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Introduction

The Higgs boson was discovered at the CERN LHC by both the ATLAS and CMS col-
laborations with a mass near 125 GeV in 2012. The measurement of the Higgs boson
properties has been one of the main targets of LHC experiments since the discovery.

In order to probe the mechanism giving mass to fermions and bosons, the Higgs
boson couplings have to be measured. The Standard Model Higgs couplings can be
extracted by measuring Higgs boson production and decay rates, Therefore a lot of
effort has been done to observe every single experimentally accessible decay in var-
ious production modes in the last few years. The bosonic decay modes of the Higgs
in vy, ZZ, and WW have been established using data collected until 2012 (LHC Run
1) while the data collected in 2016 and 2017 allowed to measure the decays to the
third generation fermions. The decay of the Higgs boson into 77 has been observed
using 2016 data and it confirmed the coupling of the Higgs with leptons. The de-
cay of the Higgs boson into bb has been observed in 2018, hence establishing the
coupling with down-type quark. The ttH production mode has also been observed,
thus probing directly the coupling to up-type quarks.

So far, the Higgs boson couplings have been observed only with the third genera-
tion of fermions, thus, the next step would be the search for decays into the second
generation. Among those, the Higgs decay into c-quark pairs is the one with the
higher event rate. Probing the Standard Model expected event rate is notwithstand-
ing impossible at the LHC because of the large amount of irreducible background
and because of the low mass resolution in the dijet final state. Instead, the Higgs bo-
son decay into muons has smaller rates but it also has a clean final state that can be
reconstructed with high efficiency and excellent mass resolution, thanks to the CMS
tracking and muon systems. However, since the branching fraction BH— p* ") is
very small (2 - 107%) and the LHC produces abundant backgrounds, an observation
of this decay has not been reached yet and upper limits only have been sets.

My work took part in the most recent search for the Higgs boson decaying to two
muons performed by the CMS collaboration. The analysis uses the full proton-
proton collision data collected by the CMS experiment at /s = 13 TeV during Run
2, corresponding to an integrated luminosity of 137.4 fb~!. The search of the Higgs
boson to muon decay targets each of the four main Higgs production channels at
the LHC. The four searches use orthogonal data and their results are combined in a
single measurement.

My work has been dedicated to the improvement of the search in the vector boson
fusion (VBF) production mode. In this work, we demonstrate that the VBF channel
is the most sensitive among the four H— puu searches. The VBF dedicated analysis
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is based on the fit of a multivariate discriminator, in contrast with the other three
dedicated Higgs searches where the fit is performed on the dimuon mass distri-
bution. Moreover, the background estimation is completely based on Monte-Carlo
simulations. These two aspects make the strategy to be very similar to the one
adopted by two important CMS measurements: the measurement of electroweak
production of two jets in association with a Z boson, and the measurement of the
Higgs boson decaying into b-quark pairs.

Machine learning is a fundamental tool to improve the sensitivity of this search.
Two different machine learning techniques are tested for the H— 14yt search: boosted
decision tree (BDT) and deep neural network (DNN). The performance of the two
algorithms are compared and the results are extracted from the algorithm that sep-
arates better the signal from the background on simulated data.

The Higgs boson signal strength is extracted among several regions with a simul-
taneous maximum likelihood fit and the results are computed for a Standard Model
Higgs boson with a mass of 125.38 GeV. In the VBF channel, an excess of events is
observed with a strength of 1.36f8:2?, defined as the ratio between the expected and
the observed event rate o, (pp—H— pp)/ogp(pp—H— ppt). The observed excess
of events corresponds to a signal significance of 2.4 standard deviations above the
background-only hypothesis. The excess of events observed from the combination
of the four dedicated searches corresponds to a signal significance of 3.0 standard
deviations and it constitutes the evidence of the Higgs boson decay into muons.
The results obtained with the data collected at /s = 13 TeV are combined with the
ones obtained during Run 1 at the center of mass energies of /s = 7 and 8 TeV. The

final combination improves the results of about 1%, resulting in a signal strenght of
1.197 340 (stat) *0-13 (syst).

The thesis is structured as follows. The Standard Model and the Higgs mechanism
are introduced in chapter 1. Moreover, the most important measurements of the
Higgs boson properties are summarized in that chapter. In chapter 2 the exper-
imental apparatus is described. Firstly, the LHC machine is introduced, then the
CMS experiment and the various subdetectors are presented. The algorithms used
by CMS to reconstruct physics objects are introduced in chapter 3. In particular,
lepton reconstruction and identification are described in the first half of the chap-
ter, while the second half is dedicated to jets. Chapter 4 introduces the search for
H— pp with CMS Run 2 data. An overview of the entire analysis is given and the
dedicated searches in the ggH, VH, and ttH channels are summarized. The VBF
analysis that I have carried out is described in detail in chapter 5. Finally, chapter 6
presents the results of the VBF dedicated search and the results obtained from the
combination with the other three dedicated searches and with the data collected
during Run 1.
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Chapter 1

The Standard Model and the
Higgs Boson

A brief overview of the Standard Model and of the spontaneous symmetry breaking is
given in this chapter. The theoretical introduction aims to build the frame in which the
analysis is set and to motivate the search performed in this work. Then, an overview
of the state of the art research on the Higgs boson properties and couplings is given.

1.1 The Standard Model

The Standard Model (SM) is a renormalizable non-abelian gauge theory that de-
scribes all known fundamental particles and their interactions. It has been built in
the latter half of the last century and, since then, a large number of experiments
confirmed its predictions with great precision. Three of the four fundamental in-
teractions are described by the Standard Model: the electromagnetic, the weak, and
the strong interaction. The gravitational interaction is not described by the model,
however, gravity effects at the electroweak scale are much weaker than the other
interactions and their contribution is negligible in the processes currently investi-
gated in high energy physics.

1.1.1 The fermions

In quantum field theory, particles are described by fields and they are divided ac-
cording to their spin: particles with integer spin are called bosons, and particles
with half-integer spin are called fermions. In the Standard Model, all fundamental
fermions have spin 1/2 and they are divided into two groups: quarks and leptons.
The quarks interact with the strong and the electroweak forces, while leptons in-
teract only with the electroweak force.

Quarks and leptons are further divided as a function of their electrical charge. Up-
type quarks have charge +2/3 while down-type quarks have charge -1/3. Leptons
are divided in neutrinos, which are electrically neutral, and leptons with charge
-1. Matter fermions are classified in three generations or families. Each genera-
tion is composed of one charged lepton, one neutrino, one up-type quark, and one
down-type quark. Since members of different generations have identical quantum
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numbers, the generations are three copies of the same structure. The only differ-
ence between particles of different generation is the mass: first generation fermions
are the lighter and third generation fermions are the heaviest. The exception are
the neutrinos, whose mass hierarchy has not been measured.

Each fermion has a corresponding antiparticle that has the same mass and opposite
quantum numbers. Moreover, fermion fields of quarks and charged leptons can be
divided in a left-handed component and a right-handed one ¢ = ¢} + 9 Rl, the two
components interacts differently with the electroweak force.

1.1.2 The Higgs boson

The only scalar boson in the Standard Model is the Higgs boson. The Higgs boson
is a massive electrically neutral boson, it interacts via electroweak force, and it is
predicted to interact with all the Standard Model massive particles. Figure 1.1 shows
all the Standard Model particle with their quantum numbers.

1.1.3 The interactions

In gauge theories, the lagrangian is invariant under certain groups of transforma-
tions called gauge groups. The action of the groups on the fields fixes the quantum
number and the interaction properties of each particle. Because of the Lorentz in-
variance, those transformations must be local and an additional field has to be added
in the theory for each generator of the group. The new fields transform with the
adjoint representation of the Lie group and they correspond to spin-1 particles that
are the mediators of the forces.

The three forces described by the Stan-

dard Model are carried by specific par- e ol marall

ticles called gauge boson. The electro- il ||l B 9 |
N

Standard Model of Elementary Particles

magnetic interaction is carried by pho-
tons (7). The weak interaction is car-
ried by W* and W™ that are electrically ) (e (e
charged, and by Z that is neutral. The -0 |- @ : &

strong interaction is carried by 8 gluons ‘_

(g). Photons and gluons are massless A | A

mediators, while the weak bosons have B

a mass of my =~ 80 GeV and mz = 91 p;pp 1 1: Table of Standard Model particles
GeV. The gauge bosons are shown in 2.

Figure 1.1 together with the matter par-

ticles.

- @ - @ - @

down strange bottom photon

The symmetry group that describe the Standard Model interactions is
SU3). ® SU(2)p ® U(1)y (1.1)

The dynamic that derives from the SU(3), symmetry is called quantum chromody-
namic (QCD). The QCD defines the strong interaction and the corresponding force

The experiment of Goldhaber [1] shown that there are no light right-handed neutrinos, therefore
they are not included in the Standard Model description
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mediators are called gluons. The quarks transform as a triplet under the action of
the SU(3),. group, therefore three equivalent copies of each quark exist. Each copy is
characterized by a different state called color charge. This peculiar interaction has
some specific characteristic that forces the quarks to bond in colorless states. These
bound states are composed of two or three quarks and they are called hadrons. Free
quarks and gluons can not exist in nature. Leptons and the other bosons do not
interact via strong force and they do not have any color charge.

The electroweak interactions [3, 4, 5] are described by the action of SU(2); ® U(1)y
on the matter fields. The four generators correspond to the boson fields W;L and B,,.
The action of both SU(2); and U(1)y are different on the two chiral components
of each fermion. The right-handed chirality components are singlet under SU(2);
while left-handed ones are arranged in doublets and are mixed by the SU(2); trans-
formations. Specifically, the left-handed components of up-type and down-type

quarks of the same generation form a doublet q; = ( Zﬁ ) as well as the left-handed

components of the leptons ¢; = ( ZLL > Since U(1) is an abelian group, its represen-

tations are identified by a constant called hypercharge. The representations of the
three gauge groups are summarized in table 1.1.

L oa | oup | dg |l | e
SU(3), | triplet | triplet | triplet | singlet | singlet
SU(2); | doublet | singlet | singlet | doublet | singlet
Uy | 1/6 2/3 | -1/3 | -172 -1

TaBLE 1.1: Representations of the gauge groups on fermions.

In order to have local invariance under the gauge transformations, the gauge fields
have to be added in the theory. Moreover, all the space-time derivatives J,, must be
promoted to covariat derivative

D, =0,+ igStaGﬁ(x) + igTiW/i(x) + ig/YBM(x) (1.2)

where gq, g, and g’ are the coupling constant of the strong, weak, and hypercharge
fields, Gﬁ(x) are the fields of the gluons, and t* T' and Y are the generators of the
Lie group in the rappresentation required by the field. Such a substitution generates
coupling terms between the matter particles and the gauge bosons.

1.1.4 Gauge boson kinetic term

The local invariance requirement introduces the gauge bosons in the theory. The
kinetic term for the gauge fields can be written as

_ I 4 apy Lo iuy 1 uv
Lq=~ GG = Wi, W ~ BB (1.3)
where GZV’ W/i,/, and By, are called field strength tensors and they are defined to

be the commutator of the covariant derivative D, associated to the corresponding
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field. For any generic field A}, with coupling g, the field strength tensor Fj,, can be
expanded as
Y, = 9,A% - 9,A% + igf Al A¢ (1.4)

The constants f abe are called structure coefficients, they are totally antisymmetric
and they are related to the algebra of the generators. The hypercharge group is
abelian, therefore its structure coefficient is zero and its signal strength tensor does
not contain the third term of equation 1.4. Instead, SU(3) and SU(2) have several
non zero structure coefficients, and the third term generates both third and quartic
vertices between strong and weak boson fields.

A mass term for the gauge boson is not allowed because it would not be gauge
invariant. In the Standard Model, the weak boson masses, as well as the masses of
the fermions, arise from the Higgs mechanism.

1.2 The Higgs sector

Spontaneous symmetry breaking is a phenomenon in which a physical system is
described by a Lagrangian that is invariant under certain transformations, but the
lowest energy state does not exhibit the same symmetry. The actual implementa-
tion of the symmetry breaking in the Standard Model is realized through a complex
scalar field whose states are not invariant under SU(2); ® U(1)y. This process is
called the Higgs mechanism [6, 7, 8, 9, 10, 11].

A new field H(x) that is a doublet under SU(2) and with hypercharge 1/2 is intro-
duced in the theory. A potential of the form

V(H) = —p*H H + NHH)? (1.5)
and the kinetic term associated to the H(x) field
K(H) = D,H'D"H (1.6)

are added in the lagrangian. The potential produces a new ground state therefore
the lagrangian has to be expanded around the new minimum

H(.X') _ %e—ioa(x)aa/z <v +(;l(x)) (17)

where v = 4/ 2/ is called vacum expectation value. The covariant derivative
D,,H(x) contains also the gauge boson fields as seen in equation 1.2, therefore such
an expansion produces in the lagrangian the following quadratic terms

2
%gz (ngl)z + W/(f)2> (v+ h(x))2 + % (ngf) - g/BM> (v+ h(x))2 (1.8)

The mass terms for the gauge bosons arise from this procedure. The first term of
the equation contains the fields ngl) and W/(f) which are combined in W), and W;
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and produce the mass of the W boson my, = gz v2/4. The fields Wl(f) and B, are
rotated to obtain the fields of the Z boson and the photon. The last quadratic term in
equation 1.8 provides a mass for the Z boson my, = ( gz + g’z)vz/ 4 while the photon
remains massless. The massless photon corresponds to an unbroken generator that
is by definition the electrical charge.

The minimum produced by the Higgs potential is not invariant under the initial
symmetry, however, it is invariant under the transformation produced by Q. There-
fore, the pattern associated with this symmetry breaking is SU(2); ® U(1)y —
U(1)¢p,- The entire procedure does not affect the color symmetry SU(3)..

This mechanism introduces in the lagrangian a scalar field h(x) that derived directly
from H(x) and it is the field associated with the Higgs boson. The Higgs mass can be
obtained from the potential V(H) and it is a free parameter in the Standard Model.

1.2.1 Couplings with gauge bosons

The equation 1.8 can be rearranged in the following

2
(mWVV;Lr WH™ + %mZZZ) (1 + 2@ + h(xz) ) (1.9)

v v

The left factor is the mass term for the two weak boson fields while the right factor
contains two terms in h(x) that form the couplings between the Higgs and the gauge
bosons. Therefore, the Higgs mechanism predicts the existence of triple and quartic
vertices of the Higgs and the weak bosons fields. Moreover, it predicts also the
values of the corresponding coupling constant:

Zm%/
8HVV = v
9 (1.10)
my
S8HHVV = 7

In particular, the triple couplings are very important for the Higgs boson studies
because they contribute significantly to the Higgs production at hadron colliders.

1.2.2 Couplings with fermions

Mass terms for fermions m(t); tg +1Pg1b;) are not allowed in the lagrangian because
they are not invariant under SU(2) transformations. However, such terms must be
present because fermions are observed to be massive. Such an issue is repaired by
exploiting the non-zero vacuum expectation of the field H(x). In fact, the coupling
between fermions and H(x) is gauge invariant and can be used to construct mass
terms for the fermions [12, 13]

o) 7(d) (d) YoV +(d) () Yo 4 () (d)
y¢(1/1Lu,1/)L )Hle + h.c = %ZDL ZDR +Eh¢L ¢R + h.c. (1.11)
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The interaction term is called Yukawa coupling. Equation 1.11 produces the mass
term for down-type quarks and for charged leptons. For up-type quarks, the coni-
ugate field H(x) = io?H(x) is used:

@ i dyry (W) YoV ) (w) Yo o o) (u)
) H h.c.= — —h h.c. 1.12
y¢(¢L¢L)¢R+C ﬁwL¢R+\/§wL¢R+C (1.12)
The difference between the original mass terms and the Yukawa couplings is the
interaction between the fermion and the Higgs field h(x). This interaction comes
directly from the requirement of gauge invariance.

Therefore, the Standard Model explains the fermion masses through the Yukawa
term and it predicts the existence of a coupling between the Higgs boson and each
fermion. The value of the coupling is expected to be proportional to its mass for all
fermions:

_

)\f " (1.13)

1.3 The Higgs boson at the LHC

One of the main driving motivations for the Large Hadron Collider (LHC) construc-
tion was to find proves about the electroweak spontaneous symmetry breaking. In
2012, the ATLAS [14] and CMS [15] Collaborations descoverd a new particle with
mass around 125 GeV [16, 17, 18]. Subsequently, both the experiments established
that the properties of the new particle, including its spin and CP properties, are
compatible with those predicted by the SM for the Higgs boson.

1.3.1 Higgs production channels

The Higgs boson at the Large Hadron Collider is produced through four main mech-
anisms, called modes or channels. The exact values of the cross-sections of the four
channel productions depend on the center of mass energy of the proton-proton col-
lisions, however, the relative contribution to the total Higgs production is about
constant at the energies explored by the LHC. Figure 1.2 shows the cross-sections
of the main Higgs production channels for energies ranging from 7 to 14 TeV. The
accuracy of the theoretical calculations of the Higgs cross-section is reported in
Figure 1.2 for each process. The uncertainty due to strong interactions is domi-
nant in the calculation. Table 1.2 shows the predicted cross-sections of the main
Higgs production at /s = 13 TeV collisions for a Higgs boson mass of 125 GeV. The
cross-sections of the Higgs production at the Large Hadron Collider are smaller of
several order of magnitude than the cross-sections of strong processes. Therefore
the Higgs searches are performed in conditions where the signal over background
ratio is very small.
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) Channel o(pp — H)[pb]
S0 MMH)=125Gev: ggH 48.58 193
S F D+ NOEW it
< o _ neogS 1
I 10/ - VBF 3.782 T0 0%
1 £
s ZH 0.884 003
W*'H 0.840 *0:023
W H 0.533 01
ttH 0.507 0020
s [TeV]
FIGURE 1.2: Cross-sections of the main TaBLE 1.2: Cross-sections of the main
Higgs production channels as a function Higgs production channels at /s = 13
of the center of mass energy of the colli- TeV proton-proton collisions for a Higgs
sions. The solid line indicates the central boson mass of 125 GeV [20].

values while the band shows the uncer-
tainties [19]

The gluon-gluon fusion (ggH) is the Higgs production mechanism with the largest
cross-section at the LHC. In this process, the Higgs boson is produced by the fusion
of two gluons through a heavy quark loop. The quark that contributes mostly to
this process is the t-quark because of the proportionality between the mass and the
coupling with the Higgs. The ggH production has not any characteristic features
that can be used to identify these events, therefore it is not ideal for hadronic Higgs
decays searches. However, it contributes significantly to Higgs searches because of
the high cross-section. The main diagram of the gluon-fusion Higgs production is
shown in Figure 1.3.

The vector boson fusion (VBF) is defined by the virtual collision of two gauge
bosons, which may be both Z or W bosons. It has a cross-section about ten times
smaller than the ggH one and it is the second most frequent Higgs production mech-
anism at the LHC. In the VBF channel, the initial partons exchange a transverse
momentum that is typically lower than the center of mass energy of the quarks,
therefore they hadronize in two separated high rapidity jets. Moreover, since the

g 05000} q

A 4
A 4
0

g ‘"oooo> q

Y
Y
L0

(a) (b)

F1GURE 1.3: Main Feynman diagrams for the ggH (a) and VBF (b) Higgs productions.
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4
=

h g outon

V g BOCO0 > VAN, V
(a) (b) (©

FIGURE 1.4: Quark initiated (a) and gluon initiated (b) Feynman diagrams for the Higgs-
strahlung production.

VBF is a pure electroweak process, low hadron activity is expected in the central
part of the detector where the produced Higgs boson is typically directed at. These
particular features are extremely important to tag this process and to reduce the
huge amount of QCD background that arises from proton-proton collisions. Fig-
ure 1.3 shows the main Feynmann diagrams for the VBF production at the LHC.

The Higgs-strahlung (VH) process consist in the emission of a Higgs boson from
a gauge boson. The final state consists of a Higgs boson and a gauge boson. The
presence of the gauge boson is an important signature that is exploited in Higgs
searches. In particular, the presence of charged leptons or neutrinos coming from
the gauge boson decay is extremely efficient to reduce the QCD background. The
Higgs-strahlung process is divided into W"H, W™ H, and ZH productions that have
about the same cross-section. The main diagrams of the three VH processes are
quark initiated, however, a small contribution of ZH production arises from gluon
initiated process. Figure 1.4 shows the main Feynmann diagrams for the VH pro-
duction, the quark initiated process contributes to about 90% of the total Higgs-
strahlung production at the LHC.

The top pair associate production (ttH) is the
production of the Higgs boson together with two
t-quarks. This channel allows the direct mea-
surement of the Higgs boson coupling with the
t-quark. The signature of this process consists
of having two t-quarks that can be identified
from the presence of W bosons and b-quarks in
the events. Moreover, it is also characterized by
a high jet multiplicity. This signature makes the t

ttH channel to be worth studying even if it has

a very small cross-section. The main Feynman FIGURE 1.5: Main diagram of the top
diagram of the ttH production is shown in Fig- associated Higgs production.
ure 1.5.

There are several other Higgs productions like bbH and tH and their contribution
to the total Higgs production has to be taken into account in Higgs measurement.
However, they have not been target of direct searches so far because of their small
cross-sections and weak signatures.
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1.3.2 Higgs decay channels

The Standard Model predicts the decay amplitude of the Higgs boson and its branch-
ing fraction in each possible final state. At 125 GeV, the total decay amplitude is
about 4 MeV, corresponding to a lifetime of the order of 10722 seconds. In such a
short lifetime, the Higgs boson cannot travel significantly in the detector, therefore
it is not directly measured but it has to be identified from its decay products.

The Higgs boson can decay into each quark or charged lepton pair because of the
Yukawa interaction, the only exception is H— tt which is kinematically forbidden.
The branching fractions B(H — ff) strongly depend on the fermion mass. The
dominant decay is H— bb with a branching fraction of about 58%. Other signifi-
cant decays are H— 77 and H— cc. The remaining Higgs decays into fermions are
very small because of the fermion masses.

The Higgs boson can decay also in gauge boson pairs. For the cases of W or Z,
one of the bosons has to be virtual since 2my > my. For the cases of gluon and
photon, the final state is reached via a fermionic loop because the Higgs boson does
not couple directly with them. In the case of H— 77, a loop of W is possible too.
Decays into different neutral bosons, like Z+, are also possible via a fermionic loop.
Table 1.3 shows the predicted branching fractions to fermions and to bosons for a
Higgs boson with a mass of 125 GeV.

Decay channel Branching fraction [%]

H— bb 58.24 *07%
H— 77 6.27 ig:%g
H— cC 2.89 1038
H— (2.18t8;8§) .1072
H— WW 21.37 2333
H— gg 8.19 fg:g
H— ZZ 2.62 1004
H— vy 0.227 23992
H— Zry 0.153 *0-00

TABLE 1.3: Main predicted branching fractions to fermions and to bosons for a Higgs boson
with mass 125 GeV [20].

1.3.3 Previous Higgs measurements

The first observation of the Higgs boson has been reached from both the ATLAS
and CMS experiments via the H— 4/ and H— ~~ decay channels. Immediately
after, both the decays have been observed independently by CMS and ATLAS [21,
22, 23, 24] as well as the H— WW — 2/2v decay channel [25, 26]. Moreover, the
first estimate of its mass [27], which was the missing parameter in the Standard
Model, has been given.
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Spin and parity quantum numbers of the Higgs boson have been extracted from the
angular distributions of the Higgs decay products in the H— 4/ and H— 7+, and
H— WW — 2/2v channels. Data are compatible with the Standard Model P =0
quantum numbers, while they exclude alternative hypotheses [28, 29, 30].

Several studies have been performed from the CMS and ATLAS collaboration with
the data collected in 2011 and 2012, called Run 1. After Run 1, the data collected have
been used to perform tests about the overall consistency between the predicted and
measured properties of the newly discovered particle[31, 32]. Moreover, the two
experiments published two common papers to combine the measurements of the
mass and of the couplings [27, 33].

