highest achievable energy” [[179].

The Future Circular Collider (FCC) integrated program [180-182] is the
leading proposal to fulfill both of these strategic objectives within a unified
long-term vision. It consists of a two-stage implementation hosted in a new
90-100 km tunnel near CERN (see Fig. 4.1). The first stage, FCC-ee, is a
high-luminosity electron-positron collider operating at center-of-mass energies
from 90 to 365 GeV. It is designed to deliver precision measurements of the Z,
W, Higgs, and top quark — crucial for indirect searches for new physics. The
second stage, FCC-hh, envisions a proton-proton collider operating at a center-
of-mass energy of approximately 100 TeV, offering an unparalleled discovery
reach for new particles and interactions. This staged approach would provide
a coherent, long-term research infrastructure capable of addressing the most
pressing open questions in particle physics, while serving the global scientific
community for five decades or more.

While the LHC has successfully confirmed the SM predictions up to the
TeV scale, its results also underscore the limitations of current approaches in
addressing fundamental open questions in particle physics. Theories extend-
ing beyond the SM may reside at much higher energy scales, potentially re-
quiring unnatural fine-tuning of the weak scale, or involving complex, as-yet-
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Figure 4.1: A schematic map showing a possible location for the Future Circular
Collider (Image: CERN)

undetected structures. Alternatively, new physics might manifest through light,
feebly interacting particles [I83H185]]. The possible mass range of such new
phenomena spans an enormous spectrum, from meV to ZeV, and their cou-
plings to SM particles could vary from order unity down to 10~!2 or weaker.
This vast parameter space calls for a new generation of experimental tools
capable of exploring both the high-energy and high-intensity frontiers with
unprecedented reach and sensitivity.

A next-generation collider program must then address several key objec-

tives [[186]:

* Precision Higgs and electroweak studies: Map the interactions of the
Higgs boson and electroweak gauge bosons with an order-of-magnitude
improvement in precision. Such studies could unveil traces of the dy-
namics responsible for electroweak symmetry breaking and the forma-
tion of the Higgs vacuum field, potentially probing timescales as early
as 10712 to 107! seconds after the Big Bang.

* Comprehensive precision program: Conduct a wide-ranging campaign
of precision measurements in electroweak physics, QCD, flavor physics,
Higgs properties, and top-quark interactions. These measurements would
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aim to detect subtle deviations from SM predictions and thus access en-
ergy scales beyond the collider’s direct reach, leveraging high-statistics
datasets and synergy across experimental and theoretical developments.

* Search for light, weakly coupled new physics: Greatly improve sen-
sitivity to rare or elusive phenomena at low energies, including the dis-
covery of light particles such as axion-like particles or sterile neutrinos.
Particular emphasis is placed on dark matter searches that explore broad
classes of dark-sector models and can either reveal or robustly exclude
new candidate particles.

* Enhanced discovery reach at the energy frontier: Extend the direct
discovery potential for new, heavy particles by at least an order of mag-
nitude beyond current capabilities, opening the door to entirely new
physics sectors.

The full FCC program is exceptionally well aligned with the outlined ob-
jectives. In particular, it offers unique sensitivity to new physics in the Higgs
sector. The FCC-ee is expected to produce nearly three million Higgs bosons,
enabling model-independent measurements of the Higgs boson’s mass, width,
and couplings to the Z, W, 7, b, c particles. These measurements will achieve
an order-of-magnitude improvement in precision over current capabilities, al-
lowing for stringent tests of potential BSM origins of EWSB. Ultimately, the
FCC-hh will generate approximately 20 billion Higgs bosons, and in syn-
ergy with FCC-ee, will deliver unparalleled measurements of the Higgs self-
coupling, the top Yukawa coupling, and other rare or invisible decay modes—
opening new avenues for probing the mechanisms that shaped today’s Higgs
vacuum field.

The current FCC program schedule envisions 15 years of FCC-ee opera-
tion, followed by a 10-year transition period to dismantle the lepton collider
and install the hadron one, and then 25 years of FCC-hh operation—resulting
in a total duration of 50 years (see Fig. .2). This timeline is comparable to
that of the combined LEP and LHC programs (1989-2041), which also can be
considered as two sequential stages—a lepton collider followed by a hadron
collider—of a unified physics program.

In the following, the FCC-ee and FCC-hh projects are presented in greater
detail, highlighting both the operational aspects of the machines and their re-
spective physics reach. This chapter places particular emphasis on the hadron
collider, as it forms the context of Chapter [§] The discussion concludes with a
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Figure 4.2: LHC schedule and long-term plan for future colliders, including alterna-
tive/parallel collider proposals to the FCC [187].

physics case study that illustrates the crucial interplay between the lepton and
hadron stages in achieving the most comprehensive results.

4.1 FCC-ee: A Higgs factory, and much more

The FCC-ee collider is designed to operate with detectors at four interaction
points, spanning a wide range of centre-of-mass energies. These include re-
gions around the Z pole, the WW production threshold, the ZH production
maximum, and up to and just beyond the top-quark pair production threshold.
This operational scheme, forming the baseline plan, has been confirmed by
the recommendations of the FCC feasibility study midterm review. The ex-
pected luminosities at these energy stages, along with the anticipated number
of events, are summarized in Fig. [.3]

The original motivation for constructing a circular ete™ collider was to
create a high-luminosity Higgs Factory, operating at 240 GeV, within the ex-
isting LEP/LHC tunnel [188H190]. However, the decision to situate the FCC-
ee in a new 90-100 km tunnel—destined ultimately to host a 100 TeV hadron
collider—makes the project uniquely positioned within the global Higgs fac-
tory landscape. This expanded tunnel design brings major advantages that
significantly extend the FCC-ee’s scientific reach beyond Higgs boson studies.

First, a tunnel of 90-100 km circumference is essential for a circular e™e™
collider to reach the top-pair production threshold. This energy regime enables
detailed and precise top quark measurements, which are crucial to the FCC’s
broader electroweak and Higgs precision program. Access to the top quark
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Figure 4.3: FCC-ee operational scheme, showing the designed center-of-mass ener-
gies and integrated luminosities of the different stages, including the expected number
of events. The physics opportunities per each phase are highlighted [[187].

threshold strengthens the collider’s role in probing the completeness and self-
consistency of the SM.

Second, the luminosity of a circular collider at fixed power and centre-of-
mass energy scales approximately with the ring’s circumference. This means
that a 90-100 km design makes the FCC-ee the most luminous eTe™ elec-
troweak, Higgs, and top factory proposed to date, allowing extremely precise
measurements with minimal statistical uncertainties.

Third, the same tunnel length enables unparalleled control of the centre-of-
mass energy, both at the Z pole and the WW threshold, which is critical for the
electroweak precision program and will serve as essential inputs to stringent
tests of the SM.

FCC-ee also stands out among the Higgs factory projects for its unique op-
portunity to access the Higgs boson coupling to electrons [191H193]], through
the resonant production process eTe~ — H at /s = 125 GeV [194]. This
measurement depends on a combination of features exclusive to FCC-ee: high
luminosity, operation with four detectors, continuous ppm-level centre-of-mass
energy control, and the potential for centre-of-mass monochromatisation [[195]].
This represents both a unique opportunity and one of the most demanding chal-
lenges of the FCC-ee program. As a Higgs factory, FCC-ee benefits from all
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the inherent advantages of an e™e™ collider running near the Z H cross-section
maximum. The cross section can be determined by counting events with an
identified Z boson, where the mass recoiling against the Z peaks near the
Higgs boson mass [196], independently of the specific Higgs decay modes.
This approach allows a precise, model-independent measurement of xz, the
coupling of the Higgs to the Z boson. This absolute measurement can then
serve as a reference standard for all other Higgs-related observables, includ-
ing those measured at hadron or muon colliders. Furthermore, the position
of the recoil mass peak yields an accurate Higgs boson mass, determined via
the precise knowledge of the centre-of-mass energy. Combined with the mea-
surement of the rate of ZH events where H — ZZ* decays occur, which
is proportional to n‘é /T i, this enables a model-independent determination of
the total Higgs width I' 7. Analysis of additional decay channels yields further
model-independent partial width and coupling measurements.

The FCC-ee is expected to measure the Higgs couplings xz and ky with
precisions of 0.1% and 0.23%, respectively, after eight years of operation at
V/s > 240 GeV. Achieving comparable precision at linear e*e™ colliders op-
erating at 250 and 500 GeV or at 380 and 1500 GeV would require approxi-
mately 50 years [[197}/198]].

The many novel opportunities for physics measurements and searches at
FCC-ee also bring a range of experimental and theoretical challenges. Reach-
ing systematic uncertainties—both experimental and theoretical—that match
the statistical precision made possible by FCC-ee’s luminosity and data vol-
ume demands in-depth studies of detector concepts, modes of operation, and
theoretical modelling. A detailed review of these requirements can be found in
Ref. [186]. Experimentation at FCC-ee is at once straightforward and highly
sophisticated. The environment is clean, with negligible pile-up, precisely con-
trolled center-of-mass energy, and minimal beamstrahlung and synchrotron ra-
diation effects. Yet the richness of the program introduces complexity: match-
ing experimental and theoretical accuracy to statistical capabilities, and tailor-
ing detector configurations to the diversity of measurement channels, consti-
tutes one of the central challenges for the FCC-ee research program.

4.2 FCC-hh: The energy-frontier collider

The comprehensive physics program of the FCC-hh is designed to build upon
the insights gained from the FCC-ee and HL-LHC, both of which will signifi-
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cantly elevate the expectations for future collider performance. Meeting these
targets demands three major advancements:

* extending Higgs-boson studies to processes involving much smaller couplings—
such as rare decays H — vy, H — p*p~, and H — Z~y—as well as to
channels requiring higher center-of-mass energies, notably ¢t H and HH
production;

* probing electroweak dynamics far beyond the electroweak symmetry-
breaking scale;

* directly exploring the multi-TeV regime to identify the origins of pos-
sible deviations found in the FCC-ee precision measurements, and to
extend the mass reach for diverse BSM scenarios—particularly those
whose impact on low-energy EW observables is suppressed or those ini-
tiated by gluons.

The FCC-hh is uniquely positioned to address these challenges, offering
an increase of approximately one order of magnitude in both centre-of-mass
energy and peak luminosity compared with the HL-LHC, as shown in Fig. [4.4]
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Figure 4.4: Peak luminosity versus center-of-mass energy for past and current hadron
colliders (blue), the HL-LHC (red), and the proposed FCC-hh (green) [[199].

On the Higgs front, the FCC-hh is expected to produce over 20 billion
Higgs bosons, enabling sub-percent precision on key couplings such as x,, k-,
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k¢ and kz~. The large event yield at high transverse momentum allows mea-
surements in kinematic regions with enhanced signal-to-background ratios and
reduced systematic uncertainties. Moreover, by precisely measuring the ratio
of these couplings to benchmark couplings determined with high accuracy at
the FCC-ee (e.g. xz), the FCC-hh enables sub-percent level determinations
of these absolute Higgs couplings, achieving a precision beyond the reach of
lepton colliders.

The prolific production of Higgs boson pairs at the FCC-hh enables a de-
termination of the Higgs self-coupling with a precision better than 5%, even
under conservative assumptions regarding systematic uncertainties. In addi-
tion, high-Q? Higgs production—via direct, associated, or vector boson fusion
channels—offers unique sensitivity to higher-dimensional operators, probing
new physics in a manner complementary to lepton colliders.

The discovery potential of the FCC-hh extends into the multi-TeV regime.
It is capable of directly detecting new particles with masses up to ~ 40 TeV
for s-channel produced electroweak or coloured resonances, and in the 10—
20 TeV range for pair-produced strongly interacting particles such as squarks,
stops, vector-like top partners, and gluinos. Weakly interacting particles can
be probed in the 1.5-5 TeV range fully covering the theoretically motivated
parameter space for WIMP dark matter candidates.

Equally crucial is the search for partners of the Higgs boson, which may lie
in the multi-TeV domain. When combined with precise measurements of the
Higgs self-coupling, these searches provide a powerful handle on theoretical
models predicting a strong first-order electroweak phase transition, potentially
offering insights into early-universe cosmology.

The precision program for the known elements of the Standard Model must
be complemented by the direct exploration. The FCC-ee and the FCC-hh will
complement each other on this tasks in a more comprehensive way than any
other energy frontier project presently under consideration [|186].

4.2.1 Setting the energy and luminosity target

Comprehensive studies on the feasibility of the FCC-hh project have been con-
ducted over the past years, culminating in the publication of the FCC Concep-
tual Design Report (CDR) in 2018 [180H182f]. This report established a base-
line accelerator configuration targeting a center-of-mass energy of /s = 100
TeV and an integrated luminosity of 30 ab—!. In the 2025 FCC Feasibility
Study (FS) [[186]], an updated baseline configuration for the FCC-hh was pre-
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sented, driven primarily by constraints on the ring geometry and the feasibility
of the dipole magnet technology. The new baseline [200}201] envisions the
use of 14 T Nb3Sn dipoles in a 90.7km tunnel, resulting in a reduced center-
of-mass energy of /s = 84TeV, while maintaining a luminosity comparable
to that in the CDR desigrﬂ Table reports the key machine parameters for
the FCC-hh (both CDR and FS designs) and the HL-LHC, for comparison.

Parameter FCC-hh FS | FCC-hh CDR | HL-LHC
collision energy [TeV] 84 100 14
dipole field [T] 14 16 8.33
circumference [km] 90.7 97.8 26.7
beam current [A] 0.5 0.5 1.1
synchr. rad. per ring [kW] 1200 2400 7.3
peak luminos. [10%* cm2s71] 30 30 5 (lev.)
events/bunch crossing 1000 1000 132
stored energy/beam [GJ] 6.5 8.3 0.7
integr. luminosity / IP [fb~! ] 20000 20000 3000

Table 4.1: Comparison of accelerator parameters for FCC-hh (CDR and updated FS)
and HL-LHC.

One may ask why a target of approximately 100 TeV in center-of-mass
energy and 30 ab~! in integrated luminosity is considered appropriate for the
FCC-hh. Let us begin by discussing the motivation for the energy goal.

Although the LHC and other experiments have not provided concrete ev-
idence pointing to a specific BSM scenario or mass scale, general theoret-
ical and phenomenological arguments strongly support 100 TeV as a well-
motivated benchmark for the FCC-hh. There is, in principle, no upper limit
to the energy the high-energy physics community would like to achieve. If an
energy of 120 TeV could be attained—without compromising luminosity—it
would certainly be desirable. However, there is compelling evidence that 100
TeV is both necessary and sufficient to perform a range of critical measure-
ments and provide definitive yes/no answers to key open questions that may
remain unresolved after the HL-LHC, as well as to probe new scenarios that

!The updated baseline assumes an integrated luminosity of 20 ab~! per general-purpose
detector. Physics projections are based on 30 ab™! to account for a potential partial statistical
combination of results from the two experiments.
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might emerge following the FCC-ee phase. Several motivations are outlined
below, with a more comprehensive discussion available in Ref. [180].

The Nature of the Higgs Potential Until new physics is discovered, a
comprehensive understanding of the Higgs boson remains a central objective
of high-energy physics. Two pivotal questions might remain unanswered even
after the HL-LHC and FCC-ee: (i) How does the Higgs boson couple to itself?
(i) What was the nature of the electroweak phase transition (EWPT) that oc-
curred approximately 10719 s after the Big Bang, leading to the EWSB and the
emergence of the Higgs vacuum expectation value? The second question has
profound implications for understanding the observed matter-antimatter asym-
metry of the Universe. If the EWPT were strongly first-order, it could have
played a significant role in baryogenesis. Moreover, such a transition might
have generated a stochastic background of gravitational waves—potentially
detectable today—through the collisions of expanding bubbles of the new vac-
uum during the early Universe. These two questions are closely connected, as
both hinge on the shape of the Higgs potential. While the potential is fixed in
the SM, it can be modified in many BSM frameworks. In fact, such modifica-
tions are essential for realizing a strongly first-order EWPT. At 100 TeV, the
FCC-hh aims to measure the Higgs trilinear self-coupling with a precision of
about 5% in the SM—a target that could be further improved in BSM scenarios
where the self-coupling is enhanced. In contrast, the HL-LHC is projected to
reach a sensitivity of O(30%) to deviations from the SM value [202]. Studies
based on existing BSM models indicate that this 5% precision, together with
the FCC-hh’s extended discovery reach for new particles relevant to EWSB
dynamics, is both necessary and sufficient to determine whether the EWPT
was strongly first-order.

Dark Matter A wide variety of scenarios have been proposed to explain
the nature of dark matter, spanning an enormous range of mass scales—from
ultra-light axions with sub-eV masses to primordial black holes. Among these,
a particularly compelling and well-motivated class is that of thermal WIMPs.
These are actively pursued in both direct and indirect detection experiments
conducted in underground laboratories and space-based observatories. Should
any of these searches yield a potential signal, it would be essential to confirm it
through accelerator-based experiments. Moreover, collider experiments play a
crucial role in probing regions of parameter space that may be inaccessible—or
"blind spots"—to non-collider searches. The ability of accelerator experiments
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to conclusively test the thermal WIMP paradigm is thus central to advancing
our understanding of the DM puzzle. Thermal WIMPs cannot be arbitrarily
heavy, as excessively massive candidates would lead to a cosmological relic
abundance exceeding the observed DM density. Depending on the interaction
mechanism the upper mass limit for thermal WIMPs lies in the range of ap-
proximately 1-3 TeV. Due to their weak interactions and correspondingly low
production cross sections, only a portion of this mass window is within reach
of the LHC. In contrast, the FCC-hh, with a center-of-mass energy of 100 TeV,
is necessary and just sufficient to fully explore the remaining parameter space,
thereby enabling a definitive test of the thermal WIMP hypothesis.

Probing the origin of new physics revealed by indirect evidence Histor-
ically, much of our knowledge of the electroweak gauge bosons, the Higgs bo-
son, and the top quark was gained through their direct production at colliders,
even though indirect evidence for their existence had been firmly established
beforehand. The same paradigm is likely to apply in the future: any indirect
signs of new heavy particles, emerging from precision measurements in flavor
physics or electroweak and Higgs observables, will ultimately require direct
production to determine their properties with certainty. This need will be even
more pressing in the future than it was in the past, when the SM provided a
clear and unified framework for interpreting indirect signals of e.g. the top
quark and the Higgs. Precision measurements at FCC-ee will be sensitive to
possible new phenomena at scales of tens of TeV. New physics at these scales
can be revealed in the near future by flavor phenomena, as suggested by the
studies of the current flavor anomalies in B decays, and might therefore call
for direct searches of massive particles possibly well beyond the LHC reach.
Achieving direct particle production at such energy scales is feasible only with
a hadron collider operating at or near 100 TeV, making the FCC-hh an indis-
pensable tool for the exploration of fundamental physics at the energy frontier.

The increase in center-of-mass energy from the LHC to the FCC-hh naturally
leads to a significant extension of the discovery reach. Since the production
cross section for a particle of mass M typically scales as 1/M?, achieving
sensitivity to very heavy states also requires a substantial increase in integrated
luminosity. As an illustrative example, Fig. 4.5]shows the integrated luminos-
ity required for a 50 discovery of a SM-coupled Z’ gauge boson, as a function
of its mass, for decay channels into leptons and top quarks. At the ultimate
integrated luminosity goal of 30 ab—!, the FCC-hh would be able to discover
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a Z' boson with a mass up to 43 TeV. Even modest luminosities of a few tens
of fb~!, achievable within the first year of operation, would already extend the
HL-LHC discovery reach by approximately a factor of two. The figure also
illustrates the effect of increasing luminosity: while a tenfold increase in lumi-
nosity from 2.5 ab—! to 30 ab—! results in a more than 30% increase in mass
reach, a further increase to 300 ab~! yields less than a 20% additional gain,
indicating a saturation of sensitivity at the highest mass scales.
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Figure 4.5: Integrated luminosity required for a 50 discovery as a function of the Z’
mass, for a SM-coupled Z’ decaying into leptons (left) and top quarks (right) [[182].

Beyond discovery, large statistics are essential for improving measurement
precision and enhancing sensitivity to rare or elusive processes. The target of
30 ab—! enables sub-percent level precision for several Higgs couplings that
are inaccessible to the FCC-ee, including those to tt, vy, Z~, and pu. This
luminosity also permits the aforementioned measurement of the Higgs trilin-
ear self-coupling with a precision of around 5%. In general, the physics goals
outlined in the preceding paragraphs can all be achieved with an integrated lu-
minosity of 30 ab—!. While certain specific measurements might benefit from
even higher statistics and could justify more aggressive luminosity targets, no
general arguments for a significantly higher baseline luminosity have been es-
tablished at present. That said, future discoveries—whether from the HL-LHC,
anomalies in FCC-ee precision observables, or new phenomena emerging at
100 TeV—may well motivate the need for greater integrated luminosity. Al-
though additional data are always beneficial, there is currently no compelling
case for exceeding the 30 ab—! goal.
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4 2.2 Detector considerations

FCC-hh is conceived as both a discovery and a precision measurement ma-
chine. As such, its detector(s) must be capable of measuring multi-TeV jets,
leptons, and photons originating from heavy resonances with masses up to 50
TeV, while simultaneously enabling high-precision measurements of SM pro-
cesses and being sensitive to a wide spectrum of BSM signatures at moderate
transverse momentum.

Given the low mass of SM particles compared to the 100 TeV center-of-
mass energy, many processes exhibit strong forward boosts, yet their transverse
momentum spectra remain comparable to those at the LHC. A detector for
FCC-hh must therefore extend precision tracking and calorimetry coverage to
|n| ~ 4, while maintaining pr thresholds for triggering and reconstruction
similar to those of current LHC detectors.

The large expected PU poses a critical challenge. Whereas current LHC
detectors operate with PU levels up to 60 and the HL-LHC will reach up to
200, FCC-hh anticipates up to 1000 PU events per bunch crossing. Address-
ing this challenge will require novel approaches and continued technological
advancements, particularly in high-precision timing detectors.

Figures 4.6 and 4.7 depict the conceptual FCC-hh reference detector. This
model is not a finalized technical design but serves as a basis for subsystem de-
velopment and physics performance studies, helping to identify areas requiring
focused R&D. The detector measures 50 m in length and 20 m in diameter—
dimensions comparable to the ATLAS detector at the LHC.

The central region (|n| < 2.5) incorporates tracking, electromagnetic calorime-
try, and hadronic calorimetry, all enclosed within a 4 T solenoid with a 10 m
inner bore. To maintain performance in the forward region (|n| > 2.5), two
forward solenoids, each with a 5 m bore and a 4 T field, are placed along the
beam axis. Together, these provide a total solenoid volume of 32 m in length,
supporting high precision momentum spectroscopy up to |n| ~ 4 and tracking
up to |n| ~ 6.

The tracker aims for better than 20% momentum resolution at pr = 10
TeV for high-mass resonances (e.g. Z’) and better than 0.5% at the multiple
scattering limit up to || = 3. The tracking cavity has a radius of 1.7 m, with
the outermost layer positioned around 1.6 m from the beamline, enabling a full
spectrometer arm to || = 3.
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Figure 4.6: The FCC-hh reference detector with an overall length of 50 m and a
diameter of 20 m. A central 10 m bore solenoid and two 5 m bore forward solenoids
provide a 4 T magnetic field throughout the tracking volume [[182].
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The ECAL, using approximately 30 radiation lengths, combined with the
hadronic calorimeter HCAL, provides a total depth exceeding 10.5 nuclear
interaction lengths. This ensures 98% containment of high-energy showers and
limits punch-through to the muon system. The ECAL employs liquid argon
(LAr) technology for its intrinsic radiation hardness. The barrel HCAL uses
scintillating tiles with steel and lead absorbers, segmented into central and
extended barrel sections. Endcap and forward HCAL regions also utilize LAr.
Achieving calorimetric acceptance up to || ~ 6 requires an inner active radius
of just 8 cm at a longitudinal distance of 16.6 m from the interaction point. The
ECAL is specified to have an energy resolution of approximately 10% /v/E,
and the HCAL around 50%/+v/E.
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Muon system design strongly influences the overall detector layout. In con-
trast to the LHC design era—when inner tracking capabilities were uncertain—
future detectors will rely heavily on silicon-based tracking. Thus, muon sys-
tems will prioritize triggering and identification over standalone performance.

No magnetic shielding is assumed in the reference design. A massive iron
yoke, as used in CMS, is deemed infeasible due to size and cost. Alternatives
such as active shielding coils would demand access shafts exceeding 25 m in
diameter. The unshielded coil, by contrast, can be lowered via a 15 m shaft and
installed in a 37 m tall, 35 m wide cavern—dimensions similar to ATLAS. The
stray magnetic field falls to 5 mT at 50 m radius, eliminating concerns for the
adjacent service cavern, located 50 m away and separated by rock (Fig. &-8).
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Figure 4.8: FCC-hh and FCC-ee detector caverns. A 50 m separation between the
experiment and service caverns ensures minimal stray magnetic field and adequate

radiation shielding ||

Forward calorimetry generates a high flux of low-energy neutrons, some of
which penetrate into the tracker volume. A heavy radiation shield surrounds
the forward solenoids to prevent neutron ingress into the muon system and
experimental cavern.

Radiation levels impose stringent requirements on detector technologies.
At the innermost tracker radius (r = 2.5 cm), the charged particle rate reaches
10 GHz/cm?, falling to 3 MHz/cm? at the outer radii. In the forward ECAL,
rates can approach 100 GHz/cm?. The 1 MeV neutron-equivalent fluence,
critical for assessing long-term damage of silicon sensors and electronics in
general, reaches 6 x 10'7/cm? at the first tracker layer, drops below 10'6/cm?
beyond r = 40 cm, and falls to ~ 5 x 10'°/cm? at the outermost radii. Hence,
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HL-LHC technologies are applicable beyond 40 cm, while new sensor and
electronics solutions are needed for the inner tracker.

In the muon system, charged particle rates are dominated by electrons pro-
duced from high-energy photons, themselves resulting from neutron capture
and thermalization in hadronic showers. In the barrel and outer endcap muon
systems, rates remain below 500 Hz/cm?, increasing to 10 kHz/cm? in the in-
ner endcap and up to 500 kHz/cm? in the forward region at 1 m from the beam.
These rates are comparable to those encountered by current ATLAS and CMS
muon systems, allowing continued use of gaseous detector technologies.

Future technological advancements may allow more compact detector con-
figurations, e.g. a reduced magnet system without extended forward sections
may become feasible. At the same time, future detector advancements might
allow resolution and granularity improvements beyond current expectations.
These considerations will evolve from future R&D and more detailed detector
simulations studies.

4.2.3 Detector simulation

Given that there is no finalized technical design for the FCC-hh detector, a
full event simulation is not yet available. Instead, a fast simulation using
DELPHES [203] is typically employed. Rather than simulating the time-consuming
interactions of stable particles with detector materials, DELPHES uses a param-
eterized detector response based on resolution and efficiency functions.

The DELPHES framework includes a track propagation system in a mag-
netic field, electromagnetic and hadronic calorimeters, and a muon identifi-
cation system. Physics objects for data analysis are reconstructed from the
simulated detector response. These include tracks, calorimeter deposits, and
high-level objects such as isolated leptons, jets, taus, and missing transverse
energy. DELPHES also implements a basic particle-flow reconstruction, which
optimally combines tracking and calorimeter information to produce particle
candidates. These candidates are then used as inputs for jet clustering, missing
energy calculation, and isolation variables. Furthermore, DELPHES provides
tools for heavy-flavor tagging and jet substructure analysis.

A comprehensive description of the DELPHES framework is available in
Ref. [203]]. The FCC-hh-specific DELPHES configuration files can be found
in the official DELPHES release [204] and in the FCC-configuration software
repository [205]]. In the following, the key features are summarized [206].



4.2. FCC-hh: The energy-frontier collider 111

Tracking Charged particles are propagated in a uniform axial magnetic
field of 4 T within a cylindrical tracking volume defined by a radius Ry =
1.5 m and a half-length Zy = 5 m. A Gaussian smearing is applied to the
momentum and angular direction of the particles, with a fixed angular reso-
lution of 0y = 1073 rad. The tracking efficiency depends on the transverse
momentum pr and pseudorapidity || of the particle (see Tables and .
If two tracks are within oy, only the one with the highest pr is kept, modeling
reconstruction inefficiencies in dense environments.

pr range In| <25 25<n <40 4.0<|n <6.0 |n/>6.0
< 0.1 GeV 0% 0% 0% 0%
0.1-0.2 GeV 88% 84% 79% 0%
0.2-0.3 GeV 90% 86% 81% 0%
0.3-0.5 GeV 92% 87% 83% 0%
0.5-1.0 GeV 94% 89% 85% 0%
> 1.0 GeV 95% 90% 86% 0%

Table 4.2: Tracking efficiency for charged hadrons and electrons as a function of pr

and |7).

pr range In| <25 25<n <40 4.0<|n <6.0 |n/>6.0
< 0.1 GeV 0% 0% 0% 0%
0.1-0.2 GeV 97% 95% 92% 0%
0.2-0.3 GeV 97% 95% 92% 0%
0.3-0.5 GeV 97% 95% 92% 0%
0.5-1.0 GeV 97% 95% 92% 0%
> 1.0 GeV 98% 96% 93% 0%

Table 4.3: Tracking efficiency for muons as a function of py and |7|.

Calorimetry Particles reaching the ECAL or HCAL calorimeters are as-
signed energy deposits based on parameterized resolution functions:

(o= (38) () oo
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where S, N and C are the stochastic, the noise and the constant terms,
respectively. The ECAL is responsible exclusively for electrons, photons, and
neutral pions, while the HCAL handles only long-lived hadrons. Muons do not
leave deposits in either calorimeter. The values of S, N and C adopted for the
FCC-hh calorimeters are summarized in Table 4.4l

Region | NecaL  SkcaL  Cicar | NucaL  Sucar  Chcar

In| < 4.0 31% 82  0.15% 5% 48% 1%
40<|n <6.0| 31% 30 3.5% 5% 100% 1%

Table 4.4: ECAL and HCAL resolution parameters as a function of |n|.

Particle-Flow Reconstruction A simplified PF algorithm combines tracks
and calorimeter deposits to optimize particle reconstruction. Charged particle
momenta are taken from tracking when the resolution is better than calorimetry
(typically up to several hundred GeV). Vice-versa at high energy, calorimeters
provide a better momentum measurement. Neutral PF candidates are created
when energy excesses are seen in calorimeter towers. PF objects, both charged
and neutral, are used for jet clustering, lepton/photon isolation, and missing en-
ergy reconstruction. This hybrid approach improves energy resolution across
a wide range of particle energies.

Object Identification Electrons, muons, and photons from PF candidates
are assigned identification probabilities according to Tables [4.5] .6 and
For charged particles the identification efficiency is applied on top of the track-
ing efficiency. The isolation variable [ is defined as:

I 2 AR<R, pr(i)>pin PT(1)
pbr (P)

i

where the sum runs over the full list of PF candidates within a cone R
excluding the particle under consideration.
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pr range In] <25 25<|n <40 4.0<]|n <6.0 |n >6.0
< 1.0 GeV 0% 0% 0% 0%
1-5 GeV 80% 80% 75% 0%
5-10 GeV 90% 85% 80% 0%
> 10 GeV 95% 90% 85% 0%
Table 4.5: Electron identification efficiency.
pr range In| <25 25<|n <40 40<]n <60 |n >6.0
< 1.0 GeV 0% 0% 0% 0%
1-5 GeV 95% 90% 85% 0%
5-10 GeV 97% 95% 90% 0%
> 10 GeV 99.9% 99% 95% 0%
Table 4.6: Muon identification efficiency.
pr range In| <25 25<|n <40 40<]n <6.0 |n >6.0
< 1.0 GeV 0% 0% 0% 0%
1-5 GeV 76% 76% 71% 0%
5-10 GeV 86% 81% 76% 0%
> 10 GeV 90% 86% 81% 0%

Table 4.7: Photon identification efficiency.

Jets and Missing Energy The missing tranverse energy is computed as the
magnitude of the total transverse momentum carried by the full list of recon-
structed PF candidates. Jets are reconstructed using the anti-k7 algorithm with
multiple radius parameters (R = 0.2, 0.4, 0.8, 1.5). Several jet collections are
formed using different inputs (track-based, calorimeter-based, or PF-based).
Jet substructure observables like /V-subjettiness and soft-drop mass are com-
puted and stored for each jet.

Heavy-Flavor Tagging The identification of jets that result from 73, decays
or the hadronization of heavy flavor quarks—typically b or ¢ quarks—usually
exploits tracking information, such as vertex displacement or low level detector
input such as hit multiplicity. Such information is not available as a default
in DELPHES. Therefore a purely parametric approach based on Monte-Carlo
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generator information is used. The tagging efficiencies and misidentification
rates depend on pp and |7, following Table for b-tagging and Table|4.9|for
T, tagging for the so-called medium working point.

pr range In| <4.0 |n|>4.0
b-tagging efficiency ‘
< 20.0 GeV 0% 0%
20-50 GeV 75% 0%
50-100 GeV 84% 0%
100-200 GeV 85% 0%
200-500 GeV 83% 0%
500-1000 GeV 80% 0%
> 1000 GeV 80% 0%
c-mistag efficiency
< 20.0 GeV 0% 0%
20-50 GeV 20% 0%
50-100 GeV 15% 0%
100-200 GeV 13% 0%
200-500 GeV 12% 0%
500-1000 GeV 11% 0%
> 1000 GeV 10% 0%
light mistag efficiency
< 20.0 GeV 0% 0%
20-50 GeV 1.5% 0%
50-100 GeV 0.8% 0%
100-200 GeV 0.6% 0%
200-500 GeV 0.8% 0%
500-1000 GeV 1% 0%
> 1000 GeV 1.2% 0%

Table 4.8: B-tagging efficiencies and misidentification rates as a function of py and
Inl.