The large significances obtained from the measurements of the decays to vector
bosons verify the spontaneous symmetry breaking in the electroweak sector pre-
dicted by the Standard Model. These observations close a big chapter in high energy
physics since they successfully confirmed the electroweak unification. However,
the Run 1 data was not sufficient to probe also the Yukawa couplings with the same
precision. In fact, none of the fermionic decays had reached the 50 threshold in Run
1, leaving the entire fermionic sector still to be confirmed.

The LHC started a new period of data-taking in 2015, called Run 2. The large amount
of data collected in Run 2 allowed to observe some decays and production modes
that were missing after Run 1. In particular, observing the Higgs to fermion cou-
plings was crucially important to end verifying Higgs sector in the Standard Model.

The 50 significance of the H— 77 was reached by the combination of ATLAS and
CMS results obtained with Run 1 data [33]. However, the two collaborations ob-
served independently the decay in Run 2 using the 2016 data [34, 35]. The dedicated
studies of the VBF Higgs production channel contributed significantly in obtaining
the observation of the 77 decay. Such a result confirmed the coupling of the Higgs
with leptons.

The coupling of the Higgs boson with the t-quarks has been measured by observing
the ttH production mode. The Higgs to t-quark coupling could have been indirectly
extracted from the gluon-fusion Higgs production, instead, the observation of the
ttH production constitutes the first direct measurement of that coupling and it cer-
tificated the interaction between the Higgs and the up-type quarks. Both ATLAS
and CMS obtained the 50 significance over the background-only expectation during
Run 2[36, 37].

The observation of H— bb has been reached in 2018 by CMS and ATLAS using 2016
and 2017 data [38, 39]. The most sensitive production channel for this search is VH.
These measurements probed the coupling of the Higgs boson with the down-type
quarks, thus demonstrated that the equations 1.11, and 1.12 hold for all flavors of
the third generation fermion.
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The huge amount of data collected in Run 2 have been used to perform also several
other important measurements about the Higgs. In particular, its mass has been
fitted using H— vy and H— ZZ decay channels [40, 41]. The combination obtained
with the Run 1 data is

mp = 125.38 & 0.11(stat) + 0.08(syst) GeV (1.14)

and it is the most precise measurement of the Higgs boson mass up to date.

The total width of the Higgs mass peak has been measured in a model-dependent
way by comparing the on-shell and off-shell production rates in the ZZ decay mode
[42]. The comparison between measured and predicted Higgs width is very im-
portant to spot physic beyond the Standard Model. In particular, the total width is
sensible to possible Higgs decays into dark matter particles. The Higgs width has
been measured to be 3.2755 MeV, in agreement with the expectation. The observed

width is shown with the 68% and 95% confidence level in Figure 1.6.
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FIGURE 1.6: Observed (solid) and expected (dashed) likelihood scans of the Higgs total width.
Results are shown using only the data collected in 2016 and 2017 (black) or from the com-
bination with the Run 1 (red) [42].

1.3.4 Previous H— p*p~ measurements

The Yukawa couplings of the Higgs boson with the third generation fermions have
been observed consistently with the Standard Model predictions. In order to prove
that the Higgs mechanism works with all fermions, the Higgs interaction with the
first and second generations has to be established. Measuring the Higgs decay to
first generation fermions is impossible at the LHC since only a few events are ex-
pected to be produced during Run 2. Therefore, particular attention is focused on
measuring the Higgs coupling to the second generation.

The coupling of the Higgs with the c-quark is the highest one among the second
generation fermions because of the higher mass. However, the Higgs decay to c-
quarks is difficult to identify at hadron colliders because of the large amount of QCD
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background. For the same reason, the Higgs decay to strange quarks is even more
difficult.

On the other hand, the Higgs decay into muons has the advantage of better signal-
to-background ratio, but the disadvantage of a low branching fraction. Moreover,
the dimuon invariant mass can be measured with great precision and it can be ex-
ploited in the H— pu searches. In addition, the measurement of the dimuon in-
variant mass is much more precise than the one of two jets. Therefore, the Higgs
decay into muons is the best decay channel to probe the coupling with the second
generation.

Higgs to muon decay searches have been performed by ATLAS and CMS collabo-
rations since Run 1. The observed upper limits on the production rate were found
to be about 7 times the Standard Model prediction [43, 44]. The data collected in
Run 1 proved the non flavor-universality of the leptonic couplings with the Higgs,
however, they were not sufficient to probe the expected coupling value.

During Run 2, both ATLAS and CMS collected enough data to obtain more signif-
icant results. The ATLAS collaboration published a first result obtained with the
data collected in 2016 and 2017 [45]. Subsequently, a reanalysis of the entire Run 2
dataset has been performed, resulting in an observed (expected) signal significance
of 2.00 (1.70). The obtained upper limit exclusion at 95% con dence level is 2.2 times
the Standard Model expectation [46]. The CMS collaboration first published a re-
sult using only the 2016 dataset, setting an upper limit of 2.9 the standard model
cross-section [47].

Subsequently, a great effort has been devoted to the analysis of the full CMS Run
2 dataset, which is the main topic of this thesis. Several improvements were added
to the search, allowing to reach a sensitivity previously not thought possible with
only the Run 2 data. Thanks to the excellent detector features of CMS and to the
strong analysis effort, the CMS result is significantly better than all the previous
results for the channel.

1.3.5 Combined production and decay measurements

The observed rates of the Higgs productions and decays that are measured by CMS
and ATLAS collaborations have to be compared to the Standard Model predictions
in order to test the agreement between experiment and theory. Such a comparison
is described by the signal strength modifier y, defined as the ratio of the measured
Higgs boson rate to its SM prediction. For each production and decay channel the

signal strengths for productions y; and for decays uf are

i) o BHE=

' ogy(i— H) " BoyE = (115)

where i is the Higgs production process and f is the final state. In the Standard
Model, all the signal strengths are equal to unity. Production and decay strengths
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cannot be individually measured without additional assumptions, therefore exper-

imental searches are sensitive to the product M,f = ,uf .

All the results obtained from the various Higgs searches can be combined with a
simultaneous fit in order to better constrain the signal strength parameters. The
overall fit can be performed with several assumptions. All the signal strengths p;
and uf can be considered independent and they can be extracted simultaneously in
the overall fit. Otherwise, a single overall signal strength can be extracted varying
simultaneously all the signal strength modifiers. Figure 1.7 shows the post-fit signal
strength modifiers for productions and for decays. The production signal strengths
are extracted assuming the Standard Model branching fractions, while the decay
signal strengths are extracted assuming the Standard Model cross-sections. The
two simultaneous fits have been performed using the results obtained at the begin-
ning of Run 2 [48]. All the obtained results are consistent with the Standard Model
expectations.
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FIGURE 1.7: Signal strength modifiers for each production (a) and decay (b) channel. The

horizontal bars show the 10 and 20 uncertainties while the red bars indicates the 1o sys-

tematic uncertainties. The overall signal strength is shown in the last point in (a). The signal

strengths shown in (a) and (b) do not includes the measurement of the Higgs boson decay
into muons described in this thesis [48].

The signal yields can also be expressed in terms of the coupling strength modi-
fiers within the x-framework [49]. A set of coupling modifiers k is introduced to
parametrize deviations from the Standard Model couplings. For any given produc-
tion or decay process j, the coupling modifier ; is

o; I
K= 1 or | — (1.16)
j T sM j = psM
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The difference between signal strength and coupling strength parametrizations is
that the latter describe single processes either in production and in decay channels.
In fact, production and decay anomalies are described by the same set of parameters
in the x-framework, while they are described by different parameters in the signal
strength framework.

At tree-level, the coupling modifier can be interpreted as multiplicating factors of
the Standard Model couplings:

SM

therefore they probe directly the consistency of the data with the Standard Model

vertices. Additional effective coupling modifiers can be defined for gluons and pho-

gons kg and k., which describe the loop process for ggH production and for v~
ecay.

Similarly to the signal strength modi- a5t (13 TeV)
fiers extraction, a simultaneous fit among 515 ‘fcms | wz
all the Higgs results obtained by CMS 5 o

is performed to estimate the values of el

Kp

the coupling modifiers. Six free cou- 107

. . R ™ L SM Higgs boson
plings parameters are introduced in the

. — (M, ) fit
fit kyy, kz. kp, kr, kp, k, while the ef- ° 4

fective coupling k is expressed in as a = 0tk ‘ : :
function of k; and kj,. Figure 1.8 shows ° o jd :.
the Higgs couplings best fit with the data E% 0'2'10_‘ ‘1 . 182

collected at the beginning of Run 2. The Particle mass [GeV]
overall fit is in agreement with the Stan- ) _
dard Model prediction. The fit shown Ficure 1.8: Coupling modifiers and best fit
in Figure 1.8 takes into account the Higgs values as a function of particle mass. The
to muon décay search of Ref. [47] while dashed blue line indicates the predicted de-
‘ endence on the particle mass in the case
it does not consider the results presented P f the SM Hi bp Th I d
in this thesis. In the Standard Model o 1888 Poson. ¢ conpTnes o

> ) ) i the fit shown in this plot do not includes the
the Higgs coupling with the fermions easurement of the Higgs boson decay into

is proportional to the ratio m/v (equa- muons described in this thesis [48].
tion 1.13) while the couplings with the

weak bosons are proportional to m?/v* (equation 1.10). For this reason, anomalies in
the coupling modifier with fermions k¢ and in the square of the coupling modifiers

with bosons /ky are proportional to m/v.
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Chapter 2

The CMS experiment at the
LHC

The following chapter describes the Large Hadron Collider (LHC) and the CMS exper-
iment whose data have been used in the analysis presented in this thesis. The main
CMS subdetectors and their performance will be summarized.

2.1 The Large Hadron Collider

The large Hadron Collider (LHC) is a circular proton-proton accelerator, located at
CERN, on the Swiss-French border. It is currently the largest and most powerful
particles accelerator ever built. The LHC is built inside the tunnel previously used
for the Large Electron-Positron Collider (LEP). The tunnel is about 27 km in length,
it is located about 100 m [50] underground and the circle rests on a plane inclined
at 1.4% respect to gravity.

The LHC tunnel has not exactly a circular shape but is formed by 8 rectilinear sec-
tions and 8 circular portions. Arcs has an internal radius of 3.7 km and contains
magnetic dipoles that are used to curve the beams reaching a maximum magnetic
field of 8.33 T. The rectilinear sections in the tunnel are approximately 528 m long.
They are named from 1 to 8 and they host experiments or utilities. They also con-
tain magnetic quadrupole in order to compensate the transverse dispersion of the
protons in the bunches, caused by their mutual repulsion and by synchrotron radi-
ation.

Experimental insertions are located in the rectilinear section. ATLAS (A Toroidal
LHC Apparatus) and CMS (Compact Muon Solenoid) experiments are located at
Point 1 and 5 respectively. They are both multi-purpose experiments, designed to
investigate a wide range of scenarios. Their focus includes Higgs boson properties
study and new physics properties searches at TeV scale. They have similar struc-
tures and similar subdetectors in order to have comparable results and to have the
possibility to cross check each other’s studies. ALICE (A Large Ion Collider Ex-
periment) studies a phase of matter called quark-gluon plasma that is formed in
high energy nuclear collisions. Those studies are performed collecting heavy-ion
collisions. LHCb is an experiment designed to perform precision measurement of
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processes related to b-quark and CP-symmetry violation.

Point 2 and Point 8 contain ALICE and FETER
LHCD experiments and the injection sys- = )
tems for Beam 1 and Beam 2. Points 3 o
and 7 contain two collimation systems.

Radio frequency systems are located at

point 4 and point 6 contains the beam

dump insertion. Points 3 and 7, as well

as 4 and 6, do not contain beam cross

interaction points. Figure2.1 shows LHC y
Layout and the content of rectilinear sec- . ATLAS

tions.

DUMP

Cleaning Cleaning

F1GURE 2.1: LHC Layout[50].

Protons are accelerated and injected in the LHC by a chain of four accelerators.
The first one is a linear accelerator that injects particles in a chain of three circular
accelerators, and finally, they are injected in the LHC with opposite directions in
two separate beam pipes with an energy of 450 GeV. The particles are accelerated
inside LHC by radio-frequency cavities in Point 4 from 450 GeV to 7 TeV, therefore
the center of mass energy of particles collision is 14 TeV. The particles circulate
grouped in bunches; each beam pipe contains about 2800 bunches in LHC and each
proton bunch 10!t protons. The bunches are spaced 25 ns in time in the nominal
design therefore collisions happen every 25 ns.
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FIGURE 2.2: Peaks of istantaneous luminosity versus day delivered by CMS per day during
stable beams and for pp collisions[51].

The collision rate of an accelerator is measured by the luminosity. The luminosity
is the ratio of the rate of produced events to the interaction cross section

R=L -0

Searching rare events requires a large number of collisions; for this reason, the
beams are "compressed" in the transverse plane just before entering in the exper-
iments, in order to increase the luminosity of each bunch crossing. The CMS de-
signed luminosity of 10°* cm™!s7! has been achieved and exceeded in the last three
years of data taking. Figure2.2 shows the maximum istantaneous luminosity reached
by CMS during the Run 2. Integrated luminosity recorded by CMS and usable for
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physics analyses are 35.9 fb™! for 2016, 41.53 fb™! for 2017, and 60.0 fb™? for 2018.

Rare events searches need high lumi-
nosity, but at high luminosity the rate
of minimum bias collisions exceeds the
bunch crossing rate and there is more
than one minimum bias interaction per
bunch crossing. This effect is known
as "pile-up". Pile-up interactions pro-
duce noise and tracks that makes object
reconstruction more difficult, therefore

a compromise has to be found: the higher

the luminosity is, the rarest events can
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FIGURE 2.3: Distribution of the average num-

be searched, but simultaneously the higheg,., ofinteractions per bunch crossing (pileup)

luminosity is the worse the event re-

construction is. Figure2.3 shows the num-

ber of interactions per bunch crossing

for pp collisions in Run 2, the overall mean

values are shown year by year[51].

per year. The distribution is different year by year, average number of interactions
is related to luminosity and it is shown in the legend for every year.

2.2 The CMS Experiment
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FIGURE 2.4: CMS and all its sub-detectors [52]
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Coﬁpact Muon Solenoid

The Compact Muon Solenoid (CMS) is a barrel shaped detector, centered at the
nominal point where the beams collide. It consists of a central part called barrel
and two external parts called endcaps, placed at the ends of the cylindrical barrel.
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CMS weighs 12500 t, has a diameter of 14.6 m and a length of 21.4 m, Figure 2.4
shows the layout of the CMS experiment and all its subdetectors.

The heart of CMS is its superconducting solenoid that provides a magnetic field of
3.8 T with the axis aligned along the beams direction. The bore is 13 m long and
it has a radius of 3 m. The magnetic flux is returned by an iron yoke composed by
3 wheel in the barrel and three disk in each endcaps. The flux saturates the 1.5 m
of iron and ensures enough bending power to measure the muon momentum that
crosses the detector.

Starting from the interaction point a particle crosses the silicon tracker, the electro-
magnetic calorimeter (ECAL) and the hadron calorimeter (HCAL) before reaching
the coil. Outside the coil the muon detection system is imbibed in the iron of the
yoke of the magnet. The endcaps are shaped in layers perpendicular to the beam
line and they have ECAL and HCAL sections and the muon system imbibed in the
iron of the yoke like in the barrel.

The right-handed coordinate system of CMS has the center at the collision point
and is defined with the x axis pointing towards LHC center, the y axis pointing
upwards and the z axis along the beam direction. The azimuthal angle ¢ is defined
in the x-y plane, it is measured from the positive direction of the x-axis and it varies
in (p € [-m,m)). The polar angle 6 is measured from the positive direction of the

z-axis and r is the radial distance defined by r = 4/ X%+ yz.

0 In hadron-hadron collision the center
\ of mass of the interaction is boosted along

the z-axis with respect to the labora-
6=90° /n =0.88 tory frame. The rapidity

—AE® 1 E-p

0=45 y=-In z

2 E+p,

[

b=10o—rN=2.44

_ oo is additive under boost along the z-axis
6=0 »N= and therefore rapidity differences are con-
stant in those reference frames. Pseu-

dorapidity, defined by

=2

is an approximation of rapidity. The two match in the relativistic limit and pseudo-
rapidity is used as a coordinate in place of the polar angle.

FIGURE 2.5: Some pseudorapidity values [53].

Figure 2.5 shows some pseudorapidity values with the corresponding polar angle 6.

A brief description of CMS sub-detectors is given in the following sections, a more
detailed description can be found in reference [54, 52].
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2.2.1 The Silicon Tracker

The silicon tracker [55, 56] is the closest detector to the interaction point and it pro-
vides precise and efficient measurements of the trajectories of the charged particles.
Proton-proton interactions produce order of 10° particle every 25 ns, therefore the
tracker has been designed to have high granularity and fast response in order to
identify reliably the particles and associate them with the correct bunch crossing.
These features have been achieved using as low material budget as possible in or-
der to minimize multiple scattering, nuclear interaction, photon conversion and
bremsstrahlung.

Charged particles crossing the detector have bended courses because of the intense
magnetic field generated by the superconducting solenoid. The tracker measures
the trajectory of each particle and its curvature is used to derive the momentum.
Moreover, trajectories are backward extrapolated in order to reconstruct the posi-
tion of the primary and secondary interaction vertices.
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FIGURE 2.6: Longitudinal section of one quarter of the CMS tracker. The pixel detector is
shown in green. The single side strip modules are shown in red while the double side strip
modules are blue [57].

The silicon tracker is divided in two main sections: the closest to the beamline, made
of pixel modules (PIXEL), and the outer part, made of silicon strips. The Silicon
Strip detector, in turn, is divided in two: the inner one, called tracker inner barrel
(TIB) and tracker inner disks (TID), and the outermost one, calle tracker outer bar-
rel (TOB) and tracker endcaps (TEC).The total length of the tracker is 5.8 m and its
diameter 2.5 m, and it can detect particles up to || = 2.5. Figure 2.6 shows an r — z
section of the tracker.

The tracker is composed by several modules and the modules are arranged in cylin-
drical shape and in disks placed at the two endcaps in order to cover as most solid
angle as possible. Modules are made of pixel and strip shaped diodes. The charged
particles that cross the detector excite the electrons of the semiconductor liberating
electron-hole pairs. The charge carriers would normally follow the electric field but,
in the barrel, the magnetic fields make the electrons and holes drift along a direction
that is tilted with respect to the electric field. The angle between the direction of
the electric field and the electron drift is called Lorentz angle. This angle depends
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on the module position and on the intensity of the electric and magnetic field, thus
it is not the same in all the modules of the traker.
In the pixel detector, the Lorentz an-
gle is about 25° (see Figure 2.7 ) there-
fore the collected charges are spreaded
among more than one pixel. In the mod-
ules of the strip detector, the Lorentz depleted l
angle is very high and this effect is com- £0
pensated by inclining properly the mod- Cundepleed E~0 |
ules in order to obtain the optimal charge

ionizinglparticle track \

*_ pixel implants
@ B-Field (4T) ’ n-p P

Silicon
(p-type)

sharing between adjacent strips.. The
particle position is measured by inter-
polating the Charge read by adjacent pix— FIGURE 2.7: Drawing of the path of the elec-
els (or strips), reaching a precision much trons and holes inside the pixel detector [58].
greater than the pixel (strip) width.

p*- impiant (-300V)

Pixel detector

The pixel system [59] is the part of the tracker that is closest to the interaction re-
gion. The modules have silicon pixels with a surface of 100 x 150 pm? and 285 yim
thick. Their spatial resolution is 15-20 um in the transverse coordinate (r¢ for the
barrel) and 20-40 pm in the longitudinal one.

The pixel detector is exposed to large radiation and it suffers most the radiation
damage due to proton-proton collision. CMS has substituted the original pixel de-
tector with a new one during the 2016-2017 shutdown, therefore the data analyzed
in this work have been taken with two different pixel detectors. The original one
has been used for 2016 data taking, while the new one for 2017 and 2018 data. The
pixels that compose the detectors are identical, the differences lie in the electronics
and in the layer positions.

The pixel detector is divided in a barrel region (BPIX) and a forward region (FPIX).
The original BPIX had three cylindrical layers at radii 4.4, 7.2, and 10.2 cm while
the new BPIX has four cylindrical layers at radii 3.0, 6.8, 10.9, and 16.0 cm and 54.9
cm long. Adjacent modules overlap 0.5-1.0 mm in the ¢ direction and there is no
overlap in the z-direction.

The original FPIX consisted of four disks, two at each endcaps, located at z = £34.5
and z = 146.5 from 6 to 15 cm radius. The new FPIX is composed of three disks
in each encap and each disk is divided into inner and outer rings. The disks are set
at 29, 40, and 52 cm from the interaction point, they radially cover from 4.5 to 16.1
cm, and the modules are rotated of 20° and placed in a turbine-like geometry. The
modules of the inner rings are also tilted of 12° respect to the radial direction to
enhance the charge sharing above mentioned. New BPIX and FPIX together ensure
a four-hit measurement for all the tracks with || < 2.5. Figure 2.6 shows transverse
and longitudinal sections of the original and the upgraded detectors.
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Ficure 2.8: (left) Transverse sections of the pixel detectors, the region under the beam line

shows the original detector while the region above shows the current one. (right) Longitu-

dinal sections of the pixel detectors, the left side of the drawing shows the original detector
while the right side shows the current one. [59].

Strip detector

The four subdetectors TIB, TID, TOB and TEC are made of microstrip modules and
surround the pixel detector. The strip shaped diodes have different dimensions,
their width vary from 80 to 205 ym and their length from 8.5 to 20 cm. The strips
length runs along the beam in order to have a precise measurement of r¢ at the
expense of the z coordinate.

The strip subdetectors are equipped with both single-side and double-side modules.
The latters are made of two modules mounted back-to-back with the strip tilted by
an angle of 100 mrad. This setting allows to measure the longitudinal coordinate and
improves the measurement of r¢. Moreover, when more than one particle crosses
the same module, the solution of the ambiguities in pairing the coordinates is sim-
plified as shown in Figure 2.9. Figure 2.6 shows the single-side and the double-side
modules of the strip detectors.

The spatial resolution of the silicon microstrips is very different from one module
to the other, depending on the strip dimensions and the location. The resolution of
the TIB and TID modules varies from 15 to 40 gm, while in TOB and TEC from 20
to 50 um. The double-side modules can measure the longitudinal coordinate with a
resolution that is larger by a factor of 10.

2.2.2 The Calorimeters

The calorimeters are located outside the tracker and inside the solenoid. They are
used to measure the energy of the electromagnetic and hadronic showers and there-
fore they can detect photons and neutral hadrons. Therefore the tracker and the
calorimeters are able to provide an energy measurement of all known long living
particles that proton-proton interactions may produce.
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FIGURE 2.9: Two different strips disposition possibilities. On the left two strips are tilted by
an angle of 90°, on the right they are tilted by 100 mrad. Magenta filled circles represent
the positions in which particles cross the detector. The left disposition produces ambiguous

The electromagnetic calorimeter

results [60].

The electromagnetic calorimeter (ECAL) [61] is the calorimeter closer to the interac-
tion point and it is divided into two parts: the barrel (EB) and the endcaps (EE). The
barrel covers up to || < 1.479, while the encaps cover the regions 1.479 < |n| < 3.0,
moreover a preshower is placed in front of EE covering the regions 1.653 < || < 2.6.
Figure 2.10 shows the longitudinal section of the Electromagnetic Calorimeter.
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FIGURE 2.10: Section and coverage in 7 of the Electromagnetic Calorimeter [52]

The ECAL is made of lead tungstate (PbWO,) crystals, 61200 are in the EB while
14684 in the EE. The PbWO, has been chosen because it has a high density p = 8.28
g/ cm®, a short radiation length X; = 0.89 cm, a sall Moliere radius’ Ry = 2.2 cm,
and a very fast response. This properties allows the calorimeter to have a compact

"Moliere radius is the radius of the cylinder containing on average 90% of the shower energy.
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shape, fine granularity and is radiation resistant.

The crystals are active materials, therefore they both induce electromagnetic shower,
and generate scintillation light to measure the energy. The scintillation light pro-
duced is in the visible range with a peak at 420-430 nm and it is detected by avalanche
photodiodes placed at one end of the crystals. Crystals reaction has to be very fast
in order to distinguish subsequent bunch crossings, about 80% of the light is emitted
in 25 ns.

The crystals have a truncated square pyramid shape with the smaller base posi-
tioned towards the interaction points. In order to avoid cracks to be aligned with
particle trajectories, the pyramid axis does not pass exactly through the interaction
point but it is tilted by a few degrees in both ¢ and 7. The barrel crystals are 23 cm
long corresponding to 26 X, while endcaps crystals are 22 cm which is 25 X,,. The
angle coverage is approximately 0.0174 X 0.0174 in i) — ¢ (about 1°) therefore also
the cross sections are different among barrel and endcaps. The bases are 22 x 22
cm? and 26 x 26 cm? in the barrel while 28.6 x 28.6 cm? and 30 x 30 cm? in the en-
caps. Figure 2.11 shows a picture of a crystal with the photodetector at the rear end.

The preshower is a sampling calorime-
ter made by two layers. Each layers is
composed by a lead radiator that initi-
ate the shower and a silicon strip de-
tector placed just after the radiator. In
total the preshower is 20 cm thick and
about 3X;. The preshower is used to
help distinguish high energy photons
from 7, that appear as two very close
photons.

The energy resolution of the electromag-
netic calorimeter has been measured with
electron beams with momenta between 20 and 250 GeV. The resolution can be
parametrized as the sum of three source

FIGURE 2.11: Endcap crystal with photodetec-
tor at the end. The crystal emits and it is
transparent to visible light [52].
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The first term is the noise and it is due to electronics and pile-up, independently

of the energy. The second term is the stochastic term and it models the stochastic

processes of the electromagnetic shower and of the electronics readout. The last

term is the constant term and it is mainly due to energy scale calibration.

A typical energy resolution is shown in Figure 2.12 and it is

PDc

op  0.28%  12%
= O —= B 0.3%
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with E in GeV.
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FIGURE 2.12: ECAL energy resolution as a function of the electron energy measured during
a test-beam [52].

Hadronic calorimeter

The CMS hadron calorimeter (HCAL) [62, 63] is a sampling calorimeter designed for
hadron measurements and it is the only detector available to measure the energy of
the neutral hadrons. It provides a wide angular coverage to allow a good measure-
ment of the missing transverse energy (see sec.3.2). The CMS hadron calorimeter
has four major sections: the HCAL barrel (HB), the HCAL endcaps (HE), the HCAL
outer (HO), and the HCAL forward (HF). Figure 2.13 shows the four main regions
of the hadronic calorimeter.

HB and HE are placed in between ECAL and the superconducting solenoid there-
fore it is essential to use non ferromagnetic materials. The absorber is made of brass
because brass has a short interaction length and it is easy to shape. Plastic scintil-
lators are used as active material and the light is converted by wavelength-shift
fibers to the silicon photomultipliers. HB covers the region |n| < 1.4 while HE is
in 1.3 < || < 3.0. The plastic scintillator tiles have different dimensions in barrel
and encaps: the granularity is 0.087 x 0.087 in HB and it is 0.17 x 0.17 in HE in the
1 — ¢ plane. The thickness of the calorimeter varies from 5.8 A; at 7 = 0 to 10.6 \;
at |n] = 1.3; the electromagnetic calorimeter adds about 1.1 A; of material.

The HO is arranged outside the magnetic coil, it covers || < 1.26 and it is made
of 10 mm thick scintillator with the HB angular segmentation. It is divided in 5
rings, each of them has one layer of scintillators, except the central ring which has
two of them. The HO uses the solenoid as an absorber therefore a dedicated ab-
sorber is not added. It has been installed in order to complement the central part
of the calorimeter and to ensure that hadronic showers are sampled with nearly 11
hadronic interaction lengths.
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FIGURE 2.13: Longitudinal section of HCAL showing the location of HB, HE, HO and HF
[63].

The HF is a Cherenkov calorimeter made of a steel absorber and quartz fibers, it
is located at 11.2 m from the interaction region and it covers up to |n| = 5.2. The
fibers are arranged longitudinally through the absorber with a spacing of 5 mm and
they are used to collect Cherenkov light generated from the shower. The fibers in
the same 7 X ¢ channel bring the light to multi-anode tubes that convert the optical
signal into an electrical one.
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F1GURE 2.14: HCAL transverse energy resolution as a function of the measured jet divided
in pseudorapidity sections [62].

The resolution of the calorimeter is parametrized as
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The resolution measurements have been fitted for different range in pseudorapidity,
corresponding to different parts of the HCAL and it is shown in Figure 2.14. The
coefficients are about A ~ 1 and B ~ 0.1.

2.2.3 The Muon System

Electrons and photons produced in proton-proton interactions are absorbed by the
ECAL. Hadrons are almost entirely absorbed by the HCAL because of the high num-
ber of interaction lengths. Muons do not interact strongly and their energy loss due
to ionization is about 3-4 GeV when crossing the detectors. Therefore muons with
momentum larger than 3-4 GeV can be detected by dedicated chambers mounted in
the external part of the detector, those chambers are called muon chambers [64, 65,
66, 67].
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FIGURE 2.15: Anr-z cross section of the CMS detector, the interaction point is at the low left
corner. The various muon stations are shown in colors while the iron yoke is represented
in dark grey. M stands for Muon, B for Barrel and E for Endcap [67].

Four different types of gas detector are used for muons: the drift tube chambers
(DT), the cathode strip chambers (CSC), the resistive plate chambers (RPC), and
the gas electron multipliers (GEM). The chambers are placed outside the solenoid
and they are interleaved with the iron of the return yoke to make full use of the
magnetic return flux that is about 1.8 T. This arrangement allows a standalone mea-
surement of the muon momentum which is useful for the trigger and for the off-line
matching between the muon chamber track and the tracker one. The presence of
electromagnetic showers due to the iron and the unavoidable cracks due to supports
and cabling complicates the track reconstruction. Therefore a highly redundant de-
sign has been chosen for the muon chambers setting. Figure 2.15 shows the layout
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of the muon system.

In the barrel, muons are measured by drift tube chambers composed by 2.4 m long,
13 mm high and 42 mm wide drift tubes (DT). The DT are gas detectors made by a
mixture of 85% Ar + 15% CO, and they are organized in 4 stations. A DT chamber
is composed in two or three superlayers (SL), each one split in four layers of drift
tubes. The 3 innermost stations have three SLs: two SL have the wires parallel to
the beam line in order to measure the ¢ coordinate, one has the wire perpendicular
to the beam line in order to measure the z coordinate. The outermost station has
only the two SLs that measure ¢. The SLs are the smallest independent unit of the
design. The resolution of a single tube is 250 ym on r¢ coordinate and the resolu-
tion of one station is 100 um. Figure 2.16 shows the structures of one chamber and
the sketch of a cell.

/\lunn

(a) (b)

FiGUre 2.16: (a) DT chamber inside the return yoke in the r — ¢ plane. The three SLs are
visible: the ones close to the RPC measure the ¢ coordinate while the third measure the z
coordinate.

(b) Drawing of a cell of the drift chambers [52]

The cathods strip chambers (CSC) are multiwire proportional chambers with trape-
zoidal shape covering the region 0.9 < |n| < 2.4. Each chamber consists in 6 layers
of anode wires interleaved by cathods strips as shown in Figure 2.17. The strips
run radially and they have widths from 3.2 mm and 16 mm. They measure the ¢
coordinate by interpolating the induced charges, similarly to what is done for the
tracker measurements. The obtained resolution is in the range between 80 yum and
450 pm for one layer and between 75 pm and 150 pm for the chambers. The wires
are perpendicular to the strips in order to measure the pseudorapidity of the muons.
Their diameter is 50 m and they are spaced by 2.5 or 3.175 mm. The pseudorapidity
resolution is 0.01-0.04.

The resistive plate chambers (RPC) and the gas electron multipliers (GEM) are gas
detectors that use an electric field to amplify the ionization. In both detectors the
signal is read by silicon strips with a coarse resolution and both RPCs and GEMs
measure the crossing time of a muon faster than the 25 ns between two consecutive
bunch crossings, therefore they are used as fast triggers.

Figure 2.18 shows the muon resolution as a function of the transverse momentum
in barrel and endcaps. The resolution is shown for muon system only, for tracker
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FIGURE 2.17: (left) Layout of a CSC. The cut-out reveals the anode wires and the cathods
strips, only few wires are shown. (right) Drawing of a cell of the drift chambers [52].

only, and for the combined measurement. Muon system became relevant for high

energy muons.
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FIGURE 2.18: Momentum resolution for simulated muon tracks measured by the muon

chambers only, the tracker only and the full system [52].

2.2.4 The Trigger System

The high frequency collisions produce an amount of data impossible to store by
CMS therefore a drastic reduction has to be achieved. A trigger system performs the
event selection rejecting the events considered less important for physics analysis.
The selection is applied in two steps: the first one is called Level-1 trigger (L1)[68]
and it is made by programmable electronics, the second one is called High Level
Trigger (HLT)[69] and it is a software program.
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Level-1 Trigger

The task of the Level-1 trigger is to perform the first event selection. It reduces the
number of events from the bunch crossing rate 40 MHz to less than 100 kHz. During
the decision time, the information of the events is recorded in local buffers with 128
memory cells. Since the time between two bunch crossing is 25 ns, a decision has to
be taken in 3.2 us. Taking into account signal propagation delays, L1 calculations
have to be made in less than 1 ps. L1 performs the skim mainly based on single
object events, if the event is accepted the information are read from every pipeline
memory and they will be used by the HLT.

The L1 trigger uses only coarsely segmented data from calorimeters and muon de-
tectors and it is organized in a tree level architecture. At the bottom end there are
the calorimeter trigger towers, which measure the energy deposit in the calorime-
ters, and the muon signal from DT, CSC and RPC, they are also called local triggers.
The second level is composed by the global muon trigger and the global calorimeter
trigger which combines the infomation from the local triggers. At the top, the L1
global trigger puts together all the information and performs the final decision.

Each muon system has its own trigger logic. The trigger front-end of the Drift Tubes
provides a rough measurement of 77 and ¢. Muon segments are found separately in
anode and cathode electronics in Cathode Strip Chambers. Cathode signal is used to
measure the ¢ coordinate while anode signal is used to determine the exact bunch
crossing. Either DT and CSC are used to fit straight lines. The muons are assumed to
originate from proton-proton collisions and their curvature is computed using the
position of the beam interaction point and the line measured by the muon station.
This measurement of the muon curvature provides an estimate of the transverse
momentum. The multiple scattering strongly affects the pr measurement resulting
in an uncertainty of 10%. Figure 2.18 shows the transverse momentum resolution
of the muon measured by the muon system only. The uncertainties at low momen-
tum is dominated by multiple scatering effects. The RPC logic is based on spatial
and temporal coincidence of hits in four RPC muon stations. The RPC also helps in
resolving spatial and temporal ambiguities in multi muon events.

Tracks measured by DT, CSC and RPC are gathered by the global muon trigger,
which tries to correlate the measurements among each other, if two candidates
match their parameters they are combined to give optimum precision. It also ac-
cesses the calorimeter tower to compute the isolation of the muons and sort the
found tracks by pr and quality. The top 4 muons are sent to the global trigger. The
global trigger collects all the objects sent by the regional triggers. Every object con-
tains its coordinate (7, ¢) so that different thresholds can be applied as a function of
the location. It also handles triggers requiring objects to be close or opposite. The
final decision is passed to the Time and Trigger control system which transmits the
result to each subdetector and lets the events be read.
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High Level Trigger

The HLT is a software trigger executed on a multiprocessor farm placed aside the
experiment. It has access to the whole detector readout and therefore it can per-
form complex calculations. The HLT is made by chains of filters and producers
called trigger paths. The producers compute physics objects (track, cluster, energy,
mass...) from the information of the event, the filters decide if the event has to be
rejected or not based on the available information. HLT producer modules are pro-
grams similar to the ones used for the offline reconstruction, many of those are
simplified in order to reduce execution time. If an event passes at least one trigger
path, it is recorded on disk. Thanks to the HLT, the recorded event rate is about 1
kHz.

Some trigger paths may select events with a rate which is too large for CMS. When
this happens only a fraction of selected events are recorded. This cut is random and
it is called prescale. Prescaled trigger paths are present in both L1 and HLT. Those
triggers are used to measure the efficiency of triggers with tighter requirements
with respect to the prescaled one.
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Physics Objects
reconstruction

The interesting events for the H— i search are identified by the presence of two
muons in the final state. Moreover, the Higgs production via VBF channel is charac-
terized by the presence of two high energy quark-jets and low hadronic activity in the
rapidity gap among the two jets. In this chapter, it is described how the physical objects
of interest for the analysis are identified and reconstructed in CMS.

3.1 Track Reconstruction

Each detector described in section 2.2 measures signals generated from specific par-
ticles crossings. Signals from all CMS detectors are collected and saved whenever
the event is triggered as explained in 2.2.4. Once data are stored, offline software
runs all over the events in order to reconstruct and identify all the detected parti-
cles. This section describes the algorithm that reconstructs the trajectories of the
charged particles from the tracker hits.

The first step of the reconstruction consists of processing the tracker readout to
build hits. The tracker hits are the best estimates of the points where the charged
particles have crossed the tracker modules. Each charged particle produces a se-
quence of tracking hits that identify the particle trajectory. The software used to
reconstruct particle trajectories at CMS is called Combinatorial Track Finder (CTF)
[70] and it is based on the Kalman filter [71]. The final collection of tracks is pro-
duced by a multiple steps procedure called iterative tracking.

The iterative tracking consists of repeating several times the CTF track reconstruc-
tion sequence. The first iterations search for the easier tracks to find, tracks with
high transverse momentum and several pixel hits. The algorithm moves progres-
sively to searching for more complex tracks, loosening track quality criteria. At
each iteration, the hits associated with reconstructed tracks are not considered in
order to reduce the combinatorial complexity and simplify the next iterations.

Figure 3.1 shows the efficiency of track reconstruction of CTF as a function of the
particle pr. All the iteration are visible in different colors. Specialized tracking
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FIGURE 3.1: Tracking efficiency as a function of the track pr in simulated events with the

new pixel detector. The iterations are shown in different colors [72].

iterations are included in the plot as final steps but they are not included in the CTF
algorithm.

3.1.1 Tracking iteration

Each iteration of CTF is composed of four steps, the main differences between the

iterations lie in the configuration of the seed generation (first step) and in the final
track selection (last step). The steps are the following:

« Seeding - The initial parameters of the tracks are defined by the seeding. The

helical paths are described by 5 parameters, therefore at least three hits are
needed to identify a candidate track (alternatively, two hits with additional
constraints on the origin of the track can be used). The seeding algorithm
generates all the possible combinations of initial hits that identify all the pos-
sible tracks. The initial hits used to generate the candidate tracks are called
seeds. To limit the number of hit combinations, the seeds are required to meet
certain conditions. In particular, in the first iterations of the CTF algorithm,
the seeds must have small curvature and they must be compatible with a track
originating from the proton-proton interaction region. The seed conditions
are gradually loosening at each iteration of the CTF algorithm. Pixel seeding
is preferred because of the lower occupancy and the better resolution. More-
over, nuclear interactions rise the number of tracks in the outer part of the
tracker and it would raise the number of seeding and the computational cost
in the outer tracker. Strips with double-side modules are also used in the last
iterations.

The current pixel detector has four layers and the best seeds have four hits
now. Seeding configuration is shown in table 3.1 for all iterations.
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Iteration Seeding Target

1 4 pixel prompt, high pr (initial)
2 3 pixel prompt, high pr

3 4 pixel prompt, low pr

4 3 pixel prompt, low pr

5 4 pixel displaced

6 3 pixel displaced

7 3 pixel+strip  displaced

8 3 inner strip  displaced

9 3 outer strip  displaced

TaBLE 3.1: Seeding and target tracks of each tracking iteration.

« Track finding - The track finding procedure is based on the Kalman filter
method. The tracks found by seeding are extrapolated to the external lay-
ers one by one. A new hit is searched in each layer, compatible with the
estimated crossing point, and if it is found the parameters of the track are
updated with the new measurement. After the parametrization update, the
procedure keeps extrapolating with the next layer. Because of tracker ineffi-
ciencies, some tracker hits may be missing. Therefore, when no hits are found
in the next layer the track finding algorithm proceeds searching for compat-
ible hits in the layer after.

More than one compatible hit cluster can be found during the procedure. In
this case, all the compatible hits are considered and a different candidate track
is built for each one. The best candidate is chosen on the normalized Xz and
the number of valid hits and it is promoted to track, while the other candi-
dates are discarded. When the outward extrapolation is completed, an inward
searched is performed from the outer hits to improve the hit collection effi-
ciency. Lastly, a trajectory cleaner is applied at each pair of tracks in order to
identify particles reconstructed more than once.

+ Track fitting - After the track finding stage, the complete set of hits is avail-
able for each track. A fit procedure is then performed in order to obtain an
optimal measurement of the track parameters. Hit positions and uncertainties
are also improved by the track fitting.

« Track selection - A final track quality selection is applied as the final step
in order to reduce fake rate. The selection is a function of p, 7, the number
of layers with valid hits, and the iteration number.

The tracking efficiency and fake rate are shown in Figure 3.2 as a function of track
pseudorapidity. The 2016 performance is compared with 2017 one, the two are dif-
ferent mainly because of the pixel detector upgrade. The detector efficiency is al-
most flat in the barrel region and it significantly improves in the region 1.6 <|n|<
2.0 where the new disks provide one hit more than than the previous ones. Either
efficiency and fake rate improved with the new pixel detector. Efficiency and fake
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FIGURE 3.2: Vertex transverse resolution as a function fo the number of associated tracks
(a) and the number of reconstructed vertices as a function of the generated ones (b) [72].

rate have been also measured in data with similar results.

Charged particle tracks are identified by five parameters: the momentum, polar and
azimuthal angles, and the transverse and longitudinal impact parameters. Figure 3.3
shows the resolutions of the transverse and longitudinal impact parameters in 2016
and 2017 in tt simulated events. The impact parameters resolutions are 100--200
pm in the transverse plane and 100<-500 ym in the z-direction.
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FIGURE 3.3: Transverse (a) and longitudinal (b) impact parameter resolutions as a function
of the track pseudorapidity [72].

3.1.2 Primary vertex reconstruction

After the described reconstruction, all the tracks are extrapolated backward to find
the position of proton-proton interaction they originate from. In a bunch crossing,
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there are several proton-proton collisions, therefore not all tracks point back to the
same point. The interaction points, called primary vertices, are found using only
well reconstructed tracks with no displacement.

Atfirst, a track clustering is performed in z using the annealing algorithm [73]. Then
the adaptive vertex fitter (AVF) [74, 75] is used to find the primary vertex from a
collection of tracks. The AVF is an algorithm that fits the vertex position iteratively.
At each iteration, each track is weighted with a function of the Xz obtained from
the previous iteration. The AVF consists of performing an initial fit to the primary
vertex using all the tracks in the collection. Then, at each iteration tracks with high
x? obtain smaller weights thus their contribution gradually vanishes. Instead, the
weights of the tracks that have good compatibility with the vertex go asymptotically
to one. Therefore only the tracks with low v? are used to find the vertex position.

The more tracks are used in the fit, the more precise is the vertex. Figure 3.4a shows
the vertex resolution in the transverse plane, longitudinal resolution is slightly
worse mainly because of the size of the pixels. Figure 3.4b shows the number of
reconstructed vertices as a function of the number of generated proton-proton col-
lisions.
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FIGURE 3.4: Vertex transverse resolution as a function of the number of associated tracks (a)
and number of reconstructed vertices as a function of the generated ones (b) [72].

Not all proton-proton collisions are studied in generic searches. One vertex in each
bunch crossing is chosen and studied, it is called primary vertex. All the others
are treated as noise and their products are not considered, those vertices are called
pile-up vertices. The primary vertex is chosen as the one with the largest ) pzT
where the sum is performed over all the objects reconstructed with the particle
flow algorithm described in the next section.
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3.2 Particle Flow

CMS, like many other high energy physics experiments, is composed of several
subdetectors. The subdetectors are made by different technologies and they aim
to measure different kinds of particles. As many other experiments do, also CMS
could merely use the only subdetectors information to particle measurement. Nev-
ertheless, in order to improve particles identification and momenta resolution, an
algorithm that combine all the single subdetector measurements has been devel-
oped and used since Run 1. This algorithm is the particle flow algorithm [76].

Particle flow provides a global event reconstruction and it reconstructs a compre-
hensive list of final-state particles. This approach significantly improves the mitiga-
tion of pile-up effects, moreover, it allows a much better reconstruction of jets (see
section 3.5), missing energy, and tau leptons, which are not covered in this thesis.
The final list of objects returned from the particle flow algorithm is used to derive
composite physics objects. They are named PF candidates.

The first step of the object reconstruction is performed independently within each
CMS subdetector: silicon tracker reconstructs charged particles as described in 3.1,
ECAL and HCAL cluster energy deposits separately, and muon chambers detect
muons outside the solenoid. Then, signals in different detectors that may be caused
by the same physic object are linked. The links are made if there is geometrical com-
patibility between the concerned objects and a link distance is defined to quantify
the quality of the link. In order to reduce the computational cost, only the nearest
neighbors are considered for the link building.

The particle flow algorithm proceeds in steps. The steps are described below and
they run in the same order as follows.

Muon reconstruction

Muon reconstruction is the first step in the PF algorithm. In order to identify muons,
it associates segments in muon chambers with inner tracker hits and it checks the
compatibility of the two track momenta. Different selection criteria are applied to
identify isolated muon and muons in jets, in order to deal with hadron misidentifi-
cation. Whenever a muon is identified, the associated tracks in the tracker and in
the muon system are removed from the list of unassociated objects.

Electron and photon reconstruction

Tracks are extrapolated to the calorimeters in order to link them with energy de-
posits. The extrapolation is computed up to one radiation length in ECAL and one
interaction length in HCAL. If the extrapolation falls within the cluster area en-
larged by one cell in each direction the link is built and the relative link distance
is defined as the distance between the two objects in the 7-¢ plane. If one track is
linked with more than one calorimeter cluster, or one cluster is linked with more
than one track, the PF algorithm keeps only the link with the shortest distance.

Electrons and photons identification is performed using tracks from the tracker and
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ECAL energy deposit. Photon candidates are identified by a cluster in ECAL without
any linked track. Moreover, photons often convert into e” e~ pair inside the tracker
material. In order to take care of photon conversion, a dedicated conversion finder
has been developed. If the sum of the two tracks momenta are compatible with the
original photon direction, the tracks are removed from the PF element collections
and their sum is promoted to photon.

Electrons are identified by a track linked to an electromagnetic cluster. Electrons
have non-negligible probability to emit bremsstrahlung photons inside the tracker
material, therefore tangents to the electron trajectory are extrapolated to the ECAL
from each intersection point between the track and the tracker layers. An ECAL
energy deposit is linked to the track as a potential bremsstrahlung photon if it is
compatible with any tangent to the electron trajectory. Bremsstrahlung photon
clusters have enlarged ¢ windows in order to take into account photon conversion
at the edge of the tracker material.

The energy of the electrons is measured by combining the information of ECAL
and the tracker, while the direction is taken from the track direction. Photon energy
is measured by ECAL and its direction is taken as the direction from the primary
vertex.