This parameterized framework enables studies of realistic detector perfor-
mance in FCC-hh, supporting physics projections and detector optimization
for different operational scenarios.
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pr range In| <4.0 |n| > 4.0

’ T-tagging efficiency ‘
< 20.0 GeV 0% 0%
20-100 GeV 80% 0%
> 100 GeV 88% 0%

’ jet-mistag efficiency ‘
< 20.0 GeV 0% 0%
20-100 GeV 2% 0%
> 100 GeV 1% 0%

Table 4.9: 7,-tagging efficiencies and jet— 75, misidentification rates as a function of
pr and |n].

4.3 A physics case: Higgs boson characteriza-
tion with the FCC program

The characterization of the Higgs boson is a central objective in current and
future high-energy physics experiments. It provides a compelling physics case
to illustrate the reach of the FCC program, particularly emphasizing the strong
synergy between its lepton and hadron collider phases [[186].

As shown in several studies [207-209]], FCC-ee offers unparalleled oppor-
tunities for probing the Higgs boson beyond the capabilities of the HL-LHC or
other proposed Higgs factories [210]. The expected improvements in the pre-
cision of Higgs boson coupling measurements are summarized in Table [4.10}

FCC-ee will quickly reach a regime of sub-percent precision in Higgs cou-
plings, enabling not only the (indirect) detection of new physics but also the
extraction of patterns indicative of specific BSM scenarios. These precision
goals can be achieved in three years at /s = 240 GeV and in eight years at
365 GeV. By contrast, linear collider proposals at CERN would require several
decades to match this level of sensitivity [212].

As Higgs measurements grow more precise, limitations from current elec-
troweak inputs—such as those from LEP—will become significant. FCC-
ee’s Z-pole run is essential to mitigate uncertainties in electroweak couplings,
in particular the Zee vertex, which enters directly into the ZH production.
The required precision on this vertex can be achieved using just a few 10° Z
decays—Iless than a day of data taking. The Zee vertex components (left- and
right-handed couplings) can be extracted from the partial width I'(Z — eTe™)
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Coupling HL-LHC FCC-ee  FCC-ee + FCC-hh
Kz (%) 1.3* 0.10 0.10
kw (%) 1.5* 0.29 0.25

Ky (%) 2.5 0.38/0.49 0.33/0.45
kg (%) 2% 0.49/0.54 0.41/0.44
kr (%) 1.6* 0.46 0.40

ke (%) - 0.70/0.87 0.68/0.85
Ky (%) 1.6* 1.1 0.30
Kz (%) 10* 4.3 0.67

ke (%) 3.2* 3.1 0.75

K (%) 4.4* 3.3 0.42
ks (%) - e it
Ty (%) - 0.78 0.69
Biw (<,95% CL) 1.9 x 1072 5x10~* 2.3x 1074
Bunt (<,95% CL) 4 x 1072 6.8 x 1073 6.7 x 1073

Table 4.10: Expected 68% CL relative precision on Higgs couplings relative to the
SM (x parameters), total Higgs width I';, and 95% CL upper limits on the invisible
(Biyy) and untagged (Byy) branching ratios. Results are shown for HL-LHC, FCC-
ee, and the full FCC integrated program (FCC-ee + FCC-hh). HL-LHC numbers are
derived under the constraint |« | < 1 (denoted with *), since hadron colliders cannot
access 'y directly. In some entries, SM parametric uncertainties (e.g. in my [211])
limit precision; values excluding these are also provided (after the slash). Taken from
Ref. [[186].

and from left-right asymmetry observables. These play a central role in dis-
entangling new physics contributions in the SMEFT framework [208]], and
mitigate the EW contamination in the Higgs couplings determination.

As shown in Table [4.10] FCC measurements will reduce uncertainties in
most Higgs couplings by an order of magnitude compared to the HL-LHC.
Couplings such as x,, k-, k¢ and Kz, will initially remain dominated by the
HL-LHC knowledge, but their model dependence will be lifted thanks to FCC-
ee’s absolute kz measurement. FCC-hh will further improve these precisions
by using ratios of branching ratios, free of systematic uncertainties and normal-
ized by the FCC-ee precise coupling determination. The successive improve-
ments on the Higgs boson coupling precision when going from HL-LHC to
FCC-hh, taking advantage on the way from the FCC-ee absolute and accurate
coupling determination, are shown in Fig. [4.9]
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precision reach on effective Higgs couplings from SMEFT global fit
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Figure 4.9: Projected Higgs coupling precision improvements from HL-LHC to FCC-
hh using global SMEFT fits and FCC-ee input [186].

FCC-ee also enables a model-independent determination of the top Yukawa
coupling by normalizing HL-LHC data with the absolute measurement of .
In addition, eTe™ — tt at 365 GeV allows extraction of Ztt couplings, which
are critical for normalizing ¢t H production at FCC-hh. This calibration re-
duces top Yukawa coupling uncertainties to the percent level. The impact of
FCC-ee on both x; and the Higgs self-coupling r is shown in Fig.[4.10]
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Figure 4.10: Effect of FCC-ee input on FCC-hh determination of the top Yukawa

coupling (left) and Higgs self-coupling ) (right), based on toy fits to simulated
HH — bbyvy data [[186].

The Higgs self-coupling «) will be probed at HL-LHC with an uncertainty
estimated at the time of the 2020 European Strategy to be about 50%, in a fit
where only deformations of ) are allowed. Since then, improved analysis
techniques and the inclusion of additional decay channels have reduced this
uncertainty to 26% [202]. At FCC-ee, loop corrections to Higgs production
enable a stand-alone extraction of k) at 28% precision, without assumptions
on other couplings. Combining FCC-ee with HL-LHC further reduces the
uncertainty to 18%.
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The Higgs self-coupling will be uniquely and unambiguously probed at
FCC-hh via Higgs boson pair production. Current estimates, combining the
main decay channels, suggest that a precise determination, with an uncertainty
as small as 3.4%, would be within the reach of a 100 TeV pp collider, and prob-
ably better by a factor of two as suggested by recent studies [7,[9], including
the one presented in this thesis work in Chapter|[§]

Figure [4.11| summarizes the expected precision at different FCC stages.
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Figure 4.11: Progress in the precision on x, from FCC-ee to FCC-hh ||

The FCC-hh projections for k) assume that new physics affects only the
Higgs self-coupling. In realistic scenarios, other effective operators could im-
pact Higgs pair production. As illustrated in Fig. (right), uncertainties
in the top Yukawa coupling propagate into ) extractions due to its presence
in multiple diagrams contributing to gg — H H. Precise control over x;—
enabled by FCC-ee—therefore enhances the robustness of x) measurements.

In conclusion, the FCC program’s unique combination of lepton and hadron
collider stages offers a coherent and comprehensive approach to Higgs boson
characterization. The synergetic use of FCC-ee and FCC-hh enables a level of
precision that is not otherwise attainable, reinforcing the necessity of pursuing
the full FCC vision as a long-term strategy for particle physics.



Chapter

Data Analysis Methods and
Machine Learning Tools

Statistical analysis plays a crucial role in experimental physics, providing
the tools needed to quantify the agreement between theoretical predictions and
experimental data. The first part of this chapter introduces fundamental con-
cepts such as statistical models, likelihoods, and related principles to ensure
their meaning is clear when referenced in Chapters [6] [7] and More details
can be found in Refs. [2131215]]. The second part of this chapter outlines the
growing use of Machine Learning (ML) in High Energy Physics, with a fo-
cus on Deep Neural Networks (DNNs) and Convolutional Neural Networks
(CNNs), whose concepts will be applied in Chapters [7}-[8] and Chapter [6] re-
spectively.

5.1 From statistical models to likelihoods

Statistical models constitute the foundation of statistical inference and are
therefore a prerequisite for any rigorous discussion of likelihood-based meth-
ods in High Energy Physics. Formally, a statistical model is a mathematical
representation of a system that incorporates a set of assumptions about the un-
derlying data-generating process and the theoretical framework under investi-
gation. A classical example is linear regression, which models the relationship
between a dependent variable and one or more independent variables under
defined assumptions.

Statistical models provide a principled framework for interpreting experi-
mental data. Let x denote a set of observed values, which may represent a
single collision event, a group of events, or complex structures such as recon-
structed particle tracks in the CMS detector. These observables may comprise
both discrete and continuous components. Let o denote the set of model pa-
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rameters, which could include detector response functions, calibration coeffi-
cients, or other quantities characterizing the system.

Due to intrinsic statistical fluctuations and experimental uncertainties, re-
peated measurements under fixed values of o will typically yield different out-
comes. As a result, statistical models are generally expressed as probability
density functions p(x|«), which describe the distribution of possible observa-
tions x conditional on a given parameter set o. These models are inherently
probabilistic rather than deterministic, reflecting the stochastic nature of ex-
perimental measurements.

Central to the application of statistical models is the likelihood function,
denoted L(«) or, more explicitly, L(x|«). Although often mistakenly equated
with probability, the likelihood function is fundamentally different: it is a func-
tion of the parameters «, given fixed observed data x. It quantifies the degree
of agreement between the observed data and the model specified by a. A
well-formulated model will produce a likelihood function that assigns rela-
tively high values to the observed data, indicating that the model parameters
are consistent with the empirical evidence.

The likelihood function is instrumental in tasks such as parameter estima-
tion, hypothesis testing, and model comparison, making it a central tool in
modern data analysis.

5.2 The maximum likelihood estimation

In statistics, the Maximum Likelihood Estimation (MLE) is a method for es-
timating the parameters of a statistical model, given observed data. This is
achieved by maximizing a likelihood function such that, under the assumed
model, the observed data are the most probable. The value of the parameter
that maximizes the likelihood function is referred to as the maximum likelihood
estimate.

In many scenarios, the likelihood is a function of multiple parameters.
However, in searches for new physics, the interest often focuses on estimat-
ing a single parameter, typically referred to as the parameter of interest. In this
context, we denote it by p, which commonly represents the signal strength. It
is defined such that, iz = 0 corresponds to the background-only hypothesis and
1 = 1 corresponds to the nominal signal+background hypothesis.

Consider a simplified case with a single analysis channel, consisting of one
signal and one background component, and no systematic uncertainties. Let S
and B denote the expected number of signal and background events, respec-
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tively. The shapes of the signal and background distributions are denoted by
fs(z) and fp(z), respectively, and are probability density functions normal-
ized so that [ dz f(z) = 1. Given n observed events with observable values
{z1,...,x,}, the likelihood function can be written as the product of a Pois-
son probability for observing n events when S + B are expected, and the
probability density of obtaining z. for event e based on the relative mixture
fs(z) and fp(x) for a given value of j:

n

P({z1,...,xn}|n) = Pois(n|uS + B) H

e=1

NSfS(xe) + BfB(xe)
wS + B ’

G.D

If one imagines the data as being fixed, then this equation depends on p
and is called the likelihood function L(y). Since the logarithm is a strictly
increasing function, maximizing the likelihood is equivalent to maximizing
the log-likelihood. This transformation is often preferred due to its favorable

mathematical properties and improved numerical stability. Using Pois(n|v) =
V" e— v
nl

the negative log-likelihood can be written as:

—InL(p) = —nIn(pS + B) + (1S + B) + Inn! — Zln

e=1

= (uS+ B) +Inn! =Y In[uSfs(z.) + Bfp(xe)], (5.2)
e=1

[Mst(xe) + Bfp(z.)
wS+ B

In practice, data are commonly binned into histograms. Let yzlg and l/lt;kg

denote the expected number of signal and background events in bin b. The
corresponding probability densities can then be written as:

VZig V}E)kg

where b is the index of the bin containing z. events and A, is the width
of that bin. Note that because the f(z) are normalized to unity we have S =
S vi and B = Y, v2™. The binned likelihood becomes a product over
Poisson probabilities for each bin:
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sig bkg
pvy T+

bebins
. sig bkg
= Neomb H Pois(np|puvy = + 1 °), (5.4)
bebins

where ny, is the data histogram and Nopnp is a combinatorial factor that can
be neglected since it is constant.

In realistic analyses, the likelihood often depends on additional parame-
ters not of direct interest—so-called nuisance parameters. These can repre-
sent modeling uncertainties, detector effects, or limited Monte Carlo statistics.
Their presence complicates inference but is essential for accurately accounting
for uncertainties.

In a generalization of the above model, the CMS experiment employs the
COMBINE tool [216] to construct parameterized probability density func-
tions (pdfs) using the ROOFIT [217] and ROOSTATS [218]] frameworks. The
tool is especially suited to binned template-based analyses, where the expected
distributions of signal and background processes are provided as histograms.
The full likelihood model used in inference is constructed incorporating:

* Multiple channels: Each corresponding to a distinct event category or
selection region.

e Multiple samples: Including various signal and background processes.

* Normalization factors: Such as the signal strength parameter of interest
(4, or additional unconstrained normalizations for background control.

» Systematic uncertainties: Implemented via nuisance parameters that
modify yields and/or shapes, often correlated across processes and chan-
nels. The following notation is used in this thesis in order to discuss the
systematic uncertainties:

— rate parameter: it alters the normalization of a process. The cor-
responding nuisance parameter is assigned a pdf uniform within a
defined range.

— InN: log-normal uncertainty, it alters the normalization of a process
and the corresponding nuisance parameter is assigned a log-normal
pdf.
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— InU: log-uniform uncertainty, it alters the normalization of a pro-
cess and the corresponding nuisance parameter is assigned a log-
uniform pdf within a given range.

— shape: dedicated templates are created representing the system-
atic variation with respect to the nominal distribution, it is used to
treat uncertainties which do not simply alter the normalization of
a template. The corresponding nuisance parameter is assigned a
Gaussian pdf.

— shapeU: uniform shape uncertainty, it alters the shape of the dis-
tribution like the shape uncertainties. The associated nuisance pa-
rameter is instead assigned a uniform pdf within a given range.

* Statistical uncertainties: Bin-by-bin uncertainties due to finite Monte
Carlo sample sizes, modeled using constrained nuisance parameters.

Each channel contains a set of binned templates for the processes under
consideration. The templates are translated into pdfs that are parameterized
by normalization coefficients and modified by shape morphing techniques to
account for systematic effects.

The pdfs can be expressed with the following form, using the indices e for
events, b for bins, ¢ for channels, s for samples and p for parameters,

P(”c;£evap|¢p7ap77b) = H POiS(nC’VC) ch($€|a)
e=1

cEchannels

< [ folaplay), 5.5

peSHT

where:

* the following subsets of parameters are defined: {¢,} are the uncon-
strained normalization factors (including 4 for the signal), S = {«,,} are
the parameters associated to systematics that have external constraints,
I' = {7} are the bin-by-bin uncertainties associated to statistical er-
rors,

* fp(ap|a,) describes an auxiliary measurement a,, that constrains the nui-
sance parameter .

The expected number of events in a given bin b of channel c is:



124 Chapter 5. Data Analysis Methods and Machine Learning Tools

Ve (Pp, Op, 1b) = YebPes () Nes (@) oesp (), (5.6)
where:
* 7 is the bin-by-bin scale factor used for statistical uncertainties,

* ¢cs(@) is the product of unconstrained normalization factors for a given
sample within a given channel (including p),

* 7es(a) is the the parametrized normalization uncertainties for a given
sample within a given channel,

* ocsp() is the parametrized histogram for a given sample within a given
channel (including shape variation due to systematic effect).

The mean number of events in each bin implies the following event-level
probability density

Vebe

fe(welép ap,m) = =25, with ve=" > va. (5.7)

¢ bebins of ¢

It is perhaps more convenient to think of the likelihood as a product over
bins:

P(ne, apldp,apw) = [ ] Poistnalves) [ folaplay). (5.8)

c€Echannels bebins peSHT

This likelihood is maximized to find the maximum likelihood estimates for
the model parameters. The most used tool in CMS to perform this operation
is MINUIT [219]], which equivalently minimizes the negative log-likelihood
function.

5.3 Discovery as hypothesis test

In particle physics, we frequently quantify the significance of an observed sig-
nal by quoting the p-value of the background-only hypothesis. One method for
defining the p-value for a hypothesized value of p is to construct a test statistic
based on the profile likelihood ratio. The parameter of interest is the overall
signal strength factor u, which acts as a scaling to the total rate of signal events.
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It is convenient to separate the full list of parameters « into the parameter of
interest u and the nuisance parameters 6: o = (u, 6).

For a given data set and values for the observable, there is an associated
likelihood function L(y, 6). Let’s assume /i and 6 are the values of the param-
eters that maximize the likelihood function L(u, 6) or equivalently minimize
—InL(y,0) and (1) is a conditional maximum likelihood estimate of 6 that
maximizes the likelihood function with y fixed; this procedure for choosing
specific values of the nuisance parameters for a given value of p is often re-

ferred to as “profiling”. Similarly é(,u) is often referred to as “the profiled
value of #”. Given these definitions, we can construct the profile likelihood
ratio

L, 0(p))
L 0)

which depends explicitly on the parameter of interest u, implicitly on the

Ap) = : (5.9)

data set and observables, and is independent of the nuisance parameters 6
(which have been eliminated via profiling). Despite the fact that the rate of
signal events is non-negative, thus p > 0, it is often convenient to allow p < 0
(which indicates a deficit of events signal-like with respect to the background
only) as long as the pdf, f.(z.|u,0) > 0 everywhere. We define the test statis-
tic g, to differentiate the hypothesis of a signal being produced at a rate . from
the alternative hypothesis of signal events being produced at a lower rate:

B
_ oA (w) a<p 0,
Q= = L(pf(w) ; (5.10)
{ 0 o> —2In="rm0 L(ad) O0<p<p
0 > p

Note that g, is a test statistic for a one-sided alternative (one-sided upper
limit). The test statistic ?u is used to differentiate signal being produced at
a rate p from the alternative hypothesis of signal events being produced at a
lower or greater rate of y (two-sided alternative),

T, = —2InA () (5.11)
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If we consider the parameter of interest 4 > 0 and we test at ;4 = 0 then
there is no “other side” and we have tNM:() = qo. Finally, if one relaxes the con-
straint 1 > 0 then the two-sided test statistic is written ¢,, or, simply, —2InA(s).

The test statistic should be interpreted as a single real-valued number that
represents the outcome of the experiment. More formally, it is a mapping of
the data to a single real-valued number. For the observed data the test statistic
has a given value, ¢, ons. If One were to repeat the experiment many times the
test statistic would take on different values, thus, conceptually, the test statis-
tic has a distribution. Similarly, we can use our model to generate pseudo-
experiments using Monte Carlo techniques or more abstractly consider the
distribution. Since the number of expected events v(u, ) and the distribu-
tions of the observable f.(x.|u,8) explicitly depend on 6 the distribution of
the test statistic will also depend on 6. Let us denote this distribution

—

F(qulp, 0) (5.12)

The p-value for a given observation under a particular hypothesis (u, 0)
is the probability for an equally or more ‘extreme’ outcome than observed
assuming that hypothesis

b

u,(;:[ f(Qulp, 0) dg, . (5.13)
q

L,0bs
With this definition, small p-values are evidence against the corresponding
hypothesis. The immediate difficulty is that we are interested in p but the
p-values depend on both i and . In the frequentist approach the hypothesis
w = o would not be rejected unless the p-value is sufficiently small for all
values of 0. Equivalently, one can use the supremum p-value for over all 6 to
base the decision to accept or reject the hypothesis at y = pug.

Pyt = SUD Py (5.14)

The key conceptual reason for choosing the test statistics based on the pro-
file likelihood ratio is that, according to Wilks’s theorem [220], asymptotically
(i.e. when there are many events) the distribution of the profile likelihood ratio
A(p = pirue) is independent of the values of the nuisance parameters. In that
limit p,® = p,, ¢ for all 6.

Since there may still be some residual dependence of the p-values on the
choice of # we would like to know the specific value of #°"P that produces the
supremum p-value over . Since larger p-values indicate better agreement of
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the data with the model, it is not surprising that choosing 05" = é(,u) is a
good estimate.

Based on the discussion above, the following p-value is used to quantify
consistency with the hypothesis of a signal strength of y:

P = / £ (@l O, 0bs)) i (5.15)
4yi,0bs

The 95% confidence-level upper limit in the so-called modified frequentist
approach, C Ly, is calculated defining pL as a ratio of p-values,

/ Pu
p,=——, (5.16)
ol-p
where py is the p-value derived from the same test statistic under the background-
only hypothesis
o0 2
pp=1-— / £(Gul0,0(p = 0,0bs))dq, . (5.17)

qu,obs

The C'L, upper-limit on p is denoted ., and obtained by solving for pibup =
5%.

For discovery purposes, one is interested in compatibility of the data with
the background-only hypothesis. Statistically, a discovery corresponds to re-
jecting the background-only hypothesis. This compatibility is based on the
following p-value

o0 ~
= [ 70,6 = 0.0b8))dis (5.18)
o, 0bs
This p-value is also based on the background-only hypothesis, but the test
statistic o is suited for testing the background-only while the test statistic g,
in Eq.[5.17]is suited for testing a hypothesis with signal.

It is customary to convert the background-only p-value into the quantile (or
“sigma”) of a unit Gaussian. This conversion is purely conventional and makes
no assumption that the test statistic gg is Gaussian distributed. The conversion
is defined as:

Z =@ (1 - po); (5.19)

where @1 is the inverse of the cumulative distribution for a unit Gaussian.
One says the significance of the result is Zo and the standard discovery con-
vention is 50, corresponding to pg = 2.87 - 1077,
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5.3.1 Expected sensitivity and bands

The expected sensitivity for limits and discovery are useful quantities, though
subject to some degree of ambiguity. Intuitively, the expected upper limit is
the upper limit one would expect to obtain if the background-only hypothesis
is true. Similarly, the expected significance is the significance of the observa-
tion assuming some model signal rate. To find the expected limit one needs
a distribution f(jyp|pe = 0,0). To find the expected significance one needs
the distribution f(Z|u = 1,6) or, equivalently, f(po|p = 1,6). We use the
median instead of the mean, as it is invariant to the choice of Z or py. The ex-
pected limit and significance depend on the value of the nuisance parameters
0, for which we do not know the true values. The convention is then to use the
profiled values of the nuisance parameters based on the observed data. Thus,

for the expected limit we consider f(fiyp|0, O(u = 0,0bs)) and for the ex-

pected significance we use f(po|u = 1, é(,u = 1,0bs)). A consequence of this
choice is that the expected limit and significance depend on the observed data
through the conventional choice for #. With these distributions we can also
define bands around the median upper limit. CMS standard limit plot shows a
dark green band corresponding to p &= 1 defined by

pEl A
/ f(pupl0, O(pp = 0, 0bs))dpryp = 1 (£1). (5.20)
0

and a light yellow band corresponding to y + 2 defined by

pnt2 A
/0 F(pupl0,0(p = 0, 0bs))dpiy = D (£2). (5.21)

An example of such a plot is shown in Fig.[5.1]

5.3.2 Goodness of fit

A goodness-of-fit (GOF) test is a test of the null hypothesis when the alter-
native hypothesis is not specified. Since Neyman and Pearson taught us that
(even for simple hypotheses) the best test of the null hypothesis depends on
the alternative [222], there is no universally best GOF test. Nonetheless, the
ubiquity of the x> GOF test attests to its utility, at least for picking up cer-
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Figure 5.1: Expected and observed 95% CL upper limits on the product of the cross
sections and branching fraction for the decay into 7 leptons for the bb¢ production.
The expected median of the exclusion limit in the absence of signal is shown by the
dashed line. The dark green and bright yellow bands indicate the central 68% and 95%
intervals for the expected exclusion limit. The black dots correspond to the observed

limits .

tain departures from the null hypothesis. In its usual form for uncorrelated
Gaussian distributed data, one has

X2 = (di — £:)*/o?, (5.22)

()

where d; + o; is the ith measured data point with rms deviation o; (each as-
sumed to be a known constant), and f; is the model prediction, perhaps with
parameters. Considered as a random variable (since a function of the ran-
dom data), in many applications this test statistic, x2, has a probability density
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which is also frequently called the y? function. For the same data and model
as above, the likelihood is:

L=]] ! exp <—W> (5.23)

2
7/ 27rai2 20;

leading to the common statement that —2inL is equal to x?; this is of
course not correct since the former quantity has extra constants. According
to Wilks’s theorem, likelihood ratios obeying important regularity conditions
have asymptotic probability densities which also follow the y? probability den-
sity. Likelihoods have the appealing property of being independent of the met-
ric in which parameters are described. Likelihood ratios inherit this property
and furthermore are invariant under change of metrics in which the data are
described. As seen previously, likelihood ratios, A, are generally useful for
comparing two hypotheses. Now they can be used as a basis for a general-
ization of Eq. [5.22] that is the one used for GOF test in the CMS COMBINE
tool [216].

Given only a null hypothesis and the data, one can invent an alternative
hypothesis for which f; is equal to the data d; at every measured value. Such
a model, which typically needs as many parameters as there are data points,
is called a saturated model [223]. In some circumstances, saturated models
can be useful for comparisons with the null hypothesis, and in particular for
providing a denominator in the likelihood ratio. For the Gaussian data above,
the saturated model sets f; = d;, so that the likelihood of the data in the
saturated model is

1
Lsaturated = H (5 -24)

i 27r02-2
The ratio of the two likelihoods above is then
d; — 1;)?
A= exp <—(202f)> (5.25)
i 7

and thus, importantly
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Y2 =—-2In\ (5.26)

From this point of view, the constants in —2I{n L were not just ignored; they
were canceled when a ratio was formed. Since the saturated model does not
depend on the parameters of the original model, the maximum of A is of course
at those parameters that maximize the original L.

The GOF method in CMS COMBINE evaluates a test statistic for the ob-
served data and generates the expected distribution of the test statistic under the
null distribution using pseudo-data. These can be used to determine a p-value
under the null hypothesis. Figure [5.2] shows the distribution of the saturated
test statistic in pseudo-data using an example statistical model as reported in
Ref. [216].

CMS

—_— tobs p

Figure 5.2: Distribution of the saturated test statistic (here called ¢) in 10,000 pseudo-
data sets. The observed value of the test statistic is indicated by the black vertical line
and the region used to determine p is indicated by the light gray shaded region.
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5.4 Machine Learning Tools

Machine Learning techniques have become integral to modern particle physics

analyses, driven by challenges in complex pattern recognition, high-dimensional

data, and the need for fast, accurate inference. ML methods enhance both

physics object reconstruction and broader physics measurements, revolution-

izing workflows in experiments such as CMS. The application in CMS now

ranges from the machine operation and data acquisition to the data analysis

strategy for BSM searches and precision measurements. In the following there

is a (non exhaustive) list of application taken from Ref. [224]:

Producing the data

ML can be used to tune devices, control beams and perform analysis on
accelerator parameters. It has already deployed successfully on acceler-
ator facilities and potentially can be implemented for detector control.

Compressing data
Autoencoders reduce the dimensionality of detector output, preserving
essential features while lowering data size.

Data quality monitoring
Online ML systems detect deviations in detector behavior, enabling rapid
alerts for data quality issues.

Managing data
ML forecasts dataset usage trends, enabling efficient file staging and
cache prioritization in distributed computing environments.

Triggers
Lightweight ML models deployed in the HLT improve efficiency under
tight latency and resource constraints.

Reconstructing data

Event reconstruction (in particular tracking and vertexing) is a pattern
recognition task well suited for advanced machine learning techniques,
such as Graph Neural Networks (GNNs).

Simulating data
Generative Adversarial Networks (GANs) accelerate detector simula-
tion, alleviating resource bottlenecks in full simulation pipelines.
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 Calibrating data
Neural Networks calibrate jet energy by regressing the four-momentum
and compensating for non-linear detector effects.

* Particle identification
Neural Networks tag jets originating from heavy-flavor quarks (b-tagging),
improving efficiency and reducing misidentification compared to tradi-
tional methods.

¢ Analyzing data
Signals of interest can be very rare and difficult to detect, hence machine
learning algorithms are trained to recognize specific signatures of new
physical events, allowing for more efficient signal detection and clas-
sification. They can help identify rare events and reduce background
contamination, improving the sensitivity of the analysis.

In this thesis, ML techniques are employed for particle identification and
data analysis tasks. Specifically, a CNN is used for the identification of 73
objects, as described in Chapter [6] while DNNs are trained to enhance the
sensitivity of the H/A — ZA/H — ¢¢r7 and HH searches, as discussed in
Chapter [7]and Chapter 8] respectively. These two techniques will be described
in detail in the following sections.

Both methods fall under the category of supervised learning, a type of ML
in which the algorithm is trained on a labeled dataset. In supervised learn-
ing, each training example consists of an input (e.g. detector signals or event-
level features) paired with the correct output label (e.g. particle type or sig-
nal/background classification). The goal is for the model to learn a mapping
from inputs to outputs, enabling it to make accurate predictions on new, unseen
data.

5.4.1 Deep Neural Networks

DNNs are a class of machine learning models inspired by the structure and
function of the human brain. They consist of multiple layers of intercon-
nected neurons, and are particularly effective at capturing complex, non-linear
relationships in high-dimensional data. In recent years, DNNs have found
widespread application across many domains, including image recognition,
natural language processing, and High Energy Physics.

A neural network is composed of an input layer, one or more hidden layers,
and an output layer (see Fig[5.3). Each layer consists of a number of artificial
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neurons, also called nodes or units. Each neuron receives inputs, applies a
linear transformation (typically a weighted sum plus a bias), and passes the
result through a non-linear activation function.

Mathematically, the output of a neuron can be expressed as:

y=f <Z w;; + b) , (5.27)
i=1

where z; are the input features, w; are the weights, b is the bias term, and f(-)
is the activation function.

Input Layer Hidden Layer Qutput Layer
i hy h; h, 4
Input 1
—

Input 2I

Input n

-
52
X

Figure 5.3: General Neural Network Architecture. The output of a unit (¢) in a layer
(1) is related to the output (0) of the earlier layer with outputs through a set of weights,
a bias, and a non-linear activation function [225]].

The fundamental components of a deep neural network are discussed in
greater detail in the following.

Neurons Neural network nodes receive inputs, compute a weighted sum,
add a bias, and apply an activation function to produce an output. Neurons are
typically organized into layers: the input layer, one or more hidden layers, and
the output layer.

Synapses Synapses represent the connections between neurons and are
conceptually analogous to biological neural connections. In artificial neural
networks, they are modeled as weighted links that transmit signals from one
neuron to another.
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Weights Weights are trainable parameters associated with the synapses.
They determine the strength or influence of the connection between neurons.
During training, the weights are adjusted to minimize the loss function and
improve the model’s performance.

Biases A bias is an additional trainable parameter added to the weighted
input of each neuron. It allows the activation function to be shifted left or
right, helping the network model data more flexibly, especially when the input
is zero or in regions where activations need to shift.

Activation Functions Activation functions are mathematical transforma-
tions applied to the output of each neuron after computing the weighted sum
and bias. They introduce non-linearity into the network, enabling it to approx-
imate complex functions and model intricate relationships in the data. The
choice of activation function impacts the network’s learning dynamics, con-
vergence behavior, and capacity to represent various data types. The most
commonly used activation functions are:

* Sigmoid: Defined as f(z) = H%’
into the (0, 1) range. It is traditionally used in binary classification prob-

this function maps input values

lems but is less common in deep networks due to issues like vanishing
gradients and saturation.

 Tanh (Hyperbolic Tangent): Defined as f(x) = %, the tanh func-
tion outputs values in the range (-1, 1). It provides stronger non-linearity
than sigmoid but also suffers from the vanishing gradient problem in

deep networks.

* ReLU (Rectified Linear Unit): Defined as f(x) = max(0,x), the
ReLU function outputs zero for negative inputs and passes through posi-
tive inputs unchanged. ReLU is widely used due to its computational ef-
ficiency and ability to reduce vanishing gradients, although it can suffer
from the “dying ReLLU” problem, where neurons become permanently
inactive by outputting only zeros after receiving large negative inputs.

* Leaky ReLLU: An improvement over ReL U, it allows a small, non-zero
gradient for negative input values. This helps prevent neurons from be-
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coming inactive during training. It is defined as:

fa) = {a; ifz >0

ar ifzx <0
where « is a small constant (e.g. 0.01).

* Softmax: Used in the output layer for multi-class classification, the soft-
max function transforms a vector of real-valued scores z; into probabil-
ities:

e

ij'(:l e

where K is the number of output classes. The outputs are positive and

softmax(z;) =

sum to 1, forming a valid probability distribution.

Sigmoid
1.0

RelLU LeakyRelLU(a=0.2)
10

5 z,z>0
LeakyReLU(z)=

az,otherwise
E—— 3 10

z,z>0

ReLU(z) :{

0,otherwise s
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Figure 5.4: Commonly used activation functions [226]: (a) Sigmoid, (b) Tanh, (c)
ReLU, and (d) LReLU.