Hadron reconstruction

After muon, electron and isolated photon are identified and removed from the PF
element lists, PF proceeds with hadron identification. Energy deposits in HCAL
with no linked tracks are identified with neutral hadrons while energy deposits in
HCAL with associated tracks are identified with charged hadrons. In the latter case,
the energy cluster is compared with the track momentum. If the two energies are
compatible, a charged hadron is identified and its momentum is determined by a
weighted average of the HCAL energy and the track momentum. If the two en-
ergies are not compatible, a neutral hadron is identified out of the cluster energy
excess. Similarly, if an energy excess is found in ECAL that is not compatible with
charged hadron identified deposit, a new non-isolated photon is identified. This is
very common in jets, where about 25% of the energy is carried by photons. Outside
the tracker acceptance, there is no way to recognize charged particles, therefore
ECAL+HCAL are simply tagged as hadronic shower.

Secondary vertices reconstruction

Prompt hadrons can have nuclear interactions with the tracker material. These in-
teractions are reconstructed and the tracks coming from the secondary vertex are
linked by the PF algorithm. Then, the secondary charged particles are replaced by
a single primary charged hadron.

Event post processing

The particle identifications described above are the result of an optimized combi-
nation of the information of all subdetectors, however particle misreconstructions
and misidentifications are inevitable. In general, these errors in reconstructions are
difficult to identify, however in rare cases, they are detectable by looking at global
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FIGURE 3.5: Resolution of the missing transverse momentum in tt events [76].

event variables, like the missing transverse momentum pjﬂfiss. The missing trans-
verse momentum is defined by the negative sum of all the PF object momenta and
it should be compatible with zero if neutrinos are not present in the event. Some-
times very high pT'"* events are due to cosmic muon matching with a tracker parti-
cle, sometimes they are due to misreconstruction or misidentification of a genuine
muon. Figure 3.5 shows the pT"*° resolution when PF algorithm is run and when

calorimeters information only are used.

3.3 Muons

Muon reconstruction [77] is almost independent of the particle flow algorithm.
Muon tracks are reconstructed independently in the tracker as explained in sec-
tion 3.1 and in the muon chambers. Therefore three different kinds of muon objects
are built.

Standalone muon tracks are build using muon chambers information only. Their
reconstruction is performed from CSC and DT segment used as seeds and using
Kalman filter similarly to what is done for the tracker.

Tracker muon tracks are built "inside-out" from the tracker. Tracker tracks with
pr > 0.5GeV and p > 2.5 GeV are propagated from the tracker outside the solenoid.
Tracks are matched to the segments in the muon chambers if the relative distance
is less than 3 cm in the r¢ or its relative uncertainty is smaller than 25%.

Global muon tracks are built "outside-in", matching standalone muon tracks with
the associated tracker track. A final fit is performed using the Kalman filter in order
to provide a better measurement of the muon parameters.

Muon momentum is computed from a simultaneous fit of the standalone muon track
and the tracker track by the Tune-P algorithm [78]. The Tume-P algorithm performs
several different fits and chooses the pr measurement from the one with the best
quality of the fit. The algorithm has been validated with cosmic rays, in proton-
proton collisions, and in simulated events with different misalignment scenarios.
Moreover, momentum and invariant mass distributions have been studied in order
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to ensure than the algorithm does not bias the momentum measurement.

Several muon variables have been studied to define different selection criteria to
identify muons. Those criteria divide muons in several identification types with
different efficiency and purity so that any analysis can choose the more convenient
muon collection. The main indentification types are "loose", "medium", and "tight".
Loose muons are PF muons that are either tracker or global muon. Medium muons
are loose muons that have valid hits in at least 80% of the tracker layer they traverse.
Moreover, medium muons must have y%/ dof < 3 and a position compatibility be-
tween the tracker track and the standalone muon trajectory of Y% < 12. Tight muons
are loose muons with at least 6 associated hits in the inner tracker. The muon must

be compatible with the primary vertex and the global fit must have Xz < 10.

An important criterion to distinguish prompt muons from muons coming from
hadron decays in jets is the isolation. The isolation is the estime of the total pr
of the PF particles emitted in a cone of R=0.4 around the muon:

I = Z pr + max(0, Z pr+ Z pr-p70) (3.1)

charged neutral v

where the sum over the charged particles considers the ones coming from the pri-
mary vertex only, and the p?U is an estime of the pile-up neutral particles. The
contribution of neutral particles coming from pile-up is computed by summing all
charged hadrons originating from pile-up vertices and scaling it by a factor of 0.5.
The factor 0.5 is an estimate fo the neutral to charged hadron production ratio in
inelastic proton-proton collisions. The energy contribution from neutral particles
in isolation is set to be positive.

Two working points are generally used to select isolated muons. The loose iso-
lation is defined to have 98% efficiency and it selects muons with Ij,,/pr < 0.25. The
tight isolation selects muons with Ij,,/pr < 0.15 and it have efficiency of 95%. These
values have been tuned and tested in simulated Z — p~p* and multijet events.

The efficiencies of muon identification and isolation have been studied with the
tag-and-probe method. The total muon efficiency is factorized as:

€ = €track X €reco+ID X €Iso X Ctrig

and the four factors have been studied separately. The efficiency of track recon-
struction is €;4.,. The term €,,.,,jp contains reconstruction and identification ef-
ficiencies. The isolation efficiency is €[5, and €, is the trigger efficiency. Scale
factors for muon efficiency are derived from data/MC comparison and applied for
the analysis.

Figure 3.6 shows the reconstruction and identification efficiency €,,.,,p measured
in data in 2015. The loose identification efficiency exceeds 99% over the entire 7
range, and agreement between data and MC is within 1%. Figure 3.7 shows isolation
efficiency for muons that pass the tight identification criteria as a function of the
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pseudorapidity and of the momentum.
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(a) and of the momentum (b) of the muon. The statistical uncertainties are smaller than the
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3.3.1 Transverse momentum resolution

The sensitivity of the H — pu search strongly depends on the width of the dimuon
mass peak. The contribution of the expected theoretical Higgs boson decay width
to the mass peak width is negligible, therefore the width of the dimuon mass peak
depends uniquely on the experimental resolution. The direction of the muons is
measured with high precision (about 0.1 < 1 mrad for muons with py >10 GeV),
hence the resolution on the invariant mass is dominated by the muon momentum
uncertainty.
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There are two main sources of uncertainty that determine the transverse momen-
tum resolution: the first one is the multiple scattering of the muon with the detector,
the second one is the non-infinite precision of the hit positions.

Multiple scattering effects depend on the

CMS simulation
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tum uncertainty as a function of the muon pt. For each bin, the half-widths of the
residual distribution containing 68% and 90% of the events are computed and they
are shown in the plot.

Figure 3.9 shows the transverse momentum resolution for the muons with momen-
tum 70 GeV, that is the typical muon momentum in the H— pu search. The res-
olution is 1 + 2% in the barrel region where differences in resolutions are caused
by the multiple scattering. Instead, in the endcaps, the resolution gets significantly
worse as a function of the pseudorapidity. The reason is that the level arm used to
perform the measurement is reduced for muons with || 2 1.5.
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FIGURE 3.9: Transverse momentum resolution in data and in simulation as a function of the
pseudorapidity for muons with momentum of 70 GeV [79].
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The resolution of the muon momentum strongly depends on the muon pseudo-
rapidity. Consequently, the resolution of the dimuon invariant mass depends on
the pseudorapidities of the two muons. Whenever the two muons are central, the
dimuon mass is measured precisely. In the case of one muon is central and one is
forward, the mass is measured with less precision. When both the muons have high
pseudorapidity the invariant mass has low resolution. Figure 3.10 shows the aver-
age dimuon mass resolution under the Z peak. In the left plot, both the muons in
the events are central while in the right plot at least one muon is not in the barrel
region. The resolution in the second case is worst in the entire p7 spectrum and the
reason is that one of the muons is measured with smaller precision.
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F1GURE 3.10: Dimuon mass resolution at the Z peak as a function of muon transverse mo-

mentum. Each dimuon event is counted twice since each muon in the event is filling the

histograms. The values in each bin are obtained from the average of the distribution within
the bin for data and simulation [80].

An additional source of error in the momentum measurement is the uncertainty due
to the muon momentum scale. In CMS, the muon momentum scale is measured as a
function of n using Z and J/W events. Its contribution is less than 0.2% [81] therefore
it does not contribute significantly to the dimuon mass uncertainty.

3.3.2 Final state radiation recovery

In a small fraction of events, muons from Higgs decay radiate a photon, this process
is called final state radiation (FSR). In those cases, the dimuon invariant mass is re-
duced because the photon momentum is not taken into account. This effect causes
a long tail in the invariant mass distribution, degrading the resolution of the signal
peak. Moreover, if the photon falls in the isolation cone of the muon it can increase
the relative isolation of the muon and reducing the selection efficiency. In order
to avoid these effects, a procedure has been developed to recover FSR of selected
muons, similarly to the one used in [82].

The procedure is applied to all muons with py > 20 GeV and || < 2.4. Firstly, all the
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photons within a cone of AR = 0.5 around the muon tracks are considered. Pho-
tons that lie in the window 1.44 < || < 1.57 or that are already associated with the
bremsstrahlung of electrons are ignored. Remaining FSR photon candidates are dis-
carded if the sum of the pr of all particles in a cone of 0.3 around the photon, muon
excluded, is greater than 180% of the pr of the photon or if AR(x, )/ pZT(W) > 0.012.
Furthermore, in order to avoid H — Zv — uuy decays the photons are required
to have pr(7)/pr(i) < 0.4. In case of multiple choice, the photon with the smallest
value of AR(u, )/ p2T(7) is chosen.

Whenever this procedure associates a photon with the muon radiation, the mo-
menta of the two particles are added and the sum is identified with the muon mo-
mentum. Moreover, the photon is ignored from the isolation sum defined in equa-
tion 3.1. The described FSR recovery procedure improves the signal efficiency of
about 2% and the mass peak resolution of about 3%.

3.4 Electrons

Electrons are reconstructed by a mixture of standalone approach [83, 84] and PF al-
gorithm. Electrons lose energy via bremsstrahlung effect in tracker material, there-
fore part of the energy of the electrons is spread over several ECAL crystals. The
energy radiated before ECAL is on average 33% of the original electron energy at
n = 0, while it is about 80% at = 0. Figure 3.11 shows the fraction of energy lost
by electrons in data and MC in Z — ee events.

The energy is estimated by a multivariate technique that takes into account either
the track measurement either the cluster energy. The resolution is about 5=-10% in
the endcaps and it reaches 2% in the barrel for high energy electrons.

Bremsstrahlung photons alter electron trajectory in the tracker, therefore charge
can be mismeasured, especially at || > 2. In order to measure the electron charge,
three different methods are used and the charge sign is chosen as the one shared
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and simulated (solid histogram) events, and from background enriched events (triangles).
The distributions are normalized to the area of Z — ee data distribution [84].
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by at least two methods. Two measurements are provided by the curvatures of the
track fitted with KF and with the gaussian sum filter (GSF) method [85]. The third
one is given by the sign of the difference in ¢ of the ECAL energy deposit and the
first tracker hit. The combined three methods provide a misidentification probabil-
ity of 1.5% for Z — ee events without any further selection.

CMS developed many algorithms to identify prompt electrons and efficiently re-
ject other background sources like photon conversions or hadron misidentifications.
Some of them are simply cut based selections, while others combine several vari-
ables in multivariate techniques. The electron identification algorithm currently
used by CMS is multivariate discriminant that exploit a great number of discrimi-
nating variables. Figure 3.11 shows one of them in the range 0.8 < |n| < 1.44.
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A significant fraction of reconstructed of the electron p measured for the multivari-
electrons are misidentified hadrons or ate identification [86].
are genuine electrons originated from
a hadron decay. In both cases, several particles are close to the fake electron in the
1 — ¢ plane. In order to identify those non-prompt electrons an isolation selection
can be applied. Electron isolation is equivalent to muon one and it is defined by eq.
3.1, but in case of electrons, the sums are performed with PF particles that are in a
cone of R=0.3 within the electron.

In the H — pu search, only electrons with || < 2.5 and pr > 20 GeV have been
considered: they are used to tag vector bosons. Moreover, because of nonoptimal
reconstruction performance, electrons in the region between the ECAL barrel and
endcaps 1.44 < || < 1.57 have not been considered.

3.5 Jets

Almost every collision at LHC produces scattered high momentum quarks and glu-
ons. Quarks and gluons cannot be observed free due to QCD confinement, they
instead fragment, producing a narrow cone of hadrons that carry most of the mo-
mentum of the original parton. Those sets of collimated particles are the evidence of
quarks and gluons and they are detected as jets. High energy jets usually originate
from hard scattering processes but many more jets are present in a generic event.
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These additional jets come from the underlying event and from pile-up collisions,
they are also called "hadron activity".

Jet clustering algorithms are defined to select the particles originating from one
high momentum quark or gluon. Their task is to identify collimated tracks and
gather them into a single object called jet. The momentum of the jet is defined by
the sum of the momenta of all the particles that compose it and it is considered the
momentum of the original parton. The jet momentum has to be a good proxy of the
original quark or gluon momentum. This feature is very important when jets are
used to mass resonance searches.

A good jet clustering algorithm has to be infrared and collinear safe. It is infrared
safe if the final selection of particles does not change because of a very low energy
gluon emission from one of the particles in the event. It is collinear safe if the final
selection of particles does not change when a particle is replaced by two almost co-
linear particles with a total momentum which equals the one of the initial particle.
Collinear and infrared safeness is very crucial for a clustering algorithm because it
ensures the stability of the jet collection under low 0% QCD processes.

Several jet clustering algorithms exist, the most used ones are the kp [87], Cam-
bridge/Aachen [88] and anti-kt algorithm[89]. They belong to a class of sequential
recombination algorithms and their use depends on the particular study. They all
are infrared and collinear safe. In CMS, jets are clustered from particle-flow objects
using the anti-k algorithm, it is implemented by FASTJET [90, 91] with small com-
putational cost [92].

The sequential procedure to reconstruct the jets depends on two parameters, n and
R, and it is as follows.

Make a list with all the candidate particles for the algorithm (usually thay are all the
particles from the primary vertex): they are called protojet. Then execute the following
steps:

1. Compute the distance dij for each protojet pair and the distance d; for each pro-
tojet:

A

d;; = min(ky, k;)—*

R
d; = kp;

where Aj; = \/(77,' - 77j)2 + (¢ - ¢j)2

2. Let dy,;y, be the smallest among all the d;; and the d;. If dy,;, is one of the dy;,
merge the protojets i and j in a single protojet with four-momentum equal to the
sum of the four-momenta of i and j. If d,,;,, is one of the d;, promote the protojet
i to jet and remove it from the protojet list.

3. It there are some remaining protojets, go back to point 1.
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This procedure merges protojets only if their angular distance is smaller than R. In
CMS, the standard clustering distance used is R = 0.4, but jet with R = 0.8 are also
used in heavy particle searches.

The parameter n characterizes the algorithm. The k algorithm corresponds to the
choice of n = 1, so it associates first particles with small transverse momenta. The
Cambridge/Aachen is identified by n = 0, therefore it associates the closest particle
in the 1 - ¢ plane without considering the momenta. The anti-k7 algorithm has
n = -1, thus particles are clustered around the most energetic ones.

3.5.1 Calibration

Like all experimentally-reconstructed objects, jets need to be calibrated in order to
have the correct energy scale. The jet energy correction (JEC) is computed using the
same approach of the 8 TeV calibration [93] and it is factorized in three main steps:
the pile-up offset corrections, the simulated response corrections, and the residual
corrections.

Pile-up offset refers to the additional contribution of jet energy and momentum be-
cause of pile-up interactions. Proton-proton collisions in previous and subsequent
bunch crossing also contribute to energy deposit due to the finite signal decay time
in the calorimeter therefore two different effects are considered: the in-time pile-up
(IT PU) and out-of-time pile-up (OOT PU). The OOT PU is mitigated by calorimeter
signal processing. The IT PU is corrected by removing the particles coming from
pile-up interaction. The charged ones are simply identified and removed, the neu-
tral ones are subtracted by estimating the median energy density p per-event. All
the corrections are parametrized as a function of 7, pr, and the jet area.

The simulated response corrections are derived and applied after the pile-up off-
set corrections. They are determined in simulation by comparing the jet energy
with respect to the generator level jet one.

The residual corrections are determined by comparing data/MC. Firstly, the re-
sponse of jet over a wide range in pt is corrected relative to the one of barrel jets
(In| < 1.3). This is called the relative jet correction ad it is determined with a sam-
ple of dijet events with low statistical uncertainty. Then, jets are calibrated up to
1 < 5.2 exploiting the transverse momentum balance at hard-scattering level with
a reference object. This second step is performed in Z/y+jet events and it is called
absolute correction.

Corrections for the jet energy scale (JES) are derived for jets with pr > 10 GeV
and || < 5.2 with uncertainties less than 3%. Figure 3.13 shows the pile-up offset
and the simulated response corrections for barrel jet.

The jet energy resolution (JER) is measured after applying JES in data and MC
events. The method used for determining the JER is the same as the one used for
JES, but the width of the distributions is studied instead of the means. The JER is
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FIGURE 3.13: Average values of the ratii of measured jet py to particle-level jet pr as a func-

tion of particle-level jet pr 5 at various stages of JES: before any corrections (left), after

pile-up corrections (middle), and after all JESs (right). Distributions corresponding to dif-

ferent average numbers of pileup interactions per bunch crossing (1) are shown separately
[93].

extracted as a function of pr, 7, jet size R, and the pile-up interactions. The typical
resolution is 15-20% at 30 GeV, about 10% at 100 GeV, and 5% at 1 TeV in the cen-
tral rapidity region. As mentioned in 3.2 jet energy measurements are accurate due
to PF algorithm. Figure 3.14 compares the energy resolution of PF jets momentum
with jets measured from calorimeters only.
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FIGURE 3.14: Jet energy resolution for barrel (a) and for endcaps (b). The comparison be-
tween PF jets and calorimeter jets is shown [76].

Jets are usually ordered by transverse momentum. In this work, jets referred as
leading are the one with the highest transverse momentum in the event, while the
subleading jets are the one with the second highest transverse momentum.

3.5.2 Identification of b-jets

The identification of b quarks is very important for either new physics searches
either standard model measurements. Several algorithms have been developed by
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CMS [94, 95] in order to identify jets originating from b quarks, called b-jets. Jets
coming from light quarks and b-jets look similar, in fact, there is no difference in
their reconstruction. However, B hadrons are always produced in b hadronization
and the B hadrons can be exploited to identify the presence of b-quark.

B hadrons are long living particles with ¢7 ~ 500 pm, thus a B with pr in the
range 10100 GeV decay after 0.1+-1 cm on average. The first layer of the CMS
pixel barrel is placed at 3 cm from the interaction point therefore B hadrons cannot
be directly measured but they are identified by measuring their decay products.
Particles coming from the B decay show a sizable impact parameter (IP) with re-
spect to the primary vertex because of the B long lifetime. In addition, B hadron
semileptonic branching fraction is significantly higher than for other hadrons, and
the leptons show a high transverse momentum relative to the jet direction due to
the large B hadron mass (~ 5 GeV). Moreover, the B decay point can be measured
using the tracks of the B decay inside the b-jet and the invariant mass of the par-
ticles compatible with the secondary vertex can be computed and compared with
the B hadron mass. B hadrons decay to charmed hadrons (D) with a large branch-
ing fraction. D hadrons have non-negligible lifetime (¢t ~ 300 ;zm) therefore more
than one secondary vertex can be reconstructed within b-jets.

Many observables can be used to discriminate between b-jets and non-b-jets. Some
b-tagging algorithms use just one of those observables, while others combine more
than one for better discrimination.
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F1GURE 3.15: Distributions of the IP (a) and Sjp (b) for tracks in jets originating from different
quarks hadronizations. The first and the last bins include overflow and underflow entries
[95].

The track counting (TC) is a b-tagging algorithm that relies on one observable only:
the impact parameter significance (Syp). Particles coming from B decay are charac-
terized by having an IP of 100=-500 sm and they are measured with a resolution of
about 30 um. Also, the sign of the IP has discriminating power, it is defined as the
sign of the scalar product of the jet direction with the IP direction. Tracks from B
decay have mostly positive IP. Prompt tracks can have non zero IP because of res-
olution and multiple scattering but the distribution of their IP is symmetric around
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zero. TC algorithm computes the impact parameter significance for each track

S IP
P =

o1p
where is the IP uncertainty, and it sorts the tracks by this parameter. Two versions
of the algorithm are used: the track counting high efficiency (TCHE) where the out-
put of the algorithm is the Sjp of the second track in the ordered list and the track
counting high purity (TCHP) where the output is the Sjp of the third track in the
ordered list. Figure 3.15 shows the distribution of the Sjp for tracks in b-jets and in
non-b-jets.
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F1GURE 3.16: Distribution of the CSVv2 (a) and DeepCSV (b) discriminators for jets of dif-
ferent flavours in tt events [95].

Several algorithms exploit more than one variable to discriminate b-jets from non-
b-jets. The jet probability (JP) combines the information of IPs of several tracks
therefore it can be considered a natural extension of the TC algorithm. The com-
bined secondary vertex (CSV) is another algorithm that uses even more information
about tracks within the jet, moreover, whenever secondary vertices are found, CSV
exploit their four-momentum. An improved version of the combined secondary
vertex CSVv2 has been developed during Run 2, Figure 3.16 shows its distribution
for jets originating from quarks of different flavours.

Deep learning techniques have been largely used in the last years. In particular,
deep learning has been employed for improving the identification of the b-jets. The
DeepCSV algorithm has been developed using a feed neural network with four fully
connected hidden layers, each with 100 nodes. The input variables were the same
as the CSVv2 ones, but they have been linearly transformed in order to have mean
zero and a root-mean-square value of unity. Figure 3.16 shows the distribution of
the DeepCSV tagger.

Three working points are defined for each b-tagging algorithm: loose (L), medium
(M) and tight (T). The working points have been extracted in multijet events with
pT =30 GeV on average and correspond to a misidentification rate of 10%, 1%, and
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0.1% for loose, medium, and tight respectively. Figure 3.17 shows the misidentifi-
cation probability of several algorithms as a function of the b-quark identification
efficiency. This analysis makes use of the DeepCSV discriminator at the loose and
medium working point.

Efficiency and misidentification of b-tagging
algorithms have been measured in data

and scale factors have been extracted in

bins of 7 and p7 and the discriminator
itself. Efficiency has been calibrated in
b-enriched samples obtained selecting

leptons or in tt events. Misidentifica- E o ! !

tion scale factors have been derived in TN R i eticiency
Z+jets samples where one jet is used as
tag. Scale factors are close to one but
all algorithms perform slighly better in
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3.5.3 Gluon/Quark jet discrimination

As known both from first principles and a large collection of experimental mea-
surements, hadronic jets produced by gluon fragmentation show differences with
respect to jets initiated by quarks. These differences have been extensively studied
and validated [96, 97], and they have been exploited by many analysis to discrim-
inate between gluon-jets and quark-jet in Higgs and electroweak searces [98, 99,
100]. The Gluon/Quark likelihood (QGL)[101] is a probability tagger that discrimi-
nates gluon-jets from quark-jets.

The QGL is built from three variables based on the jet constituent’s information
provided by the PF algorithm. Only particles that are well associated with the jet,
or with pr > 1 in case of neutral, are taken into account. The three discriminating
variables are described below:

« The jet constituents multiplicity
The multiplicity is a simple and well studied property. The quark-jets tend to
have a smaller number of constituents respect to gluon-jets. This variable is
particularly discriminating for high pt jets where the average quark-to-gluon
multiplicity ratio would converge to 4/9 [102].

+ The jet constituents minor RMS in the n¢ plane
The jet pp-weighted shape in the 7¢ plane is approximated by an ellipse. The
ellipse is identified by the minor and a major axis length and orientation. The
minor axis length is used for building the Gluon/Quark likelihood and it is
particularly useful for low pr jets. In order to find the minor axis length, the
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pr-weighted axis of the jet is computed and the 2x2 matrix M is build

2 A2

My = ZPT,:’ATH
i

2 A2

My = ZPT,1A¢1'
i

My = My = ZPZT,iA¢iAUi

1

where the sum is performed all over the constituents, p ; is the transverse
momentum and An; and A¢; are the pseudorapidity and azimuthal distance
between the constituent and the jet axis.

Let A\; and A, be the major and the minor eigenvalues of the matrix M, the
pr-weighted minor axis length is

A
2 - 2
ZiPT,i

« The jet internal p distribution
Quarks fragmentation produces hard constuents that carry a significant frac-
tion of the jet energy. The jet fragmentation distribution is defined by

\/ ZiPZT

prD=—"—F——
ZiPZT

where the sum runs over the consituents. This variables is generally smaller
for gluon-jets.
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Ficure 3.18: QGL input variables distribution for quark and gluon simulated jets [101].

Figure 3.18 shows the distribution of the three described variables.

The QGL has been validated using Z+jet events as quark enriched sample and dijet
events, which are gluon enriched. Moreover, data-driven scale factors have been
computed and fitted with polynomial functions to be applied separately for quarks
and gluon jets in MC events. Figure 3.19 shows the QGL output distribution in data
and MC for the two enriched samples.

In this analysis, all the MC events include those polynomial corrections while un-
corrected events have been used to estimate the systematic uncertainty.
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FIGURE 3.19: Data-MC comparison for the QGL output distribution in (a) Z+jet events and
(b) dijet events. MC events include the polynomial corrections and the contribution of quark
and qluon jets are shown separately [101].

3.5.4 Additional "soft" hadron activity

Hadronic jets are reconstructed taking into account neutral particles measured in
calorimeter towers. Such a method provides a good measurement of the original
parton energy but it is very sensible to pile-up effects. An alternative jet collection
is build using charged particles only, called “track jets”. Track jets have an excel-
lent angular resolution and they contain tracks unambiguously associated with the
primary vertex. Track jets [103, 104] are a clean and well studied object used to
reconstruct the hadronization of partons, they can efficiently measure low energy
jets down to few GeV and they are mainly used to avoid pile-up noise. Therefore
track jets are often used to estimate the additional hadron activity.

In order to build the track jets, tracks satisfying the following requirements have
been considered

« have a high purity quality flag,
+ have pr > 300 MeV,

« are not associated to the Higgs decay leptons, nor to the selected two pp-
leading jets in the event,

« make minimum |d,(PV)| when associated to the event hardest primary vertex
(PV),

« satisty |d,(PV)| <2 mm with respect to the hardest PV.

Track jets have been build by clustering the selected tracks with the anti-kp cluster-
ing algorithm with distance parameter R = 0.4. In this analysis, track jets kinematic
variables have been considered in order to separate signal from backgrounds. In
paricular, the following variables have been taken into account
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« the transverse momentum of the leading track jets.

. %Oft, H(Szcjf}, H(S;;f}, H(Sloof)tT: the scalar pr sum of the soft track-jets with trans-
verse momentum pr >1, 2, 5, and 10 GeV respectively;

. NZSOft, NSSOft, fgft: the multiplicity of the track jets with transverse momen-
tum pr >2, 5, and 10 GeV respectively;
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Chapter 4

Search for H — pup with CMS
Run 2 data

We implemented four dedicated searches of H — . decay for the four main Higgs
production channels. The search in the channels ggH, ttH, and VH adopt the same
data-driven strategy and they are presented in this chapter while the VBF dedicated
search that I developed is described more in detail in the next chapter. The results are
combined among the four searches and they are shown in chapter 6.

4.1 Introduction

The analysis presented in this work aims to provide a measurement of the Higgs-to-
muon couplings. In order to maximize the sensitivity of the Higgs to muons decay,
a dedicated search has been performed for each production channel: gluon-fusion
(ggH), vector boson fusion (VBF), vector boson associated production (VH), and top
quark-antiquark associated production (ttH). Each search exploits the signature of
the channel under study, and the final results have been combined and published in
a common paper [105]. In VBF, VH, and ttH channels, the amount of signal is much
smaller than the ggH channel. Nevertheless, the channels with less Higgs events
have lower amounts of background events, therefore all the channels contribute
significantly to the combination.

This thesis dedicates focuses in particular on the VBF channel search, to which I
contributed directly. The VBF channel is the second one by cross-section and has
the best overall sensitivity. Chapter 5 is fully dedicated to the VBF channel. The
searches in the channels ggH, VH, and ttH, which were carried out by other groups
inside the CMS collaboration, and the common preselection and categorization (that
is also relevant for VBF search) are presented in the following sections, in order to
provide a complete description of the Higgs to muons decay measurement. The
combination of the results from all the channels is shown in chapter 6.

The study has been performed using the proton-proton collision data collected by
the CMS detector in the years 2016-2018, corresponding to an integrated luminosity
of 137.4 fb™!. The result from this work has been combined with the one from data
recorded at /s =7 and 8 TeV corresponding to 5.1 fb~! and 19.1 fb™!. The final
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combination improves the results of about 1% and it is shown at the end of chapter
6.

4.2 Common preselection and categorization

A loose preselection is common to all the abovementioned searches. The prese-
lected events are divided among the four searches with complementary cuts. The
cuts exploit the signatures of the VBF, VH, and ttH production modes and define
the phace space under study. The priority has been given to those three channels
because they have larger signal-to-background ratio. All the remaining events are
classified as ggH candidates and they are considered in the ggH dedicated search.

The triggers perform the first step of _
the selection. The signal events con- ; ‘Bzcmsworkmpmgress e
tain two prompt muons coming from
the Higgs decay. The pr distribution
for the leading muon (see Figure 4.2)
has a turn on at about 40 GeV and peaks
around 60 GeV, therefore signal events
can be selected with high efficiency us- E
ing single muon triggers. The L1 trig- g )
ger requires at least one standalone muon p,(leading muon) [GeV]
in the muon chambers with a py thresh- o
old of 22 GeV. After that, the HLT Sin- FIGURE 4.1: Dlstrlbu’Flon of thé tr'ansverse

. . momentum of the leading muon in simulated
gle Muon trigger selects events with at .

_ Higgs events. The last bin includes overflow

least one reconstructed muon with p > and underflow entries
27 GeV in 2017 and with pp > 24 GeV '
in 2016 and 2018 in order to ensure fully trigger efficiency.

a.u

After the trigger selection, the events are reconstructed as described in chapter
3. The offline selection requires the presence of two reconstructed muons with
medium identification criteria. Moreover, the muons must have opposite charge,
pr > 20 GeV, || < 2.4, and they have to pass the loose isolation. Lastly, at least one
muon must have pr > 29 GeV for 2017 events and pr > 26 GeV for 2016 and 2018
events.

Higgs events produced via ttH channel contain two t-quarks in the final state. The
t-quarks decay to b-quarks [106], therefore ttH events contain also two b-jets. Those
events are extracted from the preselected sample thanks to the DeepCSV algorithm
described in section 3.5.2. Events containing two loose b-tagged jets or one medium
tagged jet with pp > 25 GeV and |n| < 2.5 are classified as ttH events. These events
are further divided into leptonic and hadronic categories: leptonic ttH are the events
containing any additional leptons while hadronic ttH are the events with no addi-
tional leptons. Events that do not fit the ttH category are subsequently divided
among the other three channels.

Events without any b-tagged jet but containing additional leptons fall into the VH
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I Single-muon Trigger + Dimuon baseline selection
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FIGURE 4.2: Summary of the logical definition of each category from the baseline selection.

category. VH category is split into two subsets: ZH and WH. VH events containing
two additional muons or two additional electrons are labeled as ZH, while events
with one additional lepton only are in the WH category.

Events with two hadronic jets with momenta py > 35 GeV for the leading jet and
pr > 25 GeV for the subleading one, with a pseudorapidity distance Anj; > 2.5 and
an invariant dijet mass mj; > 400 GeV are classified into the VBF category. The
residual events are about 96% of the initial sample and they fall into the ggH cate-
gory which is mainly composed of either events with less than two jets or events
with no additional leptons. Figure 4.2 shows the tree defining the event categoriza-
tion.

The VBF, ttH, and VH searches apply additional cuts in order to further reduce the
background and obtain a better signal-to-background ratio. Each analysis aims to
select and study Higgs bosons produced by a specific process. However, it may
also select events coming from the other channels. Table 4.1 shows the number of
signal expected events divided by production channels in the four H — 14 searches.

Specific multivariate techniques are used in each channel to enhance the signal-
to-background separation. Moreover, the events are eventually split into further
subcategories in order to improve the final results. The ggH, VH, and ttH searches
follow the same analysis strategy consisting of a fully data-driven background es-
timation from fits to the dimuon mass spectrum. The three analyses are described
in the following sections and the final results will be shown in chapter 6.
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Higgs production | ggH search VBF search ttH search VH search
ggH 825 20.7 2.8 0.0
VBF 38 26.4 0.3 0.0
ttH 0 0.0 6.7 0.3
VH 27 0.6 1.3 3.7

TaBLE 4.1: Expected signal events in the four searches divided by production channel.

4.3 Gluon-fusion channel

In this section, the search in the ggH channel is described. Signal events in this cat-
egory have no aditional signature beyond the dimuon narrow resonance, therefore
they are difficult to identify and distinguish from the background ones. The VH
and ttH dedcated searches can rely on much specific signal signatures that help in
signal-to-background separation. However, the gluon-fusion cross-section is much
larger than the other production channels ones therefore the search in the ggH
channel relies on the signal statistical power.

The most important background in the ggH category consists of the Drell-Yan (DY)
production of off-shell Z/y bosons decaying into a muon pair. DY process repre-
sents about 90% of the total amount of background. Other sources of background
are present even if less relevant. The most significant ones are diboson production
(WW, WZ, and ZZ), tt events, and single top events where the t-quarks decay to
muons.

The most discriminating feature between signal and background is the dimuon mass
(m,,,), which has a sharp peak around 125 GeV for the signal and it decreases mono-
tonically for the background. However, many other variables can help in signal-to-
background separation. The most important among those is the pr of the dimuon
system, which is slightly harder in case of Higgs boson events with respect to the
DY events.

The analysis strategy can be summarized in the following steps. A m,,, independent
multivariate discriminator is built in order to separate as best as possible signal-like
events from background-like ones. Then, the discriminator is used to divide the
events in different subcategories. The dimuon mass distributions are used for each
subcategory: at first, they are fitted in a mass blinded window in order to describe
analytically of signal and background, and lastly, the signal strength is extracted
from a simultaneous fit among all the subcategories.

In order to adopt the described strategy, the multivariate discriminant output and
the dimuon mass have to be highly uncorrelated. Therefore the variables used in
the discriminator have to be uncorrelated with the mass, moreover, the mass has to
be uncorrelated with any combination of the input variables.
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4.3.1 Multivariate discriminator

The Multivariate discriminator is built using the TMVA package [107]. A Boosted
decision tree (BDT) is trained on MC samples separately on each of the three years
in order to take into account differences in detector performance and reconstruc-
tion. The BDTs are trained using the Gradient Boost method with the same setting.
The settings used for the training are shown in table 4.2 Many other settings or
methods have been tested but no significant gain has been observed. A complete
description of Boosted Decision Trees is available in appendix B.

Category | Trees Shrinkage Bagged fraction node size Depth  Separation
ggH 1000 0.1 0.5 >3% 4 CrossEntropy

TABLE 4.2: Settings used in training the BDTs of ggH search.

The trainings are performed using half of the available simulated samples in the
mass range 115 < m;,, < 135 GeV. The background samples used in the training
consist of DY, tt, single top, and diboson events, while signal samples include events
from ggH, VBF, VH, and ttH productions that pass the ggH category selection.

The kinematic variables used as inputs in building the BDT are several. Four vari-
ables related to the two muons are used. Two of these variables are the dimuon
transverse momentum p‘%ﬂ and pseudorapidity and 7),,,. In addition, the Collins-
Soper variables ¢ g and cos 6 g described in appendix A are used. This set of vari-
ables does not contain information about the dimuon mass. Single muon variables
are also included: the pseudorapidity of the muons 7, and 7),,, and the the trans-

- - [ [
Verse'momentg relative to the dimuon mass p-'/ m,,,, and 7t/ m,,, are added as
BDT input variables.

Further, in order to enhance signal-to-background separation, variables carrying
jet information are added in case jets are present. First of all, the total number of
jets in the events is used. Then, whenever the events contain one jet only with
pr > 25 GeV, the jet momentum, jet pseudorapidity, and the azimuthal and pseudo-
rapidity distances between the dimuon system and the jet An(uu, j) and Ao(up, j)
are included in the input list.
Whenever the events contain two or more jets with py > 25 GeV, additional vari-
ables that can help to target the presence of VBF and VH signal are considered. The
variables related to the dijet system mj;, An;; and A¢j; of the two leading jets are
used as well as the angular separation of the dimuon system with the subleading jet
An(up, jo) and Ad(u, jo). Lastly, the BDT takes as input the Zeppenfeld variable
defined by
M~ (M, +1j,)/2
15, = 105
This variable is a linear transformation of the dimuon pseudorapidity, and its value
is |z*| < 0.5 when the dimuon pseudorapidity falls in between the jet pseudorapidi-
ties, and it is |z*| > 0.5 otherwise.

Z°(H) = (4.1)
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The analysis is very sensitive to the dimuon mass resolution, therefore each event
is weighted by 1/0,,, in the training. The mass resolution is not used as input in
the training thus it is not used in evaluating the BDT and the final score is not an
explicit function of 0,,,. Several tests have been done using also the mass resolu-
tion as input variable but no significant changes have been observed: the reason is
that the BDT could learn the mass resolution from single muon variables such as

pT/muu and un

In order to understand the dependence of the mass resolution from the BDT score,
the full width half maximum (FWHM) of ggH signal mass distribution is extracted
for different cuts in the BDT output from a fit with a double-side crystal ball function
(DCB)

—(mw—m)z/(szz)

—ay, < (mMM - ﬁl)/U < QR
DCB(mMM) = (|ZI£|)HL X e —af/2 X (aL| log | - (m _ f)/or) L (muu o < —ay
2 - A
(|aR|) X €Rjy % (\aR| |og| - - )/o) ™ (m,,, — Mo > ag
(4.2)

The DCB consists of a gaussian core defined by the mean m and the standard devi-
ation 0. The tails are described by power-low functions with parameters n; and oy
for the low mass tail and ny and oy for the high mass tail. The FWHM is shown in
Figure 4.3a for each cut in the BDT score. The monotone trend demonstrates that
the BDT has learned the importance of the mass resolution.
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FIGURE 4.3: (a) FWHM of the dimuon mass distributions as a function of the BDT cut. (b)
Dimuon mass distribution for background events in specific BDT score ranges.

Two tests are performed in order to confirm that the BDT does not contain any in-
formation about the signal peak. One is comparing the BDT output for gluon-fusion
simulated events at different Higgs mass hypotheses. The distributions are compat-
ible for masses within the range 120 < mpy < 130 GeV. The other one is comparing
the background dimuon mass shapes as a function of the BDT score, as shown in
Figure 4.3b. The BDT bias does not sculpt the mass distribution either at low score



4.3. Gluon-fusion channel 61

or high score, thereby demonstrating that the BDT output is not sensitive to the
dimuon mass.

Given such a BDT, a cut in its output score would have two main effects. Firstly,
the cut would increase the signal-to-background ratio. Then, the selected signal
sample would have a better mass resolution than the initial sample. The improved
resolution would lead to a better signal extraction.

4.3.2 Categorization

At this stage, a further categorization of the events belonging to the ggH phase
space is performed using the BDT output. The adopted procedure is iterative and it
is applied to the sum of the signals and backgrounds from the three years.

An initial fit of the dimuon mass distribution is performed using all the events in
the range 110 < m;,, < 150 GeV, and the expected significance is extracted from
the fit. The signal is fitted with the DCB, while the background is modeled with a
modified Breit-Wigner function (mBW) [47]

2
FZ eaz mulu+a3 muu

(muu - mZ)a1 + (I_‘Z/z)a1

mBW(mML; myz, 'z, a1, ay,a3) = (4.3)

where the parameters a;, a,, and a3, are free to float and, m, = 91.19 GeV and
I'; = 2.49 GeV are the Z boson mass and width [106].

Then, the BDT output is scanned in quantiles of 1% of signal efficiency from low to
high score. For each quantile, the events are divided in two sets, therefore 99 pairs
of sets are considered (0% and 100% are excluded). For each possible pair of sets, a
simultaneous fit in the two sets is performed and the significance is extracted. The
optimal position of the subcategory boundary is chosen as the one that provided
the best significance. This procedure is repeated from two subcategories to three
and so on, in order to define additional subcategory boundaries. The iteration is
stopped when a further split would not increase the significance of at least 1%.

Five subcategories are defined by this iterative procedure and they are labelled
"ggH-cat1", "ggH-cat2", "ggH-cat3", "ggH-cat4", "ggH-cat5", corresponding to 0-30,
30-60, 60-80, 80-95, 95-100 signal efficiency quantiles. The "ggH-cat1" subcategory
contains the events with the lower BDT scores while the "ggH-cat5" subcategory
contains the events with the higher. In order to verify the robustness of the subcat-
egory boundaries and of the method used, the same procedure is repeated with a
signal sample produced by a different generator. The same number of boundaries
is found and the ranges are in agreement within 2%, suggesting that they are not

related to a particular generator.

The boundaries and the BDT output are shown in Figure 4.4. The distributions of
all the backgrounds are stacked and the signals distributions are shown separately.
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4.3.3 Signal extraction

The signal is extracted by a simultaneous maximum-likelihood fit to the dimuon
mass spectrum in the five defined subcategories. Signal and background distribu-
tions are modeled via analytical functions and the overall normalizations are ex-
tracted from the fit.

The mass distribution of the gluon-fusion Higgs is modeled with a DCB in each
subcategory. Few residual Higgs events from the other three production modes are
present in every subcategory. The distributions of VBF, VH, and ttH productions
are also modeled with DCBs in each subcategory. The DCBs parameters are deter-
mined from simulation and they are not allowed to vary in the final fit. Instead, the
mass m and the resolution o parameters are constrained to be the same for all the
DCBs are they are allowed to float in the fit.

There is not any theoretical principle that states the best parametric function for
the background description, therefore several functions have been taken into con-
sideration. The adopted description tries to maximize the expected sensitivity while
introducing a negligible bias and it is referred to as the core-pdf method.

The core-pdf method has been chosen because of the following two features of the
background. The background composition is constant across the BDT output, there-
fore the background composition is the same for all the subcategories. On the other
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hand, the kinematic properties of the events changes along with the BDT score,
and the background shape of the dimuon mass is not exactly the same in all the
subcategories. The core-pdf method consist of modeling the background with a
core function common to all the subcategories multiplied by a different function for
each subcategory. The parameters of the core function are extracted from a simul-
taneous fit across all the categories. The core function is multiplied by a third-order
polynomial in ggH-cat1 and ggH-cat2, while it is multiplied by a second-order poly-
nomial in ggH-cat3, ggH-cat4, and ggH-cat5. The parameters of the polynomials
are fully uncorrelated among the subcategories. The core function is obtained by
an envelope of three functions: the modified Breit-Wigner defined in Eq. 4.3, a sum
of two exponentials, and the product of a third-order Bernstein polynomial and a
non-analytical shape. The non-analytical shape is obtained by DY simulation events
generated at NNLO precision in QCD and NLO precision in EW theory.

The parameters of the functions obtained with the core-pdf method are directly con-
strained in the S+B fit, therefore by the observed data. The background contribu-
tion under the peak is estimated from the signal-free sidebands and its uncertainty
is mainly affected by the statistical power of the mass sidebands.

In principle, any parametric function used to model the background can bias the
result. The uncertainty due to the choice of the parametric function is estimated by
the following strategy. A background-only fit is performed in each subcategory us-
ing several different functions. The post-fit shapes are used to generate pseudodata
sets for all event subcategories. Then, the pdf-core method is used to fit the signal-
plus-background pseudodata and extract the injected signal. The median difference
between the extracted and the injected signal gives a measure of the bias due to
the choice of the background model. The bias estimated from this method would
change the total uncertainty of less than 1%, and therefore it is neglected.

Experimental and theoretical uncertainties are common among all the channel searches.
In order to avoid repetition, a complete description of error treatment is provided

in chapter 5. Figure 4.5 shows the data dimuon mass distribution and the post-fit
function used to describe signal and background in each subcategory.

4.4 ttH channel

The event selection of ttH search starts with the dimuon selection and with the b-
tagging requirement explained in section 4.2. The presence of tagged b-jets ensures
mutual exclusivity with the other searches and reduces the background arising from
DY and diboson events. Moreover, the oppositely charged muons must have an in-
variant mass between 110 and 150 GeV. The background at this point is mainly
composed by dileptonic tt events.

Events are divided in two categories: ttH hadronic and ttH leptonic. The leptonic
category contains events with one or two additional muons or electrons. In case
two additional leptons are present, they must have opposite charge, they must have
pr > 20 and they must have || < 2.4 if muons or || < 2.5 if electrons. In addition,
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red line represents the post-fit signal.
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their invariant mass has to be greater than 12 GeV and outside the Z mass window
|myy — my| > 10 GeV. Whenever more than one oppositely charged muon pair have
invariant mass within 110 and 150 GeV, the pair with the highest transverse mo-
mentum is chosen as the Higgs candidate. Moreover, ttH leptonic events must have
at least two jets with pr > 25 GeV and |n| < 4.7, and the leading one must have
PT > 35 GeV.

Events with no additional leptons fall in the ttH hadronic category. Events are fur-
ther reduced by requiring at least three jets with pr > 25 GeV and |n| < 4.7 and the
leading one must have py > 50 GeV. Moreover, at least one combination of three jets
must have an invariant mass within 100 and 300 GeV. Table 4.3 shows the selection
requirements of hadronic and leptonic categories.

Observable ttH hadronic ttH leptonic
DeepCSV score > 0 medium or > 1 loose

Number of leptons 2 3or4

Jet multiplicity >3 > 2

Leading jet pr > 50 GeV > 35 GeV

Jet triplet mass 100 GeV < myj; < 300 GeV -

Z mass veto - |mypy — my| > 10 GeV
Low mass resonance veto - myy > 12 GeV

TaBLE 4.3: Summary of the event selection criteria for the ttH hadronic and leptonic cate-
gories.

The same strategy of ggH channel is applied in this search. Firstly, a BDT is built in
order to separate signal from background in each category, then, the BDT score is
used to further divide the events in subcategories. Lastly, the dimuon mass spectrum
is fitted simultaneously among all the categories.

4.4.1 Multivariate discriminants

Distinctive kinematic properties of ttH process help to distinguish signal from back-
ground. Two different BDTs are trained: one for ttH hadronic and one for ttH lep-
tonic. The main backgrounds in the two categories are used in the trainings and
they are tt and DY+Jets for the hadronic category, while tt, ttZ, ttW, and WZ for
the leptonic one.

In order to avoid bias in the final fit, all the chosen variables are highly uncorre-
lated with the dimuon mass. The input variables can be divided in three families:
the ones containing information about the dimuon system, the one describing the
hadronic activity, and the one related to the t-quarks decay products. The majority
of the observables used as input are common between the two BDTs, then, dedi-
cated variables are added to exploit the particular features of the specific categories.

Common inputs comprehend muons kinematic variables. The candidate Higgs is
described by the dimuon transverse momentum p‘%“ , the pseudorapidity 7,,,,, and



66 Chapter 4. Search for H — pp with CMS Run 2 data

the Collins-Soper variables ¢ g and cos fg. Additionally, the pseudorapidities 7
and the transverse momenta relative to the dimuon mass pl%/ my,,, of the two muons
are considered.