As already mentioned, DNNs are trained using supervised learning. A la-
beled dataset is used to optimize the network parameters (weights and biases)
by minimizing a loss function that quantifies the difference between the pre-
dicted and true outputs. The most commonly used optimization algorithm is
stochastic gradient descent or one of its variants (e.g. Adam [227]]).
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The training process consists of:

* Forward pass: Input data is propagated through the network to compute
the output.

* Loss computation: The output is compared with the true label using a
loss function. For the classification task, a commonly used loss function
is cross-entropy, especially when the output is a probability distribution
over classes (e.g. in binary or multi-class classification). It quantifies
the difference between the predicted probability distribution and the true
labels. For a binary classification problem, where the true label y €
{0,1} and the predicted probability of the positive class is g, the cross-
entropy loss is defined as:

Lee(y, §) = — ylog(g) + (1 — y)log(1 - g)] . (5.28)

Here, 9 is the model’s predicted probability that the instance belongs to
class 1. The loss increases as the predicted probability diverges from
the actual label. For multi-class classification with C' classes and one-
hot encoded true labels y = (y1,...,yc) and predicted probabilities

9= (91,--.,9c), the cross-entropy loss is given by:
C
Ler(y,9) ==Y vilog(d). (5.29)
i=1

In this case, y; = 1 only for the correct class, so the loss reduces to
the negative log-probability assigned to the correct class by the model.
Minimizing this loss encourages the model to assign high probabilities
to the correct class labels.

* Backward pass: The error is backpropagated to update the weights us-
ing gradient descent.

The performance and stability of DNNs heavily depend on the choice of
training hyperparameters and configuration settings. Several important con-
cepts that govern the training process are outlined below.

Batch Size The batch size determines the number of training examples
used to compute the gradient and update the model’s parameters in each itera-
tion. Choosing the appropriate batch size involves trade-offs between compu-
tation time, memory usage, and convergence behavior.
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Learning Rate The learning rate controls the step size during gradient
descent updates. It is one of the most critical hyperparameters, since a too high
rate can cause the model to overshoot minima or diverge, while a too low rate
results in slow convergence or getting stuck in suboptimal minima. Learning
rate schedules (e.g. exponential decay, cosine annealing) and adaptive opti-
mizers like Adam can dynamically adjust the effective learning rate during
training.

Epochs An epoch refers to one full pass through the entire training dataset.
Typically, multiple epochs are needed for the model to converge. However, too
many epochs can lead to overfitting, especially if regularization is not applied.

To avoid overfitting and improve the model’s ability to generalize to unseen
data, several regularization techniques are used:

* Dropout [228]]: Randomly deactivating a subset of neurons during train-
ing.

» L2 Regularization: Adding a penalty term proportional to the square of
the weights to the loss function.

» Early stopping: Halting training when performance on a validation set
stops improving.

5.4.2 Convolutional Neural Networks

CNNss are a specialized class of deep neural networks designed to process data
with a grid-like topology, such as images. Their architecture is particularly
well-suited for extracting spatial hierarchies of features, making them highly
effective for image classification, object detection, and other vision-related
tasks. In High Energy Physics, CNNs are increasingly applied to calorime-
ter images, detector readouts, and other structured event data (like jets and 7,
objects).

A typical CNN consists of several layers that transform raw input data into
increasingly abstract feature representations. These layers include convolu-
tional layers, activation functions, pooling layers, fully connected layers, and
an output layer. The structure and data flow in a standard CNN are illustrated
in Figure[5.5] and each key component is explained below.
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Convolution Neural Network (CNN)
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Figure 5.5: Example of a typical CNN architecture for image classification. The input
image is processed through a series of convolutional, activation, and pooling layers,
followed by fully connected layers and a softmax output.

Convolutional Layers The core operation of CNNs is the convolution.
Each convolutional layer applies a set of filters (kernels) to the input image
or feature map. These filters slide across the input, computing dot products at
each position, resulting in a new feature map. This allows the network to detect
local patterns such as edges or textures. Formally, a 2D convolution between
input X and kernel K is defined in most deep learning frameworks as:

(X*K)(i,j):ZZX(i+m,j+n)'K(m,n)

Activation Functions After convolution, each element of the feature map
is passed through a non-linear activation function. The most common choice
is the aforementioned ReLU.

Pooling Layers Pooling layers reduce the spatial dimensions of the feature
maps, typically using operations like max pooling. For example, a 2 X 2 max
pooling layer retains the maximum value from each 2 x 2 region, reducing data
size while preserving important information. This helps control overfitting and
adds some translation invariance.

Fully Connected Layers Once the spatial features have been extracted,
the resulting feature maps are flattened into a vector and passed through one or
more fully connected (dense) layers. Each neuron in these layers is connected
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to all outputs from the previous layer. These layers combine high-level features
and perform the final classification decision.

Output Layer For classification tasks, the output layer typically uses the
softmax function to convert the final outputs into class probabilities.

5.4.3 Performance evaluation and reliability testing of ML
models

Deep neural networks undergo rigorous validation and testing procedures to
assess their performance and reliability. We can evaluate the performance of a
neural network using various metrics and techniques; confusion matrix, ROC
and AUC, cross-validation, loss function, precision, recall, and F1 score, etc.
are such examples. The Receiver Operating Characteristic (ROC) curve and
the Area Under the Curve (AUC) (see Fig. [5.6) are the most commonly used
techniques to get insight into the true positive rate against the false positive
rate at different classification thresholds. It provides a comprehensive view of
the trade-off between sensitivity and specificity. The AUC is often used as a
single metric to quantify the overall performance of a classifier.

Perfect ROC
classifier

AUC

True Positive Rate (Sensitivity)

False Positive Rate (1-Specificity)

Figure 5.6: Example of ROC curve. The AUC reflects the performance of the clas-
sifier: a classifier with optimal performance has an area under the curve close to
1.) [229].
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The confusion matrix in Fig.[5.7]also provides the counts of true positives,
true negatives, false positives, and false negatives. From the confusion matrix,
several metrics can be derived, including precision, recall, and F1 score. The
precision measures the proportion of correctly predicted positive instances out
of the total predicted positives. The recall, also known as sensitivity, calculates
the proportion of correctly predicted positive instances out of the total actual
positives. The F1 score is the harmonic mean of precision and recall, providing
a balanced measure of a classifier’s performance.

Predicted Class

A i
Positive Negative
iti i False Negative (FN) Sensitivity
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Type I Error e
(TN + FP)
. Negative Predictive Accuracy
Precision
Value TP+ TN
ot ™ (TP+TN +FP +FN)
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Figure 5.7: Confusion matrix and performance equations [230].

Cross-validation is a widely used technique to assess a model’s general-
ization performance by splitting the dataset into multiple subsets, or folds.
The neural network is trained and evaluated on different combinations of these
folds, resulting in a more robust and unbiased estimate of its performance.

During training, the loss function provides valuable insight into the opti-
mization and learning process. Monitoring both the training and validation
loss can help determine how well the model is learning and whether it is over-
fitting or underfitting the data.

While any one of these evaluation techniques can offer useful information
about model performance, it is often beneficial to consider multiple approaches
together. This comprehensive assessment helps build a more reliable under-
standing of the network’s behavior. Ultimately, the choice of evaluation meth-
ods depends on the nature of the problem, the characteristics of the dataset,
and the specific objectives of the neural network application.






Chapter

The 73, identification algorithm
and its calibration

The accurate reconstruction and identification of 7 candidates is a key
component of the CMS BSM analysis presented in Chapter [/| For this rea-
son, I have dedicated significant effort over the past years to the CMS Tau
Physics Object Group (TauPOG), with a primary focus on the validation and
calibration of the latest 73, identification algorithm, DEEPTAU v2.5. I currently
serve as a Level-3 convener for the Tau Calibration—Quality—Modeling group,
where I have been responsible for coordinating past and current Run 3 calibra-
tion campaigns. Additionally, I am the Contact Person for the DEEPTAU v2.5
paper, available in Ref. [1].

This chapter introduces DEEPTAU v2.5 and outlines its key features, high-
lighting the improvements made over the previous version, DEEPTAU v2.1.
I will then discuss its calibration in detail, presenting the measurement of 7,
identification correction factors. Special emphasis will be given to the de-
termination of the e — 7, misidentification rate correction factors, which I
personally measured for the early Run 3 data.

6.1 Misidentification of hadronically decaying tau
leptons

In Sec. [3.3.5) the HPS algorithm for the reconstruction of 75, candidates have
been presented. This algorithm is designed to be extremely efficient, indeed
approximately 90% of genuine 7, candidates are reconstructed by HPS, but it
suffers from high levels of contamination. Several objects can be misidentified
as hadronically decaying tau leptons by the HPS algorithm:
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* jets: a highly collimated quark or gluon jet can be mistaken for any tau
decay (see for example Fig. [6.1));

* muons: can produce a signature similar to a one prong tau decay;

* electrons: can emit photons via bremsstrahlung radiation and mimic the

p meson decay and be reconstructed as one prong plus 7¥s decays.

Figure 6.1: Simulation of a 75, decay into h*hTh* 7" (left) and of a collimated jet
resembling a 7y, (right) in the CMS detector.

As previously mentioned, a 75, candidate is seeded by a PF jet in the HPS
algorithm, making quark and gluon jets the highest source of contamination for
the 7, identification. Light leptons can also be misidentified as 7y, electrons
in particular can occasionally produce electromagnetic showers that reach the
HCAL, mimicking the signature of a charged pion, and emit bremsstrahlung
photons which could be reconstructed as a strip by the HPS algorithm. A
schematic representation of these signatures is shown in Fig.[6.2]

hadron hadron

erme] 0 | [

e

strip

Figure 6.2: Schematic representation of the signatures identified by the HPS algo-
rithm for an electron faking a 7, (left) and a genuine 7, (right).
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To reduce the misidentification rate, and thus select a more pure sample of
hadronically decaying tau leptons, several methods have been implemented in
CMS throughout the years. First a a cut-based isolation sum discriminator was
implemented, later a Boosted Decision Tree discriminator [231] and, finally,
for the end of Run 2, the DEEPTAU neural network-based identification was
deployed. Its version v2.1 [232] has been used in the analysis presented in this
thesis while its latest iteration, v2.5 [1[], is described in the following since it is
the one I have been working on for the current Run 3.

6.2 The 7, identification using a deep neural
network with domain adaptation

The DEEPTAU algorithm is a deep convolutional neural network that simulta-
neously discriminates 7, candidates against quark and gluon jets, electrons and
muons. The algorithm uses a combination of high-level input variables and in-
formation from particles in the vicinity of the candidate. The neural network
outputs an estimation of the probabilities that a candidate is a genuine 73, or a
quark and gluon jet, electron, or muon.

The latest iteration of DEEPTAU, v2.5, incorporates domain adaptation by
backpropagation into the training workflow, to reduce performance discrepan-
cies when the algorithm is applied to collision data. The algorithm was trained
on a balanced mix of simulated events, and on pp collision data collected by
the CMS detector in 2018 at /s = 13 TeV.

In addition to achieving better data-to-simulation agreement, DEEPTAU v2.5
also demonstrates improved classification performance compared to its pre-
decessor, v2.1, with a larger and more balanced training dataset, optimized
hyperparameters, and corrections of inconsistencies in the particle-level input
grids.

6.2.1 Inputs

Particle-level inputs are stored in two overlapping grids in pseudorapidity-
azimuth (n-¢) space, centred on the 7, candidate axis, as shown in Fig.
The inner grid, encapsulating the signal cone, which contains the h* and 7°
candidates, comprises 11 x 11 cells of size 0.02 x 0.02. The outer grid of
21 x 21 cells of size 0.05 x 0.05, contains the isolation cone.
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Figure 6.3: Inner and outer grid layout in 7)-¢ space [[232]]. The inner grid encapsulates
the signal cone of maximal radius 0.1, which contains the h¥* and 79 candidates, and
consists of 11 x 11 cells with a size of 0.02 x 0.02 each. The outer grid contains the
isolation cone of radius 0.5, and consists of 21 x 21 cells with a size of 0.05 x 0.05
each.

Properties of seven different types of reconstructed particles can be stored
in each cell: those reconstructed by the PF algorithm (electrons, muons, pho-
tons, charged hadrons, and neutral hadrons), as well as electrons and muons
reconstructed using dedicated standalone algorithms [233.[234]).

The particle-level inputs are identical to those used in Ref. [232]]. They
include basic kinematic properties of each object: pp, distance from the 7,
candidate axis in 7-¢ space (An and A¢), and reconstructed charge. Track
quality information, and compatibility with the PV, or possibly a secondary
vertex (SV), is included, as well as characteristics of energy deposits in the
detector (ECAL, HCAL, muon station hits). The estimated probability that the
particle comes from another pileup interaction, is computed using the pileup-
per-particle identification (PUPPI) algorithm [235]].

There are 43 high-level input variables, which correspond to those used in
Ref. [232], except for two that were removed in this work: the azimuthal angle
¢ of the 73, candidate, to reduce dependence on detector conditions, and the
absolute coordinates of the point of closest approach of the leading charged
track because of mismodelling. The high-level variables used are mostly those
which were found useful in previous multivariate analysis classifiers [236].

The high-level variables include 75, candidate kinematic quantities (7, pr,
and energy) and charge, the number of charged and neutral hadrons associated
with the 73, candidate by the HPS decay mode reconstruction, and characteris-
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tics of energy deposits from various particle types in the isolation cone. Infor-
mation about the tracks is included: compatibility with the PV and properties
of the SV, if reconstructed in a multiprong decay mode. Additionally, observ-
ables related to the 7 and ¢ distributions of the reconstructed energy in the 7°
strips, estimated pileup density, and calorimeter variables that provide good
discrimination against electrons are used as input variables.

Integer inputs and variables with finite domain are transformed linearly to
limit their values to the [—1, 1] range. Other inputs are standardized using their
mean values (u,) and standard deviation (o),

g = el ©6.1)

Ox

where 4 18 the original input, and xgq is the standardized input, which is
then restricted to [—5, 5] to remove outliers.

The reconstructed 73, candidates are assigned a type: genuine 73, misiden-
tified electron (e), and misidentified muon (u), or misidentified quark or gluon
jet (jet). Candidates matched to generated electrons and muons with pp > 8
GeV, including those originating from leptonic tau decays, are assigned the e
or i classes, respectively. Leptons below these low pr thresholds are not con-
sidered, as they are expected to be misidentified jet components (given that the
HPS tau candidate must have pr > 20 GeV). Those matched to a generated
T, With visible pr > 15 GeV are assigned genuine 7. In all of these cases
the matching is performed with a cone AR = VAn? + A¢? < 0.2. If a can-
didate is not matched to a generated lepton or genuine 7, it is assigned to the
jet class. Only generated leptons and genuine 73, originating from the PV are
considered for 73, candidate type assignment.

Approximately 100 million candidates, a balanced mix of the different
types of 73, candidates from various simulated events, are used to train the
DEEPTAU algorithm in its default configuration. These events are simulated
and reconstructed according to 2018 data-taking conditions. All types of re-
constructed 73, candidates are sourced from Z/~v* + jets, ¢t (semileptonic and
fully hadronic final states), and W + jets events. Additional genuine 7, candi-
dates are obtained from H — 77 and 7 gun samples, and additional misiden-
tified jets are obtained from simulated QCD multijet samples. Additional
misidentified electrons are obtained from Z’ — ee decays.

A loose selection is applied, with the candidate reconstructed by the HPS
algorithm required to have a transverse momentum 20 < pr < 1000 GeV.
Additionally, limits are imposed on the pseudorapidity |n| < 2.5 and longitu-
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dinal impact parameter |d.| < 0.2 cm (distance between the leading charged
track and PV). Weights are applied in p and 7 bins to ensure a uniform distri-
bution between the classes across the various training samples in all kinematic
regions.

6.2.2 Classification architecture and loss function

The architecture used for 7, type classification in this work is similar to the
one described in Ref. [232]]. The input variables (high-level features, and all
the inner/outer grid cells) are initially processed separately using fully con-
nected layers for feature extraction. Convolutional layers are then used to re-
duce the dimensionality of the grids to 1x1. The processed features are then
concatenated and passed through a final set of fully connected layers for 73
type classification. A softmax activation function is then applied to yield prob-
ability estimates that the 77, candidate is a genuine 7y, jet, electron, or muon.
The predicted output takes the form: yP*! = (e, Yy, Y7, Yiet)-

Batch normalization [[237]] and dropout regularization are applied after each
fully connected and convolutional layer. Nonlinearities are introduced using
the PReLu activation function [238]].

The classification loss function used during the training of the neural net-
work is a sum of a cross-entropy term [239] for the genuine 73, target class,
a focal loss component [240] for classification against all backgrounds com-
bined, and three individual components for classification as electrons, muons,
or jets when y, > 0.1. The binary cross-entropy term assigns greater impor-
tance to very high genuine 7, identification efficiency, which typically have
higher misidentification rates. The addition of the focal loss terms improves
the classification performance for genuine 7, identification efficiencies in the
50-80% range, for which most physics analyses involving 7, candidates show
the highest sensitivity. Furthermore, in regions where the genuine 7, identifi-
cation efficiency is low, binary classification to separate signal from the com-
bined backgrounds is more important than distinguishing between background

types.
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The loss function is defined as:

L(ytrue7 ypred) =K, HT (ytrue’ ypred; w)

Separation for all o

+ (Ke + Fp + K5) Femb (1 — 3/:—me, - Z/Ered§ Yemb)  (6.2)

Focused separation of e, u, jet from 73,

tre S kb — 0T, g ),
ic{e,m,j}

Focused separation of Th:;om e, i, jetforyr > 0.1

where yP™®¢ and y"™© are the predictions and generator-level truth, respectively;
H is the categorical cross-entropy loss with w a varying parameter for sam-
ple normalization; F, is the normalized focal loss; 6 is a smoothened step
function that approaches 1 for y, > 0.1 and O for y, < 0.1. This step func-
tion disregards the discrimination between e, u, and jets when the probability
of a genuine 73, is low. The default values of the x and ~ terms are given in
[Table 6.1

The k values affect the relative importance of predicting each class cor-
rectly. During the domain adaptation training, these constants were set to
ke = 2,k = 5, kr = 6, and k; = 1 in order to reduce the degraded per-
formance of 73, classification.

Parameter Value Emphasis on

Ke 0.4 e separation

Kpu 1.0 L separation

Kr 2.0 Th, Separation

Kj 0.6 Jet separation

KR 5.0  High 7 identification efficiency
Ye 2.0 e separation

o 2.0 14 separation

Vi 2.0 Jet separation

Yemb 0.5 e, [, jet separation combined

Table 6.1: Default values of the parameters used in the classification loss function for
DEEPTAU training.

The loss function in minimized with the adaptive momentum estimation
(Adam) algorithm [241]] and the Nesterov-momentum accelerated variant (NAdam) [242]].
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The setup uses the TENSORFLOW Vv2.5.0 [243]] Python library with KERAS
v2.5.0 [244] as an interface. Training was performed using NVIDIA TESLA
V100 and T4, as well as GEFORCE GTV 1080 T1 GPUs.

The discriminators against electrons, muons, and quark or gluon jets are
defined as

Yr

Day = )
() Yr + Yo

(6.3)

where ¥, is the predicted probability that the 75, candidate belongs to the target
class a € {e, p,jet}. The discrimination of a genuine 73, against a particular
background improves as the corresponding discriminator score approaches 1.

6.2.3 Domain adaptation by backpropagation

DEEPTAU v2.1 was trained exclusively on simulated events. While these sam-
ples generally provide a good representation of the pp collision data, some
of the features used as inputs are not perfectly modeled. As a consequence,
the previous setup shows increasing discrepancies between observed data and
expectations from simulations for high D¢ scores. This is particularly prob-
lematic since the affected region is the most important for analyses, as it has
the highest genuine 73, purity.

Previously, this mismodeling was only corrected using a set of dedicated
calibration measurements, where simulations were fitted to the data, to deter-
mine identification efficiency scale factors. However, such corrections lead to
larger uncertainties, and do not correct the shape of the discriminator output.
The raw DEEPTAU v2.1 score could therefore not be reliably used as an input
for analyses.

Simply removing any variables which are not perfectly described in simu-
lation is not feasible, as they remain important for achieving good classifica-
tion performance. Furthermore, studies have shown that the mismodeling is a
highly multidimensional effect, making it very difficult to identify the affected
set of inputs and correct them with traditional methods. A better approach is
domain adaptation, which can discourage the algorithm from using combina-
tions of features that are not well modeled in simulation by identifying differ-
ences between data and simulation in the hidden layers of the neural network
during training.

The performance discrepancies between data and simulated samples are
reduced at the training level by implementing domain adaptation by backprop-
agation in DEEPTAU v2.5. This involves simultaneously training two subnet-
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works with competing goals. In this case, one is used for 73, type classification,
and the other for domain discrimination between data and simulated events.
The goal is to maximize the classification performance while minimizing data-
simulation discrimination. A mathematical description of the gradient reversal
technique used to achieve this is available in Ref. [245]]. This technique has
previously been used for displaced jet tagging [246].

The advantages of this method are that the scale factors to correct residual
differences can be brought closer to unity. Additionally, the network optimiza-
tion algorithm would have the opportunity to find trainable parameter values
that ensure good 7, type discrimination while being less sensitive to mismod-
eling.

As the neural network training with domain adaptation requires collision
data, the main challenge of this method is to define a set of collision events
with sufficient genuine 7, purity and control over background.

Event selection and mixing

Training the domain adaptation subnetwork requires a control region dataset
containing a mixture of data and simulated events, along with a high purity of
genuine 75, candidates. The control region is a sample of Z — 77 events in
which one tau lepton decays to a muon, and the other to hadrons (u7,). This
decay channel is chosen as there is good control over genuine 73 purity and
background.

The selection requirements on the muon and 73, candidates are summarized
in Table These are applied to data collected during 2018 by the CMS
detector using a single-muon trigger with a nominal p7 threshold of 24 GeV,
as well as Z/v* + jets, tt, and W + jets simulated events.

The transverse mass mT of the muon plus the missing transverse momen-
tum is defined as

e (0, PRE) = /2000 (1~ cos(Ag)), (6.4)

where A¢ is the azimuthal separation between the muon and pJress.

If there is more than one muon or 7, candidate fulfilling the criteria in
Table [6.2] the most isolated candidate is selected, unless they are equal, in
which case the highest pr candidate is chosen. A veto is imposed on events
containing loosely identified additional electrons and muons.
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Object Selection requirement
Muon  p4 > 25 GeV
Int < 2.1
|d.| < 0.2 cm, |dgy| < 0.045 cm

Relative isolation I';; < 0.15
Pass medium muon identification
mr(p, piss) < 30 GeV

T pp > 20 GeV
InT| <2.3
|d.| < 0.2cm

HPS decay mode with 1 or 3 prongs
D' >09

DY*! > 0.168 (VVLoose)
D> > 0.875 (Tight)

Pair AR(p, 1) > 0.5

Opposite electric charge

Table 6.2: Selection requirements for the domain adaptation dataset. The impact
parameters for the muon (or 75, candidate respectively), d, and d,, are defined as
the distances between the muon track (or leading charged-hadron track) and the PV.
The medium muon identification is defined in Ref. [234]. The previous DEEPTAU
discriminator scores described in Ref. [232] against quark and gluon jets, electrons,

and muons, are denoted Djvezl'l, Dy*!, and D}*'. The transverse mass of the muon and
miss

the missing transverse momentum system is denoted as m (u, pJ**®).

In order to improve the modeling of events involving a non-genuine 7y,
a looser selection is applied to increase the number of available events from
simulated QCD multijet samples and misidentified muons originating from
Z/~* + jets processes. Only the 7, candidate and pair selections in Table
are applied, and the pr spectra are then reweighted to the expectation for the
nominal selection yields.

The resulting purity in the domain adaptation dataset, defined as the fraction
of events where the 7, candidate originates from a tau lepton, is estimated from
the proportions of different simulated processes to be 76%.
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Figure 6.4: The DEEPTAU architecture with the domain adaptation configura-
tion [247]. A set of final domain adaptation layers was introduced for data-simulation
discrimination, consisting of several dense layers followed by a softmax layer that
yields an output y,q, between zero and one. The backpropagation is modified to in-
clude the “adversarial loss”, as described in the text.

Domain adaptation subnetwork and backpropagation

A domain adaptation block was introduced to the network, which attempts
to discriminate between data and simulated 75, candidates. Similarly to the
final classification layers described in Sec.[6.2.2] this takes the processed high-
level and particle-level variables as inputs, before passing them through fully
connected layers. A sigmoid activation layer is then used to cast the output to
a value between 0 and 1, denoted as y,4v. The architecture of DEEPTAU in the
domain adaptation configuration is shown in Fig. [6.4]

The domain adaptation loss function (“adversarial loss”) used to compare
this prediction to the labels is defined as

Laay = Huin (5, P4, (6.5)

where Hy,, is a binary cross-entropy loss function [239]. A binary accuracy
metric was introduced to evaluate the fraction of candidates for which the net-
work successfully predicts the domain (data or simulation). The layers that
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process the high-level variables, as well as the inner and outer grids, are re-
ferred to as common layers, since inputs for both the final domain adaptation
and classification layers pass through these.

The model is first trained with only the classification architecture described
in Sec.[6.2.2] in order to obtain a good 75, candidate classification performance
baseline before applying domain adaptation methods. The training is then con-
tinued with the domain adaptation control dataset and subnetwork introduced.
For this step, the network backpropagation procedure is modified such that the
gradients are passed to the optimization algorithm for the common layers.

The classification loss is denoted as Lj,ss, and is computed on the output
score of the 7, classification, with only the 75, candidates from the standard
training dataset. The adversarial loss is computed on the domain adaptation
output with only the 7, candidates from the control region dataset. The gradi-
ents of L¢p,ss and L,qy are referred to as classification and adversarial gradients
respectively.

In order to prevent data-simulation discrimination in the feature extraction
layers, the signs of the adversarial gradients are reversed and combined linearly
with the classification gradients. The combined gradient is expressed in the
form

Lcass L&].V
g, OLowss ;. OLug

G = 8wi 8wi

) (6.6)
where w; are the weights of the feature extraction layers and k; and ko are
the domain adaptation hyperparameters that determine the relative importance
of the 75, candidate classification and prevent data-simulation discrimination.
The sign reversal of the adversarial component of the gradients in the common
layers means that the optimizer partially attempts to adjust the layer weights in
the direction opposite to the one that improves data-simulation discrimination.

The gradients that are passed to the optimizer therefore encourage mini-
mization with reduced sensitivity to mismodeling. Two Adam optimizers are
used, each with a different learning rate. The principal optimizer targets the
common layers and final classification layers, whereas the adversarial opti-
mizer targets the final domain adaptation layers.

There is no gradient sign reversal in the final domain adaptation layers, as
this provides a good measure of how much the network can actively discrim-
inate data and simulated events with the information available at the output
level of the common layers. An optimization of the domain adaptation hyper-
parameters was performed by comparing the distributions of y,4, for data and
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simulated events using a x? test, while monitoring the overall performance of
the 7, type classification. The optimal choice was k1 = 1 and ko = 10.

The distributions of the DEEPTAU discriminator against quark and gluon
jets for the model before and after the domain adaptation are shown in Fig.[6.3]
The impact of the domain adaptation training on the DEEPTAU discriminator
distribution against quark and gluon jets for the final model is visible on the
right plot. The model was evaluated on events passing the control region selec-
tion, and the 73, candidates were separated into their respective simulated event
types and data. There is a significant improvement in data-simulation discrep-
ancies in the highest discriminator score bins after domain adaptation training.
The relative differences in the final bin are reduced from 17.4 to 0.9%. The
genuine 7, purity in this region is estimated from the proportions of different
simulated samples in the final model distribution to be above 96%. Agree-
ment in the control region overall is very good, with the data and simulated
yields compatible within statistical uncertainties in the large majority of bins.
The domain adaptation training therefore successfully reduced the effects of
simulation mismodeling in the Dje; distribution for the data-taking conditions
described in the domain adaptation dataset.
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Figure 6.5: Distribution of the DEEPTAU discriminator against quark and gluon jets
before (left) and after (right) domain adaptation, for the 2018 dataset used for domain
adaptation training. There is significant improvement in data-simulation agreement in
the control region, with the discrepancies in the final bin reduced to 0.9%.

The 2022 datasets with /s = 13.6 TeV are expected to showcase slightly
weaker data-to-simulation agreement, as the data-taking conditions are not de-
scribed in the domain adaptation dataset. Differences in the center-of-mass
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energy, pileup, detector performance, and missing transverse momentum re-
construction with respect to 2018 are contributing factors. The distribution of
the DEEPTAU discriminator against quark and gluons jets in the early 2022
data is shown for Djec > 0.95 in Fig. @ before and after the domain adap-
tation training. The inclusion of domain adaptation results in an appreciable
improvement in the final bins, despite the training data not corresponding to
equivalent detector conditions or collision energies. It is expected that if the
domain adaptation algorithm were to be retrained with the inclusion of these
new datasets, agreement would improve to a similar level as seen in the 2018

dataset.
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Figure 6.6: Distribution of the DEEPTAU discriminator against quark and gluon jets
before (left) and after (right) domain adaptation, for the early 2022 dataset. An appre-
ciable improvement in the final bins is visible with the inclusion of domain adaptation.

6.2.4 Expected performance

Working points are used to guide the usage of the DEEPTAU discriminators
in physics analyses, with suitable corrections applied. The target genuine 73
identification efficiencies, reported in Table [6.3] are defined as the efficiency
for genuine 73, in the H — 77 event sample that are reconstructed as 7, can-
didates with 30 < pr < 70 GeV to pass the given discriminator.

The resulting tagger demonstrates improved performance with respect to
its predecessor, as is visible in Figs.[6.7H6.9] which show the misidentification
probability as a function of the genuine 75 identification efficiency. These are
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VVTight VTight Tight Medium Loose VLoose VVLoose VVVLoose

D, 60% 70% 80% 90% 95% 98% 99% 99.5%
D, 9.5%  99.8%  99.9%  99.95%
Dijer 40% 50% 60% 70% 80% 90% 95% 98%

Table 6.3: Target genuine 7, identification efficiencies for the different working points
defined for the three discriminators. The target efficiencies are evaluated with the
H — 77 event sample for 73, candidates with py € [30, 70] GeV.

inclusive plots that combine all commonly reconstructed decay modes. They
are shown for the central pseudorapidity region (|| < 2.3), and are separated
into low-p7 (20-100 GeV) and high-p7 (100-1000 GeV) regions. The filled
circles identify the discriminator working points, which do not match exactly
the targeted efficiencies in Table [6.3] because of the different samples consid-
ered. It can be observed that the jet misidentification probability is reduced
by ~50% across all defined working points. The improvement in electron
rejection with respect to the previous version of the algorithm is particularly
pronounced for the tightest working points, where the misidentification prob-
ability is reduced by almost a factor of two. The muon rejection performance
is compatible between the two versions of the identification algorithm. The
slightly worse performance of v2.5 in the high-pr, low efficiency region for
the D, and D,, discriminators is likely caused by domain adaptation, which
can prevent the use of certain feature combinations that are useful for lepton
discrimination but exhibit significant differences between data and simulation.

Figure shows the distribution of the visible invariant mass my;s of the
reconstructed p7, system when applying DEEPTAU v2.5, compared to the ap-
plication of the previous version. The working points chosen are Tight for D,
Medium for Dje, and VVLoose for D.. A reduction of the background from
misidentified jets is estimated to be ~30%, especially visible in the decrease
of the W + jets process.

6.3 Performance with /s =13 and 13.6 TeV
data

The calibration of the DEEPTAU v2.5 algorithm involves determining both
identification (or misidentification rate) scale factors and energy scale correc-
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Figure 6.7: Jet misidentification probability versus genuine 73 identification effi-
ciency for low-pr (left) and high-pr (right) 7, candidates, evaluated on 2018 sim-
ulated datasets. The genuine 73, identification efficiency is estimated from H — 77
simulations using reconstructed 7;, candidates that match generator-level 7, objects.
The jet misidentification probability is estimated from #¢ simulations using recon-
structed 7, candidates that do not match prompt electrons, muons, or products of 7,
decays at the generator level. The defined working points of the discriminator are in-
dicated as filled circles.

tions. The scale factors are correction weights applied to simulated events to
account for differences in the performance of the detector and of the recon-
struction and identification algorithms between data and simulation. They are
typically defined as the ratio of an efficiency (or misidentification rate) mea-
sured in real data to that measured in simulation, and are used to improve
the agreement between predicted and observed data. The energy scale correc-
tions are, instead, multiplicative correction factors to be applied to the four-
momentum of the reconstructed objects. Their purpose is to adjust the simu-
lated energy of a particle to better match the energy measured in data, thereby
correcting for systematic differences in the energy response of the detector be-
tween simulation and observation. They are defined as the ratio of the energy
measured in real data to that measured in simulation. The scale factors are gen-
erally measured as a function of the DEEPTAU Dje, D), and D, discriminator
working points.