The hadronic activity is described by the pr and 7 of the three leading jets in the
event, the number of selected jets, and the maximum score of DeepCSV of jets not
overlapping with leptons (AR(/,j) > 0.4). Moreover, several global variables are
included. The scalar (Hy) and vectorial (|I:I'Tmss|) sum of the transverse momenta of
all leptons and jets are added as well as the missing transverse momentum prT"iss.
Also the projection of p?’iss on the bisector of the dimuon system, called A [108],
is added.

The variables describing the kinematic of the t-quarks are different between the
two categories. The leptonic category considers the azimuthal angle between the
dimuon system and the pr-leading additional lepton. The invariant mass between
the pr-leading additional lepton and the jets with the highest DeepCSV score, and
the transverse invariant mass between the pr-leading additional lepton and p7****
are included too. Moreover, also the number of additional electrons is used as input.

In ttH hadronic events, identifying the jets produced from t-quark decay is not
straightforward. A dedicated algorithm has been developed in order to identify
t-quark decay, called resolved hadronic top tagger (RHTT). For each event, among
all combination of three jets with 100 < m;; < 300 GeV, the one with the high-
est score of RHTT is selected and the following variables are built and used in the
BDT: the pr of the t-quark candidate, the p balance of the t-quark candidate and
the dimuon pair, and the RHTT score of the jet triplet.

The trainings are performed in the mass window 115 < m,,,, < 135 GeV and 2016,
2017, and 2018 samples are combined in order to improve the statistical power.
Moreover, the events are weighted as the inverse of the dimuon mass resolution
as done in the ggH search. The settings used for the trainings are shown in table
4.4 for leptonic and hadronic categories. Both the BDTs show strong separation
between signal and backgrounds.

Category | Trees Shrinkage Bagged fraction node size Depth  Separation
ttH leptonic | 200 0.1 0.5 >5% 3 CrossEntropy
ttH hadronic | 600 0.1 0.5 >5% 3 CrossEntropy

TaBLE 4.4: BDT settings of the ttH leptonic and ttH hadronic BDTs.

4.4.2 Categorization and signal extraction

The events are divided in subcategories applying the iterative procedure used in
the ggH search. The procedure is applied with simulated events in the range 110 <
my,,, < 150. During this procedure, the signals dimuon distributions are fitted sepa-
rately with DCBs while the backgrounds ones are modeled with exponential func-
tions in each category.
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The hadronic category is divided in three subcategories called "ttHhad-cat1", "ttHhad-
cat2", and "ttHhad-cat3", corresponding to 0-70, 70-86, 86-100 signal efficiency quan-
tiles respectively. The leptonic category is divided in two subcategories at 52% signal
efficiency and they are labeled "ttHlep-cat1", and "ttHlep-cat2". Figure 4.6 shows the
BDT output distributions, the various backgrounds are stacked and the signals are
shown separately. The figure also shows the category boundaries in ttH leptonic
and ttH hadronic category.
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110 < my,;, < 150 GeV in ttH hadronic (a) and ttH leptonic (b). The dashed vertical lines

indicate the range between the minimum and maximum BDT score considered to define the

boundaries. The lower panel shows the ratio between data and the expected background
and its description is the same as in Figure 4.4.

Signal extraction is performed with a data-driven approach as done in ggH search.
The signal shapes are fitted with DCBs for each production mode in each subcat-
egory. The background is modelled with a second order Bernstein polinomial in
“ttHhad-cat1" and "ttHhad-cat2", a sum of two exponentials in "ttHhad-cat3", and a
single exponential in "ttHlep-cat1" and "ttHlep-cat2".

Since the underlying model of the background spectrum is not known, the choice
of the functions used to describe it may lead to a bias in the signal strength ex-
traction. In order to estimate the bias, the same strategy of ggH search is adopted.
Pseudodata sets are generated using different background models. Then, the sig-
nal is extracted with a signal plus background fit and the comparison between the
injected and extracted signal provides a measurement of the bias. The chosen back-
ground functions maximize sensitivity while keeping a neglectable bias.

Figure 4.7 shows the dimuon mass distributions in each ttH subcategory. The post-
fit functions used to model signal and background are shown.
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4.5 VH channel

VH search starts with the selection described in section 4.2. The b-jets veto excludes
events that enter in ttH channel, moreover, it reduces the tt background. Also, the
additional leptons requirement have the same purpose: it reduces the background
and it ensures mutual exclusivity with the other searches. Moreover, at least one
pair of oppositely charged muon must have 110 < m,,, < 150. The events are
divided as a function of the number of additional leptons: WH category contains
events with one additional lepton while ZH category contains events with two same
flavor oppositely charged additional leptons. In each category, several other dedi-
cated cuts are performed in order to further reject backgrounds while not signifi-
cantly reducing the signals.

In WH category, if the additional lepton is a muon, none of the two oppositely
charged muon pairs must have m;,, < 12 GeV or 81 < m,, < 101 GeV in order to
suppress quarkonium and WZ backgrounds. Moreover, if both the two muon pairs
have the invariant mass in the range 110-150 GeV, the one with higher transverse
momentum is chosen as Higgs candidate.

In the ZH category, equivalently to the WH category, any same flavor oppositely
charged lepton pair must have m,,,, < 12 GeV. In addition, the events are rejected if
they contain two distinct muon pairs with m;, , in 81-101 GeV in order to reduce ZZ
background. If the additional leptons are electrons, their invariant mass is required
to be in 70-110 GeV. If the additional leptons are muons, their invariant mass must
be in 81-101 GeV. If, after the described selection, more than one muon pair has
invariant mass compatible with the Z boson, the combination with the mass closer
to 91 GeV is taken as Z candidate.

The main backgrounds of WH category are WZ production, ZZ process where one
lepton is not reconstructed and DY with associated lepton production. In particular,
in WZ events the muon pair comes from an off-shell Z boson decay and its kine-
matic is very much similar to the signal one. The main backgrounds of ZH category
are the ZZ and ggZZ to 4 leptons. All the other contributions are negligible in this
channel.

The VH channel follows the same analysis strategy described in the previous anal-
yses. Within this baseline selection, the events are further divided in subcategories
by multivariate discriminators. Finally, the dimuon mass spectrum is fitted simul-
taneously using analytical functions to describe signals and backgrounds.

4.5.1 Multivariate discriminants

One BDT is trained in each category. The input variables are selected in order to
build BDTs not significantly correlated with the dimuon mass. The kinematic vari-
ables that discriminate most signal from backgrounds in the VH phase space are
the angles between the leptons in the events. The majority of inputs used are not
in common between the two BDTs and they are mentioned below. The only ex-
ceptions are the transverse momentum and the pseudorapidities of the dimuons
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system. Moreover, in both categories, a flag is used to take into account the flavor
of the additional leptons.

In the WH category, BDT includes A7y and A¢ between the additional lepton ¢
and the candidate Higgs, and between the additional lepton and both muons. The
transverse momentum of the additional lepton pr(¢) is also considered. In addition,
the transverse mass and the azimuthal separation between the additional lepton and
the I?Ifn "5 are added as inputs.

In the ZH category, the azimuthal difference of the muons A¢(uq, 1t5) is added.
Kinematic variables related to the Z boson are also considered. In particular, the
mass myy, the transverse momentum png, the pseudorapidity 7,y and the angular
distance of the two leptons AR(¢;, {5) are included. Moreover, the pseudorapidity
difference and the cosine of the Collins-Soper angle between Z and Higgs boson
candidates An(upu, £¢) and cos 0g(pp, €0) are added as inputs.

Differently from the previous analysis, the BDTs are trained in the mass window
110 < my,, < 150 GeV, and signal samples with different mass assumptions my =
120, 125, 130 GeV are all used to improve the signal statistical power. In both the
categories, all years samples are combined and used in the same training. Moreover,
the events are weighted with the inverse of the dimuon mass resolution as described
for ggH and ttH searches. The settings used for the trainings are shown in table 4.5
for ZH and WH categories.

Category | Trees Shrinkage Bagged fraction node size Depth  Separation
ZH 400 0.1 0.5 >5% 3 CrossEntropy
WH 500 0.1 0.5 >5% 4 CrossEntropy

TaBLE 4.5: BDT settings of the ZH and WH BDTs.

4.5.2 Categorization and signal extraction

The subcategories optimization strategy adopted by ggH and ttH searches is applied
to ZH and WH too. The signals are fitted with DCBs where the parameters n; and
ng are kept fixed at value 2.0 since they float in a large range without changing the
quality of the fit. In the procedure, the background estimation is performed using
the exponential modified Breit-Wigner function (BWZ) for each category. The BWZ
function is defined by:

Iy e Mun

— my)? + ([ 4/2)*

BWZ(mML; myz, 'z, a) = (4.4)

(M

The procedure divides WH in "WH-cat1", "WH-cat2", and "WH-cat3" while ZH in
"ZH-cat1", and "ZH-cat2". The boundaries correspond to 0-22, 22-70, and 70-100 ef-
ficiency quantiles for WH and to 0-52, 52-100 efficiency quantiles for ZH. Figure 4.8
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Ficure 4.8: BDT output distribution for data, signal, and background for the events with

110 < my,,, < 150 GeV in ZH hadronic (a) and WH leptonic (b). The dashed vertical lines

indicate the range between the minimum and maximum BDT score considered to define the

boundaries. The lower panel shows the ratio between data and the expected background
and its description is the same as in Figure 4.4.

shows the BDT output distributions for data and MC. The vertical dashed lines in-
dicate the positions of the boundaries.

The signal is extracted performing a simultaneous binned maximum-likelihood among
all the categories. The signals are modeled with DCBs while the backgrounds are
estimated by BWZ except for WH-cat1 where BWZ~ defined by

PZ e Mup eMyup

+(1-1)

(my,,, - mz)® + (T 7/2)° My

BWZ~y(m,,;;mz. L'z, af) = f (4.5)

is used.

The potential bias arising from the choice of the parametric functions are estimated
with the same method used in ggH and ttH analysis. Data are fitted with several
background models. The analytical functions describing the background that are
obtained from the fit are used to generate pseudodata sets. These pseudodata sets
are fitted with different background descriptions and they are used to extract the
signal. The median difference between the measured and injected signal yields es-
timates the bias due to the used parametric model. The chosen functions maximize
the sensitivity while keeping the bias negligible.

Figure 4.9 shows data distributions of the dimuon mass in each category along with
the post-fit functions describing signals and backgrounds.

Uncertainties and results of the three analyses will be presented in the next chap-
ters.
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FIGURE 4.9: Dimuon mass spectrum in ZH (a,b) and WH (c,d,e) categories, the background
has been extracted from the fit. The lower panel shows the residual background subtraction
and the red line represents the post-fit signal.
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Chapter 5

The H— pp search in the VBF
channel

In this chapter, the Higgs search in the VBF production channel is described in details.
The analysis starts with a loose selection, orthogonal to the searches described in the
previous chapter. Then, two multivariate techniques are tried to separate signal from
background: the Boosted Decision Tree and the Deep Neural Network. The discrimi-
nator building is described and an overview of the expected performance is provided.
Finally, the systematic uncertainties are discussed.

5.1 Introduction

The H — pu dedicated search in the VBF production channel completes the de-
scription of the Higgs-to-muon coupling measurement. The VBF channel provides
the most important contribution in the combined result of the four analyses and it
is the one where my personal effort focused.

The VBF cross-section is much smaller than the ggH one, in fact, only the 7% of
Higgs events are coming from VBF production and about 215 events of VBF Higgs
are expected by CMS collisions in the years 2016, 2017, and 2018 in the H— 14t chan-
nel. On the other hand, the VBF channel has a signature that can be exploited in
signal-to-background separation. In the VBF production, two partons emit a weak
vector boson each thus they recoil with a transverse momentum of about half of
the boson mass. On average, the initial momentum of the partons is much larger
than the recoil therefore they are detected as jets at high rapidity in the two opposite
endcaps. Moreover, since there is no exchange of color between the two partons, ad-
ditional hadron activity is suppressed in VBF events. Finally, The two weak bosons
interact and produce a Higgs boson that is usually at central pseudorapidities, in
between the two jets.

The Higgs boson decays promptly, therefore in Higgs events, the trajectories of
the muons are compatible with the proton-proton collision vertex. The the invari-
ant mass of the Higgs decay products have to be compatible with the Higgs bo-
son mass, therefore the main feature of the H— ppu events is the presence of two
prompt muons with an invariant mass close to 125 GeV. The signal mass peak in the
dimuon mass distribution can be exploited to perform a fully data-driven search of
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VBF Higgs similarly to the ggH, VH, and ttH searches. Nevertheless, a different
approach is chosen for the VBF analysis.

The search for H— pp via VBF is performed following a fully MC based strat-
egy. Monte-Carlo simulations can model the signal and the relevant backgrounds
with great accuracy, therefore the background estimation is entirely derived from
MC. As opposed to the fully data-driven analysis, the MC based approach has the
advantage that the background estimation is not affected by the data statistical un-
certainty. The Higgs search via VBF production with the data-driven approach has
been performed and it is described in D, however it provides an expected signifi-
cance about 20% less than the MC based approach.

The fully MC based signal extraction follows the strategy adopted to study and ob-
serve the vector boson fusion production of the Z boson decaying into leptons with
7 TeV [100], 8 TeV [109], and with a greater precision with 13 TeV [110]. Similar
measurement of single leptons plus two jets have been carried out to confirm the
actual existence of the production of W boson via VBF production (VBF W) with 8
TeV [111] and 13 TeV [112]. A fully MC based strategy have been adopted also in
the search of H— bb via VH production channel [39].

The strategy is simple and straightforward. A first loose selection is applied in or-
der to reduce the background while keeping high the signal efficiency. The selected
events are used to train a multivariate discriminator that separates best signal from
background. Then, the distribution of the discriminator output is fitted to extract
the signal strength. In this search, two different multivariate techniques are tested:
the boosted decision tree and the deep neural network. The final fit is performed
with the discriminator that provides better expected results.

Both the selection and the multivariate discriminants exploit the characteristic of
the VBF process to improve the signal-to-background separation. Precisely for this
reason, the VBF production of Z boson (VBF Z) is the background that is most diffi-
cult to distinguish from the signal. The VBF Z background consists in the produc-
tion of an off-shell Z boson via the triple gauge boson vertex and the topology of
the diagram is exactly the same as the one of the VBF Higgs production. Figure 5.1c
shows the Feynmann diagram of VBF Z production.

Together with VBF Z, also ditop and Drell-Yan (DY) events are irreducible back-
grounds for the VBF H— piu search. The Drell-Yan production of muon pairs is the
most abundant background in this search. The two jets that take the place of the
VBF jets may arise either from the radiation of a parton or from pile-up events. The
tt events are a less relevant background because it is suppressed by the cut m;; > 400
GeV and by the low branching fraction of W into muons. Figure 5.1 shows an ex-

ample of the Feynmann diagrams of DY and tt events.
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FiGUre 5.1: Feynmann diagrams of the three main backgrounds: Drell-Yan (a), ditop (b),
and Z production via vector boson fusion (c). The green fermions represent the two quarks
detected as jets, the red fermions are the two muons, and the internal blue lines indicates

the electroweak gauge bosons.
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5.2 Event simulation

Simulated events are extremely important to study the kinematic features of signal
and background process, as well as to optimize the analysis strategy or understand
detector effects. Moreover, simulated samples are used to build the multivariate
discriminants that help to isolate the Higgs boson from the backgrounds. The ma-
trix element generators used to produce MC events are PowEG v2 [113, 114, 115]
and MADGRAPH5_aMC@NLO [116]. Instead, the simulation of the hadronization and
of the underlying event is performed by PyTHIA (v8.2 or grater) [117] or HERWIG
[118]. Whenever MADGRAPH5_aMC@NLO is used, jets from the matrix element cal-
culations are matched to the parton shower following the FxFx (MLM) prescription
[119, 120]. The PyTHIA generator is used with CUETP8M1 tune [121] for the 2016
data-taking period and CP5 tune [122] for 2017 and 2018, while HERWIG is used
with UE5C tune [121] for 2016 and CH3 tune [123] for 2017 and 2018. The simula-
tions use NNPDF 3.0 (3.1) parton distribution functions (PDF) for 2016 (2017/2018)
data-taking period [124, 125].

In all simulated events, the interactions of all final state particles with the CMS
detector are simulated with GEANT4 [126] and the events are reconstructed with
the same algorithms that are used for data. The pile-up interactions are produced by
overlaying elastic proton-proton collisions on the generated event. The MC events
are weighted in order to match the distribution of the number of pile-up interactions
per bunch crossing observed in data.

5.2.1 Signal simulation

The MC samples for the ggH process are simulated at next-to-leading order (NLO)
accuracy in QCD with two generators: PoweG and MADGRAPH5_aMC@NLO. In
both cases, up to two additional partons are included in the final state in the matrix
element calculation. The parton shower is simulated by PyTHIA for both the ggH
samples. Generated events are reweighted to match the distribution of the pp of
the Higgs boson with the POowEG NNLOPS predictions [127, 128]. The reweighting is
performed in bins of jet multiplicity, where jets are required to have pr > 30 GeV
at generator level.

The VBF process has peculiar features: two jets with large separation and sup-
pressed hadron activity in between them. The parton shower generators PyTHIA
and HERwWIG show a significant difference in modeling these features. In fact, the
standard pr-ordered shower implemented by PyTHIA may lead to unphysical addi-
tional hadron activity [129]. In order to have a correct description of the kinematics
of VBF signal events, two VBF H samples are produced at NLO precision in QCD
using POwEG [130] for the matrix element generation and HERWIG or with PyTHIA
in dipole shower mode for the parton shower. Those two samples are used to extract
the final results, while an additional sample generated by Powtc and hadronized
by PYTHIA is used to train the multivariate discriminators.

VH and ttH samples are produced with PowEG [131, 132] at NLO accuracy in QCD
interfaced with PyTHIA for parton showering. For all processes, table 5.1 shows
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the generators used, the cross-section, and the equivalent luminosity that indicates
the statistical power of the sample. The signal samples of the four channels are
generated with a Higgs mass my = 125 GeV and in addition, simulated samples
are generated with MADGRAPH5_amc@NLo for ggH and VBF modes with two ad-
ditional mass hypoteses: my = 120 GeV and mp = 130 GeV.

The cross-section and B(H — ) values are taken from the recommendations of
Ref. [20]. The cross-section of ggH process is computed with next-to-next-to-NLO
(N3LO) precision in QCD and NLO precision in electroweak (EW) theory [133].
The VBF [134] and the qq—VH [135] cross-sections are calculated at next-to-NLO
(NNLO) in QCD and NLO in EW theory while ttH cross-section is computed at
NLO accuracy in QCD and EW theory [136, 137]. The H— pu branching fraction
is computed with HDEcAY [138] at NLO accuracy in QCD and EW theory.

sample generator + PS [ L/137 bl | oxB (fb)
ggH(pp) MADGRAPH5_aMC@NLO + PYTHIA 980.0 10.57
PowHEG + PyTHIA 3714 10.57
VBF H(uu) PowHEG + PyTHIA dipole 23991 0.8211
PowHEG + PyTHIA 37209 0.8211
PowHEG + HERWIG 26203 0.8211
W H(pup) POWHEG + PYTHIA 24889 0.1828
W H(up) PowHEG + PyTHIA 52543 0.1159
ZH(pup0) PowHEG + PYTHIA 46474 0.192
ttH (1) POWHEG + PYTHIA 110221 0.1103
ggH(up)(mg=120) MADGRAPH5_aMC@NLO + PYTHIA 927.0 12.652
ggH(up)(mg=130) MADGRAPH5_aMC@NLO + PYTHIA 1410 8.5047
VBF H(up)(my=120) | MADGRAPH5_aMC@NLO + PYTHIA 2247 0.9535
VBF H(up)(myg=130) | MADGRAPH5_aMC@NLO + PYTHIA 3111 0.6827

TABLE 5.1: Summary of the Monte Carlo signal samples used in the analysis by process.

The generator and PS simulator used are listed in the second column of the table while

third column shows the equivalent luminosity of each sample. The cross sections used in
the analysis are reported in the fourth column.

5.2.2 Background simulation

The largest contribution to the background of this search comes from the Drell-
Yan process. Several samples of DY events are generated with specific cuts on the
dilepton mass at generator level. All the DY samples are generated with MaD-
GraPH5_aMc@NLo with up to two additional partons in the final state and PyTHIA
is used to simulate the hadronization. Two samples of dimuon production via Drell-
Yan process are generated within the mass window 105-160 GeV, one is produced at
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NLO precision in QCD and the other at LO in QCD. In order to gain statistics in VBF-
like phase space, two samples of dimuon production via Drell-Yan process are gen-
erated requiring also that the two leading jets at generator level have m(qq) > 350
GeV and distance AR > 0.4 with the muons. The additional samples have differ-
ent precisions too: one has NLO accuracy, the other one has LO accuracy. Dimuon
events under the Z peak are also needed to study the kinematic properties of the
DY background and to assess the reliability of the simulation. Therefore, dilepton
events via DY production are generated with 0, 1 or more jets at generator level and
with m(¢f) > 50 GeV.

The electroweak production of Z boson in association with two jets is extremely
important in this search. As done for the DY, two alternative sets of samples are
produced: one with the invariant mass of the two leptons larger than 50 GeV, and
one with two muons with m,,, in between 105 and 160 GeV. The samples are pro-
duced with MADGRAPH5_aMc@NLo with LO accuracy in QCD with different parton
shower generators. The HERWIG parton shower is known to better model the VBF
Z model without color connection [139] than PyTHIA therefore it is used as nomi-
nal sample in the analysis. The sample showered by PyTHIA is used to estimate the
parton shower uncertainty.

The DY production in association with two jets has the same final state as the VBF
Z process, thus the interference between the two processes has to be taken into ac-
count in order to correctly model the data. The interference is generated directly
with MADGRAPH5_amMc@NLO at LO accuracy and it is showered by PyTHIA. Table
5.2 shows the DY and VBF Z simulated samples with the generators, the cross-
section, and the equivalent luminosity. A column is added to show the cuts at gen-
erator level that identify the samples.

The background with the most significant contribution after DY and VBF Z is the
tt production. Ditop events are generated in the three decay channels separately:
leptonic, semileptonic, and hadronic. The most important for the analysis is the
fully leptonic channel but little contributions comes also from the semileptonic one.
Single t-quark processes are less relevant but not neglectable. Both tt and single t-
quark processes have been generated with NLO precision in QCD with PowHEG
and PYTHIA generators.

Small contributions arise from single W and diboson production. The generators
used for these samples are either MADGRAPH5_aMC@NLO or POWHEG for matrix
element, while PyTHIA is used in shower simulation. All these minor backgrounds
are computed at NLO precision in QCD. Several other background processes have
been considered and found to be negligible, therefore no other samples are used in
background modeling in this analysis. table 5.3 shows the generators, the cross-
sections, and the equivalent luminosity for the described processes.