In this section I present a subset of the calibration measurements performed
by TauPOG for the eras 2018 (Run 2) and 2022 (Run 3) and deployed centrally
for analysts consumption. The complete set of measurements we perform for
every data taking era comprises:
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Figure 6.8: Electron misidentification probability versus genuine 7, identification
efficiency for low-pr (left) and high-pr (right) 7, candidates, evaluated on 2018 sim-
ulated datasets. The genuine 75, identification efficiency is estimated from H — 77
simulations using reconstructed 7;, candidates that match generator-level 7, objects.
The electron misidentification probability is estimated from Z/~v* + jets simulation
using reconstructed 73, candidates that match electrons at the generator level. The de-
fined working points of the discriminator are indicated as filled circles.
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Figure 6.9: Muon misidentification probability versus 73, identification efficiency for
low-pr (left) and high-pr (right) 7, candidates, evaluated on simulated 2018 datasets.
The 7, identification efficiency is estimated from H — 77 simulations using recon-
structed 75, candidates that match generator-level 7, objects. The muon misidentifi-
cation probability is estimated from Z/v* + jets simulation using reconstructed 7y,
candidates that match muons at the generator level. The defined working points of the
discriminator are indicated as filled circles.
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Figure 6.10: Distribution of the invariant mass of the reconstructed 7y, system when
using DEEPTAU v2.1 (left) and v2.5 (right) for discrimination in the 2018 dataset. The

correction factors are applied in both cases.

* 75, identification efficiency scale factors and energy scale corrections

measured in Z — 77 events in the y7, final state

* 73, identification efficiency scale factors for high-pr 73, candidates mea-

sured in W* — Tv events

* muon misidentification rate scale factors in Z — 77 events in the ury
final state in a region where most events come from the process Z — i

* electron misidentification rate scale factors and energy scale corrections

in Z — 77 events in the ery, final state in a region where most events

come from the process Z — ee

All of these measurements are performed using a tag-and-probe method [248]]

and represent essential ingredients for physics analyses involving 7, objects in
CMS. In the following, I will focus on the 7, identification efficiency and elec-
tron misidentification rate scale factors and related energy scale corrections,
as these represent the measurements to which I have contributed most signifi-

cantly in the past years.
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6.3.1 The 7, energy scale correction and identification scale
factors

Event selection

The events with a 7y, final state are selected by requiring at least one well-
identified and isolated muon, referred to as the “tag”, alongside one 7}, can-
didate that meets loose preselection criteria, termed the “probe”. The muon
candidate must have pr > 25 GeV, |n| < 2.4, and a relative isolation of
I, < 0.15. The 7, candidate is required to have pr > 20 GeV, |n| < 2.3,
and must pass a specified threshold on the D¢ discriminator. Additionally, the
7, candidate must satisfy the VVLoose working point of the D, discriminator
and the Tight working point of the D, discriminator to mitigate background
from muons or electrons misidentified as 73, candidates. Only decay modes
h*, h*7%, h*hTh*, and h*hFTh*70 are considered. In cases where multi-
ple lepton or 75, candidates are identified, the one with the highest pr is se-
lected. The selected muon and 73, candidates must be separated by AR > 0.5
and opposite-sign (OS) charges. Additional leptons are vetoed. A cut on the
transverse mass mr(p, pi5%) < 65 GeV is included to improve signal-to-
background ratio, reducing the W + jets background.

In addition to the pm, event sample, a uyu event sample is defined to nor-
malize the Z — 77 event yields. This event sample adheres to the same trigger
and muon selection criteria as the p7, event sample, ensuring that related un-
certainties partially cancel in the normalization scale factor.

Background Estimation

The dominant backgrounds in this measurement are QCD multijet and W +
jets events. The QCD multijet background is estimated using a data-driven
approach. The method used is commonly referred to as ABCD method: based
on two uncorrelated variables the phase space is divided in four distinct region

as shown in Fig.[6.11]
For illustration purposes let us define the regions in the following way:

A) Signal Region (SR): which requires an isolated muon and a 73, candidate
having opposite electric charge;

B) Same Sign (SS) isolated region: obtained by selecting an isolated muon
and a 73, candidate having the same electric charge;
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Figure 6.11: Schematic view of the ABCD method used for data-driven estimation of
the QCD multijet production process.

C) SS anti-isolated region: similar selection compared to region B, but with
inverted cut on muon isolation;

D) Opposite Sign (OS) anti-isolated region: same selection as for region A
inverting the cut on muon isolation.

Since the variables are uncorrelated with each other, any selection performed
on recorded or simulated events using one variable will select the same fraction
of events regardless of what selection is applied on the other variable. By
indicating with A, B, C, D the number of events in each region for a certain
physical process, the following relation is derived:

A D

—=—=_5F . 6.7

5= C 5508 (6.7)
By measuring the value of SFss0s = D/C in data, the QCD multijet pro-
duction contribution in the SR can be estimated as:

bkg.
QCDgsr = SFssos (DataB — ZMC’B> : (6.8)

In practice, contributions from simulated MC samples (M C'p) are subtracted
from the recorded data (Datap) in region B. The obtained distribution is then
scaled to estimate the QCD multijet production in the SR by multiplying it by
the scale factor SFssog -
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The W +jets background is estimated from a high-m control region, while
smaller backgrounds, such as the diboson, Z/v* + jets, and top quark pro-
cesses, are estimated from simulation. For the background entirely estimated
from simulation, the relevant simulation-to-data corrections have been applied,
namely the muon scale factors, the pileup reweighting and the reweighting of
the pr distribution of the Z boson.

Systematic Uncertainty Model and Fit Results

The corrections are derived from a maximum likelihood fit to the my;s distri-
bution, i.e. the invariant mass of the visible decay products of the 77 pair. All
known sources of systematic uncertainties are incorporated into the fit as nui-
sance parameters. Some of these uncertainties affect the yields of the involved
processes, including integrated luminosity, muon identification, isolation, and
trigger efficiencies, as well as uncertainties in the normalization of tf, QCD
multijet, and Z/~* + jets backgrounds, and of quark and gluon jets misidenti-
fied as 7, candidates. The remaining systematic uncertainties affect the shape
of the m;s distribution, including the energy scale for jets and leptons misiden-
tified as 75, candidates, the reweighting of the pr distribution of the Z boson,
and the uncertainties associated with the limited size of the simulated event
samples. The rate of muons misidentified as 7, candidates is treated as a yield
parameter since these measurements are performed in parallel.

In the scale factor measurement for DEEPTAU v2.5, we explore how the 73,
identification efficiency scale factors are impacted by the choice of the nom-
inal 75, energy scale value and associated uncertainties. Studies such as the
investigation detailed in our paper [1]] have demonstrated that variations in 73
energy scale values can significantly affect the efficiency scale factors. More-
over, the 7, energy scale has been observed to depend on factors such as 73
identification requirements, pr, and decay modes, suggesting that the current
uncertainty estimates may not fully capture all relevant variations. To address
this, we developed an alternative method for handling 75, energy scale uncer-
tainties by externalizing them from the 7, identification efficiency scale factor
determination.

In this approach, the 7, energy scale is fixed to the nominal value and a fit is
performed to determine the 7, identification efficiency scale factors without al-
lowing the fit to over-constrain the 75, energy scale uncertainties. The 73, energy
scale is then set as its post-fit value and is shifted by 41 standard deviations in
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a second fit used to measure the corresponding variations in terms of efficiency
scale factors and, hence, estimate the 77, energy scale related uncertainty.

This method provides a more reliable treatment of 73, energy scale uncer-
tainties, ensuring that they are not overly reduced by the fit, and allowing for
more consistent application across different analyses. This approach is par-
ticularly relevant for the 75,7, channel, where mismodeling effects are more
pronounced and proper 7, energy scale uncertainty treatment is critical for
accurate results. An alternative approach to this problem is the combined (si-
multaneous) fit of energy scale corrections and scale factors, treating both as
parameters of interest (POIs) within the fitting procedure. The strengths and
limitations of this method are discussed in Ref. [1]].

The scale factors are extracted in different 75, p7 bins in order to take into
account any pr dependence. The lower bin edges 20, 25, 30, 35, 40, 50, 60,
80, and 100 GeV are used, where the last bin contains the scale factors for 7,
objects with pp > 100 GeV. The scale factors are derived for each pp bin of
each decay mode of each data-taking period. A Laurent polynomial function
is used to describe the trend in the scale factors, as it offers a better fit than a
linear function. The Laurent polynomial is more flexible and reduces the x?
per degree of freedom compared to a linear fit. Unlike standard polynomials,
Laurent polynomials can include terms with negative powers, making them
more suitable in our case.

Figure[6.12] shows the 7, identification efficiency scale factors for the 2018
and 2022 data-taking periods. The scale factors are derived for each pr bin
of each decay mode, but the summary plot in Fig.[6.12| combines the different
decay modes according to their branching fractions and reconstruction effi-
ciencies. The Medium Dje;, VVLoose D, and Tight D, working points are
used.

The scale factors are generally a bit smaller than 1, typically within 20%
of unity. Compared to the previous version of DEEPTAU, the scale factors
measured for v2.5 are systematically closer to one in both 2018 and 2022,
demonstrating that the domain adaptation approach leads to better agreement
between data and simulation. The scale factors below 1 can be attributed to
various factors, such as inaccuracies in the modelling of hadronization and
imperfections in the simulation of the detector alignment and track hit recon-
struction efficiencies.

To verify the performance of the derived scale factors a set of control
plots are produced. Figures and show the 2022 m;, distribution
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Figure 6.12: The data-to-simulation scale factors of the 73, identification efficiency as
functions of pr in the 2018 (left) and 2022 (right) data-taking periods, including all
75, decay modes, and requiring the Dje, Medium working point and mp(u, piis*) <
65 GeV. The vertical bars correspond to the combined statistical and systematic un-
certainties in the individual scale factors. For a fair scale factor comparison in 2022,
the tau energy scale have been fixed to the one measured for DEEPTAU v2.5 which
showcases higher genuine purity.

in the Z — 7,74 and Z — 7.7, channels, respectively, before (left) and af-
ter (right) the application of the 75, identification efficiency scale factors and
the muon/electron misidentification rate scale factors. The data-to-simulation
agreement is highly improved by the application of these scale factors.

6.3.2 The electron misidentification rate scale factors

The 75, candidate found in simulated Z — ee events is an electron misiden-

tified as an hadronically decaying tau lepton by the HPS algorithm. As such

the e — 75, misidentification rate (FR) can be calculated as the fraction of

simulated Z — ee events that pass the D, discriminator for a certain WP:
Npass

_ Z
FR = VPass :Je\e]fail : (6.9)

Z—ee Z—ee

The labels pass and fail are in this chapter assigned to events which pos-
sess a 73, candidate that has been respectively identified as a genuine tau or an
electron by the D, discriminator.
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Figure 6.13: The m,;s distribution in the Z — 7,73, channel for 2022 data before
(left) and after (right) the full calibration. The DEEPTAU working points used are:
Medium for Dje, VVLoose for D, and, Tight for D,,. The application of correction
factors improves the agreement between data and simulation.
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Figure 6.14: The m,;s distribution in the Z — 7.7 channel for 2022 data before
(left) and after (right) the full calibration. The DEEPTAU working points used are:
Medium for D, Tight for D, and, Tight for D,,. Specific 2022 detector conditions
that affected electron reconstruction are not perfectly modelled in the simulation. As
a result, the amount of electrons misidentified as 73, is enhanced in data with respect
to simulated events. The application of correction factors improves the agreement
between data and simulation.

Measuring the same quantity in recorded data is inherently more compli-
cated due to not being able to assert with certainty whether a 73, candidate was
indeed a genuine 73, or not. A tag-and-probe method provides a good strategy
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for such a measurement. It requires to select a reconstructed object as a tag, a
well identified object whose nature is assumed to be known with certainty both
in data and simulation. Another object, reconstructed in the same event, is then
used to probe the efficiency of the classifier being studied. The strength of this
method lies in selecting a tag and probe pair which can be easily assigned to
a well identifiable physical process. The decay of a Z boson to leptons has
a decay width of (83.984 £ 0.086) MeV [22] leading to a sharp resonance in
the invariant mass distribution of the electron-positron pair. By measuring the
e — 75, misidentification rate in a region enriched in Z — ee events it is pos-
sible to select a well reconstructed electron with a high degree of confidence
that it was indeed an electron, and a loosely identified 77, candidate which is in
most instances a misidentified electron. These two objects serve as the tag and
the probe for the measurement, and their selection is described in the following
section.

Event selection

The er, events for the measurement of scale factors of the electron misidenti-
fication rate are selected requiring a well-isolated electron triggering the event
with pr greater than 33 GeV and a OS 75, candidate with a minimum pp
of 20 GeV passing the working points Medium for Dje, Tight for D, and
VVLoose or Tight for D.. An additional cut mT (e, p**) < 60 GeV is in-
cluded to reduce W + jets background. The scale factors are derived sepa-
rately in the ECAL barrel region (|n| < 1.46) and in the ECAL endcap region
(In| > 1.56) and in different 73, decay modes, to account for the different lev-
els of data—simulation disagreement observed across these categories. These
differences are evident in the pre-fit control plots shown in Figs. [6.15] corre-
sponding to the 2018 dataset. The discrepancy in the region around the 91
GeV peak can be cured with the combined action of electron misidentification
rate scale factors and electron energy scale.

Background Estimation

Similarly to the 7, identification scale factor measurements, also in this case
the QCD multijet background is estimated with the ABCD method. All other
background are completely estimated through Monte Carlo simulation.
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Figure 6.15: Control plots for the e7;, channel in 2018 dataset. The Tight working
point is used for the D, discriminator.

Fit Model

Equation [6.9) provides an estimation of the e — 7, misidentification rate when
performed on simulated Z — ee events. In order to measure the misidentifica-
tion rate in real pp collision it is necessary to estimate the number of Z — ee
events in data. This is done via a Maximum Likelihood fit of the modeled
processes of interest to recorded data. The Z — ee process is treated as a
signal in the fit, as it is the one used to estimate the e — 75, misidentification
rate in data. The other processes are instead treated as a background for the
measurement. The main POI for the fit is the scale factor needed to correct the
mismodeling of the misidentification rate in simulation: erp. It is defined as
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the ratio between the misidentification rate estimated in data via the fit (F'R’),
and the one estimated in Z — ee simulation (FR):

FR

€FR

Both FR and F'R’ are evaluated based on the number of events that pass and
fail the selection operated by a certain WP of the D, classifier. Therefore the
fit is performed simultaneously in two regions:

* PASS: the event has passed the D, discriminator, the Z — ee events in
this region correspond to instances when an electron is misidentified as
aTh,

» FAIL: the event was rejected by the D, discriminator.

The misidentification rate is estimated as the fraction of Z — ee events
which pass a certain WP of the D, classifier. A correction applied to the
misidentification rate does not affect the number of preselected events, i.e. the
denominator of Eq. [6.9

Ntot — NPass + Nfail ) (6.11)

Z—ee Z—ee

The total number of reconstructed events is kept constant by varying epr. A
correction applied to the misidentification rate is therefore interpreted as a mi-
gration of events between the two regions: an increase to the misidentification
rate leads to a lower number of events being assigned to the FAIL region and
more events be assigned to the PASS one. This means that the epr parameter
is anti-correlated between the two regions.

Taking into account that err does not affect the number of preselected
events, Eq. [6.10]can be rewritten as

FR _ N
= — = , 6.12
R FR TN @1

with N7,7%°° representing the number of Z — ee events estimated in data in
the PASS region. In the fit the Z — ee normalization in the PASS region is
therefore scaled by erg in order to measure the misidentification rate.
In simulation, the number of Z — ee events in the FAIL region can be
calculated by inverting Eq. [6.9] and is equal to
N/“ —(1—-FR)N¥.,.. . (6.13)

Z—ee
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Varying epp alters the Z — ee normalization in the FAIL region as

; 1-FR ; 1 —e€erpFR ;
! fail fail FR fail
NZ—(;;e_ 17FRNZ(iee_ 1—FR NZ(Zee’

(6.14)

with N’Ziaéle representing the number of Z — ee events estimated in data in
the FAIL region.

The total number of Z — ee events across the two regions is then assigned
an uncertainty, estimated with a parameter which scales in a correlated way
the Z — ee normalization in the PASS and FAIL regions. This and other
systematic uncertainties for the measurement are detailed in the next section.

To accurately measure the correction to the misidentification rate, the un-
certainty on the Z — ee normalization has to be constrained. This is done in
the fit by using the number of eventsﬂ in the FAIL region, which is dominated
by Z — ee events. The m,;s distribution was instead chosen for the fit in the
PASS region, see e.g. Fig.[6.19] The Z — ee template peaks around 91 GeV in
this distribution, allowing higher sensitivity to the Z — ee process compared
to the various backgrounds.

Systematic Uncertainty Model

As previously mentioned, the primary POI in the fit is epgr, which is anti-
correlated between the PASS and FAIL regions. This parameter affects the
normalization of the Z — ee template in both regions and is treated as a rate
parameter, meaning it is allowed to float freely within a predefined range.
The default range is [0, 2], though it has occasionally been adjusted for spe-
cific WPs. In addition to erpg, the normalization of the Z — ee template is
influenced by another parameter, €, je;, Which is correlated between the two
regions. This parameter is also treated as a rate parameter, allowed to vary
within the range [0, 10]. Its introduction is motivated by the observation that
applying a cut on a given WP of a classifier can result in differing efficiencies
between data and simulation not only for genuine 73, candidates but also for
misidentified objects. The €, parameter is therefore introduced to account
for potential mismodeling of the D, classifier efficiency in Z — ee events.
Another parameter which alters exclusively the Z — ee template is a shape
uncertainty on the energy scale of the electrons misidentified as 73, often re-
ferred to as Fake Energy Scale (FES). In this case the FES has been treated

"For practical reasons, the number of events in the failed region was obtained by filling a
histogram of the m.;s distribution using only 1 bin.
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as an additional POI in the fit in order to extract this correction together with
the weight scale factor. Practically this means that the m.;s distribution for the
Z — ee process is evaluated for different FES values and then a technique
known as horizontal morphing [249] is used to interpolate between the tem-
plates. For the 2018 dataset we considered discrete FES variations of 0.5%
between -5% and 5% with addition of +=10% while for 2022, because of the
observed larger shift, discrete variations of 5% between -25% and 25% were
considered. The other uncertainties included in the fit, both theoretical and
experimental, are summarized in Table[6.4]

Name Samples Type | Value
Luminosity All InN | 5.0%
Electron efficiency All InN | 10 %
Jet — 7, FR Z — jj, tt InN | 20 %
Top cross-section tt InN | 10 %
Diboson cross-section | Diboson InN | 10 %
Z/v* + jets norm. Z —t7/ee/jj | InN | 10 %
W + jets norm. W + jets InN | 20 %
QCD norm. QCD multijet InN | 20 %
Tp, energy scale Z =TT shape | 5 %

Electron energy scale | All shape | 4 %

Table 6.4: Systematic uncertainties and the processes they are applied to.

Results

The aim of the measurement is to calculate corrections for the Z — ee simula-
tion to better describe the misidentification of electrons as 73, observed in data.
The scale factors adjust the normalization and correspond to the correction ap-
plied to the Z — ee normalization in the PASS region. As a function of the fit
parameters, this is determined as:

SF:EFRXEvsJets (615)

while the uncertainty on SF' can be propagated by treating the two fit parame-
ters as uncorrelated:

2 2 2
ASF _ A€FR + AE’USJFI . (616)
SF €EFR EvsJet
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The FES corrections, instead, adjust the energy scale of the electrons misiden-
tified as 75,. This section presents the results for both the corrections, scale
factors and FES, for each data taking period (2018, early 2022 and late 2022)
and for each category, for the Tight D, WP. The summary plots with the mea-
surements can be found in Figs.[6.16][6.17|and [6.18]

The FES measurements are always within 5% for 2018 and within 10%
for 2022. While the majority of the misidentification rate scale factors are

compatible with unity within their uncertainties, notable deviations are ob-
served in the barrel region for decay mode h*m%—and occasionally also for
h*—particularly in the 2022 dataset. These deviations are likely related to
specific ECAL conditions in 2022 [250]], which impacted the reconstruction of
electrons and photons that are essential for strip formation in the HPS algo-
rithm. Pre-fit and post-fit plots are reported in Figs. for the PASS
region for DM h* and h*7°, which are the most populated by misidentified
electrons. The post-fit plots, in particular, serve as important sanity checks,
demonstrating that the fit has converged and that the simulated templates have
been appropriately adjusted to better describe the observed data.

CMS VSele Tight UL2018 59.7fb~1(13 TeV) CMS VSele Tight UL2018 59.7fb%(13 TeV)
DM11-E DM11-E+

DM11-B DM11 - B 4
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DMO - B —_— DMO - B ——

Figure 6.16: Summary plot of results for SFs (left) and FES correction (right) in 2018
dataset. Tight D, working point. DMO is the label for %, DM1 for h* 7%, DM10 for
h*hTh* and DM11 for h*hFh*70. B stands for barrel and E for endcap.
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Figure 6.17: Summary plot of results for SFs (left) and FES correction (right) in
early 2022 dataset. Tight D, working point. DMO is the label for h*, DM1 for h*7°,
DMI10 for h*hTh* and DM11 for h* hTh*7°. B stands for barrel and E for endcap.
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Figure 6.18: Summary plot of results for SFs (left) and FES correction (right) in late
2022 dataset. Tight D, working point. DMO is the label for h*, DMI for h* 70,
DMI10 for h*hTh* and DM11 for h*hTh*70. B stands for barrel and E for endcap.

6.4 Summary and outlook

In this chapter, I presented the work I carried out within the TauPOG of the
CMS Collaboration. The focus was primarily on the validation and calibra-
tion of the new version of the DEEPTAU algorithm, which is the recommended
T, identification algorithm for Run 3. I demonstrated that DEEPTAU v2.5 not
only achieves improved classification performance compared to v2.1, but also
shows better agreement between data and simulation due to the implementa-
tion of domain adaptation techniques.

To quantify the improvement, we calibrated the algorithm using both 2018
data and early Run 3 data. In both cases, the resulting 75, identification scale
factors for v2.5 were found to be closer to unity, indicating better modeling
in the simulation. As part of the calibration effort, I took particular respon-
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Figure 6.19: m,; distributions for 2018 dataset, D, Tight, h* DM and divided in
barrel (upper row) and endcap (lower row).

sibility for measuring the corrections associated with electrons misidentified
as 7p. This included deriving scale factors for the misidentification rate and
corresponding energy scale corrections as functions of the D, WP, the 73, can-
didate’s |n|, and DM.

These measurements have been repeated for the 2023 dataset, and we are
currently working on the 2024 correction campaign. The 2024 data sample is
significantly larger—more than three times the size of that from 2022—which
allows for a reduction in statistical uncertainties and motivates the development
of a more sophisticated model for systematic uncertainties.

In parallel, new 7y, identification algorithms have become available [170],
based on the ParticleNet [251] and Particle Transformer [252] jet taggers, ex-
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Figure 6.20: m,;s distributions for 2018 dataset, D, Tight, h*7x% DM and divided in
barrel (upper row) and endcap (lower row).

tended to include 73, identification. These algorithms operate directly on jet
objects and thus do not rely on the HPS algorithm. Nonetheless, they include
machine learning-based decay mode and charge assignment procedures, which
have shown competitive accuracy compared to HPS.

At present, I am coordinating the comparative studies of these three iden-
tification algorithms. While the analyses are ongoing, initial results indicate
that the jet-based taggers offer improved rejection of jets but exhibit somewhat
reduced discrimination power against electrons and muons. This may be due
to the reduced use of lepton-specific features compared to DEEPTAU. Further-
more, DEEPTAU v2.5 continues to show superior agreement between data and
simulation, reaffirming the effectiveness of the domain adaptation strategy.
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Figure 6.21: m,; distributions for early 2022 dataset, D, Tight, h* DM and divided
in barrel (upper row) and endcap (lower row).

Ultimately, the long-term objective is to develop a unified tagging algorithm
capable of simultaneously identifying b, c, s, and light-flavor/gluon jets, 77,
electrons, and muons. This would leverage the domain expertise embedded in
current specialized taggers while consolidating their functionality into a single,
albeit complex, machine learning model.
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Chapter

Search for BSM scalar neutral
bosons through the process
H/A— ZA/H — (701771~
with CMS full Run 2 dataset

In this chapter, I present the search for BSM neutral scalar bosons through
the process H/A — ZA/H — ¢*¢~7+77[], using the full Run 2 dataset
collected by the CMS experiment. I have been responsible for all aspects of
this analysis and have been designated as the Contact Person for it.

The physics motivations and the 2HDM theoretical background for this
search have been extensively discussed in Chapter [2] while the relevant de-
tails of detector object reconstruction in CMS—including a dedicated focus
on 7y, identification—are provided in Chapters [3|and [6] respectively.

In the following, after a brief introduction on the previous results of this
search, I will describe the adopted analysis strategy and present the expected
results in a model independent fashion together with a 2HDM interpretation.
At the time of writing, the analysis is undergoing internal CMS review and
is currently in the so-called unblinding stage. Consequently, data in the signal
region and observed results cannot yet be disclosed. Further internal documen-
tation related to this analysis is available in Ref. [253]].

7.1 Introduction

In Chapter [2] we discussed that, in its most general formulation, a 2HDM
requires 14 parameters to describe the scalar sector. However, when a Zs
symmetry is imposed to suppress flavor-changing neutral currents—consistent

"Hereafter, the indication of the lepton charges will be omitted for notational convenience.
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with experimental constraints—and the observed Higgs boson mass (125 GeV)
and electroweak vacuum expectation value (246 GeV) are fixed, only seven
free parameters remain.

Compatibility of a 125 GeV SM-like Higgs boson with 2HDMs is achieved
in the alignment limit. In this regime, one of the CP-even scalars, either h or H,
is identified with the observed Higgs boson, and the condition cos(5 — «) ~ 0
holds.

In the alignment limit, theoretical studies [254] have shown that a large
mass splitting (> 100 GeV) between the pseudoscalar A and the heavier CP-
even scalar H can facilitate a strongly first-order electroweak phase transi-
tion. Such a transition is a necessary condition for electroweak baryogene-
sis, potentially explaining the matter—antimatter asymmetry observed in the
Universe. In this scenario, the most probable decay of the pseudoscalar A is
A — ZH. Since the analysis strategy adopted here is largely model- and spin-
independent, the results can also be interpreted in the reverse mass hierarchy
scenario, where the pseudoscalar A is lighter than H and decays via H — Z A.

The results presented in this thesis are based on pp collision data collected
by the CMS experiment at /s = 13 TeV during Run 2 (2016-2018), corre-
sponding to an integrated luminosity of 138 fb~!. Three different 7-lepton
pair final states are studied: 7.7, 7,75, and 75, 7,. Considering Z — £{ decays
(¢ = e, ), the analysis covers six final states in total.

The choice of these final states is motivated by the efficient triggering and
reconstruction of a resonant dilepton system (Z — £f), together with the
A/H — 77 decay, which has a high branching fraction across much of the
2HDM parameter space. Complementary channels involving A/H — bb or
tt decays, which also have significant branching fractions, are addressed in
separate analyses, with a future combination foreseen.

A search targeting this process was already performed during Run 1, in
combination with the A/H — bb channel [255]]. The final Run 1 results are
included here for reference and for direct comparison with the results presented
in this thesis. Figure [7.1] shows the model-independent 95% CL upper limits
on the production cross section times branching ratio for the £¢77 and ¢/bb
final states. Figure presents the corresponding limits on a specific 2HDM
benchmark scenario, demonstrating 95% CL exclusion in the regions my =
200-700 GeV and m 4 = 20-270 GeV for myg > m 4, or alternatively, m4 =
200-700 GeV and mpg = 120-270 GeV for my > my.
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Figure 7.2: Observed limits on the signal strength i = o /oy, for a 2HDM benchmark
after combining results from 00bb and 077 final states [255]]. Cross sections are nor-
malized to the theoretical prediction for a 2HDM Type-II scenario with tan 5 = 1.5
and cos(8 — a)) = 0.01. The dashed contour shows the expected exclusion region; the
solid contour shows the observed exclusion.

The Feynman diagram corresponding to the signal process is shown in

Fig.[T3]
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Figure 7.3: Feynman diagram of the signal process.

As detailed in Sec. several signal samples were generated for differ-
ent mass hypotheses. To maximize sensitivity and achieve the tightest possible
exclusion limits, a parametric DNN was trained, as described in Sec. A
data-driven approach was used to estimate reducible backgrounds (Sec. [7.§).
The evaluation of both experimental and theoretical systematic uncertainties
relevant to this search is presented in Sec. Final results, discussed in
Sec. [7.12] are reported in terms of upper limits on the cross section times
branching ratio (¢ - BR) and on the signal strength w, providing both model-
independent and model-dependent interpretations, in line with the Run 1 study.

7.2 Samples
7.2.1 Data

This analysis uses a data sample recorded by the CMS experiment during 2016,
2017 and 2018. The summary of the integrated luminosities for each year is
provided in Table The Table also shows the JSON files used to select
only data collected and fully certified by the CMS collaboration. The analysis
relies on two different primary datasets, SingleElectron and SingleMuon, and
the overlap between the two is removed based on which triggers are fired in
the event. The collision datasets used are listed in Table for SingleMuon
and in Table [7.3] for SingleElectron, and correspond to the UltraLegacy (UL)
reprocessing campaign.

year JSON L[fb~1]
UL2018 Cert_314472-325175_13TeV_Legacy2018_Collisionsl18_JSON.txt 59.83
UL2017 Cert_294927-306462_13TeV_UL2017_Collisionsl7_GoldenJSON.txt 41.48
UL2016 Cert_271036-284044_13TeV_Legacy2016_Collisionsl6_JSON.txt 36.31

Table 7.1: Recommended JSON files [256] with corresponding integrated luminosity.
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Single Muon

UL2018
/SingleMuon/Run2018A-UL2018_MiniAODv2_NanoAODv9-v2/NANOAOD
/SingleMuon/Run2018B-UL2018_MiniAODv2_NanoAODv9I-v2/NANOAOD
/SingleMuon/Run2018C~-UL2018_MiniAODv2_NanoAODv9-v2/NANOAOD
/SingleMuon/Run2018D-UL2018_MiniAODv2_NanoAODv9-v1/NANOAOD
UL2017
/SingleMuon/Run2017B-UL2017_MiniAODv2_NanoAODv9-v1/NANOAOD
/SingleMuon/Run2017C-UL2017_MiniAODv2_NanoAODv9-v1/NANOAOD
/SingleMuon/Run2017D-UL2017_MiniAODv2_NanoAODv9-v1/NANOAOD
/SingleMuon/Run2017E-UL2017_MiniAODv2_NanoAODv9-v1/NANOAOD
/SingleMuon/Run2017F-UL2017_MiniAODv2_NanoAODv9-v1/NANOAOD
UL2016—preVFP
/SingleMuon/Run2016B-ver2_HIPM_UL2016_MiniAODv2_NanoAODv9-v2/NANOAOD
/SingleMuon/Run2016C-HIPM_UL2016_MiniAODv2_NanoAODv9-v2/NANOAOD
/SingleMuon/Run2016D-HIPM_UL2016_MiniAODv2_NanoAODv9-v2/NANOAOD
/SingleMuon/Run2016E-HIPM_UL2016_MiniAODv2_NanoAODv9-v2/NANOAOD
/SingleMuon/Run2016F-HIPM_UL2016_MiniAODv2_NanoAODv9-v2/NANOAOD
UL2016—postVFP
/SingleMuon/Run2016F-UL2016_MiniAODv2_NanoAODv9-v1/NANOAOD
/SingleMuon/Run2016G-UL2016_MiniAODv2_NanoAODv9-v1/NANOAOD
/SingleMuon/Run2016H-UL2016_MiniAODv2_NanoAODv9-v1/NANOAOD

Table 7.2: Samples comprising the Run 2 Single Muon datasets.

7.2.2 Simulations
Backgrounds

The main sources of background in this analysis are the di-boson events, ZZ,
with subsequent decay into leptons (irreducible background) and the misiden-
tified leptons, often called in jargon fakes, from Z/v* + jets (reducible back-
ground).

The MADGRAPH5_AMC@NLO [257,258] generator is used for almost
all the background samples except for the SM Higgs production Z H and the
7 7 sample, where POWHEG 2.0 [259H261]] is employed. The generators are
interfaced with PYTHIA 8.2 [262] to model the parton showering and frag-
mentation, as well as the decay of the 7 leptons. The PYTHIA parameters
affecting the description of the underlying event are set to the CP5 tune [263].
Generated events are processed through a simulation of the CMS detector
based on GEANT4 [264], and are reconstructed with the same algorithms
used for data. The effect of pileup is taken into account by generating con-
current total inelastic collision events with PYTHIA. The simulated events
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Single Electron

UL2018

/EGamma/Run2018A-UL2018_MiniAODv2_NanoAODv9-v1/NANOAOD
/EGamma/Run2018B-UL2018_MiniAODv2_NanoAODv9-v1/NANOAOD
/EGamma/Run2018C-UL2018_MiniAODv2_NanoAODv9-v1/NANOAOD
/EGamma/Run2018D-UL2018_MiniAODv2_NanoAODv9-v3/NANOAOD

UL2017

/SingleElectron/Run2017B-UL2017_MiniAODv2_NanoAODvI9-v1/NANOAOD
/SingleElectron/Run2017C-UL2017_MiniAODv2_NanoAODv9-v1/NANOAOD
/SingleElectron/Run2017D-UL2017_MiniAODv2_NanoAODvI-v1/NANOAOD
/SingleElectron/Run2017E-UL2017_MiniAODv2_NanoAODvI9-v1/NANOAOD
/SingleElectron/Run2017F-UL2017_MiniAODv2_NanoAODv9-v1/NANOAOD

UL2016—preVFP

/SingleElectron/Run2016B-ver2_HIPM UL2016_MiniAODv2_NanoAODv9-v2/NANOAOD
/SingleElectron/Run2016C-HIPM_UL2016_MiniAODv2_NanoAODv9-v2/NANOAOD
/SingleElectron/Run2016D-HIPM _UL2016_MiniAODv2_NanoAODv9-v2/NANOAOD
/SingleElectron/Run2016E-HIPM_UL2016_MiniAODv2_NanoAODv9-v2/NANOAOD
/SingleElectron/Run2016F-HIPM UL2016_MiniAODv2_NanoAODv9-v2/NANOAOD

UL2016—postVFP

/SingleElectron/Run2016F-UL2016_MiniAODv2_NanoAODvI-v1/NANOAOD
/SingleElectron/Run2016G-UL2016_MiniAODv2_NanoAODv9-v1/NANOAOD
/SingleElectron/Run2016H-UL2016_MiniAODv2_NanoAODv9-v1/NANOAOD

Table 7.3: Samples comprising the Run 2 Single Electron datasets.

are weighted such that the distribution of the number of pileup interactions
matches that in data.
The list of background simulations included in the analysis is available in

Table [7.4]
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Signal

In the context of the Type-II 2HDM, the benchmark scenario H— ZA, with
Z— (¢ and A— 77, has been chosen. The reversed scenario in which A—
ZH is also considered, and few benchmark points have been produced in this
configuration to test if the analysis results are symmetrical by exchange of A
+H (analysis non-sensitive to parity).

The MADGRAPHS_AMC @NLO generator, interfaced with PYTHIA 8.2,
has been used to generate different signal processes according to different m 4
and mpy combinations. The Universal FeynRules Output (UFO) model [2635]
used is 2HDMTII_NLO [266] [267]. The parton distribution function set is
NNPDF31_NNLO_AS_0118_MC_HESSIAN_PDFAS [268], along with CP5
tune. The final signal samples have been obtained using the full simulation and
reconstruction within the CMSSW official framework. The MadGraph datac-
ards are stored in Ref. [269], while the request for central sample production
can be found in Ref. [270].

In the minimal formulation of the 2HDM Lagrangian, the mass terms for
the scalars are related to the parameter « and 3. These two parameters deter-
mine the interactions of the various Higgs fields with the vector bosons and
with the fermions. Considering the parameter space still favoured by direct
searches, the chosen values for the couplings and their mixing are cos(3 — a)=

0.01 (alignment limit) and tan 8= 1.5. Other relevant parameters are set to

2 _ 2 tanf
Mg =/ M= 1+tanB2°

The explored mass region corresponds to values of m g and m 4 varying in
the ranges [170,1000] GeV and [20,800] GeV, respectively, with the constraint
myg > my + my, as shown in Figure The region where my and m 4 are
smaller than my, for the processes H — ZA and A — Z H respectively, is
forbidden by the model.

The mass points to simulate were derived to achieve a good coverage in

and \g 7 = 0 to ensure CP conservation at tree level.

the two-dimensional mass plane (m 4, myr) in term of experimental mass res-
olution. A detailed explanation of the adopted strategy can be found in Ap-
pendix [A] Few samples available privately were used to study the mass resolu-
tion in m4 and my, fit the 2D gaussian-like distributions and extract the 1-o
ellipses, shown in green in Figure[7.4] The reconstructed mass always appears
shifted towards lower values with respect to the simulated one because of the
missing energy carried away by neutrinos. As explained in Sec. the en-
ergy of neutrinos from tau lepton decays is partially recovered by a dedicated
algorithm that target SM Higgs Boson decay to tau pair. Starting from these
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measured ellipses, the resolution for other mass points in the region of interest
has been extrapolated (blue ellipses in the Figure). As visible, with this choice
of points it is possible to cover the allowed region up to 1 TeV. Finally, the pink
crosses mark the simulated benchmark points in the reversed scenario.

The production cross section used in the normalization of the signal sam-
ples is the one extracted from the SUSHI program [271] version 1.7.0, ex-
ploiting the NNLO predictions. Branching ratio calculation and check of
the potential stability, perturbativity, unitarity are, instead, performed with
2HDMC [|140] version 1.8.0. The cross section times branching ratio for the
explored mass plane is shown in Fig. The sudden drop after m 4=300 GeV
is due to the possibility of the lighter boson to decay into top quarks, channel
that soon becomes the dominant one, according to the model. The full list of
centrally simulated samples can be found in Tables24] 25|and[26|for H — ZA
and in Table 27/ for A — ZH in Appendix [B] with related cross sections for
the specific 2HDM benchmark model.

my (GeV)

Figure 7.4: Dark dots (blue and green) show the simulated mass points for the pro-
cess H — ZA — 0l77. The ellipses in light green show the measured 1o contour of
the reconstructed 2D m 4-my distribution. The ellipses in light blue are extrapolated
starting from the green ones. The pink crosses mark the simulated benchmark points
for the reversed process A — ZH — f¢r7. For the full signal production (Summa-
rized in Tables [24] [25|and [26) mass points with m 4=20 GeV are added, while not
appearing in this plot.
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Figure 7.5: Cross section times branching ratio values for the process H — ZA —
LérT (in fb), for the explored mass region.

7.3 Object reconstruction

A detailed description of the standard CMS object reconstruction based on the
PF algorithm is provided in Sec.[3.3] For the reader’s convenience, a brief
summary is presented here, focusing on the reconstructed objects used in this
analysis, along with the selection criteria applied.

7.3.1 Muons

Muons are reconstructed from tracks found in the muon system, asso-
ciated with tracks in the silicon tracking detectors. They are identified based
on the quality of the track fit and the number of associated hits in the different
tracking detectors. Muons are required to meet the medium criteria for identi-
fication as recommended by the MuonPOG. This requires meeting all criteria
for the looser working point (identified as a PF muon, and is either a Global
or Tracker Muon), as well as a high fraction of valid tracker hits, and either
additional quality cuts on on global muons, or increased segment compatibil-
ity . Muons are selected with pr > 10 GeV, || < 2.4 and |d,| < 1.0 cm
and |d,y| < 0.5 cm. Isolation conditions are applied on top the identification.

The delta-beta corrected isolation with a cone size of 0.15 is used.
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7.3.2 Electrons

Electrons [274] are reconstructed by linking the track and the cluster in the
ECAL, without any signal left in the HCAL. Identification efficiency working
points are then provided by a multivariate analysis (MVA) approach, where a
Boosted Decision Tree (BDT) is trained on multiple electron variables, to dis-
tinguish between prompt and unmatched plus non-prompt electron processes.
Cuts on the output discriminator values provide 80% and 90% electron iden-
tification efficiency working points [275]]. Electrons identified in this anal-
ysis are required to match the 90% working point of the training that does
include the isolation. No further isolation requirement is imposed, since it
was already included in the identification task. In this analysis, electrons are
selected with pr > 10 GeV and || < 2.5, avoiding the transition region
1.44 < |n| < 1.57. The requirement on the impact parameters is the same as
muon’s, i.e. |d.| < 1.0 cm and |dyy| < 0.5 cm.

7.3.3 Hadronic Taus

The reconstruction of 7 leptons that decay into hadrons is performed with the
HPS algorithm, while the DeepTau algorithm is used to reduce the incidence of
jets, electrons and muons being misidentified as 7, candidates by HPS. During
Run 2, the v2.1 training of the DeepTau is recommended [276]], with working
point VVLoose for D, (99% efficiency), Tight for D), (99.5% efficiency) and
Medium for Dj.; (70% efficiency). In this analysis the 75, candidates are se-
lected with pr > 20 GeV, |n| < 2.3 and |d| < 0.2 cm. The 73, candidates are
also cleaned by the presence of muons and electrons in a AR cone of 0.4.

7.3.4 Jets

The jets used are AK4 PF jets. They are required to have a minimum pp of
30 (20) and a maximum |n| of 2.5 (2.4) for 2018/2017 (2016), and to pass the
Tight identification working point [277]. They are cleaned by the presence
of leptons by requesting a minimum AR of 0.4 with muons, electrons and 7,
candidates.

7.3.5 Missing transverse momentum
The missing transverse momentum, ﬁ%niss, is reconstructed as the negative vec-

>miss

torial sum of the pr of all PF objects. The raw p1"** is systematically different
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from true p"*°, i.e. the transverse momentum carried by invisible particles,

for several reasons including the non-compensating nature of the calorimeters
and detector misalignment. To make experimental ﬁ%niss a better estimate of
true ﬁ%ﬁss, corrections are applied as described in Sec. and recommended
by the JMEPOG [278]. In this analysis the PF ﬁ%ﬁss is used [277]. A set of
filters is applied to mitigate the impact of potential misreconstruction in the
calculation of the ﬁ%“iss. Beam halo interactions (i.e., particles produced by
interactions of the beam with non-collision material) can mimic genuine piiss
signatures in the detector. Additionally, instrumental noise in the calorimeters,
as well as poorly reconstructed PF muons, can result in spurious contributions
to the ﬁr}niss. Events are required to pass these ﬁ{f‘iss filters, both in simulation

and data:
* goodVertices
* globalSuperTightHalo2016Filter
* HBHENoiseFilter
* HBHENoiselsoFilter
* eeBadScFilter
* EcalDeadCellTriggerPrimitiveFilter
* BadPFMuonFilter
* BadPFMuonDzFilter

* ecalBadCalibFilter (only 2017 and 2018)

7.4 Corrections

A set of corrections has been applied in the analysis to improve the data-to-
simulation agreement. All corrections are explained in detail in the following
and the majority of them have been taken from Ref. [279] in the correctionlib
JSON format [280].

7.4.1 1, energy scale

The energy scale of genuine 7, candidates can be different between data and
simulation. To correct for this, measurements are made in Z — 77 events,
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specifically in the p7j, channel, using the visible mass of the u7; system as
observable. The best 7, energy scale correction is extracted by measuring the
negative log-likelihood of the fit of the simulation to data for different values of
the 77, energy scale in simulation. The minimum of the negative log-likelihood
gives the correction to be applied to all simulated genuine 77,. The measured
corrections are then applied as a direct scaling of the 7, four-momentum. The
Th, energy scale corrections are propagated to all variables that are based on
the 75, four-momentum. The corrections as measured by the TauPOG for all
years and are applied following the recommendations [[276], selecting the ones
suitable for the chosen tagger working points.

7.4.2 1, ID efficiency

Genuine 7y, identification efficiency can be different in data and simulation. To
correct for this, measurements are made always in Z — 77 events, specifically
in the p7p, channel, using the visible mass as observable, similarly to what
described in Sec. [6.3.1] for DEEPTAU v2.5. The scale factors are provided
by the TauPOG in bins of the tau decay mode and pr. The pr range is [20-
140] GeV. For larger pr values, as the analysis is sensitive to high-pr 7, the
scale factors measured with off-shell W* — 7v events are applied. The scale
factors have been applied following the recommendations [276], selecting the
ones suitable for the chosen tagger working points.

7.4.3 e — 1, energy scale

Much like the 73, energy scale can be mismodeled in simulation, the energy
scale of electrons faking 7;, candidates can be mismodeled as well. To correct
for this, direct scalings of the four-momentum are applied to electrons faking
Th, candidates, i.e. reconstructed 7, matched to an electron at generator level.

The corrections are based on the decay mode and 7 of the 7, candidate
and are working point dependent. They are measured by the TauPOG [276] in
Z — 7T events, specifically in the e}, channel, similarly to what described in
Sec.[6.3.2l for DEEPTAU v2.5.

7.4.4 ¢ — 7, misidentification rate

Scale factors are measured to adjust the electron misidentification rate in sim-
ulation to that of data. The corrections are binned in 1 and decay mode of the
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7, matching with the electron at generator level, and are working point depen-
dent. They are measured in the et channel by the TauPOG [276], similarly to
what described in Sec. for DEEPTAU v2.5.

7.4.5 . — 7, misidentification rate

Similarly to electrons, scale factors are measured to adjust the muon misiden-
tification rate in simulation to that of data. The corrections are binned in n and
decay mode of the 75, matching with the muon at generator level, and are work-
ing point dependent. The measurement is performed centrally by the TauPOG
in the p7y, channel [276].

7.4.6 Electron corrections

The corrections applied for electrons are the following:

¢ Reconstruction scale factors (for p7 above and below 20 GeV)

Identification scale factors for the chosen working point of the algorithm

Energy scale and resolution based smearing (already applied at nanoAOD
level)

 Trigger scale factors

These corrections are dependent on the pr and 7 of the super-cluster and
are provided directly by the EGammaPOG [281]]. They are all available in the
central repository, except for the trigger one taken from Ref. [282] searching
for the condition most similar to the analysis (singleE1TrigEffx*).

7.4.7 Muon corrections

The corrections applied for muons are the following:

¢ Rochester correction (momentum scale correction)

¢ Identification scale factors for the chosen working point of the algo-
rithm; the corrections are measured with the Z peak for medium-pr
muons (pr > 15 GeV) and with the J /1) resonance for low-p7 muons
(pr < 15 GeV)
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* Isolation scale factor for the chosen strength of the isolation cut; the
corrections are available only for medium-p7 muons (an additional un-
certainty will be added in the fit to cover for the missing low-p7 isolation
scale factors)

» Trigger scale factor for the chosen analysis trigger

These corrections are dependent on the pr and 7 of the reconstructed muon
and are provided directly by the MuonPOG [283]]. They are all available in the
central repository.

7.4.8 Missing transverse momentum corrections

Two kinds of corrections are applied to ﬁ%liss, the type-I correction and the
xy-shift correction [278|]. The Type-I correction is the most popular ﬁ%ﬁss cor-
rection in CMS. This correction is a propagation of the jet energy corrections
(JEC) to ﬁ%ﬁss. The Type-I correction replaces the vector sum of transverse
momenta of particles which can be clustered as jets with the vector sum of
the transverse momenta of the jets to which JEC is applied. In order to im-
plement this kind of correction the CMSJIMECALCULATORS package is ex-
ploited [284]. This requires to apply firstly JEC corrections to AK 4 PF jets,
even though jets are not explicitly used in this analysis. The specific JEC cor-

rections used for data and simulation are listed in Table

Year Data Simulation

2016—preVFP Summerl9UL16APV_RunBCDEF_V7_DATA Summerl9UL16APV_V7_MC
2016—postVFP  Summer19UL16_RunFGH_V7_DATA Summerl9UL16_V7_MC
2017 Summer19UL17_Run{B-C-D-E-F}_V5_DATA  Summerl9UL17_V5_MC
2018 Summerl19UL18_Run{A-B-C-D}_V5_DATA Summer19UL18_V5_MC

Table 7.5: JEC for Run 2 data and simulation.

The xy-shift correction reduces the pi** phi modulation. The distribution
of true P2 is independent of phi because of the rotational symmetry of the
collisions around the beam axis. However, it is observed that the reconstructed
PSS does depend on phi. The 515 phi distribution has roughly a sinusoidal
curve with the period of 27. The possible causes of the modulation include
anisotropic detector responses, inactive calorimeter cells or tracking regions,
the detector misalignment, the displacement of the beam spot. The amplitude
of the modulation increases roughly linearly with the number of the pileup
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interactions. The amplitude of the phi modulation is reduced by shifting the
origin of the coordinate in the transverse momentum plane as a function of dif-
ferent particle species and in bins of eta. This correction is centrally provided
by the IMEPOG.

7.4.9 b-tagging efficiency

The corrections related to b-tagging efficiency are introduced in the analy-
sis following the BTV recommendations [[285]] for fixed working point scale
factors. The b-tagging efficiency maps are computed in simulation using the
main irreducible background (ZZ — 4L) with a selection correspondent to
the baseline selection of this analysis without the b-jet veto. The efficiency is
computed as a function of jet pr and truth-level flavor, with a unique bin in jet
7 because of lack of statistics. The efficiency maps are reported in Fig.

CMS Work in progress 59.83 fb~* (13 TeV) CMS Work in progress 41.48 fb~1 (13 TeV)
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Figure 7.6: b-tagging efficiency in simulation as a function of jet pr and flavor.
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7.4.10 Pileup reweighting

In order to match the pileup conditions found in data, simulated samples are
reweighted. The pileup weights are centrally computed by the LUMIPOG [256]].

7.411  Z pr reweighting

A reweighting is applied to the Z/v* + jets process to correct the generator-
level Z pr distribution in LO MADGRAPH samples. A correction is produced
in the Z — pu control region, as a function of the reconstructed Z pr and
My, to reduce the shape discrepancy between data and simulation. In this
approach perfect muon resolution is assumed. Events in the di-muon region
are selected by requiring two OS muons passing the medium identification
working point and with a relative isolation smaller than 0.15. The leading
muon is required to pass the lowest pr cut corresponding to the fired trigger,
while the sub-leading muon is required to have pr > 10 GeV. The weights
are computed as in the following:

oht observed Z/v* +jets  data - (non-Z/v* + jets bkg from sim.)
weight = =
g simulated Z/v* + jets simulated Z/v* + jets

The weights are then applied to the Z/~* + jets process, both to Z — upu
and Z — ee, as a function of the generator-level Z pr and my,. The generator
level Z is found summing up the generator particles that are from the hard
process final state and are either electrons or muons with PYTHIA status 1,
or 7 leptons with status 2. The Z pr and my, distributions before and after the
Z pr reweighting are shown in Fig.[7.7|for Z — pp, for era 2018 as example.
All weights applied are reported in Appendix [C|for the different eras.

7.4.12 Pre-firing weight

In 2016 and 2017, the data was affected by a problem related to the L1 ECAL
and Muon pre-firing. This effect is not described by simulations, hence an
event-dependent weight is applied to emulate it [286].
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Figure 7.7: Z pr (Top Row) and my, (Bottom Row) distributions before (left) and
after (right) Z pr reweighting, in the Z — pu control region.

7.5 Triggers

The trigger paths used to select the events during the three data taking periods
are listed in Table [7.6] Single muon triggers are used for the channels with
Z — pp decays, and single electron triggers for the channels with Z — ee
decays. For the scale factors refer to Sec. [7.4.7]and Sec. [7.4.6] In past similar
searches [287], the addition of the double lepton triggers was proved to not
increase significantly the analysis sensitivity, hence was not included in this
analysis. The trigger efficiency for the signal events is reported in Fig. [7.8]
divided by eras.

7.6 Analysis Strategy

The analysis strategy is sketched in Fig.[7.9] The first step is the selection
of the Z and A legs that is described in Sec. The baseline selection also
includes lepton vetoes, to ensure orthogonality between the channels, and a
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Year Path

2016 HLT_IsoMu24
HLT_IsoTkMu24

HLT_Ele27_WPTight_Gsf

2017 HLT_IsoMu27

HLT_Ele32_WPTight_Gsf_L1DoubleEG

2018 HLT_IsoMu24

HLT_Ele32_WPTight_Gsf

Table 7.6: HLT trigger paths used in the analysis.
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Figure 7.8: Trigger efficiency (single muon + single electron triggers) for signal

events.

b-jet veto, to remove the residual event overlap with similar analyses with jets

in their final state (in preparation for an eventual combination).
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The selection of a single Z boson plus one or two additional lepton(s) is
used to define several control regions for the data driven background estima-
tion, as explained in Sec. [7.8] The training of the Neural Network to increase
purity is outlined in Sec. [7.9] Finally, the reconstructed invariant masses of
the new scalars A and H are fitted, defining elliptical bins, to extract the final

results (Sec. [7.10).
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Figure 7.9: Sketch of the chosen analysis strategy.

7.7 Selection

The analysis is performed in 6 different final states corresponding to Z — ee
or Z — pp with A = 71, A — 7,7, or A — 7,7. The Z — 77 are
not studied, though the Z — ee and Z — pp channels catch a few Z — 77
events because 77 — ee/up in 6% of the times. Given that the branching
ratio of Z — 77 is the same as Z — ee and Z — puu, its addition can
be considered in next iterations of this analysis to increase the event yields.
A — 170, A — 7,7, and A — 7,7, are not considered because they are
characterized by a low branching ratio (12% in total, compared to 88% of
decays with at least one 73) and are dominated by the large ZZ background,
hence they would not add much more sensitivity to the analysis.
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In the next sections, the selections for the Z and A legs are described sepa-
rately. If there are more than two electrons or two muons in the event, the two
OS leptons with invariant mass closest to the Z boson mass are paired together
and treated as the Z boson decay products. The leptons not used to build the
Z candidate are then paired to reconstruct the A boson. If more than a pair
candidate is available, the one with the highest pr is chosen.

The six different channels are designed to be mutually exclusive by vetoing
additional leptons in the final state. The veto leptons are selected as the nom-
inal leptons but loosening the identification requirements: loose identification
+ relative isolation < 0.5 for muons, loose working point of the MVA ID for
electrons and VVVLoose working point for Dj.; of DEEPTAU for 7;,. The
selections applied on muons, electrons and 75, candidates are summarized in

Tables and respectively.

Muons

Nominal Loose
pr > p;lg + 1 GeV (lead.) -

pr > 10 GeV (sublead.) same
In| < 2.4 same
|dpy| < 0.5cm,|d;] <1lcm  same
medium ID loose ID
iso < 0.15 1s0 < 0.5

Table 7.7: Summary of nominal and loose selection criteria for muons.

Electrons
Nominal Loose
pr > ppt + 1 GeV (lead.) -
pr > 10 GeV (sublead.) same
In| < 2.5, no trans. reg. same
|dzy| < 0.5cm, |d;| < 1cm same
WP90 (with iso) ID WPL (with iso) ID

Table 7.8: Summary of nominal and loose selection criteria for electrons.
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Th
Nominal Loose
pr > 20 GeV same
DM in [0,1,10,11] same
Inl < 2.3 same
|d,| < 0.2cm same
Dje M Djet VVVL
D.VVL,D, T same

Table 7.9: Summary of nominal and loose selection criteria for 7,.

771 Z —eeleg

These events are triggered with the single electron trigger, and are selected by
requiring the presence of two nominal OS electrons. The leading electron has
to be matched to the trigger object (with AR <0.2), and have pr greater than
28 GeV in 2016 (33 GeV in 2017 and 2018), while the subleading must have
pr greater than 10 GeV. The electrons have to be separated from each other
by AR> 0.3 and have an invariant mass within 15 GeV of the Z boson mass.

7.7.2 7 — uuleg

These events are triggered with the muon trigger, and are selected by requiring
the presence of two nominal OS muons. The leading muon has to be matched
to the trigger object (with AR <0.2), and have pr greater than 25 GeV in
2016 (28 GeV in 2017 and 25 GeV in 2018), while the subleading must have
pr greater than 10 GeV. The muons have to be separated from each other by
AR > 0.3, and have an invariant mass within 15 GeV of the Z boson mass.

7.7.3 A— 711 leg

The A — 1.7, leg is selected requiring one nominal electron and one nominal
73, cleaned from the presence of muons and electrons in a A R cone of 0.4. The
71, and the electron are separated from each other by AR >0.3 and must be
OS.
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774 A— 1,1 leg

The A — 7,7, leg is selected requiring one nominal muon and one nominal
71, cleaned from the presence of muons and electrons in a A R cone of 0.4. The
7, and the muon are separated from each other by AR >0.3 and must be OS.

775 A— 71 Ieg

The A — 75,7, leg is selected requiring two OS 7, candidates cleaned from
the presence of muons and electrons in a AR cone of 0.4. The two 7, are
separated from each other by AR >0.3.

7.7.6 Db-jet veto

A b-jet veto is imposed to ensure orthogonality with other H — Z A analysis
with jets in their final states. The jets are AK4 PF jets, selected to have min-
imum pr of 30 (20) GeV and maximum 7 of 2.5 (2.4) for 2018/2017 (2016).
They are required to pass the Tight JetID and the Medium b-tagging working
point of the Deeplet tagger. The jets are cleaned by the presence of muons,
electrons and 7, by imposing a minimum A R separation of 0.4

Overall the veto does not affect significantly the yields of signal and main
backgrounds (less than 5% decrease). The main effect of the veto is to reduce
ttZ background, which was already a minor contributor to the final yields.

7.7.7 Signal selection efficiency

The baseline selection efficiency is evaluated for the different signal hypothe-
ses under study. Figure shows that the efficiency lies between 10% and
20% for most of the my - m 4 plane, while falls under 5% for the low mass
values of m 4 because of the pr requirements.



204  Chapter 7. Search for BSM scalar bosons via H/A — ZAJ/H — (T~ 77~

e Simulated Points.
0.200 0.200
0175 0175
0.150 0.150
0125 5 0125 5
01008 01008
0.075 0.075
0050 0050
0.025 0.025
0000 0.000
W0 20 30 40 560 660 700 800 10 200 30 400 500 600 700 800
ma (GeV) ma (GeV)
o Smulated Points 018 « Simuiatea Ponts 0192
.. 0/
016 0.168
014
0140
_ 012 _
] N H o0 _
2 010 ¢ = g
£ 3 € 0.006 8
£ £
0.08 % w
0.072
006
0.048
0.04
0.02 0.024
000 0000
W 20 0 40 sto b0 700 800 B0 200 0 a0 oo e 700 800
ma (GeV) ms (GeV)

(c) 2016-preVFP (d) 2016-postVFP

Figure 7.10: Signal selection efficiency as a function of m g and m 4.
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7.8 Background estimation

Methods based on data control samples and comparison with simulated events
are used to estimate residual backgrounds after the selection described in Sec.

7.8.1 lrreducible background estimation

In this analysis, the dominant irreducible background is ZZ — 4L (with L
being either a light lepton or a tau lepton), with small irreducible contributions
from WWZ, WZZ,ZZZ,and ttZ. The SM Zh — ({7 is also considered
an irreducible background. All these processes are estimated from simulation
and scaled to their predicted cross section.

7.8.2 Reducible background estimation

Z/~* + jets events (including both heavy- and light-flavor jets) and WZ + jets
processes constitute the main sources of background containing at least one
misidentified lepton. In these cases, a genuine Z boson decaying into a pair of
electrons or muons is reconstructed, while at least one jet or its constituents is
misidentified as an isolated lepton.

Fake light leptons can originate from the semileptonic decays of heavy-
flavor quarks, from misidentified hadrons, or, in the case of electrons, from
photon conversions. Hadronic 7 candidates can be mimicked by quark- or
gluon-initiated jets.

Relying solely on simulation to estimate lepton misidentification rates is
not advisable, as it often fails to fully model the complex instrumental ef-
fects responsible for such fakes and typically underestimates the associated
uncertainties. Therefore, a data-driven method is employed to measure lepton
misidentification probabilities directly in control regions enriched with fake
leptons.

Given the final states considered in this analysis, where jets can be misre-
constructed as electrons, muons, or 73, candidates, the misidentification rates
are evaluated separately but using a consistent methodology across all lepton
flavors.

Misidentification probability measurements

The data-driven method used to estimate the reducible background relies on
the loose and nominal selections applied to one and only one lepton candidate
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(e, w, or 1) found in addition to the Z candidate, which is selected as de-
scribed in Sec. This configuration defines the Z + 1L control region (CR).
The misidentification probability, f(pr), is derived by measuring the fraction
of loosely selected leptons that also pass the nominal identification criteria, in
bins of the lepton py. Statistical uncertainties on f(pr) are obtained by propa-
gating the errors on the numerator and denominator of the ratio, using Poisson
statistics (v/N). The measurement is further separated into two pseudorapid-
ity regions: the barrel region, defined by |n| < 1.45, and the endcap region,
defined by |n| > 1.45.
The jet — 7, misidentification rate is then defined as follows:

Medium Dj¢; & VVLoose D, & Tight D,,

_ 7.1
I P7) = NV Loose Dy &VVLoose D, &Tight D, "

where it is implicit that all other selections (pr, 7, etc...) follow the recipe
described in Sec. The looser selection for D is chosen in order to have
enough data in the Z + 1L CR, but especially in the CRs that will be defined
later.

The pr distributions corresponding to the denominator and the numerator
of the Eq. are reported for 2018 as example in Fig. (other years in
Appendix [D) . All the recommended scale factors are applied here and, as
they depend on the chosen tagger working point, they are different for the
numerator and the denominator. Given that the contributions from genuine
taus are not negligible, they have been subtracted both from the numerator and
the denominator in the formula[7.1](checking the generator truth). Figure
shows the tau misidentification probability in blue, separately for the barrel and
endcap regions. The measurement is performed using data combined across
all years (2016, 2017, and 2018), as consistent trends were observed across
the datasets. The misidentification probability is found to be approximately
flat as a function of pr, with a slight increase observed above 100 GeV. For
comparison and validation purposes, the red curve shows the same probability
estimated using a mixture of Z/~* +jets and ¢¢+jets simulated samples, which
reproduces the overall trend seen in data.

Recalling the definition of nominal and loose electron, the jet — e misiden-
tification probability can be defined as follows:

mvaFall17V2Iso_WP90

Fr(pr) = | Falll7Valso WPL (7.2)
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Figure 7.11: pr distributions in the Z + 7, CR for the 73, candidate passing the loose
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Figure 7.12: The jet — 75, misidentification probability computed with respect to the
Th, pr is shown in the barrel (left) and endcap (right) region. The curves have been
evaluated combining the Run 2 eras to reduce statistical fluctuations.

where it is implicit that all other selections (pr, 7, etc...) follow the recipe
described in Sec.[Z.71

The pr distributions in the Z 4+ 1L CR for the electron passing loose selec-
tion criteria and the nominal ones are reported in Fig. [7.13|for 2018 as example,
the other years can be found in Appendix [D] The same considerations on scale
factors and real-third-lepton contribution subtraction as the 75 case holds. The
evaluated curves are reported in Fig. [7.14] The misidentification rate mainly
decreases with pp.

Recalling the definition of nominal and loose muon, the jet — p misidenti-
fication probability is defined as follows:
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year.
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Figure 7.14: The jet — e misidentification probability computed with respect to the
the electron pr is shown in the barrel (left) and endcap (right) region. The curves have
been evaluated combining the Run 2 eras to reduce statistical fluctuations.

Folpr) = mediumld & pfRellso04_all < 0.15
"PT) = T ooseld & pfRellso04_all < 0.5

where it is implicit that all other selections (pr, 7, etc...) follow the recipe
described in Sec. [7.7] The pr distributions for muon passing loose selection
criteria and nominal ones are reported in Fig. [7.15] for 2018 as example, the
other years can be found in Appendix [D| The same considerations on scale
factors and real-third-lepton contribution subtraction as the 7, case holds. The
evaluated curves are reported in Fig.[7.16] The misidentification rate decreases

(7.3)
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with pr until ~ 30 GeV and then increases again reaching a plateaux at higher
momentum.

Background estimation using misidentification rates

Once the misidentification probabilities have been computed for each lepton
flavor, three different control regions are defined where a Z candidate and two
OS leptons are required. These control regions are defined as follows:

* Control Region 00 (C' Rgp): both leptons pass the loose identification
criteria but not the nominal ones;
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¢ Control Region 10 (C'R;¢): one lepton passes the nominal identifica-
tion requirements, the other passes only the loose ones. In this control
region the loose lepton is the sub-leading 7, in the 73,75 and the light
lepton in the {73

¢ Control Region 01 (C Rg1): as in the control region C Ry, but in this
case the loose lepton is the leading 7, in the 73,73, the tau in the ¢7, and
the muon in the ey final state.

Suppose that we have N2/7" 45 of 7 /+* 4 jets events when selecting a Z
candidate and two OS leptons. One can define four subsets of events in this
sample:

lel/v*ﬂ'ets — NZ/7Hiets it

N/ = NPT (1 - f) fo
leo/v“rjets — NZ/7+iets F1— f2)
NOZO/'y*Jrjets _ szwjem(l — (1= fo)

(7.4)

where f; and f; represent the misidentification probabilities of the leading
and the sub-leading lepton, respectively, depending on its transverse momen-
tum. lel/ 7THES i< the yield of Z/v* + jets in signal region. Given that we
can safely assume that the C'Ry is fully dominated by Z/v* + jets (Ngp =
NOZO/ v*+jets)’ one can take Ny from data in the C'R and estimate the contri-

bution of the Z/~v* 4 jets background to the signal region as:

fifo
(1—f)d—f2)

Going further, one can use Ny to estimate the Z/~* + jets contribution to
the C'Rp; and C' Ry as well, following the Eq.