When possible, cross-sections are computed with higher precision than the event
generations. DY process cross-sections are calculated at NNLO precision in QCD
and NLO in EW theory with FEwz v3.1b2 [140]. The cross-section of tt processes
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sample generator selection generator + PS J L7137 b | o x B (fb)
DY (up)+jets | 105 < m(up) < 160 GeV | MADGRAPHS5_aMc@NLO (NLO) + PYTHIA 10.56 47170
MAaDGRrAPH5_amc@NLO (LO) + PYTHIA 18.93 47170.
DY(ppe)+jets | 105 < m(pp) < 160 GeV, | MADGRAPH5_aMc@NLo (NLO) + PyTHIA 57.80 1770.0

m(qq) > 350 GeV

MADGRAPH5_aMc@NLO (LO) + PyTHIA 111.0 1770.0
DY(¢0)+jets | m(¢l) > 50 GeV, 0 jet MADGRAPH5_aMC@NLO + PYTHIA 0.291 462052
DY(¢0)+jets | m(¢l) > 50 GeV, 1 jet MADGRAPH5_aMC@NLO + PYTHIA 0.513 859590
DY(¢/)+jets | m((f) > 50 GeV, > 2 jet MADGRAPH5_aMC@NLO + PYTHIA 0.414 338260
VBF Z(¢() m(l) > 50 GeV MADGRAPH5_aMC@NLO + HERWIG 12.02 1664.0
MADGRAPH5_aMC@NLO + PYTHIA 24.14 1664.0
VBF Z(up) | 105 < m(up) < 160 GeV | MADGRAPH5_aMC@NLO + PYTHIA dipole 580.0 74.86
MADGRAPH5_aMC@NLO + PYTHIA 419.0 50.889
MADGRAPH5_aMC@NLO + HERWIG 4160 50.889
VBF Z(up) | 105 < m(up) < 160 GeV MADGRAPH5_aMC@NLO + HERWIG 871.0 74.86
interference | m(¢f) > 50 GeV MADGRAPH5_aMC@NLO + PYTHIA 5.360 128.0

TaBLE 5.2: Summary of the Monte Carlo DY and VBF Z samples used in the analysis by

process. The second column shows the cuts that identify the samples. The generator and PS

simulator used are listed in the third column of the table while the fourth column shows the

equivalent luminosity of each sample. The cross-sections used in the analysis are reported

in the last column. The phase space selections at the generator level are specified in the
third column.

are computed with Top++ v2.0 [141] that included NNLO and NNLL corrections.
Diboson cross-sections are computed NLO and NNLO/NLO k-factors from Ref. [142,
143, 144] are applied.

5.3 Selection

The selection starts with the trigger and the muon requirements described in section
4.2. The events are selected if two jets with pr > 35 GeV and p > 25 GeV whitin
-4.7 < n < 4.7 are present. In order to avoid double-counting with VH and ttH
analyses, the events must not have any additional leptons, any medium b-tagged
jets, or more than one loose b-tagged jet. The additional lepton requirement does
not change significantly the event rate while the b-tag vetoes help in reducing the
ditop background. About the 70% of tt events are rejected by the b-tag conditions.

The events must have a pseudorapidity distance between the two leading jets An;; >
2.5 and their invariant mass have to be m;; > 400 GeV. Figure 5.2 shows the distri-
bution of mj; and Anj; for the VBF H, ggH, and DY processes before applying the
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sample generator + PS J L£/137 b1 | o x B (fb)
tt leptonic decay POWHEG + PYTHIA 16.96 85650
tt semileptonic decay POWHEG + PyTHIA 9.62 356186
single top, t-channel top POWHEG + PYTHIA 16.97 136020
single top, t-channel anitop POWHEG + PyTHIA 16.86 80950
single top, tW top PowHEG + PYTHIA 7.61 35850
single top, tW antitop POWHEG + PyTHIA 7.20 35850
single top, s-channel leptonic decay | MADGRAPH5_aMC@NLO + PYTHIA 494 3360.0
W(lv) + 0 jet MADGRAPH5_aMC@NLO + PYTHIA 0.041 501319
W(lv) + 1 jet MADGRAPH5_aMC@NLO + PYTHIA 0.072 842609
W(lv) + 2 jet MADGRAPH5_aMC@NLO + PyTHIA 0.096 317296
Z(t0)Z(qq) POWHEG + PYTHIA 115.3 1554.5
W(lv)Z(¢L) MADGRAPH5_aMC@NLO + PYTHIA 30.0 1015.7
W(qq)Z(¢0) MADGRAPH5_aMC@NLO + PYTHIA 30.46 6321.0
W(lv)Z(vv) MADGRAPH5_aMC@NLO + PYTHIA 9.10 2011.5
W)W () POwWHEG + PYTHIA 8.18 12178
W)W (qq) POWHEG + PYTHIA 7.98 34150

TaBLE 5.3: Summary of minor bakground samples used in the analysis by process. The

generator and PS simulator used are listed in the second column of the table while third

column shows the equivalent luminosity of each sample. The cross sections used in the
analysis are reported in the fourth column.

VBF selection. The distributions are normalized to unity to highlight the different
shapes and the purple vertical lines are added to show the applied cuts. The uns-
elected events are considered in the data-driven ggH analysis therefore the values
of the cuts are a trade-off between ggH and VBF searches. In fact, the numbers
of signal events in ggH analysis and in VBF analysis are very sensitive to this cut.
Those values are chosen in order to maximize the signal events in ggH search with-
out reducing significantly the sensitivity of the VBF search. After applying the VBF
selections, the remaining signal is about half VBF H and half ggH.

At this point, the events of interest are divided in three regions. The regions are
defined by cuts on the invariant mass of the two muons m,,,. The Signal Region
contains the events in which m,, , is within 115-135 GeV. The SideBand is composed
by events with 110 < m, , < 115 GeV and by events with 135 < m,,, < 150 GeV. The
events within 15 GeV of the Z mass belongs to the Z Region. The event selection
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Ficure 5.2: Dijet invariant mass (a) and pseudorapidity distance (b) for the VBF H, ggH,

and DY + jets processes before applying the VBF selection. The distributions are normalized
to unity and the lines represent the cuts defining the VBF category.

and the region definitions are summarized in table 5.4.
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F1GURE 5.3: Dimuon invariant mass distribution after the event selection. Events in different

regions are shown in the same plot. The lower panel shows the ratio data over Monte-Carlo.

The dashed area represents the MC statistical uncertainties while the lines in the lower panel
show the uncertainties related to the energy of the jets and to the factorization scale.

Figure 5.3 shows the distribution of the dimuon invariant mass with the region
definition. The figure is composed of two panels. The upper panel shows the distri-
bution of all the processes. The backgrounds are divided into four categories. The
DY and the VBF Z are the most signal-like backgrounds and they placed on the top.
The tt and the single top events are merged and they are referred to as "Top". All
the other backgrounds are on the bottom of the distribution and they are indicated
as "Diboson". The signal is shown by the three lines and it is scaled in order to be
more evident. Moreover, the signal yields are stacked on the top of the background
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distribution, and that their contribution is not visible on the chart.

The lower panel of Figure 5.3 contains the data-MC ratio and it shows the main
systematic uncertainties: the jet energy scale (JES) and resolution (JER), and the
accuracy of renormalization calculation due to QCD processes. The jet energy scale
and resolution are introduced in section 3.5.1 while the uncertainties due to QCD
effects are discussed in section 5.6.1. All the single variable distributions that are
shown in the following have a structure identical to the one described for Figure 5.3.

Table 5.5 shows the yields of signals and backgrounds in the signal region for the
three years. Tables 5.6 and 5.7 show the yields in the sideband and in the Z region.
The signal yields are negligible in sideband and Z region. The classification of the
backgrounds shown in the tables is the one adopted also in the plots.

Important effects in the signal and background yields arise from the jet energy scale
and resolution uncertainties. The main reason is the cut on the transverse momen-
tum of the subleading jet. In fact, the JER and JES uncertainties of low energy jets
are high and they produce important variations of the subleading jet pr when ap-
plied. These effects are particularly enhanced in the region || > 2.5 where the
energy measurement is provided by the calorimeters only.

Significant detector noise has been recorded in the calorimeters during the 2017
data-taking, especially in the pseudorapidity window 2.6--3.0. The noise adds up to
pile-up contribution and it worsens the energy resolution and scale. Therefore JES
and JER uncertainties have very large effects in signal and background normaliza-
tions during the 2017 data-taking.

’ object ‘ selection cut ‘
(1) > 30, 20 GeV
leptons In()| < 2.4

no additional leptons
p7() > 35, 25 GeV

jets In()| < 4.7

no DeepCSV medium

m; > 400 GeV

global Anj; > 2.5 GeV
< 2 loose DeepCSV
Signal region 125 < m,, < 135 GeV

Sideband 110 < my,,, < 115 GeV or 135 < my,,, < 150 GeV

Z region 76 < my,, < 106 GeV

TaBLE 5.4: Event selection criteria and definition of the regions.
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| sample | yield 2016 | yield 2017 | yield 2018 |

DY 2061(328) | 2510(505) | 3688(608)
Top 275(35) 291(45) 423(59)
VBF Z 74(3) 79(32) 127(10)
Diboson 50(6) 57(9) 77(10)
VBFH | 6.977(0.682) | 7.384(0.677) | 11.774(1.203)
ggH | 4.689(1.165) | 6.438(1.828) | 9.608(2.530)
VH | 0.165(0.020) | 0.182(0.031) | 0.269(0.039)
#H | 0.011(0.003) | 0.011(0.004) | 0.017(0.006)
Total MC | 2472(363) | 2951(555) | 4337(669)
Data 2302 3113 3950

TaBLE 5.5: Event yields in data and for different MC sources in signal region for 2016, 2017,

and 2018. The statistical uncertainties are shown in parantheses.

| sample | yield 2016 | yield 2017 | yield 2018 |

DY 1776(286) | 2169(439) | 3163(517)
Top 253(32) | 255(40) | 386(56)
VBF Z 65(3) 68(28) 109(9)
Diboson 44(6) 42(8) 65(9)
Total MC | 2137(318) | 2535(483) | 3723(572)
Data 2118 2753 3383

TABLE 5.6: Event yields in data and for different MC sources in sideband for 2016, 2017, and
2018. The statistical uncertainties are shown in parantheses.

sample | yield 2016 | yield2017 | yield2018 |
DY 154334(31726) | 182051(50422) | 279452(51998)
Top 538(69) 536(81) 804(103)
VBF Z 4090(59) 4052(96) 6608(137)
Diboson 974(121) 964(159) 1282(161)
Total MC | 159936(31944) | 187604(50722) | 288147(52348)
Data 157187 219345 274617

TaBLE 5.7: Event yields in data and for different MC sources in Z region for 2016, 2017, and
2018. The statistical uncertainties are shown in parantheses.

5.4 Search for discriminating variables

A multivariate discriminator needs several variables as input. The more those vari-
ables separate signal from background, the more powerful the discriminator is,
therefore a search of the variables with high separation power is performed. The
parameter d is defined in order to have a tangible value of the separation power
each variable can provide. The parameter d is defined by

1
d=52|5i—3i\
i

(5.1)
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where the sum is performed all over the bins, and S; and B; are bin yields of the
normalized signal and background histograms. The value of d ranges from 0 to 1.
A value of 0 means that signal and background shapes are identical, while a value
of 1 indicates a perfect separation between signal and background. The d value is
shown in all the plots.

As mentioned above, this analysis relies on the great accuracy of the MC prediction,
therefore, checking the agreement between data and MC is extremely important. In
the following, several variables are shown. Each plot has a lower panel containing
the data/MC ratio with its uncertainty bands. All the variables that are important
for this analysis are shown year by year in appendix G.

Dijet invariant mass and pseudorapidity separation

The invariant mass m;; and the pseudorapidity difference Anj; of the two selected

jets are the variables that discriminate most between VBF processes and other pro-
cesses, so much so that they have been used in the analysis selection. The selected
events can still be classified as a function of those two variables since the VBF pro-

cesses have different distributions with respect to the other processes.

The two jets produced in VBF processes are directed in the opposite part of the
detector, therefore they easily have high invariant mass and great distance in pseu-
dorapidity. Therefore, both m;; and An); distributions have longer tails in VBF pro-
cesses than in other processes. The exact shapes and peaks of m;; and Ar);; distribu-

tions depend on the selection cuts for both signal and background. Figure 5.4 shows
the distributions of the two variables for signal region events.

CMS Work in progress 137.4 fb™ (13 TeV) CMS Work in progress 137.4 fb" (13 TeV)
Signal Region | 4. 10°E Signal Region | g,
- d=019 or E = - d=012

= I vsFz
. . Top
- I Diboson

oY
Il veFz
[ Top
[ Diboson

Entries/86.6
Entries/0.33
Ll

W VEF H
Moo H
[ Other H

W VBFH
|
[ Other H

T 04[ o8t Ks-10 —— JER Down T 04[ 084 Kks-0s2 e p— % — JER Down
¢ 0N O oo o sl EED ¢ Gt L | HE
8 02 R ‘ +*+ b oow 8 02 RE * T+ % | T Fsealo bow
B o4 t 3 F.Scale Up & oa U4 F.Scale Up
500 1000 1500 2000 2500 3000 1 2 3 4 5 6 7 8 9 10
m; [GeV] An(j,i;)
(a) (b)

FIGURE 5.4: (a) Invariant mass and (b) pseudorapidity distance of the two leading jets after
the event selection in the signal region in all the years. Captions are the same of Figure 5.3.

Jets kinematic

As already mentioned, one of the main characteristic of the VBF production is hav-
ing two jets with high pseudorapidity, moreover, also the momentum distributions
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are not identical in signal and background. Therefore, jets momenta and pseudo-
rapidities can be used to separate signal from background. Figure 5.5 shows the
distribution of the transverse momentum and pseudorapidity of the leading jet, the
distributions of the same variables for the subleading jet are very similar.

Jets in DY events tend to be central and less energetic than the ones of VBF events.
The bumps in the 7 distribution are caused by the selection and they are at lower
pseudorapidities than the ones of VBF signal.
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F1GURE 5.5: Transverse momentum (a) and pseudorapidity (b) of the leading jet after the
event selection in the signal region in all the years. Captions are the same of Figure 5.3.

Transverse momentum balance

The main objects in VBF events are the two jets and the muons. They are the most
energetic objects and their momenta should be balanced in the transverse plane,
however, additional particle production or pile-up interactions may result in an un-
balance of the vectorial sum of the main objects. In background events instead,
the two jets and muons may not be the only protagonists of the hard scattering
therefore they are, on average, less balanced than in VBF events. For this reason,
balancing variables can have great discriminating power.

The ratio between the transverse momentum of the leading jets and the one of the
muons is usually close to 1 but its distribution much more peaked in signal than
in background events. Similarly, the transverse momentum balance of the main
objects R(pr) defined by

lpr (i) + pr(pap)

RO = 1500+ 19700+ 1G]

(5.2)

has different shape for signal and backgrounds: the backgrounds have longer tails
than VBF events, expecially the top processes that contain additional hadronic ac-
tivity in great abundance. Figure 5.6 shows the distribution of R(pr) and of the
transverse momenta ratio in the signal region for all the years.



86 Chapter 5. The H— i search in the VBF channel

CMS Work in progress 137.4 b (13 TeV)
Signal Region
| T d=021

CMS Work in progress 137.4fb” (13 TeV)
—— Signal Region | . .
., d=0.26

——data

oY
| N4
— I Top
_#L:* [ Diboson
ey,

oy
Ml verFz
[ Top
[ Diboson

Entries/0.13
Entries/0.03

e Ty W verH
[__EL
[ Other H [ Other H

VBF H x20 VBF H x20

T 04[ jmasr Ks-00 T = :ﬂj — JER Down T 04[ pss Kks-00 F 7 ’ JER Dow
¢ SAET M oSt ST BE o BT s el Y
8 02 T 1T ] T Fscalo bow 8 02, e A T + - " Fiscal Dow
8 04 F.Scale Up 8 5 4f F.Scale Up
a 8 -o.

0.5 1 15 2 25 3 35 01 02 03 04 05 06 07 08 09 1

PG, + 1)/ p(H) R(p,)
(@) (b)

FIGURE 5.6: Transverse momentum balance of the two jets and the Higgs candidate after
the event selection in the signal region in all the years. Captions are the same of Figure 5.3.

Soft jet multiplicity and Hy

The two leading jets and the two muons are the four objects coming from the hard
scattering and other hadron activities are suppressed in VBF process. Variable re-
lated to additional hadron activity are therefore well discriminating between signal
and background. Track jets explained in section 3.5.4 are a powerful tool that can be
used to separate signal from background. Both the transverse momentum balance
R(p7) and the soft activity variables monitor the additional hadron activity. The
first is sensible to pile-up but also it is also sensible to neutral particles coming from
the primary vertex, while the soft jets are independent of both.

Among many, the most discriminating soft activity variables are the multiplicity

of track jets with p7 > 5 GeV, called N°ft

momenta of all the track jets with p; > 2 GeV, called

distribution of N and H(Szcif} in the signal region for all the years.

, and the scalar sum of the transverse

H(Szo)f}. Figure 5.7 shows the

Angular variables

One of the main VBF characteristics is having two opposite very forward jets. The
produced boson is typically directed in the central part of the detector in between
the two jets. Therefore, the pseudorapidity of the boson relative to the pseudora-
pidities of the jets has a peculiar shape in VBF process.

The Zeppenfeld variable z* [145] is a linear transformations of the dimuon pseudo-
rapidities and it is defined in 4.1. The Zeppendeld variable show if the Higgs candi-
date is directed in between the jets or not. Similarly to the Zeppenfeld variable, the
angular distances An(u, jo) and An(u, j;). In particular, the minimum of the two
distances is the most discriminating angular variable. Figure 5.8 shows the distribu-
tion of z* and min[An(up, jp), An(up, j;)] in the signal region for all the years. The
background distribution of z* has a longer tail while the VBF shape is more peaked
in 0. Instead, min[An(up, jo), An(uu, j;)] show that background shapes are close to
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FIGURE 5.7: (a) Multiplicity of track jets with pr > 5 GeV and (b) scalar sum of the transverse
momenta of the track jets with py > 2 GeV after the event selection in the signal region in
all the years. Captions are the same of Figure 5.3.

zero while VBF process peak around 1.7. Both the variables show that the dimuon
pseudorapidity is mainly central and well distanced from the jets.
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FIGURE 5.8: Distributions of the Zeppenfeld variable z* (a) and of the minimum pseudora-
pidity distance min[ An(upu, jo), An(ui, j;)] (b) after the event selection in the signal region
in all the years. Captions are the same of Figure 5.3.

Quark-Gluon likelihood

Jets in VBF events are expected to originate from quarks whereas events produced
by other sources can have jets originated from both gluons or quarks. This differ-
ence is exploited by the QGL tag described in section 3.5.3. The QGL discriminator
is evaluated on the two leading jets and the output value has discriminating power
between signal and background. The crucial point is that QGL tagger does not use
the kinematic of the jet as single objects, but it uses only internal variables. There-
fore the QGL output is completely independent from the from four-momenta of the
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jets or of other physic objects, thus the QGL provides a transversal separation be-
tween signal and background.

Figure 5.9 shows the QGL outputs for the leading and subleading jets in signal re-
gion events for all the years. VBF events have more likely high QGL values and the
QGL distributions peak at 1 for both leading and subleading jets. The shapes of the
backgrounds peak in both 0 and 1, meaning that leading jets are often gluon-jets.
Any of the leading jets can come from the radiation of a gluon from initial or final
states. In that case, the gluon-jets have a softer pp-spectrum and therefore sublead-
ing jets come from gluon hadronization more frequently than the leading ones. This
is the reason why the QGL output of the subleading jet is more discriminating than
the leading one.
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FIGURE 5.9: Quark-Gluon likelihood of the leading (a) and the subleading (b) jets after the
event selection in the signal region in all the years. Captions are the same of Figure 5.3.

b-tagging

The b-tagging algorithm DeepCSV is used in the event selection. The cut on the
DeepCSV score reduces substantially the amount of background arising from t-
quarks. In principle, the DeepCSV output could still help in signal-to-background
separation even after the selection, similarly to mj; and AT]J-J-. However, this variable
would help in separating the signal from the backgrounds coming from t-quarks
only and it would not help in separating signal from DY or VBF Z events. The back-
grounds related to t-quarks have much fewer events than DY, moreover, the t-quark
backgrounds are very dissimilar from the signal in terms of kinematic distributions:
many variables have shapes that are very different from signal ones. Therefore, the
separation provided by this variable is not relevant in signal-to-background dis-
crimination.

Higgs candidate properties

The kinematic of the Higgs candidate can be different in signal and backgrounds
since the two muons have different origins. In particular, the dimuon system has a
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harder pr-spectrum and it is directed more centrally in the detector. The azimuthal
angle instead does not contains relevant information because of the symmetry of
the collision.

The momentum and the pseudorapidity can help in signal-to-background separa-
tion, moreover, they do not contain any information about the dimuon invariant
mass therefore their separation is independent from the dimuon mass shape. Fig-
ure 5.10 shows the transverse momentum and pseudorapidity of the dimuon system
in the signal region for all years.
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FIGURE 5.10: (a) Transverse momentum and (b) pseudorapidity of the dimuon system after
the event selection in the signal region in all the years. Captions are the same of Figure 5.3.

Collins-Soper angles

In order to describe the directions of the two muons, the Collins-Soper angles are
used. The Collins-Soper angles correspond to the angles of decay of the Higgs can-
didate into muons in the dimuon system and they are described in appendix A.

Their discriminating power derives from
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Dimuon mass resolution

Theoretical Higgs width is 4 MeV while the muon momentum uncertainty is around
2 GeV, therefore experimental uncertainties are dominant in the dimuon mass res-
olution. The sensitivity of this search strongly depends on the dimuon invariant
mass uncertainty: better resolution would mean a smaller window of interest, con-
sequently reducing the background. For this reason, the final state radiation recov-
ery described in section 3.3.2 is applied so to improve the mass resolution and the
final result.

Figure 5.12 shows the distribution of the
I m Stanal Rogion | + e dimuon mass uncertainty. The variable
100~ Tl - o

o does not show a high d parameter there-

I Diboson

- fore it can not separate signal from back-
CE ground very well on its own. However,
it can be exploited in signal-to-background
separation because it affects the invari-
T ant mass distribution. Figure 5.13 shows
PR the dimuon mass distribution in signal
region for the events with mass uncer-
FIGURE 5.12: Dimuon invariant mass resolu- tainty smaller and greater than 2 GeV.
tion after the event selection in the signal re-
gion in all the years. Captions are the same of Signal events with smaller uncertainty
Figure 5.3. are closer to 125 GeV and show a more
pronounced peak. In the same way, DY and VBF Z events are closer to 91 GeV
thus they have mainly low values of m,,,. The background is steeply falling and
the signal-to-background ratio is higher in the bins around 125 GeV. Events with
higher mass uncertainties instead, show more flat distributions including a broader
signal peak that is more difficult to exploit.
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The mass resolution is a useful variable even if it does not have a high d param-
eter or have a significant correlation with the dimuon mass. Instead, it can improve
the separation provided by the mass therefore it is a powerful tool that can be used
in a multivariate analysis.

5.5 Multivariate discriminators

The Higgs signal can be extracted from data performing a single variable fit. The
dimuon invariant mass seems to be the perfect choice for that task since the signal
events are bunched in a narrow peak while the background events show a con-
tinuous monotonically descending trend. However, such a signal extraction would
not exploit as best the VBF signature that has been used just in the event selection.
Therefore, a multivariate discriminator is used in signal extraction in place of the
dimuon mass. The discriminator is built through machine learning techniques that
can optimally combine the dimuon mass with the VBF topology information pro-
vided by other kinematic variables.
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Ficure 5.13: Dimuon invariant mass for signal region events with (a) mass uncertainty
smaller than 2 GeV and (b) mass uncertainty greater than 2 GeV. Captions are the same of
Figure 5.3.

Two machine learning techniques are explored for building the discriminator used

in signal extraction: boosted decision trees (BDTs) and deep neural networks (DNNs).
Both methods have been widely used in high energy physic for classification prob-

lems. Neural networks have been used since the 90s but they were replaced at LHC

by BDTs for Run 1 analyses. Recently, due to the increase of computing power,

DNNs made a comeback, and their performance often equal or exceed the ones of

BDTs. In this thesis, the two techniques are adopted in order to build two discrim-

inators. The one that provides the best expected sensitivity will be used to extract

the final results.

Machine learning introduction

Some important concepts about machine learning have to be defined before pro-
ceeding with the discriminators descriptions.