NETH = Ny (1.5)

Z/v*+jets _ ArZ/v*+jets f2
B
N1Z0/7*+jets _ NZ/W*-i-jetsL

0 (1-f1)

(7.6)
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WZ+jets, instead, contributes only to the control regions C'Rg; and C Ry.
However, given that these two control regions are a mixture of WZ + jets
and Z/~* + jets events (Ng; = N(Y;]Zﬂets + Nozl/y*ﬂets, Nig = vagzﬂm +
leo/ 'Y*Hets), we can use the number of events Ng; and Nyg, for each control
regions, estimated from data, and the already estimated Z /~* +jets background

to extract the contribution of WZ + jets in the signal region:

WZ+jets Z/~v* +jets fl
N = (N[)l T t) -7
f2 Ji
= | No1 — N, .
( o= Nog =7 )77, (1.7)
N1 fif2

e A Te

is the contribution to the signal region, coming from the C Ry, while

‘WZ+jets Z./~v* +jets f2
Nn,uJ)rJ = (Nlo—Nw/7 Jt) -7
:(Nm—Noolilfl) 1f2f2 (7.8)
— Ny fo fife

- N n T mna—

the one coming from the C'Ry.
Therefore, the final contribution in the signal region will be:

AT L/y*jets WZ+jets
N1 = Ny + Ny

AT L/y*+jets WZ+jets WZ+jets
= Nyq + Nyior + N

and making use of all the equations defined above (Eqs[7.4]

and [7.8)), the final formula we use to estimate the reducible background con-
tribution in the signal region is:

(7.9)

_ f f2 f1/:
N = Nor =+ Mo =g = Noo =557 -

(7.10)



212 Chapter 7. Search for BSM scalar bosons via H/A — ZA/H — (Y0~ 171~

The final formula is telling us that, practically, one needs to count the num-
ber of events in each control region (C'Ry1, C'R1g and C' Rgg) and “correct” this
number with a proper weight coming from the misidentification probabilities
described before in order to estimate the reducible background contribution to
the signal region. Also in this case, the contributions of the SM ZH, WW Z,
WZZ,ZZZ,ttZ and Z Z backgrounds are not negligible and need to be sub-
tracted, properly propagating the statistical error to the final estimates.

The estimated yields for the reducible background are presented in Ta-
bles [7.10} [7.11] and [7.12] in Sec. alongside the yields from simulated
background processes and the expected signal yields for the benchmark mass
hypothesis of (mg, ma) = (600, 100) GeV. These results indicate that the re-
ducible background constitutes one of the dominant background contributions

in the analysis, comparable in magnitude to the irreducible ZZ— 4L back-
ground.

Control plots with the fake shapes are shown in Sec.[7.8.3]in Figures[7.17]
for the channel Z + 7y, in Figures for the channel Z + e7y, and in
Figures [7.22]for the channel Z +73,7;,. Some of these variables have been
used for the training of the parametric neural network as explained in Sec.

Additionally, in order to further evaluate the validity of the method, we have
performed a closure test using the simulated reducible background samples.
The results are reported in Appendix [E]

7.8.3 Control plots for the baseline selection

This section reports in Tables[7.10][7.1T| and [7.12] the simulated process yields
together with the data driven background estimate after the baseline selection
described in Sec. Several control plots are here displayed to show agree-
ment after the baseline selection.
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Channel Z+uth Z+eTty 747

HZA | 1.981 +0.025 | 1.817 +£0.024 | 2.462 + 0.028
VV | 23.804+0.09 | 32.60+0.11 | 23.40 4+ 0.09
VVV | 0.947 +£0.024 | 0.854 +0.022 | 0.258 £0.010
TTV | 0.472 4+ 0.036 | 0.429 +£0.036 | 0.061 +0.014
SMZH | 1.933 +£0.029 | 1.880 £+ 0.028 | 2.239 4+ 0.031
Fakes | 20.07+5.91 | 31.75+9.41 | 37.904+11.13
Tot. MC | 67.50+9.41 | 47.23+5.91 | 63.86 £11.13

Data | 63.04+7.94 44.0 + 6.63 71.0 £ 8.43

Table 7.10: Yields for 2016 data taking year. The signal is simulated for the (mg,m4)

=(600,100) GeV hypothesis.

Channel 24Ty Z+eTy, Z+TyTh

HZA | 2.557 4+ 0.030 | 2.433+0.029 | 3.308 +0.033
VV | 30.110+0.11 | 40.01 £0.13 30.49 £ 0.11
VVV | 1.113£0.026 | 1.084 £0.025 | 0.333 £ 0.011
TTV | 0.747 +£0.045 | 0.639 +0.042 | 0.098 £0.015
SMZH | 2.526 £0.024 | 2.336 £0.022 | 2.885 £ 0.024
Fakes | 17.75£6.19 | 43.94£10.47 | 49.84 +12.83
Tot. MC | 52.25+6.19 | 88.012 +10.48 | 83.65 £ 12.83

Data | 53.0 £7.28 76.0 £8.72 87.0+9.33

Table 7.11: Yields for 2017 data taking year. The signal is simulated for the (mg,m 4)

=(600,100) GeV hypothesis.

Channel Z+uTy Z+eTy, Z+7yTH
HZA | 3.713+0.088 | 3.515+0.085 | 4.689 4+ 0.097
VV | 43.03+0.16 58.50 £ 0.18 44.31 £0.15
VVV | 1.779 4+ 0.039 | 1.699 +0.037 | 0.488 +0.016
TTV | 1.081 £0.055 | 1.082 £0.054 | 0.151 £ 0.020
SMZH | 3.603 +£0.034 | 3.380+0.032 | 4.179 £0.035
Fakes | 32.68 £8.04 | 51.81 £14.23 | 44.49 414.93
Tot. MC | 82.18 £8.04 | 116.47 +14.24 | 93.61 £ 14.93
Data | 84.0£9.16 91.0 £9.54 113.0 +10.63

Table 7.12: Yields for 2018 data taking year. The signal is simulated for the (mgr,m 4)

=(600,100) GeV hypothesis.
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Figure 7.21: Control plots for the Z + 75,7, channel.
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7.9 Parametric Deep Neural Network for enhanced
sensitivity

In this work a parametric DNN model [288] is trained to increase the sensitivity
of the search. The algorithm has been implemented using Keras [[289]] with
TensorFlow [290] backend. One DNN is trained for each category: Z + up,
Z + ety and Z + Tp7,.

The variables given as input features to the network are displayed in Fig.
They are a mixture of kinematic and angular variables of the final state visible
objects together with information on the ﬁ%mss. The ﬁ%niss variables are implic-
itly exploited also in the 77 and ¢¢77 pr that are reconstructed using the FAST
MTT algorithm [291]]. This improved version of the SVFIT algorithm [292]
allows for the reconstruction of not only the mass of the 7 lepton pair, but of
any kinematic function of the two 7 leptons. More information will be given
in the next section on the fitted observables (Sec. [7.10).

In order to parametrize the network in the 2D mass space, two additional
input nodes are added that receive the m 4 and m g input values. In the training,
m4 and mpy are fixed to the nominal values for the signals while, for the
background, it is taken randomly from a uniform distribution spanning in the
region of interest. All available signal samples in the form H — ZA are
employed in the training. The reversed scenario with A — ZH shows the
same selection efficiencies and features distributions (as visible in Figs.
and[7.24)), hence it does not add more information.

The network architecture is the following:

* Input layer with 13 nodes (11 variables + 2 parametric inputs m 4 and
M)

* Three hidden layers with 132-64-64 nodes with ReLu activation function
and dropout fraction of 0.2 to reduce overtraining

* Qutput layer with one node, with a sigmoid activation function.

During the training, the weights are optimized using the Adam algorithm
to minimize the binary cross entropy loss function. The network is trained
until no further improvement is observed (less than 0.1% increase in binary
accuracy), for a maximum of 100 epochs. One third of the whole dataset is
used for validation purpose, hence is not employed in the training step. The
trends of loss and accuracy as functions of epochs are shown in Fig. for
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both the training and validation datasets, indicating no signs of overfitting in
the process.

The ROC curves are shown in Fig.[7.26|and Fig.[7.27|for different mass sce-
narios. In these figures, the ROCs of the parametric DNN (left) are compared
to the ROCs of a naive DNN (right) that exploits the same architecture but is
trained on a mixture of all signal hypotheses together, without any parametriza-
tion on the mass. The performance of the parametric DNN are observed to be
always significantly better than the naive DNN, proving the efficacy of the
parametrization method.

In order to check the ability of the parametric DNN to interpolate in inter-
mediate regions where it has not been trained on, we performed another check
in which all the samples with m ;=300 GeV are removed from the training.
Fig. shows the performance of the parametric DNN trained with (left)
and without (right) the 300 GeV sample: the differences in terms of area under
the ROC curve (AUC) are observed to be minimal, less than 2%. Finally, for
reference, some score plots are shown in Fig. for three mass scenarios
inthe H - ZA and A — ZH modes, showing that the two are completely
equivalent in terms of DNN response. All plots presented here refers to the
Z + utyp, channel, but similar conclusions hold for the other two.

7.10 Observables

In this analysis, as already mentioned in Sec. [7.9] we used the FAST MTT
algorithm to reconstruct the four-momentum of the new resonance decaying to
a pair of 7 leptons. The algorithm is based on matrix element techniques and
exploits the information on the visible products of the 7 decay and the ﬁ%‘iss
x and y components. It typically achieves a relative resolution on the mass
of 15-20% for the Higgs boson [291]], while its performance worsen when the
resonance mass drifts from 125 GeV. Figure (a) shows the effect of the
algorithm application on a simulated sample of H — Z A where the lighter
resonance mass is 100 GeV. The algorithm shrinks and shifts the distribution
towards the reference value of 100 GeV. This clearly can be translated on the
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Figure 7.23: Input features for the parametric DNN training in the Z + p7;, channel
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Figure 7.25: Loss and accuracy curves for training and validation dataset. There is
no hint of overfitting, given that the two curves are compatible.

invariant mass of the heavier resonance and the overall effect is to distinguish
more efficiently the signal from the background, moving the signal bulk away
from the background one, as visible in the 2D plot in Fig. (b).

As mentioned, the mass resolution changes with the mass of the simulated
resonance and this is shown in Fig. where the reconstructed mean and
its standard deviation are reported as a function of the simulated mass, for the
SVTFIT algorithm estimate and the visible mass.

For this search, we tried to fit different observables and compared the results
in terms of upper limits on the signal strength (see Appendix [F). We concluded
that the best configuration is achieved by applying a cut on the DNN score to
increase purity in the signal region and then fit the 2D (my7, m 4) distribution.
This approach provides both high sensitivity and immediate physics interpre-
tation. We decided to define elliptical binning in the 2D mass space around
the reconstructed mean (mgr, m 4) of the signal in such a way that the ellipses
content corresponds to 0.50, 1o, 1.50, ..., 40. Then the binning is unrolled
as described in Fig. to be fitted with the CMS statistical analysis tool
COMBINE [216].
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Figure 7.26: ROC curves for different mass scenarios in the case of the parametric
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Figure 7.27: ROC curves for different mass scenarios in the case of the parametric
DNN (left) or of the single standard DNN (right).
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Figure 7.28: ROC curves of the parametric DNN for m =300 GeV, when the 300
GeV sample is used in the training (a) and when it is removed (b) to test the ability of
the network to interpolate in intermediate regions.
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Figure 7.29: DNN score for signal and background in different mass scenarios.
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Figure 7.30: (a) Invariant mass distribution of the 77 pair for the signal, reconstructed
using only the visible decay products of the 7 (pink) and applying SVFIT (green). (b)
2D (myg,m 4) distribution for signal and background when applying SVFIT. In both
plots the signal is simulated at (mz, m 4) = (600, 100) GeV.
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Figure 7.31: Reconstructed mean (a) and its relative standard deviation (b) as a func-
tion of the simulated tau pair mass. The value are measured for my = 600 GeV.

The final fitted distributions m4 X my are shown in Fig. for (mpg,
m4) = (600, 100) GeV and in Fig. for (mg, ma) = (300, 150) GeV,
before and after the DNN cut. The value of the cut is chosen finding a compro-
mise between S/+/(S + B) optimization and reasonable bin-by-bin statistic
uncertainties. For each DNN cut value between 0.1 and 0.9 with a step size
of 0.1, the naive significance S/+/(S + B) is computed while checking the
bin uncertainties of the MC. The cut generating the highest significance while
maintaining the MC relative statistical uncertainties in each bin lower than
20% is chosen. A minimal cut of 0.1 is imposed.

Both the DNN training and the DNN cut optimization are performed only
once using the 2018 dataset and then applied also to the other eras. The signal
relative efficiency of the DNN cut is shown as a function of myg and m 4 in
Fig. The efficiency is almost everywhere above 95% for all the epochs.
The lower efficiencies around m 4 = 100 GeV for my < 500 GeV are due to
the tighter cuts used in that region that has the highest background population.
Figure shows the same distributions as Fig. without (left) and with
(right) DNN cut application (different cuts are applied because of different
level of background contamination).
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Figure 7.32: (Top row) 2D (m g, m 4) plane with background and signal distributions
for (myg, ma) = (600, 150) GeV (left) and (m g, m4) = (600, 350) GeV (right) mass
scenarios. The calculated ellipses are drawn in red around the estimated mean of
the signal distribution. (Bottom row) the elliptical binning is unrolled giving a 1D
distribution in which the first bin corresponds to the content of the central ellipse, and
the last one to the content outside the external ellipse.
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Figure 7.33: (Top row) 2D (my, m4) plane with background and signal distribu-
tions for (myg, m 4) = (600, 150) GeV without (left) and with (right) DNN cut at 0.5.
(Bottom row) 2D (my, m ) plane with background and signal distributions for (my,
m4) = (600, 350) GeV without (left) and with (right) DNN cut at 0.1 (minimal cut).
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Figure 7.36: Signal efficiency of the DNN cut relative to the baseline selection as a
function of myg and m 4.
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7.11 Systematic uncertainties

The instrumental uncertainties on final state objects (electron, muons, 73, and
ﬁ%ﬂiss’) are taken from POG recommendations, considering the up/down varia-
tions with respect to the nominal corrections saved in the correctionlib JSONs.
These uncertainties are therefore shape uncertainties. Muon and electron un-
certainties are treated as fully correlated between years, being systematically
dominated. An additional InN uncertainty of 3% is added to the 7, channel
for the missing low-p7 muon isolation scale factors.

The 74, related uncertainties for genuine 73, candidates are treated as correlated,
while the uncertainties for e/ — 7, are uncorrelated between years.

The Jet and ﬁ%ﬂss uncertainties are uncorrelated because of their (mostly) sta-
tistical origin.

All these uncertainties are fully correlated between the different channels.

The PU uncertainty is also a shape nuisance and is correlated between
years, as recommended. The prefiring uncertainty is correlated between data
taking periods 2016 and 2017.

The theoretical uncertainties related to the normalisation of the background
are taken to be same as SM ZH analysis [287]] with tau leptons in the final states
(same final state objects, same backgrounds). In particular, the uncertainty
on SM ZH includes the uncertainties on the cross section (variation of QCD
scale, PDF+a;) and on the branching ratio. The uncertainty on the 2HDM
signal is dominated by the QCD scale uncertainty. It is computed varying
the renormalisation and factorisation scale from 0.5 to 2.0 times the nominal
value and considering the signal yields change. The maximum shift form the
nominal yield is of the order of 25% and this is assigned as InN uncertainty.

Concerning the data driven background, the uncertainties on the estimated
fake rate curves is propagated to the final templates and here they are taken as
shape uncertainties for the fit. A jet-flavor-related uncertainty on the curves is
introduced as explained in Appendix[G] The bin-by-bin uncertainties cover for
the limited number of events in the control regions used to estimate the fakes.
No uncertainty is associated to the closure test, given that the predictions and
observations were in good agreement within statistical uncertainties.

The uncertainty in the luminosity affects all processes estimated from sim-
ulation. The uncertainty is decomposed in several components with different
correlations between the 3 years, following official recommendations [293]].

Bin-by-bin uncertainties are used to take into account the limited number of
events of the simulated samples (or of data for the data-driven background) in
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every bin of the fitted distributions. They are implemented via the auroM Cstat

feature of CombineHarvester using the Barlow-Beeston approach [294]).

The uncertainties are summarized in Table [7.13]

Uncertainty Implementation Magnitude Correl. years
electron ID shape From EGammaPOG yes
electron Reco shape From EGammaPOG yes
electron Trigger shape From EGammaPOG yes
muon ID (medium pr) shape From MuonPOG yes
muon ID (low pr) shape From MuonPOG yes
muon iso (medium pr) shape From MuonPOG yes
muon iso (low pr, missing SF) InN 3% yes
muon Trigger shape From MuonPOG yes
71, ID (medium pr) shape From TauPOG yes
7, ID (high pr) shape From TauPOG yes
e — 1, FR shape From TauPOG no
w— 7, FR shape From TauPOG no
7r, Energy Scale shape From TauPOG yes
JER shape From JetMET no
JES (total) shape From JetMET no
Unclustered Energy shape From JetMET no
ttV xs InN 4.2% yes
VV xs InN 32% yes
VVV xs InN 25% yes
SM ZH xs InN 5% yes
HZA unc. (mainly scale unc.) InN 25% yes
Data driven bkg shape From FR curves no
Data driven bkg (flav. unc.) shape From FR curves yes
Prefiring shape Event-dependent yes
PU shape Event-dependent yes
Luminosity InN 2-3% partial
Stat. fluctuations autoMCstat autoMCstat no

Table 7.13: Sources of systematic uncertainties.

7.11.1 Impacts

The impacts for all nuisance parameters in the combined fit of all years and
final states are shown in Fig. for signal hypothesis (mpy, m4) = (600,
100) GeV and in Fig. [7.38] for (mp, ma) = (300, 150) GeV. The theoretical
uncertainty on the signal, which has the largest impact (approximately 20%), is
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omitted from the plot to improve the visibility of the other contributions. The
most significant instrumental uncertainties arise from 7, identification, fol-
lowed by uncertainties on the integrated luminosity. Statistical uncertainties—
particularly those associated with the data-driven background estimation—also
have a considerable impact, especially in the low-mass signal region where the
signal is closer to the bulk of the background distribution.

Additionally, a GOF test is run in the CR where the DNN cut is failed to
assess the agreement between data and simulation. It can be found in Ap-

pendix

7.12 Results

The results are extracted with a maximum likelihood fit of the m4 X my
observable after the DNN cut, as shown in Figures and[7.35]

The 95% expected upper limits on the signal strength (6/0¢pe0ry) are re-
ported in top Fig. demonstrating the sensitivity to exclude a big portion of
the explored mass space before the top pair production threshold. The underly-
ing model assumption is a 2HDM Type-II with tanf8=1.5 and cos(—a)=0.01.
The theoretical values for o x BR are the ones reported in Tables and[26]

This result can be directly compared with the preliminary results from H —
ZA — L0bb [295]] which uses the same model parameters, showing similar
exclusion power. The plan is to combine these two channels, together with
H/A — ZA/H — ((tt that has the sensitivity to exclude the region after top
pair production threshold.

The results are also presented in a model independent fashion in bottom
Fig. as upper limits on o x BR for a generic narrow-width resonance (in
this case the signal uncertainty is removed from the nuisance parameters). The
model independent results can be compared with the similar analysis A —
Zhsr [296]. The paper quotes un upper limit on o(ggA)xBR(A — Zh)
x BR(h — 77) between 4.5 fb and 50 fb for the gg — A process for masses
between 225 GeV and 800 GeV. In this analysis for the same mass range of the
heavier resonance and the lighter mass fixed at 125 GeV, the expected upper
limit on o(ggH)xBR(H — ZA) x BR(A — 77) is between 7 fb and 60 fb.
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Figure 7.37: Impacts for the combination of years and final states. Signal hypothesis
(my, m4) = (600, 100) GeV. The theory uncertainty on the signal, which is the high-
est ranked uncertainty (= 20%), is omitted to better see the other contributions.
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Figure 7.38: Impacts for the combination of years and final states. Signal hypothesis
(mm, m4) = (300, 150) GeV. The theory uncertainty on the signal, which is the high-
est ranked uncertainty (= 20%), is omitted to better see the other contributions.
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7.13 Summary and Outlook

A search for new Higgs bosons has been conducted using proton-proton col-
lision data at /s = 13 TeV, collected by the CMS experiment during Run 2
(2016-2018), corresponding to an integrated luminosity of 138 fb~!. Events
containing a Z boson and a pair of oppositely charged 7 leptons were selected
to study the invariant mass distributions of both the 7-lepton pair and the com-
bined Z + 77 system.

Stringent limits have been set on a benchmark process predicted in a two-
Higgs-doublet model: H/A — ZA/H — (¢~ 7+7~, where H and A denote
a scalar and a pseudoscalar Higgs boson, respectively. In addition, model-
independent results are provided in the form of upper limits on the production
cross section times branching ratio for generic narrow-width resonances.

This analysis significantly improves upon the previous search performed
with Run 1 data [255], benefiting from a substantially larger dataset, higher
center-of-mass energy, and improved object reconstruction capabilities in Run
2. Moreover, a more sophisticated analysis strategy has been adopted, includ-
ing the use of a parametric DNN to enhance sensitivity across all mass hy-
potheses.

The next steps include finalizing the CMS internal review process, present-
ing the observed results on data, and potentially extending the interpretation to
the complementary mass hierarchy region (m4 > my). A combination with
other channels is also planned in the near future.

Looking ahead, this search can be repeated using data from the ongoing
Run 3, with the possibility of further investigating any hints of excess even-
tually observed in Run 2. Future improvements may also involve integrating
machine learning techniques into the estimation of the misidentification rates,
aiming to simplify the measurement and improve its precision.



Chapter

HH searches at Future Hadron
Colliders

In Sec[I.5.5] I discussed the role of the Higgs self-coupling within the SM
framework, emphasizing how its measurement represents a crucial test of our
current understanding of Nature.

It is unlikely that the current LHC run will be able to establish the Higgs
boson self-interaction, unless contributions from BSM significantly enhance
the HH production cross section—by at least a factor of two.

However, the upcoming high luminosity phase of the LHC (see Sec[3.4) is
expected to deliver a substantially larger dataset, offering improved sensitivity
to this rare process. Finally, the proposed FCC-hh (see Chapter {)) is antici-
pated to provide definitive insights into the subject. In both cases, the analysis
of simulated events is essential to assess the potential of these future colliders
and to guide the design of detectors toward the necessary performance targets.

I have contributed to projections of HH searches for both the HL-LHC and
the FCC-hh, and my work is detailed in the following chapters.

8.1 Projections of non-resonant HH searches
to HL-LHC

The SM search for HH production at HL-LHC has been conducted using two
different approaches. The first approach, described in Sec. [§.1.1, employs
DELPHES for a fast simulation of the CMS Phase-II detector and involves
a full analysis of the simulated events. The second approach, presented in
Sec. [8.1.2} is based on a scaling of Run 2 results, taking into account the
increased integrated luminosity and incorporating assumptions on systematic
uncertainties. This method does not involve any new detector simulation. De-
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spite their fundamentally different methodologies, both approaches rely on the
state-of-the-art knowledge from Run 2 and yield broadly consistent results.

For the fast simulation-based projections, I focused on the three leading
channels contributing to sensitivity: bby~y, bbrT, and bbbb. 1 was responsible
for every aspect of the analysis in each channel as well as their combination.
This independent work is documented in Ref. [3]], submitted to Snowmass
2021 [297]], and later presented at ICHEP 2022 [4]. I presented this study
during the Young Speaker Contest organized by the Belgian Physical Society,
where I was awarded a prize and offered the opportunity to publish an article
on the topic in the Belgian Journal of Physics [5].

For the projections based on Run 2 scaling, I mainly contributed to the
bbbb channel, in both the boosted and resolved topologies, and to the channel
combination. This work was conducted within the CMS Collaboration and is
included in the Run 2 HH combination paper [6].

8.1.1 Projections to HL-LHC with fast simulation

This study is based on pp collision events produced using a DELPHES fast
simulation of the CMS Phase II detector as described in the Technical Design
Report [[143]]. The assumed center of mass energy is /s = 14 TeV and the
integrated luminosity corresponds to the expected total delivered by the HL-
LHC, namely 3 ab™!.

The analysis targets exclusively Higgs boson pair production via gluon fu-
sion (ggHH). The dependence of the ggHH cross section on ) and ¢ can be
written as:

o(kx, ki) = K3R2E 4 Kib + KAKDE, (8.1)

where t = |T|?, b = |B|?, and i = |[T'B* + B*T)|, and the three contribu-
tions correspond to the triangle and box diagrams shown in Fig.[I.12] and their

interference, respectively [298]].

The same formula holds for every differential cross section do /dz for HH
production. At higher order in the QCD perturbative expansion, 7' and B
correspond to the sum of all diagrams of the same order in ) and k¢, and the
polynomial relation in Eq. [8.1] remains valid. Since the ggHH cross section
can be expressed as a polynomial in x) and x; with three independent terms,
we can model the production of ggHH over a wide range of k) and x; by
evaluating the cross section at three different (x, x;) values and performing a
linear combination. In this case we assumed the SM value for the top Yukawa
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coupling, hence x; = 1, and simulated three samples for different values of
Kx, namely 1, 2.45 and 5, following the CMS Run 2 analysis strategy.

Signal events are simulated at NLO accuracy using POWHEG 2.0 [259-
261]], while background processes are generated with MADGRAPHS_AMC@NLO [257,
258|]. Hadronization and Higgs boson decays are modeled with PYTHIA
8.2 [262], which also accounts for pileup by overlaying an average of 200
minimum-bias events.

Three final states are analyzed: bby~y, bbr7, and bbbb.

The analysis, performed within the Bamboo framework [299]], consists of
three major steps, similarly for all the channels: kinematic selections to iden-
tify two good Higgs boson candidates, implementation of multivariate classi-
fiers to improve the signal-to-background ratio and extraction of results from
fits to discriminating observables (potentially using multiple event categories).

In the following, the strategies adopted for the three channels are briefly
outlined and the most representative plots are reported for the sake of brevity,
more can be found in Ref. [3]]. Results are presented in terms of the expected
discovery significance and constraints on k.

HH — bbyy

This channel is limited by a low branching ratio of only 0.26%, but it ben-
efits from the excellent photon energy resolution and the ability to fully and
unambiguously reconstruct the decay products of both Higgs bosons.

The list of simulated samples with related cross sections is shown in Ta-
ble[8.11

Figure 8.1 summarizes the main steps of the analysis strategy.

In this channel signal events are characterized by four exclusive objects,
namely two photons and two b-jets. Several kinematic requirements (Table[8.2)
are imposed on jet and photon objects to select only events with signal-like
topology. In particular, the di-photon and di-jets invariant masses (1.~ and
myp) are required to be in a window around the 125 GeV Higgs boson nominal
mass (see Fig.[8.2).

The event yields after these selections are reported in Table 8.3

Backgrounds arise mainly from single Higgs events decaying into pho-
tons and the non-resonant QCD-induced production of two isolated, ener-
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Process Cross section (fb)
(99)HH — bbyy (ky = 1) 9.70 x 1072
Signal | (gg)HH — bbyy (k) = 2.45) 4.09 x 1072
(99)HH — bbyy (k) = 5) 2.96 x 107!
(99)H — vy 1.24 x 102
Single qqH — vy 9.71
Higgs VH — vy 5.67
ttH — vy 1.39
jet 9.46 x 104
QCD- pp—>77+?es X )
. pp — v+ jets 1.04 x 10
induced . 3
pp — jets 1.41 x 10
pp — ttyy 1.86 x 10!
tt pp — tty had 7.92 x 102
) pp — tty semilep 7.71 x 102
induced _ 9
pp — tty fullylep 6.23 x 10
pp — tt inclusive 8.64 x 10°

Table 8.1: List of simulated samples for bbyy channel.

Medium . ) .
Pre-selected events S High purity - Categorize based on my
_ Optimization of DNN ; Central
DNN-based 7tH tagger score cuts Sideband region

1 4

DNN to suppress

m <350 GeV m_>350 Gev I non-7iH backgrounds

Fit m,. in 8 categories

Figure 8.1: Flowchart of the bby~y channel analysis strategy.

getic photons. DNNs are trained to suppress the different backgrounds, us-
ing Keras [289]] and Tensorflow [290]. First, a DNN is trained to discriminate
the signals from the single Higgs production with associated top quark pairs
(ttH). The contribution of the ttH background is enhanced among the single
Higgs production modes since it results in a similar final state as the signal.
However, its kinematic is different (more but less energetic jets and/or leptons,



8.1. Projections of non-resonant HH searches to HL-LHC 245

Photon Jet
Variable Requirement Variable | Requirement

ID loose ID tight

Iso tight b-tag loose

n] < 1.44 orin [1.57,2.5] In| <25

pr (sub)lead > 30 (20) GeV pr > 30 GeV
pr/ M~ (sub)lead > 1/3 (1/4) mjj in [80,200] GeV

My in [100, 180] GeV

Table 8.2: Photon (left) and jet (right) kinematic selections.

. HL-LHC 3000 fb~! (14 TeV) HL-LHC 3000 fb~* (14 TeV)
10¢ s

QCD-induced QCD-induced
tt-induced tt-induced

mm Single Higgs
1 HH - yybb

mm Single Higgs
0 HH - yybb

Events / 2 GeV
Events / 3 GeV

-2
110 120 130 140 150 160 170 80 100 120 140 160 180 200
M,y [GeV] M; [GeV]

Figure 8.2: Di-photon (left) and di-jet (right) invariant mass distributions after kine-
matic selections, for signal and background processes.

Process Yields
(99)HH — bbyy k) =1 45+ 1
(g9)HH — bbyy k) = 2.45 18+2
(99)HH — bbyy k) =5 97 +2
(99)H — v 275 + 32
qqH — vy 40+ 3
VH — vy 110 £3
ttH — vy 476 + 12
pp — vy + jets 85997 4 2286
pp — v+ jets 41270 £ 2737
pp — jets 0.0
pp — ttyy 562 + 17
pp — tty 3939 + 133
pp — tt 49060 + 2020

Table 8.3: Event yields for bby~y channel.
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closer b-jets and di-photon pairs, etc.) and this is captured by the DNN based
ttH tagger, which performs extremely good (Fig. [8.3). Events with ttH score
lower than a defined threshold are discarded.

HL-LHC 3000 fb~! (14 Tev) ROC curve

QCD-induced 10 e -

tt-induced
mm Single Higgs
I HH - yybb

Events / 0.05

True positive rate

—— Test (area = 0.967)
Training (area = 0.968)

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
ttH tag score False positive rate

Figure 8.3: (Left) ttH tagger score for signal and stacked background. (Right) ROC
curves for testing and training samples with relative AUC value.

For the next step, events are divided into two categories based on the in-
variant mass mx = Mppyy — Mpp — My +250 GeV, which reconstructs the
di-Higgs mass corrected for resolution effects. As shown in Fig.[8.4] the shape
of the mx distribution is sensitive to the value of x). In the SM scenario,
the lower m x region is sparsely populated, whereas several BSM hypotheses
predict a significant event yield in this region. Since current experimental con-
straints do not exclude such BSM scenarios, applying a strict cut on mx could
reduce sensitivity to non-SM signals. To retain sensitivity across a broad range
of k) values, the events are instead categorized into two regions: one with
mx < 350 GeV and the other with mx > 350 GeV.

Two DNNs, one for each mx region, are trained to separate the signals
from the non-ttH backgrounds. Figure[8.5]shows the resulting scores for events
with mxy < 350 GeV on the left and mx > 350 GeV on the right. Events
with DNN score lower than a defined threshold are discarded. The remaining
ones are separated in a high and medium purity category. Cuts and category
delimiters are selected through a multi-dimensional optimization procedure
with the “naive” significance S/+/B of the signal as the figure of merit.

Finally, events are further categorized into a central or sideband region
based on the invariant mass myp, using a window of approximately 15 GeV
around the Higgs boson mass. This categorization scheme, when combined
with the previous steps, results in a total of eight event categories. Constraints
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Figure 8.4: Distribution of the reconstructed mx for different x signal hypothesis
and for the background.
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Figure 8.5: DNN score for the mx <350 GeV (left) and > 350 (right) region.

on k) are extracted using a Maximum Likelihood fit of the m.,, distribution
performed simultaneously in the eight categories. The systematic uncertainties
taken into account are reported in Table [8.4]and are drawn from Ref. [300].

HH — bbrr

The list of simulated samples with related cross sections is shown in Table[8.3]

This channel is characterized by the presence of missing energy, as 7 decays
always involve neutrinos. With two taus in the final state, six combinations are
possible: uty, ey, ThTh, pe, ee and pp. Among these six final states, only the
final states that involves at least one 77, have been considered for this analysis,
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Systematic uncertainty source Impact on yields

Luminosity +1.0%

M.~ scale +0.5 %

Photon energy scale +20%
Di-photon trigger +2.0%
Photon ID efficiency +1.0%

Jet Energy Scale + 1.0%

B-tag efficiency + 1.0%

+4.6% / -6.7% (ggH)
+0.4% / -0.7% (VH)
QCD scale +0.5% / -0.3% (VBFH)
+6.0% / -9.2% (ttH)
+2.4% | -3.6% (tt)
+3.2% (ggH)
+1.8% (VH)

PDF scale +2.1% (VBFH)
+3.5% (ttH)
+4.2% (tt)
+2.1% / -4.9% (QCD scale)
+3.0% (PDF scale)
+4.0% / -18.0% (top mass)

Signal theoretical
uncertainties

Table 8.4: Systematic uncertainties for bby~y channel.

because of the highest branching fraction. The baseline event selection ensures
not only good b-jets and 7 candidates but also the mutual exclusivity of the
three final state categories.

Let us start considering the H — 77 leg. Leptons are selected following the
requirements in Table[8.6] while 7, candidates are required to have a minimum
pr of 20 and a maxium 7| of 2.3. Events are thus exclusively accepted into
the following three categories:

* u7h: exactly one primary muon and at least one 75, with opposite charge
to the selected muon. If multiple pairs pass the selection, the one with
the highest isolation is selected. Exactly zero veto electrons are allowed;

* eTy: exactly one primary electron and at least one 73, with opposite
charge to the selected electron. If multiple pairs pass the selection, the
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Process Cross section (fb)
(99)HH — bbrT (k) = 1) 2.68
Signal | (gg)HH — bbrT (k) = 2.45) 1.13
(99)HH — bbrT (k) = 5) 8.18
(99)H — bb 3.18 x 10*
(99)H — 77 3.43 x 10°
ttH — bb 3.574 x 102
ttH / bb 2.563 x 102
, ZH,Z — q4, H — bb 4.02 x 102
Single - 1
Higgs ZH,Z = U, H = bb 1.94 x 10
WHH,W — q¢/, H — bb 3.62 x 102
WHH,W — Il,H — bb 6.03 x 10*
W~—H,W — qq¢’, H — bb 2.32 x 102
W-H,W = l,H —bb 3.87 x 10*
VH,H / bb 1.46 x 103
tw 4.506 x 104
Single tw 4.502 x 10*
Boson tZq, 7 — 1 8.5 x 10!
W — lv + jets 6.052 x 107
Double wWw 1.31 x 10°
Boson Z7Z — llqq 3.721 x 10°
DY — Il + jets HT 100 to 200 1.5 x 10°
DY — Il + jets HT 200 to 400 3.295 x 10*
DY — Il + jets HT 400 to 600 3.911 x 10°
Drell-Yan | DY — Il + jets HT 600 to 800 8.301 x 102
DY — 1l + jets HT 800 to 1200 3.852 x 102
DY — Il + jets HT 1200 to 2500 8.874 x 10*
DY — Il + jets HT 2500 to Inf 1.755
tt tt inclusive 8.644 x 10°

Table 8.5: List of simulated samples for bbr7 channel.

one with the highest isolation is selected. Exactly zero veto muons are
allowed;

* 7, Th: exactly zero veto muons and electrons and at least two opposite
charged 75, candidates. If multiple pairs pass the selection, the highest-
pr one is selected.
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For the H — bb leg, b-jets are selected similarly to the bby~y channel but

requiring a medium b-tag working point.

Lepton Min pr [GeV] | Max Inl | Max iso
Primary muon 23 2.1 0.15
Primary electron 27 2.1 0.10
Veto muon/electron 10 2.4 0.30

Table 8.6: Kinematic requirements for leptons.

The event yields after these selections are reported in Table

Process WTh et ThTh
HH — bbrr k) =1 101+ 3 68 +2 58 + 2
HH — bbr7 Ky, = 2.45 45 + 2 43 +£2 61+3
HH — bbr7T 6\ =5 371+ 19 298 + 17 374 + 20
ggH, H — bb 899 + 202 90 + 64 0.0+£0.0
ggH,H — 77 312 + 63 262 + 58 125 + 40
ttH, H — bb 6499 + 168 3420 + 91 365 + 134
ttH, H / bb 4725 + 122 2840 + 74 869 + 25
ZH,H — bb 523 + 18 188+ 8 103 +6
WH,H — bb 642 + 27 170 £ 11 14+3
VH,H / bb 378 & 66 229 + 52 97 £ 40
tW 133035 + 3944 80708 + 2614 4633 + 418
tZq, 7 — 626 + 24 409 + 18 116 +£8
W — lv + jets 0.0+0.0 0.0+0.0 0.0+£0.0
WWw 2374 + 323 1145 + 222 42 + 42
27 — llqq 1347 + 84 877 + 64 427 + 44
DY — 1l + jets 38341 + 1553 24055 + 1141 11822 4+ 717
tt 3261832 + 82589 | 1952133 4 49842 | 91079 4 3156.9

Table 8.7: Event yields for bb77 channel.

Top-quark pair production, Drell- Yan and single Higgs processes, with their

vastly greater production cross-sections, are the backgrounds that most con-
taminate the signal phase space making the H H — bbrT search challenging.
For this reason, also in this case DNNs were exploited to discriminate the sig-
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nal from the uninteresting processes. One network per final state has been
trained, and the output score is used to categorize events into a low and high
purity region. Left Fig. [8.6 shows an example of DNN score for the 7,7, fi-
nal state. In order to include the missing energy information, the stransverse
mass [301H303]], M2, is used in the likelihood fit, instead of the simple visible
mass distribution of the 7 pair, taking advantage of its higher discriminating
power. An example of this variable distribution is reported in right Fig. [8.6 for
the low purity category of the et} channel.

108 HL-LHC 3000 fb~! (14 TeV) 3000 fb~* (14 TeV)
ThTh ThTe
s tt-induced tt-induced
10 W " v
DY-jets DY-jets
104 w w

== Single Higgs
[ HH-bb Tt

mm Single Higgs
1 HH > bbtt

Events / 0.05
=
2
Events / bin

0.0 0.2 0.4 0.6 X 100 200 300 400 500 600
DNN score My, [Gev]

Figure 8.6: (Left) DNN score for the 7,77, final state. (Right) Mr4 distribution in the
low purity region for the e7y, final state.

The systematic uncertainties considered for this channel are reported in Ta-
ble[8:8]and are drawn from Ref. [300].

Systematic uncertainty source Impact on yields
Luminosity +1.0%
Lepton ID efficiency +1.0%
Tau ID efficiency + 5.0%
Photon ID efficiency +1.0%
Jet Energy Scale + 1.0%
B-tag efficiency + 1.0%
QCD scale tt inclusive +2.4% /-3.6%
PDF scale tt inclusive +4.2%
Signal theoretical +2.1% /-4.9% (QCD scale)
uncertainties +3.0% (PDF scale)
+4.0% /-18.0% (top mass)

Table 8.8: Systematic uncertainties for bb77 channel.
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HH — bbbb

Despite the largest branching fraction among the HH decay channels, the bbbb
final state suffers from a large contamination from the multijet QCD back-
ground that makes it experimentally challenging. The list of simulated samples
with related cross sections is shown in Table

Process Cross section (fb)
(99)HH — bbbb (1) = 1) 2.49 x 10!
Signal | (gg)HH — bbbb (ky = 2.45) 1.05 x 10!
(g9)HH — bbbb (k) = 5) 7.59 x 10*
(99)H — bb 3.18 x 104
(99)ZH,Z — q4, H — bb 5.88 x 10*
Single ZH,7Z — q4,H — bb 4.02 x 102
Higgs | WTH,W — q¢/, H — bb 3.62 x 102
W-H,W — q¢’, H — bb 2.32 x 102
VBFH,H — bb 2.49 x 103
HT 200 to 300 1.003 x 108
HT 300 to 500 2.173 x 107
HT 500 to 700 1.945 x 106
QCD HT 700 to 1000 3.806 x 10°
HT 1000 to 1500 6.881 x 10*
HT 1500 to 2000 6.053 x 103
HT 2000 to Inf 1.087 x 103
tt tt inclusive 8.644 x 10°

Table 8.9: List of simulated samples for bbbb channel.

For this channel, four jets tagged as b-quark induced (medium tagger work-
ing point) are required in the final state with pr > 45 GeV |n| < 3.5. The jets
are paired in order to minimize the difference in the invariant mass of the Higgs
candidates (see Fig.[8.7). The signal region is defined by considering the events
that satisfy the following selection for the invariant mass of the two Higgs bo-
son candidates Hy and Ha: \/(mp, — 120 GeV)2 + (mp, — 120 GeV)? <
40GeV . The event yields after these selections are reported in Table [8.10]

In this case, the fitted distribution is the score of the network shown in Fig.
trained with relevant kinematic variables as the mass and transverse mo-
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Process Yields

HH — bbbb k), = 1 1376 + 36
HH — bbbb k) = 2.45 2579 + 79

HH — bbbb ky =5 7438 4+ 377

ggH, H — bb 1886 + 310
(99)ZH,H — bb 686 & 19
ZH,H — bb 2106 + 65
WH,H — bb 209 + 12
VBFH,H — bb 319 + 35

QCD 18168801 + 773221
tt 991631 + 25819

Table 8.10: Event yields for bbbb channel.

mentum of [ and H», the separation between jets, the four-jet invariant mass,
etc. The binning of the distribution is optimized to maximize the sensitivity to
the SM HH signal and to ensure 5% statistical uncertainties in each bin of the
distribution.

A complete list of the systematic uncertainties used for this channel and the
expected impact on the event yields are reported in Table [8.11] and are drawn

from Ref. [300].

Systematic uncertainty source

Impact on yields

Luminosity +1.0%

Jet Energy Scale + 1.0%

B-tag efficiency + 1.0%
QCD scale tt inclusive +2.4% /-3.6%

PDF scale tt inclusive +4.2%

Signal theoretical
uncertainties

+2.1% /-4.9% (QCD scale)
43.0% (PDF scale)
+4.0% /-18.0% (top mass)

Table 8.11: Systematic uncertainties for bbbb channel.



254 Chapter 8. HH searches at Future Hadron Colliders

J.005 4

).000 T T T T T T

species
12001 EE bkg ]
e signal

1000 4 b

H,

400 -

0 200 400 660H 800 1000 1200 0.000 0.005
1

Figure 8.7: 2D distribution of H; mass versus Hs mass in GeV. Correct jet pairing
brings the event on the plot diagonal.
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Figure 8.8: DNN score for the bbbb channel.

Results

The results obtained in each of the three decay channels are combined together
assuming the SM branching fractions for HH decays to the studied final states.
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The analyses of the three decay channels are designed to be orthogonal thanks
to the mutually exclusive object selection used for each channel. Systematic
uncertainties on the theoretical assumptions or associated to the same object,
such as b-tagging efficiency, are treated as correlated, while all the others are
left uncorrelated. The upper limit on the signal strength for the HH combina-
tion is 0.76 corresponding to a significance of 2.80; these results are improved
of about 10% with respect to the previous projections [[304] (which included
more channels) available at the time of this research. Results are summarized
in Table

Channel | Condition | Significance (in o) Upﬁf gsli;: itC;n '
HH — bbyy Sstztftlyys i:zj (1):33
HH - bbrr ;;tfzgys i;é iis
HH — bbbb ;tt:ttftlyys 1:32 ;(3)3
Combingion | T2 ot

Table 8.12: Results for bby~y, bbrT and bbbb channels and their combination.

Assuming the presence of a HH signal with the properties predicted by
the SM, prospects for the measurement of the «) are given. The likelihood
scans as a function of «) for each channel and for the combination are shown
in Fig. where the dotted horizontal lines mark 1o and 20 levels. The
narrowest likelihood, i.e. the highest sensitivity, is given by the bby~y channel.
For the combination, x) in expected to be constrained in the range [0.47, 1.76]
at 68% CL and [-0.02, 3.05] at 95% CL. The expected x) confidence intervals
for each channel and for the combination are summarized in Table 8.13]
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Figure 8.9: Expected likelihood scan as a function of x) at HL-LHC. The curves are
shown separately for the three studied decay channels and their combination.

k) constraint at 68% CL | k) constraint at 95% CL
HH — bbyy [0.37,2.13] [-0.20, 4.9]
HH — bbrr [0.01,2.35] & [5.41,6.61] | [-0.84,7.75]
HH — bbbb [-1.46, 8.41] [-3.16, 10.41]
HH combination | [0.46, 1.73] | [-:0.02, 3.05]

Table 8.13: k) constraint for bby~y, bbrT and bbbb channels and their combination.

8.1.2 Projections of Run 2 results to HL-LHC with simple
scaling

The full Run 2 results presented in Ref. [6] are projected in this work to dif-
ferent integrated luminosity values, i.e. 300 (expected by the end of Run 3),
1000, 2000, and 3000 fb~! to track the evolution during the data taking. In
this study, only the bl_w'y, bbrT, bbbb, multilepton, and bbWW channels are
included as they are the ones with the greatest sensitivity. The procedure for
the statistical combination is the same as the one carried out for Run 2 6] and
the HH Inference Tool [305] is used.

The extrapolation of the Run 2 results to HL-LHC follows the same recipe
used in previous projections of Higgs boson searches and measurements [[304]].
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For the projections to a certain integrated luminosity L, the Run 2 signal and
background yields, as well as the selected data events, are scaled up by a factor
k1, = L/LRun2 equal to the increase of integrated luminosity with respect to
Run 2. The scaling of the data events is necessary for those analyses that rely
on the data to properly model the backgrounds in the fit. The efficiency of the
physics object reconstruction and identification is assumed to be the same as
in Run 2. The same assumption is made regarding the experimental energy
or momentum resolution of the physics objects. This is based on the premise
that the upgraded CMS detector will ensure performance comparable to Run 2
despite the larger pileup and radiation damage to the detector components.

The exact level of systematic uncertainties in CMS during HL-LHC is un-
known. Therefore, the projections are derived in three different scenarios of
systematic uncertainties:

» §1: The systematic uncertainties are assumed to be at the same level of
Run 2.

» §2: The systematic uncertainties with a statistical origin, e.g. statistical
uncertainties in data/MC scale factors, are reduced by a factor Vkr, until
“floor" values are reached. The “floor" values prevent uncertainties from
becoming unreasonably small and are based on studies in Ref. [304].
The theoretical uncertainties in the signal and background cross sections
are halved to account for the expected progress in the theory calculations
throughout the next years. The uncertainties originating from the limited
size of the MC samples are removed under the assumption of very large
MC data sets.

* stat. only: No systematic uncertainties are considered in the fit.

It should be noted that the systematic uncertainties related to specific issues
encountered in Run 2 have been removed from all three scenarios, including
S1. The nominal scenario for the HL-LHC conditions is S2.

The treatment of the uncertainties common to multiple analysis channels is
summarized in Table[8.14] The analysis-specific uncertainties are treated case
by case. For example, for the bbbb channel that I studied, the leading systematic
is the uncertainty related to QCD estimation with data driven method. The
uncertainty on the data driven background normalization is rescaled according
to gain in integrated luminosity (1/v/kz). The shape uncertainty is modified



258 Chapter 8. HH searches at Future Hadron Colliders

Uncertainty Scaling with respect to Run 2
Theory uncertainties 1/2
Stat. uncertainties in MC simulation Removed
b-tag efficiency stat. component 1/Vkr
b-tag efficiency (non stat. component) Unchanged
AK4 jet scale absolute max(0.3,1/vkr)
AK4 jet scale flavor max (0.5, 1/v/kr)
AK4 jet scale relative max (0.2, 1/v/kr)
AK4 jet scale method 1/Vkr
AK4 jet energy resolution max(0.5,1/vkr)
s max (0.5, 1/v/kr)
Luminosity 0.6
7 ID Unchanged
7, Energy scale Unchanged
Pileup Unchanged
Run 2 issues Removed

Table 8.14: Treatment of most important common systematic uncertainties in the S2
scenario.

such that the difference between the up and down variations and the nominal
distribution is reduced by the same factor.

The projected upper limits on the HH signal strength in the bbbb channel at
different integrated luminosities are shown in the left panel of Fig.[8.10]for the
resolved topology and in Fig. [8.11|for the boosted one. The upper limits reach
a level close to unity for an integrated luminosity of 3000 fb~! for the boosted
topology that performs almost 3 times better than the resolved one. The ex-
pected improvement of the upper limits with more data is worse than the naive
scaling by the square root of the integrated luminosity, given that the channel
is systematically limited. Projections at 3000 fb~! under different scenarios of
systematic uncertainties are shown in the right panel of Fig.[8.10]and Fig.[8.T1]
The difference between the S1/S2 scenarios and the one assuming only the sta-
tistical uncertainties is considerable especially for the resolved category. It is
interesting to notice that the stat. only upper limit for the resolved category is
in very good agreement with the equivalent analysis result with fast simulation
reported in the previous section in Table[8.12]
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Figure 8.10: Expected upper limits on the HH signal strength from the resolved bbbb
channel at different integrated luminosities (left), and under different assumptions on
the systematic uncertainties for an integrated luminosity of 3000 fb~! (right).

CMS Projections Preliminar 4b merged-
T JT T W—'—"v—‘y T T ‘mer ed-iet
Ky =K =Ky =Ky =1
B 68% expected
------- Median expected :=:--- 95% expected
Run 2 CMS Projgctions Preliminary 3000 b (14 TeV)
Expected: 5.6 LR ARSARAREE DR T T T
_ Ky S KT Ky =Ky =1 4b merged-jet
300 fb (S1) B 68% expected
Expected: 3.8 | | BEEEESS L Median expected ~ =eseas 95% expected
1000 fb* (S2) S1 scenario
Expected: 1.8 Expected: 1.4
2000 b (S2) S2 scenario
Expected: 1.3 Expected: 1.2
3000 b (S2) Stat. Only
Expected: 1.2 e Expected: 0.9 i . | | | | L
8 10 12 14 16 18 20 00 05 10 15 20 25 30 35 40 45
95% CL limiton o(pp ~ HH) /o, 95% CLlimiton o(pp — HH) /0

Figure 8.11: Expected upper limits on the HH signal strength from the boosted bbbb
channel at different integrated luminosities (left), and under different assumptions on
the systematic uncertainties for an integrated luminosity of 3000 fb~! (right).

The projected upper limits on the HH signal strength for the statistical com-
bination of all the considered HH channels at different integrated luminosities
are shown in the left panel of Fig.[8.12] Assuming SM values for HH produc-
tion, we will become sensitive to excesses in HH inclusive cross section for
integrated luminosities larger than 1000 fb~!, when the expected upper limit
drops below one. The projections at 3000 fb~! under the different systematic
uncertainty scenarios are shown in the right panel of Fig.[8.12]

The projected x) likelihood scans are shown in Fig. [8.13] In the S2 sce-
nario, the expected 1 o uncertainty on k) is +80%/—60% and +60%/—50%
for an integrated luminosity of 2000 and 3000 fb~?, respectively.



260

Chapter 8. HH searches at Future Hadron Colliders

CMS Projections Preliminary
T T T URERERARED T

(aTey)

Ky =K =Ky =Ky =1

Median expected

T
S2 scenario

B 68% expected
95% expected

CMS Projecti
S Projections

3000 b (14 TeV)
T T T

T
Ky =K T Ky TRy =1

Median expected

T
Combination
BN 68% expected
95% expected

1000 fb™*
Expected: 0.9

S1 scenario
Expected: 0.7

S2 scenario
Expected: 0.5

2000 fb™*
Expected: 0.6

Stat. Only
Expected: 0.4

3000 fb*
Expected: 0.5

I I Lt
00 02 04 06 08 1.0 12 14 16 18 20
95% CL limit on o(pp - HH) / cvmwy

00 02 04 08 0 ek CLimiton olop - HED 1o
Figure 8.12: Expected upper limits on the HH signal strength from the combination
of all the considered channels at different integrated luminosities (left), and under
different assumptions on the systematic uncertainties for an integrated luminosity of
3000 b~ (right).
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Figure 8.13: Expected ) likelihood scan from the combination of all the considered
channels projected at different integrated luminosities (left), and under different as-
sumptions on the systematic uncertainties for an integrated luminosity of 3000 fb~*
(right).

The breakdown into channel contribution is reported in Fig.[8.14]

The expected significance for the HH signal strength assuming SM values
for all parameters is summarized in Table [8.13]

CMS will observe evidence for HH production by the end of HL-LHC,
with significance 3.2 o for 2000 fb~! at the nominal systematic uncertainty
scenario and assuming that the signal will be SM-like. Figure [8.15]on the left
shows the significance that can be achieved for the SM signal as a function of
the integrated luminosity. On the right, the significance is shown as a function
of k). The sensitivity to the HH signal varies with k) due to the effects of the
interference between the box and triangle diagrams. The two diagrams have
different kinematic properties, therefore, the interference varies not only the
HH cross section but the HH signal acceptance rate as well. For x) < 1 and
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Figure 8.14: Expected upper limits on the HH signal strength (left) and « likelihood
scan (right) from all the considered channels and their combination projected at 3000

fb~! for the nominal scenario.

Significance (o) at 2000 fo !

Significance (o) at 3000 fo!

S2 Stat. only S2 Stat. only
bbbb resolved | 1.0 1.3 1.4 1.6
bbbb merged | 1.7 1.7 2.0 2.1
bbrT 1.7 1.9 2.1 2.3
bbWW 0.6 0.8 0.7 0.9
multilepton | 0.4 0.6 0.4 0.7
bbyy 1.8 1.9 2.2 2.3
Combination | 3.2 3.6 3.8 4.3

Table 8.15: Expected significance for the HH signal projected to 2000 or 3000 fb~*
under different assumptions of systematic uncertainties.

kx > 5, we would be able to observe evidence sooner. For 1 < k) < 5

the HH signal is suppressed, and the significance will be lower than expected,

with minimum significance at k), = 3.4. The projections presented here do
not take into account potential improvements in triggering [306,[307], object
reconstruction and selection such as b-tagging and 7, identification, or analysis

techniques. Historically, advancements in software and analysis methods have

allowed us to exceed expectations, therefore the projections shown in this work

are most likely conservative.
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Figure 8.15: Expected signal significance as a function of integrated luminosity (left).
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the S2 scenario for systematics. The magenta curve shows the significance for statisti-
cal uncertainties only. Expected signal significance as a function of « under different
assumptions on the systematic uncertainties for an integrated luminosity of 3000 fb~*

(right).

8.2 Projections of HH searches to FCC-hh with
fast simulation

This work focuses exclusively on the HH search in the bby+y final state, explor-
ing both resonant and non-resonant topologies.

In the non-resonant scenario—aligned with the HL-LHC studies discussed
in previous sections—the primary goal is to probe the Higgs boson self-coupling.
With the anticipated dataset of 30 ab~! expected to be collected during the
FCC-hh operation, the self-coupling parameter could potentially be measured
with percent-level precision. Previous projections for the self-coupling modi-
fier k) at 100 TeV were presented in Ref. [308]], where three final states (bby~y,
bbrT, and bbbb) were analyzed. These studies projected a sensitivity to «) in
the range of 3.4% to 7.8%, depending on detector performance and systematic
uncertainties, with the bb~y~ channel providing the dominant contribution.

The resonant analysis is conducted for the first time at FCC-hh within this
work, and its results can be directly compared with those from analogous HL-
LHC studies, such as Ref. [202]. This search is interpreted in the context of an
extended Higgs sector and is used to constrain its parameters.
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Both the non-resonant and resonant analyses presented here were submitted
as contributions to the Update of the European Strategy for Particle Physics,
and are documented in Refs. [|8,|9].

8.2.1 Non-resonant analysis

In the present study, we investigate the expected precision measurement on
 and on the signal strength © = o /o g, exploiting the most sensitive final
state, bby~y, using a more sophisticated analysis strategy with respect to previ-
ous studies. The explored center-of-mass energy hypotheses are 84, 100 and
120 TeV [201]], while the detector is the nominal one for FCC-hh, as described
in the conceptual design report [182,309]. The expected integrated luminosity
corresponds to 30 ab~! for 84 and 100 TeV, and to 12 ab~! for 120 TeV. The
results are also presented for different di-jet invariant mass resolution assump-
tions and different systematic uncertainty scenarios.

Event Generation

The studies reported here rely on simulated event samples generated by the
MADGRAPHS5_AMC@NLO, POWHEG 2.0 and PYTHIA 8.2 Monte Carlo
programs, and processed through the fast detector simulation package DELPHES.
The baseline detector concept used for the FCC-hh physics studies is described
in Ref. [[182}[309] and its DELPHES parameterization in Ref. [206]. The event
samples have been produced with the KEY4AHEP framework [310,311]]. The
complete list of generated samples can be found in Ref. [312].

Di-Higgs production signal samples for the SM and BSM hypotheses with
different values (1, 2.45, and 3) of k) are simulated to study the expected pre-
cision. Only gluon fusion HH production is considered here. Including the
ttHH, VHH and VBF-HH production has the potential to further improve the
expected precision estimated with this study. The backgrounds considered for
the study can be divided into two groups: resonant processes, where a single
Higgs boson decays to photons, and non-resonant processes, where no phys-
ical Higgs bosons are produced. The main resonant background sources are
the single-Higgs processes produced via gluon fusion and in associated pro-
duction with top pairs. The non-resonant background consists of QCD events
containing two isolated, energetic photons. The Table [8.16| reports the simu-
lated processes with related cross-section and k-factor values.
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Process Cross-section x BR [fb] k-factor
84 TeV 100TeV 120 TeV

Signals
ggHH k) =1 2.33 2.98 391 1.08
ggHH , k) =24 1.03 1.29 1.75 1.08
ggHH , k) =3 1.22 1.55 2.04 1.08
Backgrounds
Single-Higgs
g9H 1057 1334 1699 3.76
VBFH 153 191 239 4.3
ttH 74 102 140 1.22
VH 69 85 105 1.32
Non-resonant di-photon
YYjj 14340 17970 22440 1.2

Table 8.16: Overview of signal and background samples with their cross sections at
84, 100 and 120 TeV.

Analysis Strategy

The analysis strategy consists of kinematic selections to identify the Higgs
boson candidates, implementation of multivariate classifiers to improve the
signal-to-background ratio, event categorization, and extraction of results from
the di-photon invariant mass fit in bins of the di-jet mass.

Jets are reconstructed using the anti-kT algorithm with a size radius of
0.4 [313]]. Jets are selected to have a minimum pr of 30 GeV, a maximum
|n| of 4 and to pass the medium b-tagging working point defined by the effi-
ciencies reported in Table.8]in Sec.[d.2.3] The two highest-pr jets are chosen
to build the H — bb candidate. Photons are required to have, as well, pr > 30
GeV and || <4. The two highest-pr photons are chosen to build the H — ~+
candidate. The invariant mass of the jet pair is required to be in the range
[80,150] GeV, while the di-photon invariant mass in the [115,135] GeV one.

Figure[8.16]shows the di-photon and di-jet mass distributions after the base-
line selection for the di-Higgs production process (both SM and BSM) and the
backgrounds, at 84 TeV. The di-jet mass distribution corresponds to the nom-
inal DELPHES one, without any mass regression. In the improved scenarios,
we hypothesize a gaussian-like shape for the di-jet mass with 125 GeV mean
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and resolution of 10 GeV, 5 GeV and, in the most ambitious case, of 3 GeV. In
these scenarios, a cut [100,150] GeV is applied on the di-jet mass.

FCC-hh 30 ab~* (84 TeV) FCC- hh 30 ab™" (84 TeV)

Yvly+ets Yyly+iets
= Single Higgs 10° { mmm Single Higgs
[ HH - bbyy kI=1.0 ] HH - bbyy kI=1.0
1 HH ~ bbyy ki=2.4 1 HH - bbyy ki=2.4
10* § £ HH - bbyy ki=3.0 1 HH > bbyy ki=3.0

100 4
1150 1175 120.0 1225 1250 1275 130.0 1325
My (GeV)

my (GeV)

Figure 8.16: Di-photon (left) and di-jet (right) invariant mass in GeV after the base-
line selection.

After the baseline selection, a DNN is trained to discriminate the signal
(both SM and BSM) against the backgrounds. Several kinematic and angular
variables are used in the training, exploiting the peculiar topology of the di-
Higgs production with respect to the single-Higgs events and the non-resonant
background. The input features are described in Ref. [8].

The DNN score is used to define three purity regions. The low-purity region
is simply discarded, whereas the medium- and high-purity regions become
two separate categories. The exact values of the cuts are chosen through an
optimization procedure aiming to maximize the significance S/ VB.

Tables [8.17} [8.18] and [8.19| report the yields after the baseline selection and
the DNN cut (low-purity region removal) with relative efficiencies, for the
investigated center-of-mass energies. For this study we assumed, very conser-

vatively, a total non-resonant background which is twice the simulated ~vyjj
process, to account for QCD events where only one photon is produced (y+
jets). The background with highest pre-selection efficiency is the ¢t H process,
which contains two real b-jets. Nonetheless, the DNN efficiently separates the
ttH process from the di-Higgs production; as a result, the selected DNN cut
reduces this background by ~50%, while having minimal impact on the signal.

Another categorization is based on the corrected di-Higgs invariant mass
(visible in left Fig. |817[), MX = Meyjj — My —Mmyj +250GeV, and separates
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Process (84 TeV, 30 ab~')  Pre-Sel. Eff. DNN  Rel.Eff. Tot. Eff.

ggHH k) =1 13469  17.89% 11695 86.83% 15.53%
ggHH , k) =24 6068 18.31% 54276 89.44% 16.37%
ggHH ,ky=3 6288 1592% 5735 9121% 14.52%
single-Higgs, ggH 19986  0.04% 12782 6395% 0.03%
single-Higgs, VBF H 4199 0.11% 2558  60.92% 0.07%
single-Higgs, ttH 58070  3.45% 29441 50.70% < 1.75%
single-Higgs, VH 3594 0.24% 3221  89.62% 0.21%
Non-res (yyjjx 2) 2130008 0.21% 415448 66.45%  0.14%

Table 8.17: Yields table with selection efficiencies at 84 TeV, considering 30 ab~! of

integrated luminosity.

Process (100 TeV, 30 ab™')  Pre-Sel. Eff. DNN Rel.Eff. Tot. Eff.
ggHH , k) =1 16928  17.58% 14163  83.67% 14.71%
ggHH , k) =24 7473 18.00% 6574 87.98% 15.84%
ggHH , k) =3 7777 15.58% 6968 89.60% 13.96%
single-Higgs, gg H 23253 0.04% 11732 50.45%  0.02%
single-Higgs, V BF H 5396 0.12% 2266 42.00%  0.05%
single-Higgs, ttH 76460 3.35% 38000 49.70%  1.66%
single-Higgs, V H 4361 0.24% 3748 85.94%  0.20%
Non-res (yyj7 X 2) 2703137 0.21% 1356627 50.19%  0.10%

Table 8.18: Yields table with selection efficiencies at 100 TeV, considering 30 ab™!
of integrated luminosity.

the region where the SM dominates (mx > 350 GeV) from the one where
BSM signals have higher contribution (mx < 350GeV).

The high-m x category is the one driving the sensitivity for the SM assump-
tion. Right Fig. shows the DNN score with the cut chosen to define the
medium- and high-purity regions in this high-mx category, while Fig.
presents the di-photon distributions in the two purity regions for this category.
The yields per category can be found in Ref. [§]].

To extract the final results, a maximum likelihood fit is performed on the di-
photon invariant mass distribution in few bins of the di-jet mass. The binning in
di-jet mass changes with the di-jet mass resolution assumption and is chosen as
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Process (120 TeV, 12 ab™')  Pre-Sel. Eff. DNN  Rel.Eff. Tot. Eff.
ggHH ,ky =1 8679 17.19% 7064  81.39% 13.99%
ggHH , k) =24 4055 17.96% 3467 85.49% 15.35%
ggHH , k) =3 4075 1547% 3547 87.06% 13.47%
single-Higgs, ggH 13385 0.05% 8010 59.84%  0.03%
single-Higgs, V BF H 2896 0.12% 1582  54.64% 0.07%
single-Higgs, ttH 40634 328% 17589 4329% 1.42%
single-Higgs, V H 2145 0.24% 1846  86.06% 0.21%
Non-res (yvyjjx 2) 1390237 0.22% 834314 60.01% 0.13%

Table 8.19: Yields table with selection efficiencies at 120 TeV, considering 12 ab~!

of integrated luminosity.
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Figure 8.18: Di-photon invariant mass in GeV in the medium (left) and high (right)
purity regions, in the high-m x category.
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a tradeoff between high sensitivity and reasonable number of simulated events
in each bin. It is important to highlight that the sensitivity to different di-jet
mass resolution hypotheses is highly dependent on this binning choice. In
the future, a larger number of simulated events will enable finer binning and
further improvements in the results.

Figure [8.19|shows the selected binning for the nominal DELPHES scenario
and the 10 GeV resolution one, in the high-purity high-m x category. As ex-
ample, Fig.[820]displays the final observable in the most sensitive di-jet mass
bins for the nominal scenario. In this scenario, a total of 16 regions are used to
extract the final results, considering two mx categories, two purity categories
and four di-jet mass bins.

FCC- hh § 30ab~* (84 Tev) FCC- hh . 30 ab™" (84 TeV)
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Figure 8.19: Di-jet mass distribution in GeV with chosen binning in the nominal (left)
and gaussian 10 GeV scenario (right), for the high-purity, high-m x category.

Results

The determination of the Higgs self-coupling modifier ) is performed for
three different benchmarks of systematic uncertainties, as listed in Table [§.20]
These benchmarks have different instrumental uncertainties assumptions, while
sharing the same background normalization uncertainty treatment. The non-
resonant background is estimated from the sidebands of the m.., my,, spec-
trum, hence its normalization is left free to float within 5% and is effectively
constrained in the fit to 1%. For the single-Higgs background, although possi-
bly estimated from data in the future, no dedicated control regions are defined
here, therefore it is considered as derived from simulation. A normalization
uncertainty of 1% is assigned to each single-Higgs process. In this study, no
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Figure 8.20: Di-photon mass distribution in GeV in the most sensitive di-jet mass
bins for the nominal DELPHES scenario: [100 — 115] GeV (left) and [115 — 130] GeV
(right). Plots refers to high-purity, high-m x category.

hypothesis on the theoretical uncertainty of signal cross section is made, due
to the difficulty of justifying a reasonable value. The systematics assumptions
in scenario 3 are very conservative, and they get constrained in the fit.

Source of uncertainty Value Type Applies to
Syst. 1 Syst. 2 Syst. 3

b-jet ID / b-jet 0.5% 1% 2% InN  Signal, single-Higgs

Photon ID / photon 0.5% 1% 2% InN  Signal, single-Higgs

Luminosity 0.5% 1% 2% InN  Signal, single-Higgs

single-Higgs norm. 1% 1% 1% InN single-Higgs

data driven bkg 5% 5% 5% InU Non-resonant bkg

Table 8.20: Overview of the systematic uncertainties scenarios.

With these systematic uncertainty benchmarks, the expected precision on
k) and p is extracted from a simultaneous binned likelihood fit of the di-photon
distribution in all the categories and bins described in the previous section.

The same parametrization of the di-Higgs production cross-section as a
function of x) as in Eq. [8:1]is exploited to extract the final results. It has the
functional form of a parabola, with a minimum at k)=2.45, which corresponds
to maximum interference between the box and triangle diagram contributions.
To accurately determine the shape of the parabola, a fit is performed using four
different x) values. Additionally, to account for the varying acceptance of the
different k) samples, the fit is conducted using the baseline selection yields.
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All the produced results are summarized in Tables [8.21] [8.22] and [8.23] for
84, 100 and 120 TeV, respectively. The expected likelihood scans are shown in

Fig.[8.21]at 84 TeV for the nominal di-jet mass resolution.

84 TeV (30 ab—!), Ky precision (%) Stat. Only Syst. I Syst. 2 Syst. 3

Nominal m; resolution 3.5% 4.6% 5.2% 5.4%
Gaussian m;;;, 10 GeV resolution 3.2% 4.3% 5.0% 5.4%
Gaussian m;;, 5 GeV resolution 2.7% 3.7% 4.3% 4.6%
Gaussian m;;;, 3 GeV resolution 2.4% 32%  37%  3.9%
84 TeV (30 ab—!), y precision (%) Stat. Only Syst. I Syst. 2 Syst. 3
Nominal m; resolution 2.5% 3.3% 3.7% 3.9%
Gaussian m,;;, 10 GeV resolution 2.3% 3.1% 3.6% 3.8%
Gaussian m;;;, 5 GeV resolution 1.9% 2.6% 3.0% 3.2%
Gaussian m;;;, 3 GeV resolution 1.7% 2.3% 2.6% 2.8%

Table 8.21: Expected precision on k) and u = o /oy at 84 TeV.

100 TeV (30 ab™!), Ky precision (%) Stat. Only Syst. I Syst. 2 Syst. 3

Nominal m; resolution 2.8% 4.0% 4.6% 4.8%
Gaussian m,;;, 10 GeV resolution 2.4% 3.5% 4.1% 4.4%
Gaussian m;;;, 5 GeV resolution 2.2% 3.1% 3.6% 3.9%
Gaussian m;;, 3 GeV resolution 1.9 % 2.8% 3.2% 3.4%
100 TeV (30 ab™ 1), p precision (%) Stat. Only Syst. I  Syst. 2 Syst. 3
Nominal m j; resolution 2.0% 2.8% 3.2% 3.4%
Gaussian m,;;, 10 GeV resolution 1.7% 25%  29%  3.1%
Gaussian m;;;, 5 GeV resolution 1.5% 2.2% 2.6% 2.8%
Gaussian m;;;, 3 GeV resolution 1.4% 2.0% 2.3% 2.4%

Table 8.22: Expected precision on k) and . = o /ogps at 100 TeV.

At 68% confidence level, the expected precision on k) ranges from 3.2%
to 5.4% at 84 TeV, from 2.8% to 4.8% at 100 TeV and from 3.2% to 6.2% at
120 TeV, depending on the di-jet mass resolution and systematic assumptions.
The expected precision on p, instead, ranges from 2.3% to 3.9% at 84 TeV,
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120 TeV (12 ab—!), xy precision (%) Stat. Only Syst. 1 Syst. 2 Syst. 3

Nominal m; resolution 4.0% 4.6% 5.3% 6.2%
Gaussian m;;;, 10 GeV resolution 3.8% 4.4% 5.1% 6.0%
Gaussian m;;, 5 GeV resolution 3.3% 3.8% 4.4% 5.1%
Gaussian m;;;, 3 GeV resolution 2.8% 3.2% 3.8% 4.4%
120 TeV (12 ab~1), pu precision (%) Stat. Only Syst. 1  Syst. 2 Syst. 3
Nominal m; resolution 2.9% 3.3% 3.8% 4.4%
Gaussian m,;;, 10 GeV resolution 2.7% 3.1% 3.6% 4.3%
Gaussian m,;, 5 GeV resolution 2.3% 2.7% 3.1% 3.6%
Gaussian m;;, 3 GeV resolution 2.0% 2.3% 2.7% 3.1%

Table 8.23: Expected precision on k) and u = o /ogps at 120 TeV.
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Figure 8.21: Expected likelihood scans as a function of x, (left) and p (right) for
different systematic uncertainty scenarios.

from 2.0% to 3.4% at 100 TeV and from 2.3% to 4.4% at 120 TeV. The 100
TeV machine provides the highest sensitivity, while the 84 TeV and 120 TeV
scenarios yield comparable results, as the sensitivity gain from increasing the
energy to 120 TeV is offset by the expected reduction in integrated luminosity.

Figure [8.22]illustrates how the expected precision on x modifies as a func-
tion of center-of-mass energy and di-jet mass resolution. It can be inferred that,
for instance, a 84 TeV machine with a 5 GeV resolution on di-jet mass would
yield results competitive with those of a 100 TeV machine in the nominal sce-
nario.

The study demonstrates the critical role of di-jet mass resolution in enhanc-
ing the k) precision to the few-percent level, highlighting that its impact can
be as significant as increasing the center-of-mass energy. Finally, it should
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Figure 8.22: Expected precision on « in the systematic scenario 2, as a function of
the m,;; resolution and the center of mass energy.

be noted that, although bbv~y is the leading channel, a proper combination
with other di-Higgs channels, most importantly bbr7 and bbbb, is essential
to achieve the best possible results, with the aim of reaching the 1% preci-
sion target. Moreover, only gluon fusion HH production was considered in
this study. Including the ttHH, VHH and VBF-HH production, and designing
specific event categories that enhance their contributions has the potential to
further improve the expected precision presented here. Another potential im-
provement could possibly come from exploiting the impact of self-coupling
information propagated to differential distributions, such as mpy, or via a ded-
icated MVA discriminator [314]].

8.2.2 Resonant analysis

For the resonant interpretation of the HH — bby~y analysis, we search for
a heavy neutral scalar resonance, X, with mass in the range 300—1000 GeV,
decaying into a pair of SM Higgs bosons. The signal is generated at LO using
MADGRAPHS, considering only gluon fusion as the production mechanism
and under the narrow width approximation. Simulated mass points span the
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range from 300 to 1000 GeV in steps of 100 GeV. The event selection setup is
identical to that used in the non-resonant analysis, including the same object
reconstruction and identification criteria.

In addition to requiring both the di-jet and di-photon invariant masses to be
consistent with the Higgs boson mass, we apply a selection on the four-body
invariant mass .., (see left Fig. @, using a mass-dependent window:
[0.7mx, 1.3mx]. In this study, only the dominant background from the -+
jets (and v+ jets) process is considered; contributions from single Higgs pro-
duction are neglected due to the focus on the high-mass region.

A single DNN is trained to distinguish all signal mass hypotheses from the
non-resonant di-photon background. A threshold on the DNN score is applied
to enhance the signal region purity. This step could be further optimized by
training a parametric DNN to maintain uniform performance across different
mass points. The resulting signal efficiencies, which include both the baseline
event selection and the DNN-based selection, are shown as a function of the
resonance mass in the right panel of Fig.[8.23]

300 GeV —350 GeV
—400 GeV 450 GeV
—500 GeV —550 GeV
—600 GeV —650 GeV

700 GeV —750 GeV

800 GeV 850 GeV 022

900 GeV 950 GeV

1000 GeV

0.25

0.2

Fraction of events

L L e e

0.15

0.

Signal acceptance
o
i
=

R S

0.05

J{ﬂ ‘ 008
: b L] 006

40 = = i T T T T T T T T
0 300 400 500 600 700 800 900 1000 1100 300 400 500 600 700 800 900 1000
Moty [GeV] Signal Mass in GeV

Figure 8.23: (Left) Reconstructed invariant mass of the four objects in the final state
for the signal simulated with different mass values in the range 300-1000 TeV. (Right)
Signal efficiency as a function of the simulated mass, including both baseline event
selection and cut on the DNN score.

Model-independent 95% CL upper limits on the cross section of the process
pp — X — HH are obtained by fitting the invariant mass distribution 1.,
for the different resonance mass hypotheses. The results are presented in the
left panel of Fig. [8.24] and can be directly compared to the latest HL-LHC
projections shown in the right panel, taken from Ref. [202]]. The expected
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model-independent upper limits at FCC-hh are generally higher than those at
the HL-LHC due to the significantly higher center-of-mass energy, which leads
to increased background rates. However, this same energy enhancement also
boosts the signal cross section (e.g. depicted by the blue and red curves in the
HL-LHC plot), resulting in stronger overall sensitivity to specific models—
such as the simple singlet extension of the Higgs sector discussed in Ref. [202].
This improvement is clearly illustrated in Fig.[8.25] which shows the exclusion
bounds for the singlet scalar model in the parameter space of the scalar portal
coupling ay versus the mixing angle 8, comparing FCC-hh (left) to HL-LHC
(right). Notably, FCC-hh is expected to exclude the entire region of parameter
space relevant for a strong first-order electroweak phase transition (SFOPT)—
something that remains out of reach for the HL-LHC.

30 ab~" (84 TeV)

- Expected 95% CL Limit
B Expected *1s.d
[0 Expected x2s.d.

S2 scenario (14 TeV)

T
. [ ATLAS+CMS Spin 0, Gluon fusion production
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P 95% CL upper limit
2 Expected
10 95%

68%

S (PP = S — HH) [fb]

—— 3ab'perexperiment NN 000"
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!
B B -
mass (GeV) a0 ! 2

Figure 8.24: Expected 95% CL upper limits for FCC-hh (left) and HL-LHC (right) on
the o(pp — X — HH) cross section as a function of the scalar mass m x, produced
via gluon fusion using the narrow width approximation. For comparison, in the HL-
LHC plot, production cross section curves for the model described in Ref. [202] are
shown, for two values of the scalar portal coupling as.

While Fig. [8.25] highlights the exclusion potential of FCC-hh within the
singlet scalar model framework, Fig. [8.26]illustrates the discovery reach. It
presents the expected statistical significance (in units of o) achievable through
both the direct resonant search and precision measurement of the Higgs self-
coupling. The results are shown for the subset of the parameter space con-
sistent with a strong first-order phase transition, and for various values of the
resonance mass. Under these assumptions, the FCC-hh demonstrates discov-
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FCChh - mp, =600 GeV, bg =0 GeV, by =0.0 mp, =600 GeV, by =0 GeV, by =0
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Figure 8.25: Bounds on the heavy scalar model, in the plane of the scalar portal
coupling, as, versus the scalar singlet mixing angle 6 [315]. The dark blue hatched
contours show the regions of the as versus 6 parameter space in the scalar singlet
model where a strong first-order phase transition is possible for mg = 600 GeV,
b3 = 0 GeV and by = 0.25. The other contours show the 95% CL exclusion in this
plane from the resonant searches into X — H H/Z Z signatures, from the H coupling
to Z and from k) constraints.

ery sensitivity from direct search exceeding the 5o threshold for resonance
masses up to approximately 650 GeV.
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Figure 8.26: Expected sensitivity in number of o from the direct resonant search and
the precision measurement of «y for the singlet model in the parameter space relevant
for a SFOPT and for different resonance mass values [315].
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8.3 Summary and outlook

In this chapter, I have presented the studies to which I contributed regarding
Higgs boson pair production searches at future hadron colliders. The two col-
liders considered—HL-LHC and FCC-hh—are at very different stages in their
respective timelines and approval processes.

The HL-LHC is a well-established extension of the current LHC program.
Preparations for its launch have been underway for several years. As Run 3
comes to an end, the installation of upgraded detectors in CMS is entering
a crucial phase. These upgrades are designed to ensure robust physics per-
formance in the high-luminosity environment, which will involve significant
increase in radiation and pileup levels.

In contrast, the FCC-hh is a much longer-term initiative and has not yet
been formally approved. However, it is strongly endorsed by CERN and posi-
tioned as the natural successor to the LHC in Europe. This moment is critical
for the FCC project, as a final decision is expected soon, with the European
Strategy for Particle Physics Update playing a key role in the decision-making
process. The projections presented in this chapter are timely contributions
aimed at demonstrating the strong physics case for both colliders, particularly
in the context of Higgs physics.

At the HL-LHC, the studies discussed, based on Run 2 state-of-the-art anal-
yses, suggest that at least evidence for HH production could be achieved by the
end of data taking. More recent projections [202], prepared for the European
Strategy Update and incorporating Run 3 improvements (such as enhanced tag-
gers and analysis techniques), show that a full 50 discovery could be achieved
when combining CMS and ATLAS data. This underscores the fact that earlier
projections are often conservative, and ongoing advancements—particularly
those driven by machine learning—continue to push the experimental reach.

This is even more true for the FCC-hh, which is envisioned to start op-
erations only decades from now (= 50 years!). Despite the conservative na-
ture of current projections, studies indicate that a measurement of the Higgs
self-coupling at the percent level would be possible using only the bby~ final
state. When this is combined with other promising channels—such as bb7 77,
which recent projections suggest may offer comparable if not better sensitiv-
ity [316]—and additional production modes, achieving a 1% precision on the
Higgs self-coupling becomes a realistic goal. This alone makes a compelling
physics case for the FCC-hh, as no other proposed future collider is expected
to reach this level of precision.
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Additionally, the FCC-hh’s unprecedented energy reach allows for direct
searches for heavy new resonances that are inaccessible elsewhere. The bench-
mark study of a singlet model presented here highlights the significant discov-
ery potential of the FCC-hh at the energy frontier.






Conclusion

In this thesis, I have detailed the work I carried out during my PhD years. My
research focused on three main topics, for which I held primary responsibility.

As part of the Tau Group in CMS, I was in charge of the validation and
calibration of the new, improved version of the DEEPTAU algorithm for the
identification of hadronically decaying tau leptons. Over the years, I became
increasingly involved in the group’s activities, eventually taking on roles of
coordination and guidance.

The expertise I developed in tau reconstruction and identification within
CMS proved essential for the search for additional Higgs bosons via the pro-
cess H/A — ZA/H — (07T, using the full Run 2 CMS dataset. The expected
results are presented both in a model-independent manner and in the context
of a specific 2HDM. While the analysis is currently in the unblinding phase
and the data is not yet disclosed, the expected limits already indicate stronger
constraints on 2HDM parameters compared to previous CMS results. These
improvements are primarily due to the increased integrated luminosity and the
adoption of novel analysis strategies, particularly the use of DNN-based selec-
tion techniques and a refined definition and binning of the fitted observable,
both of which significantly enhanced the analysis performance.

Lastly, I conducted several projection studies for di-Higgs searches at future
colliders, such as the HL-LHC and the FCC-hh, to estimate their sensitivity and
discovery potential. These studies demonstrate the crucial role such facilities
could play in the future in deepening our understanding of the Higgs sector.

All of these topics are active areas of research, with many ongoing devel-
opments and potential future breakthroughs. For this reason, I have included
an Outlook section at the end of each chapter, offering my personal perspective
on possible next steps and improvements for each subject, to which I would be
eager to contribute in the future.
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Appendix

A Study of (my4, my) mass resolution

This section explains the strategy adopted to study the mass resolution in the
(ma, mp) 2D plane and realise Figure[7.4]in Section

Few mass scenarios were simulated and reconstructed using the SVfit algo-
rithm for the estimate of the tau pair invariant mass. The (m 4, mg) distribu-
tion has been fitted with a bivariate Gaussian, as shown in Left Figure 27| for
the example case of (m 4, m)=(400,600). Although the Gaussian assump-
tion is not extremely accurate, it is easy and good enough for the sake of this
exercise.

Ellipses (or probability contours) define the region of a minimum area (or
volume in multivariate case) containing a given probability under the Gaussian
assumption. In our case we are interested in a confidence level of 68% (1-
o). Given the 2D Gaussian fit fitted parameters, u = (xg, yo) and covariance
matrix 3, is possible to evaluate the ellipse center, the height, the width and
the tilt angle. While the ellipse center is simply 1 = (zo, y0), for the other
parameters few computation steps are required. The first one is to calculate
the covariance matrix eigenvectors, e; = (e},e]) and ex = (e}, €)), and
eigenvalues, A\; and As. Then the ellipse parameters are:

. ) . VAL
height = 21/x2(0.32)A dth = 2¢/x2(0.32)\y  tilt = arctan(22
cight =2 N3 0890 width =2/ \3(0:32)%,  tit = arctan( VL)

where x3(a) is the upper (100)th percentile of the x2-distribution with

two degrees of freedom. An example of 1-o is shown in Right Figure [27]
In this way ellipses in Figure 28| are built. In order to extrapolate the ellipse
shapes to the whole mass region of interest, the trend of the ellipses parame-
ters is evaluated as a function of the A and H bosons mass. The x( coordinate
is simply fitted as function of the A boson mass, while the yq coordinate as a
function of the H mass, as reported in Figure 29] The remaining parameters
are instead fitted as a function of (mpy — m4)/mpy, as visible in Figure
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Although some fits have a high x?/ndf, the extrapolation succeeds in captur-
ing the key elements of the ellipses evolution across the mass plane, i.e. the
increase of the ellipse area and of the center displacement with the boson mass
value and the increase of the tilt angle when approaching the diagonal.
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Figure 27: Example of Gaussian fit of the 2D (m 4, m g ) distribution for the simulated
mass point (m4, mg) = (400, 600) GeV (Left). The same distribution is shown
together with the 1-o ellipse, calculated from the Gaussian fit (Right).
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Figure 28: 1-o ellipses calculated from the Gaussian fit for the few points simulated
for this investigation.
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Figure 29: Linear fit of the x( ellipse parameter as a function of m 4 (Left) and of the
Yo parameter as a function of my (Right).
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Figure 30: Second-degree polynomial fit of the ellipse angle, height and width as a
function of (myg — ma)/mpy.
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B Signal sample full list

Table 24: (1/3) Centrally produced HZA signals with the corresponding ¢ x BR.

/HTO0ZATo2L2Tau_170p00_50p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0302 pb
/HT0ZATo2L2Tau_200p00_20p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0192 pb
/HToZATo2L2Tau_200p00_35p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0207 pb
/HT0ZAT02L2Tau_200p00_50p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0221 pb
/HT0ZATo2L2Tau_200p00_60p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0228 pb
/HTO0ZATo2L2Tau_200p00_70p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0233 pb
/HT0ZATo2L2Tau_200p00_80p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0236 pb
/HT0ZATo2L2Tau_200p00_90p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0234 pb
/HTOZATo2L2Tau_250p00_125p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0162 pb
/HT0ZATo2L2Tau_250p00_20p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0125 pb
/HToZATo2L2Tau_250p00_35p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0135 pb
/HT0ZATo2L2Tau_250p00_50p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0144 pb
/HT0ZATo2L2Tau_250p00_60p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0149 pb
/HTO0ZATo2L2Tau_250p00_70p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0153 pb
/HT0ZATo2L2Tau_250p00_80p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0156 pb
/HToZATo2L2Tau_250p00_90p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0159 pb
/HT0ZATo2L2Tau_300p00_125p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0123 pb
/HT0ZATo2L2Tau_300p00_150p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0124 pb
/HT0ZAT02L2Tau_300p00_175p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0122 pb
/HToZATo2L2Tau_300p00_20p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0094 pb
/HT0ZATo2L2Tau_300p00_35p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0101 pb
/HT0ZATo2L2Tau_300p00_50p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0108 pb
/HT0ZATo2L2Tau_300p00_60p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0112 pb
/HToZATo2L2Tau_300p00_70p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0115 pb
/HT0ZATo2L2Tau_300p00_80p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0117 pb
/HT0ZATo2L2Tau_300p00_90p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0119 pb
/HTO0ZATo2L2Tau_350p00_100p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0118 pb
/HT0ZATo2L2Tau_350p00_125p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0121 pb
/HT0ZATo2L2Tau_350p00_150p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0121 pb
/HT0ZATo2L2Tau_350p00_175p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0120 pb
/HT0ZATo2L2Tau_350p00_20p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0092 pb
/HT0ZATo2L2Tau_350p00_200p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0116 pb
/HT0ZATo2L2Tau_350p00_250p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8  0.0054 pb
/HT0ZATo2L2Tau_350p00_35p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0099 pb
/HT0ZATo2L2Tau_350p00_50p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0106 pb
/HToZATo2L2Tau_350p00_60p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0110 pb
/HT0ZATo2L2Tau_350p00_75p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8 0.0114 pb
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Table 25: (2/3) Centrally produced HZA signals with the corresponding ¢ x BR.

/HToZATo2L2Tau_400p00_100p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_400p00_125p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_400p00_150p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_400p00_175p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZATo2L2Tau_400p00_20p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZAT02L2Tau_400p00_200p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_400p00_250p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_400p00_300p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZATo2L2Tau_400p00_35p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_400p00_50p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_400p00_60p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_400p00_75p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZATo2L2Tau_500p00_100p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZAT02L2Tau_500p00_125p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_500p00_150p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_500p00_20p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_500p00_200p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_500p00_250p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_500p00_300p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_500p00_350p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZATo2L2Tau_500p00_400p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZAT02L2Tau_500p00_50p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZATo2L2Tau_500p00_75p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_600p00_100p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_600p00_125p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZATo2L2Tau_600p00_150p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_600p00_20p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_600p00_200p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZATo2L2Tau_600p00_250p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZATo2L2Tau_600p00_300p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZATo2L2Tau_600p00_350p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_600p00_400p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_600p00_450p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZATo2L2Tau_600p00_50p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZAT02L2Tau_600p00_500p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_600p00_75p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8

0.0097 pb
0.0097 pb
0.0095 pb
0.0092 pb
0.0076 pb
0.0085 pb
0.0058 pb
0.0005 pb
0.0083 pb
0.0088 pb
0.0091 pb
0.0094 pb
0.0042 pb
0.0043 pb
0.0043 pb
0.0033 pb
0.0040 pb
0.0034 pb
0.0021 pb
9.774 x10~6 pb
3.899 x10~7 pb
0.0039 pb
0.0041 pb
0.0018 pb
0.0019 pb
0.0019 pb
0.0014 pb
0.0018 pb
0.0016 pb
0.0012 pb
8.257 x10~% pb
3.518 x10~% pb
1.565 x10~6 pb
0.0017 pb
9.118 x10~% pb
0.0018 pb
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Table 26: (3/3) Centrally produced HZA signals with the corresponding 0 x BR.

/HToZATo2L2Tau_700p00_100p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZATo2L2Tau_700p00_150p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_700p00_20p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_700p00_200p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZATo2L2Tau_700p00_300p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_700p00_400p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_700p00_50p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZATo2L2Tau_700p00_500p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_700p00_550p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_800p00_100p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_800p00_150p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_800p00_20p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZATo2L2Tau_800p00_200p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZAT02L2Tau_800p00_300p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_800p00_400p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_800p00_50p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_800p00_500p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZATo2L2Tau_800p00_600p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_800p00_650p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZATo2L2Tau_900p00_100p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZATo2L2Tau_900p00_150p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_900p00_20p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_900p00_200p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_900p00_300p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZATo2L2Tau_900p00_400p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZATo2L2Tau_900p00_50p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_900p00_500p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_900p00_600p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZATo2L2Tau_900p00_700p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HToZATo2L2Tau_900p00_750p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZAT02L2Tau_1000p00_150p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZAT02L2Tau_1000p00_20p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZAT02L2Tau_1000p00_200p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_1000p00_300p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZAT02L2Tau_1000p00_400p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZAT02L2Tau_1000p00_50p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZATo2L2Tau_1000p00_500p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZAT02L2Tau_1000p00_600p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZAT02L2Tau_1000p00_700p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/HT0ZAT02L2Tau_1000p00_800p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8

0.00083 pb
0.00085 pb
0.00065 pb
0.00083 pb
0.00058 pb
2.2796 x10~6 pb
0.00075 pb

1.1511 x10~5 pb
5.3147 x10~7 pb
0.00040 pb
0.00041 pb
0.00031 pb
0.00040 pb
0.00029 pb
1.2237 x10~% pb
0.00036 pb
8.5131 x10~7 pb
4.7250 x10~7 pb
2.13301 x10~7 pb
0.00020 pb
0.00021 pb
0.00016 pb
0.00020 pb
0.00015 pb
6.4533 x10~7 pb
0.00018 pb
49191 x10~7 pb
3.8911 x10~7 pb
2.1485 x10~7 pb
9.4501 x10~8 pb
0.00011 pb
8.1487 x10~5 pb
0.00011 pb
7.8433 x1075 pb
3.4643 x10~7 pb
9.4220 x10~5 pb
2.7355 x10~7 pb
2.3949 x10~7 pb
1.9351 x10~7 pb
1.0462 x10~7 pb

Table 27: Centrally produced AZH signals with the corresponding o x BR.

/AToZHTo2L2Tau_300p00_150p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/AToZHTo2L2Tau_500p00_200p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/AToZHTo2L2Tau_600p00_400p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/AToZHTo2L2Tau_700p00_300p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8
/AToZHTo2L2Tau_700p00_500p00_1p50_ggH_TuneCP5_13TeV-amcatnlo-pythia8

0.04343 pb
0.00807 pb
1.8045 x10~2 pb
0.00018 pb
2.8494 %1076 pb
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C Z pr correction weights

Z pr correction weights applied in the analysis, measured as described in
Sec.[7.4.17], for the different Run 2 eras.
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Figure 31: 2018 weights as a function of pr, for different my regions.
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Figure 32: 2017 weights as a function of pr, for different m regions.
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D Distributions for Z+1L CRin 2016 and 2017
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Figure 35: pr distributions in the Z + 75, CR for the 7, candidate passing the loose
(left) and nominal (right) identification criteria. Plots refer to 2017 data taking year.
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Figure 36: pr distributions in the Z + 1 CR for the muon candidate passing the loose
(left) and nominal (right) identification criteria.
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Figure 37: pp distributions in the Z + e CR for the electron candidate passing the
loose (left) and nominal (right) identification criteria. Plots refer to 2017 data taking

year.
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Figure 38: pr distributions in the Z + 73, CR for the 7, candidate passing the loose
(left) and nominal (right) identification criteria. Plots refer to 2016—preVFP data tak-
ing year.
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Figure 39: pr distributions in the Z + 1 CR for the muon candidate passing the
loose (left) and nominal (right) identification criteria. Plots refer to 2016—preVFP
data taking year.
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Figure 40: pr distributions in the Z + e CR for the electron candidate passing the
loose (left) and nominal (right) identification criteria. Plots refer to 2016—pre VFP data
taking year.
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Figure 41: pp distributions in the Z + 75, CR for the 7, candidate passing the loose
(left) and nominal (right) identification criteria. Plots refer to 2016—postVFP data

taking year.
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Figure 42: pp distributions in the Z + p CR for the muon candidate passing the
loose (left) and nominal (right) identification criteria. Plots refer to 2016—postVFP
data taking year.
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Figure 43: pr distributions in the Z + e CR for the electron candidate passing the
loose (left) and nominal (right) identification criteria. Plots refer to 2016—postVFP
data taking year.
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E Closure Test

The results presented in this section do not exactly correspond to the final
choice of the loose selection for 73, as defined in Eq. Initially, the Loose
Djes WP was used; however, during the CMS review process, further in-
vestigations revealed that adopting a looser selection—VVVLoose instead of
Loose—would enhance statistical precision by increasing the number of events
in the control regions. Nonetheless, the studies shown here, which are based on
the initial Loose selection, are included to demonstrate the correct implemen-
tation of the method and to show that it yields consistent and reliable results.

In order to evaluate the validity of the method, we have performed a closure
test using the simulated reducible background samples. The method described
in Sec. has been used on those simulated samples that represent exactly
that kind of background topology which needs to be rejected, that is Z/~* +
jets. In this study we also added ¢t + jets to increase statistics and investigate
the fake rate behavior with different jet flavors.

The comparison between the results of this procedure and the true yields
obtained in the signal region provides not only a reasonable measure of the va-
lidity of the method in data, but also an estimate of the systematic uncertainty
associated to the data-driven method itself, in case of not full closure.

The first step is computing the fake rate curves with the MC of reducible
background and compare it with the data driven curves, as it was done already
in Sec.

The second step is applying the Eq. derived previously to estimate the
yield in signal region from MC and compare it to the yields given by the raw
MC. The results are shown for 2018 in Fig.[44](a), (d) and (g). The results look
in agreement within the statistical uncertainties.

The same method is used to extract shapes. In Fig. [#4] (b), (c), (e), (f), (h)
and (i) the m(¢¢) and the m(77) variables are checked. In this binned case,
there are clearly high statistical uncertainties but we can anyway conclude that
there is no intrinsic error in the procedure and the closure is succeeded.

Similar results are presented for 2017 and 2016 in Fig.[d5]and Figures[46] [47]
respectively.
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Figure 44: Yields (left column) and shapes (central and right column) in signal region
obtained from straight simulation and using the fake rate method on simulation. Plots
refer to 2018 data taking year.
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Figure 45: Yields in signal region obtained from straight simulation and using the
fake rate method on simulation.
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Figure 46: Yields in signal region obtained from straight simulation and using the
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Figure 47: Yields in signal region obtained from straight simulation and using the
fake rate method on simulation. Plots refer to 2016—postVFP data taking year.

F Choice of observables

The different observables have been tested to extract the final upper limits.
Other than the m 4 X mp variable that is presented in the main text, we tested
the Zpr x AM that combines the Z pr and the difference in reconstructed
mass between the two new resonances and proved to be optimal in a similar
analysis in the £/tt channel. In addition, the DNN score was tested.

These observables are reported in Fig. 49| for example for the channel Z +
T, together with the results in terms of upper limits on signal strength for the
three channels combined only in 2018 for m =600 GeV. Among the three, the
Zpr x AM is the one with inferior performance, while the other two present
comparable limits. Table [28]reports the limits for these observables until 400
GeV, showing better performance for the DNN for lower mass values while
m4 X my is proven better for higher masses (also the suboptimal DNN score
binning could play a role here).
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Figure 48: Observables in the Z + p7p, channel (top row) and relative upper limits
including all channels (bottom row) for 2018.

mg=600 GeV, m4: | ma X myg | DNN score
100 0.863 0.650
150 0.656 0.424
200 0.557 0.435
250 0.639 0.537
300 0.844 0.863
350 101.5 143.25
400 230.0 297.5

Table 28: Expected upper limits on signal strength in 2018 for M z=600 GeV for the
my X my and the DNN score observables.

Finally, the power of the DNN and of the m 4 X m; observable were com-
bined by cutting on the network score while fitting on the elliptical binned
masses. Figure [49]shows how the expected upper limits change with the cut.
It can be observed that a 0.2 cut leads to an improvement in the range 20-40%
depending on the mass, making this final solution the best in terms of perfor-
mance and interpretability of the results.
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G Flavor-related uncertainty for the misidentifi-
cation rate curves

The probability for a jet to be misidentified as a lepton can depend on the
jet’s flavor. To account for this dependence in the measured misidentification
rate curves, a flavor-related systematic uncertainty was introduced using the
following procedure. First, the flavor composition in the reference simulated
samples (Z/~v* + jets and tt + jets) is artificially modified by increasing or
decreasing the fraction of heavy-flavor jets by 50% (see Figures 50} [51] and
[52). The misidentification rate curves are then recomputed using these mod-
ified samples (see Figures [53] [54} and [55). The ratio between the altered and
nominal curves is applied to the data-driven misidentification rate curves to
define the up and down variation for this flavor-related systematic uncertainty.
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Figure 50: Flavor composition in the simulated reference samples in the Z + e CR.
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Figure 51: Flavor composition in the simulated reference samples in the Z + p CR.
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Figure 52: Flavor composition in the simulated reference samples in the Z + 75, CR.
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Figure 55: Misidentification rate curves for 7.

H Goodness of fit test

In Fig. [56| we report the m 4 x m distribution in a control region where the
DNN cut is failed, showing reasonable data/simulation agreement within the

statistical uncertainties.
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Figure 56: Control plots: m 4 x my for events that failed the DNN cut. (Top) (mz,
ma) = (600, 100) GeV, (Bottom) (m g, m4) = (300, 150) GeV.

A goodness of fit test was run in this control region, with real data using the
saturation model. The p-values shown in Fig. for (Mg, M4) = (600, 100)
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GeV (left) and for (mg, ma) = (300, 150) GeV (right) are greater than 0.05
and prove that there is reasonable background modeling for these two very
different mass scenarios.

22
TMS saturated, 300 Toys >CMS saturated, 300 Toys
iternal p-value =0.747 Internal p-value = 0.143
20
18 3
181 b
16 3
16 E
14 4
141 -
12r 3
12 B
10 3 100 E
8F ] sk -
6 E 6 E
af E ab E
Z}L‘ j ’ ’L ﬂj‘ ]
0 Il l\ Il Il Il H Il 0% HH]‘H Il Il l ]_H-‘ H Il H Il H Il Il
50 60 70 80 90 100 110 50 60 70 80 90 100 110 120 130 140

(a) (b)

Figure 57: Goodness of fit test result for (m g, m4) = (600, 100) GeV (left) and (m g,
m4) = (300, 150) GeV (right).
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