The two machine learning techniques used in building the discriminator algorithm
belong to the family of supervised learning. They make use of events in which
the desired output is known in order to build a model able to classify the events
in classes. The events used for building the models are called training events and
they are taken from Monte-Carlo samples. The process that builds the discriminator
model from the simulated events is called training. The model is built through the
minimization of a function called loss function, or cost function. The loss function
measures the distance of the output value of the discriminator from the truth and
it is minimized via gradient descending.

The main goal of all the machine learning algorithms is to perform well on new,
previously unseen data, called test dataset. In the specific case of the H— pup
search, the test dataset is the dataset used to extract the final results. Since any
algorithm always performs better on the training dataset than on the test dataset,
the task of performing well on new data can be divided in two different sub-tasks:
the algorithm has to perform well on the training dataset, and the performance gap
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between training and test dataset has to be small. Those two sub-tasks are the two
main challenges in machine learning. When an algorithm does not fulfill the first
one, it is said to underfit the training dataset, while an algorithm that does not fulfill
the second one is said to overfit the training dataset. Underfitting typically occurs
when the model is not able to well describe the data, while overfitting occurs when
the model learns the statistical fluctuation of the training dataset.

Several settings can control the behavior of the training procedure and define the
model used by the discriminator algorithm. These settings are called hyperparame-
ters and they are not set during the training process but they are fixed a priori. For
example, an hyperparameter for the model build with neural network is the num-
ber of layers. For the BDT, an hyperparameter is the number of trees used in the
boosting procedure. The values of the hyperparameters determine the ability to de-
scribe the data and they can be modified to correct underfitting and overfitting. So,
for both the discriminators, several available hyperparameters are tested in order
to tune the optimal configuration for signal-to-background separation.

Dataset used in discriminator building

The signal and background events that are used to extract the final results constitute
the test dataset. The training dataset is the dataset used to train the discriminator
and it is completely orthogonal to the test dataset. Whenever a discriminator is
trained, an additional dataset is needed in order to verify its expected performance,
this step is called validation. The validation dataset has to be independent of both
the training dataset and the test dataset. The validation step is mandatory to verify
the absence of overtraining, to compare discriminators built with different hyper-
parameters, and consequently to optimize the results.

The three datasets have to contain either signal and background events, therefore,
signals and backgrounds have to be divided into three parts each. Two VBF Higgs
samples are available: one showered with PyraiA without dipole recoil and the
other with PyTHia with the dipole recoil option. The first sample is used for test-
ing, while the second one is divided into two parts: one for training and one for
validation. Adding the PowWHEG ggH sample in the training has been tried but no
significant improvement has been found. The reason is that gluon-fusion events
have kinematic properties similar to the backgrounds. Consequently, ggH events
are not used in training the discriminators.

The background samples used in training and validation are composed of a mixture
of DY, VBF Z, and tt events. The DY samples are generated either with NLO pre-
cision and with LO precision. The samples generated with NLO precision are used
for testing in order to provide a better background prediction when extracting the
final result. The samples generated with NLO precision are used for training and
validating the discriminators. Only one sample is available for the VBF Z and tt
processes, therefore those samples are used either in training, validation, and test-
ing. Tables 5.8 shows the samples used in training and validation and it shows the
generators and the total number of events that pass the signal region requirements



5.5. Multivariate discriminators 93

for each sample. The equivalent luminosities of the samples in the table are shown
in section 5.2.

sample generator + PS total number of events
VBF H(u1) POWHEG + PYTHIA 1000059

DY 105 VBF MADGRAPH5_aMc@NLO (LO) + PyTHIA 327737

DY 105 MADGRAPH5_aMCc@NLO (LO) + PyTHIA 69374

VBF Z MADGRAPH5 aMC@NLO + HERWIG 211939

tt leptonic decay POWHEG + PYTHIA 15885

TaBLE 5.8: Samples used for training and validating the discriminators. The last column
shows the number of simulated events that pass the signal region selection.

In order to build a multivariate discriminator, several event variables are needed.
They are the bases of the discriminator building and the final separation between
signal and background is proportional to the ones provided by each variable. There-
fore having a large number of variables with different distribution for signal and
background is crucial. Moreover, many variables may be correlated with each other,
so having variables containing orthogonal information is extremely important too.
In the following paragraphs, the construction of the two discriminators is described.

5.5.1 Boosted Decision Tree

The first multivariate discriminant built to separate signal from background is a
boosted decision tree. In this work, the BDT is implemented with the TMVA pack-
age [107] in the ROOT framework [146]. An exhaustive description of BDTs is
available in appendix B.

The events used in the training are the simulated events of the samples listed in
table 5.8 that pass the signal region selection. Signal sample and LO DY samples are
not used in the signal extraction, therefore they are split in two subsets: one for the
training and one for the validation. Instead, the VBF Z sample and the tt sample
are used in the fit to measure the signal strength, therefore they have to be divided
in three parts: one for the training, one for the validation, and one for the signal
extraction.

Having a limited number of available MC events has repercussions also on the set-
tings and on the input variables used to build the discriminant. In fact, the optimal
hyperparameters and the optimal number of input variables are sensitive to the
dataset size. The limiting factor is the number of DY simulated events. The back-
ground events are almost entirely produced by the DY process, therefore using a
low equivalent luminosity sample for DY influences significantly the discriminator
performance.
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The DY samples generated at LO precision are used in BDT building in place of the
NLO ones even if the latters are more accurate. This approach is chosen because
BDT building process cannot handle properly large fractions of negative weights.
The DY samples generated at NLO precision contain a large fraction of negative
weight that would produce unstable discriminators. This choice leads to a worst
description of the DY process but also increases the statistical power of either the
events used in signal extraction and the ones used in BDT building,.

Parameters optimization

Several options provided by the TMVA package are available to build the discrim-
inator. There is not a general prescription to tune the BDT hyperparameters for a
given training dataset, in this work the metric used to compare different BDTs is the
expected signal significance. The signal significance is chosen because it is a raw
estimate of the distance of the signal strength produced by the final fit from zero in
standard deviations. The BDT distributions for signal and background are used to
compute the signal expected significance bin by bin, then the bin significances are
summed to obtain the total significance. The total significance is thus defined by

Significance = (5.3)

where S; and B; are the expected events of signal and background in the i-th bin
and N is the number of bins of the histogram.

The described significance contains a strong dependence on the binning of the BDT
histogram. This dependence has to be removed to obtain reliable comparisons be-
tween BDTs. The dependence on the binning has several causes. A too fine binning
leads to high fluctuations of the bin yields of the background, the signal sample
does not suffer of this fluctuation because the available equivalent luminosity is
much higher than the background one. A too row binning would merge too many
background events and it would reduce the significance computed by S;/1/B; in the
most signal-like bins. Any binning with a fixed size could have both the problems,
in particular, BDTs with different signal-to-background separations may have the
same significance and BDTs with equal signal-to-background separation may have
different significances. In order to solve these problems, the binning is build directly
from the specific BDT distribution, therefore the performance of different BDTs are
extracted from different binnings.

Given a certain BDT, the binning construction starts from the higher values of the
BDT score and it proceeds to the bottom ones. Bin limits are defined one by one
with the following criteria:

« the bin has to contain at least 0.5 expected signal events,
« the bin yield of the background must have a relative error smaller than 30%,

« the bin width has to be the smallest that verifies the two previous condition.
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Such a procedure produces binnings that are independent of BDT rescalings and
the BDT distributions are spread over a fixed number of bins.

The described binning has the desired
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nal extraction are picked randomly so computed with the training sample and the
to gather 20 different training datasets. validation sample for 20 BDTs. The BDTs are
At this stage, 20 BDTs are trained with trained with 9 input variables and with the
the same configuration, and with the 20 settings shown in table 5.9.
training datasets. The 20 unused half datasets are used to validate the BDTs.

This method allows to check performance and overtraining. The performance is
defined to be the average of the 20 sensitivities computed with the 20 validation
datasets. The overtraining can be verified in the following way. For each BDT, the
difference between the sensitivity computed with the validation datasets and the
sensitivity computed with the training datasets is found. If the distribution of those
20 differences is compatible with zero there is no overtraining. Figure 5.14 shows
the distribution of the 20 sensitivity differences for one of the tested configurations.

The averages of total sensitivities computed with the described method are used to
optimize the BDT settings. The BDT hyperparameters described in appendix B are
probed and compared to obtain the optimal configuration. They are tuned to achieve
a model with the highest possible performance that does not overfit the training
samples. Table 5.9 shows the optimal configuration founded with this procedure.

Boosting type Trees Shrinkage Bagged fraction node size Depth Separation
Adaptive boost 300 0.1 0.6 >5% 3 Gini index

TaBLE 5.9: Optimized hyperparameters of the BDT.

N+1 test

The limited statistic sets a limit on the number of input variables used in the BDT,
therefore not all the variables shown in the previous section can be exploited. At
this point, a procedure that finds the set of variables that maximize the BDT perfor-
mance is needed, the adopted procedure is called N+1 test. An N+1 test builds the
optimal set of input variables by selecting the variables one by one from the ones
that are availables.



96 Chapter 5. The H— i search in the VBF channel

Before performing any training, the input variables undergo two transformation
processes. Firstly, each variable is gaussianized. It means that each variable is trans-
formed so that its distribution become a gaussian with mean 0 and standard devi-
ation 1. Subsequently, the variables are decorrelated by a rotation, therefore the
inputs used to build the BDT model are not exactly the gaussianized variables but
a set of their independent linear combinations.

After the two transformations, the N+1 test is performed starting from training
BDTs with two input variables: m,,, and mj;. The invariant masses m,,, and m;;
are used as a starting point because they are the most discriminating variables. The
performance of the BDT trained with the two input variables is compared with the
performance of several BDTs trained with three variables. The sets of three vari-
ables used are composed of My, M and an additional variable that is different from

set to set.

As previously done, 20 different BDTs are trained with the same settings and in-
puts but with different datasets therefore for each set of inputs the performance
of the 20 BDTs are averaged. The averaged significances are computed with both
validation samples and training samples separately and they are compared in order
to ensure the absence of overtraining. Moreover, for each variable, the 20 BDTs are
used to compute the significance distribution and to extracts its standard deviation
that is used as sensitivity uncertainty. Figure 5.15 compares the performance of the
BDTs with two inputs and the BDTs with three inputs computed with training and
validation samples.
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Ficure 5.15: Comparison between three input BDTs and two input BDT. Each bin shows
the sensitivity of the BDTs with three variables, except for the rightmost one that shows the
sensitivity of the BDT with two inputs. The labels on the x-axis show the variables added
to the initial set of two variables. The performance and their uncertainties are the mean
and the standard deviation of 20 discriminators trained with different datasets and they are
computed with the training dataset (green) and with the validation dataset (blu) separately.

The plot shows that the transverse momentum balance R(pt) is the variable that
performs better therefore it is added to the final set of input variables. Then, the
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described procedure is repeated to find the fourth variable: the performance of the
BDTs trained with m,, ,, m;, and R(pt) is compared with the performance of BDTs
trained with four input variables. After the choice of the fourth variable, the proce-
dure is repeated until no significant gain is obtained by adding any variables. The
N+1 test leads to an optimizing set of 9 variables:

« m,,, - the dimuon invariant mass,

pupe
. my- the dijet invariant mass,
« R(pr) - the transverse momentum balance,

o min(|n(gp, jp)|, [n(ies, jz)|) - the minimum distance in pseudorapidity of the
Higgs candidate with the two leading jets,

. N5SOft - the number of soft jets with p7 > 5 GeV,

o p1(js) - the transerse momentum of the subleading jet,

o A¢(jj) - the azimuthal distance between the two jets,

« An(jj) - the pseudorapidity distance between the two jets,
« |2"| - the absolute value of the Zeppenfeld variable.

The plots showing all the steps of the test are shown in appendix E, Figure 5.16
shows the last step, where adding the tenth variable does not improve the perfor-
mance of the BDT.
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FiGURE 5.16: Comparison between 10 input BDTs and 9 input BDT. Captions are the same
as Figure 5.15.

Several remarks arise from the result of the N+1 test. Firstly, the variable "year" has
been used in the procedure so that the BDT could take into account any differences
between the data taking periods. However, "year" does not show any particular im-
provement, meaning that those differences are small. Then, the QGL of the leading



98 Chapter 5. The H— i search in the VBF channel

jets has not been selected even if their separation is completely independent of the
other variables. This means that the procedure did not stop because it depleted all
the available information, but it stopped because it was not able to exploit the re-
maining variables. In fact, several other variables contained transversal information
and they could not be used. These unexploited variables lead to try an alternative
method to separate signal from background, a method capable of combining more
inputs than the BDT.

5.5.2 Neural Netwok

In recent years neural networks have been successfully used in several fields, in-
cluding high energy physics, thanks to the development of deep learning. There-
fore, alongside the BDT, a feed-forward neural network is developed in order to
better separate signal from background. The DNN is trained with the KErAs [147]
package and Tensorflow backend [148]. An introduction to deep learning concepts
that are used is available in appendix C.

Network architecture

The DNN is trained using simulated samples listed in 5.8. The VBF Z sample and tt
sample are used in the final signal extraction and they have to be divided in train-
ing, validation, and test datasets. The VBF Z process is the most signal-like back-
ground and its limited statistic in the training and in the signal extraction have a
non-negligible impact on the final result. In order not to lose statistical power of
that sample a 4-fold procedure [149] is used at training time. The 4-fold procedure
consists of dividing each sample into four subsets of the same size. Four different
DNN are trained and each DNN uses two subsets for training, one for validation
and one for testing in rotation as sketched in Figure 5.17. Such a scheme allows to
train, validate, and test with all the available events.

TRAINING APPLICATION
train train validation test test
train validation test train test
validation test train train test
test train train validation test

FIGURE 5.17: Schematic representation of the 4-fold training, validation and evaluation
procedure.

The 4-fold procedure is performed for all the samples used in the training, including
the ones that are not used as test samples. The evaluation of the DNN on the sim-
ulated samples that are used in the training is performed evaluating the four DNN
in rotation. The result is a single DNN histogram that is composed of the DNN
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score of the four DNNs. The evaluation of the DNN on the simulated samples that
are not used in the training is performed with a different method: the four DNNs
are evaluated on the entire sample, then the DNN histograms are averaged. In data
instead, the events, are randomly divided into four subsets of equal size, and the
four DNNs are evaluated on one subset each. In the end, for either data and all the
samples, the final distribution of the DNN is formed by the four DNNs and exploits
the four trainings. This allows the partial regularization of the final result because
the fluctuations of single subsets are reduced by a factor of 2.

Since the 4-fold implementation allows not to lose statistics in training and test-
ing, the DY samples with NLO accuracy can be used in place of the LO ones, and
at the same time, negative event weights can be used in the training. In principle,
the NLO samples describe the kinematic of the DY process better than the LO one,
therefore several DNNs are built with different DY samples in order to find the train-
ing dataset that optimizes the DNN performance. A DNN is trained with the NLO
DY samples and a DNN is trained with the LO samples. Moreover, several DNNs
are trained with the NLO and the LO DY samples combined with different mixtures.
Those DNNs are validated with the 4-fold technique using only NLO DY samples
because it is the most accurate and it is the one used at test level. All the DNNs have
similar performance and they show better results when fewer NLO DY events are
used. Therefore, the LO DY samples are chosen to be used in the training despite
the possibility to use the NLO ones.

Neural networks, as opposed to BDTs,do not suffer limitations when adding extra
input features to the training. In fact, BDTs break the input space into as many re-
gions as there are leaves therefore they use a fraction of the total events to parametrize
the model in each region. On the contrary, DNNs are smoothness-based learners
and use all the events to parametrize a single model that covers the entire space.
For this reason, in DNNs all the variables that can be useful can be added without
loss in performance.

The DNN input variables are chosen based on the BDT optimizations and N+1 test.
However DNN allows the use of many more variables, therefore performance im-
provements are sought by adding additional inputs based on previous analysis ex-
perience. The used input variables are 25, three of those are related to the dimuon
invariant mass while the remaining 22 have little correlation with it. Before being
fed to the DNN all the inputs are standardized. The sample mean is subtracted from
each value and the result is divided by the sample standard deviation: As a result,
the new input distributions have a mean 0 and a standard deviation of 1.

The input variables are:

< My, Amﬂﬂ, Am - the dimuon mass and the absolute and relative

mass resolutions,

o

« mj;, log mj; - the dijet invariant mass and its logarithm,

« R(pr) - the transverse momentum balance,
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|z*| - the absolute value of the Zeppenfeld variable,
« An(jj) - the pseudorapidity distance between the two jets,
. p/%“ , log pﬁTL“ , Ny - the dimuon transverse momentum and pseudorapidity,

« cosfcg, ¢cg - the phiangle and the cosine of the 6 angle in the Collins-Soper
reference frame,

o min(|n(up, ji)l, [7(eis, jo)|) - the minimum distance in pseudorapidity of the
Higgs candidate with the two leading jets,

. Ng‘Oft - the number of soft jets with pr > 5 GeV,
. H(Szcif} - the scalar sum of the transverse momentum of soft jets with pp > 2
GeV,

o p1(1)s pTU2)s nG1) nU2)s (1), @(jp) - the vector components of the leading
jets,

+ OGL(j;), OGL(js) - the quark-gluon likelihood discriminators for the two lead-
ing jets,

« year - the data-taking period.

The DNN exploits several variables that BDT is not able to use. Primarily, the quark-
gluon likelihoods contain information that is orthogonal to all the other variables
so QGLs are used in the DNN. Also, the separation provided by the soft activity
information is independent of the other variables, therefore soft activity is further
exploited with respect to the BDT by adding H(Szo)f}. Then, the dimuon mass res-
olution is used to improve the signal-to-background separation provided by the
dimuon mass. Moreover, the entire kinematic of the two leading jets is exploited in
the DNN, while the BDT could just use p7(j,). Finally, the variable "year" is added
to the training so that possible discrepancies due to the different data-taking con-

ditions can be taken into account.

Some of the above listed variables are redundant. Redundant variables help in em-
phasizing important information and do not impact the performance because DNN
is capable of handling a large number of inputs.

In order to optimize the training setup, several architectures have been tested. The
optimal performance is obtained when the training is performed in multiple steps.
Firstly, four networks are optimized with different inputs and for different tasks.
The four outputs of the last hidden layer nodes are merged and combined to solve
the actual classification problem. The five networks are the following:

(1) signal -vs- VBF Z
The VBF Z proces is the most signal-like background. Distinguishing as best
VBF H from VBF Z is crucial to isolate the signal, therefore a dedicated net-
work with 3 hidden layers is trained in order to separate signal from this
background.
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(2) signal -vs- DY
A network with 3 hidden layers is dedicated to separate signal from DY events.

(3) mass independent signal -vs- background
A 3 hidden layers network is trained with the 22 input variables uncorrelated
with the dimuon mass. This network is trained against the three backgrounds.

(4) mass + mass resolution signal -vs- background
A network with two hidden layers is trained using only three input variables:
the dimuon mass and its absolute and relative resolutions. In this way, the
network can try to exploit as best the dimuon mass discriminating power. All
the backgrounds are used in the training.

(5) merge
A final network with 2 hidden layers is used to combine the outputs of the 4
preliminary networks. The last fine-tuning of the model is performed in two
steps. In the first step (5a), the node weights of the networks (1,2,3) are fixed
as obtained by the previous training while the network (4) weights are free
to float. In the second step (5b), also the node weights of the network (3) are
unfrozen.

A schematic rapresentation of the DNN architecture is shown in Figure 5.18. The
input variables are shown in orange and they are divided in two blocks: the three
related to the mass and the others. The DNNs optimized for the single tasks are
shown in grey boxes and their output is blue. The last layers of the 4 networks are
merged in a single vector and used as input for the combination. The final output
is shown in red.

VBF variables +
event topology D = 3-4 layers DNN
(22)

Training steps:

Higgs mass +
resolution (3)

Mass only 4

Signal vs VBF Z

Signal vs DY

S vs B - “no mass”

S vs B - “mass+resolution”
Merge: second to last layers
of all the above nets are
used as inputs

a.  All upstream weights fixed
b. Unfreeze weights upstream

o obh N

FIGURE 5.18: Schematic representation of the DNN architecture. The training procedure
consists in optimizing the first four networks for single tasks, then combining the outputs
and fine-tuning the model by unfreezing upstream weights.

Each network has 2 or 3 hidden layers with few tenths of nodes with a descending
pyramidal architecture. A dropout of 20% is used in all the training steps in order
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to regularize the model and a batch size of 1024 events is used, except for step (5b)
where 10240 events are used. The adopted loss function is the binary cross-entropy,
which results in the maximum likelihood estimator for binary classification prob-
lems. A starting learning rate of 0.05 is used and it is gradually decreased at training
time based on validation loss, thus preventing overfitting.

The adopted architecture divides the signal-to-background separation provided by
the mass from the one provided by the remaining variables. In fact, network (3) fo-
cuses entirely on the VBF and event topology while it lets the network (4) to make
the most from the dimuon mass information. Instead, the networks (1) and (2) use
all the input variables simultaneously but they aims at single background rejection.
The four networks contain different informations and they can be combined. More-
over, having several independent pretraining helps the final signal-to-background
discrimination.

In order to prove that no other variables would increase the discriminator perfor-
mance, a DNN with the same architecture is trained using as inputs all the event
variables at disposal, about one hundred. The performance of the two DNNs do not
show significant differences, meaning that additional inputs would not improve the
signal-to-background separation.

All the described networks are trained for several epochs. The network (4) is trained
for 5 epochs and (5b) for 200 epochs. The remaining models are trained individu-
ally for 50 epochs each. The best trained model is chosen among the 250 training
epochs of (5a) and (5b) using the estimated Asimov significance [150]. The signifi-
cance is computed for the training and for the validation dataset for each fold, and
the minimum significance is used to pick the best model. The Asimov significance
is computed by summing in quadrature the bin by bin significances defined by

N

S.
Asimov significance = Z 2 {(Si + B;)log (1 - B—’) - Sl} (5.4)

i=1 !

where S; and B; are the expected of signal and background events in the i-th bin.
The binning used to evaluate the DNN performance is computed similarly to the
one used in BDT evaluation: each bin has to contain 0.5 expected signal events and
the uncertainty of the background yields has to be smaller than 30%.

Figure 5.19 shows the training (light blue) and validation (blue) significances for
each epoch and for each fold of the networks in order from (1) to (5b). The mini-
mum significance (red) is used to choose the best performing model. The sudden
changes in the performance trend are due to the different training steps. The perfor-
mance of the network (1) is shown in the first 50 epochs. The 50 training epochs of
the network (2) are the ones from 51 to 100. The performance of (2) is much higher
than (1) because the VBF Z process is much more signal-like than the DY, therefore
(1) obtain a looser separation than (2). The epochs from 101 to 150 show the perfor-
mance of (3) while the epochs of (4) are the ones from 151 to 155. Networks (5a) and
(5b) are shown in epochs 156-205 and 206-406 respectively. The performance of the
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FIGURE 5.19: Training and validation significances for each epoch for each fold of the net-
works. In order, there are 50 epochs of (1), 50 epochs of (2), 50 epochs of (3), 5 epochs of (4),
50 epochs of (5a), and 200 epochs of (5b).
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various steps are characterized by the same typical features: an initial increasing
trend and initial instabilities. Moreover, the increases at the 206-th epoch are due
to the unfreezing of the event weights of network (3).

5.5.3 Performance of the discriminators

The BDT and the DNN have to be compared in order to choose the best discrimi-
nator for the analysis. Figure 5.20 shows the distribution of the optimized BDT and
DNN computed with the validation dataset. The BDT score range from -1 to 1, the
signal-like events have high BDT values while the background-like events have low
BDT values. Instead, the DNN score is always positive: signal events are generally
close to 1 and background events are peaked at 0. The plots do not show any visible
outperformance of one of the two discriminators with respect to the other one.
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FIGURE 5.20: Signal and background distributions of the BDT (a) and DNN (b) computed
with the validation dataset.

The present analysis is very sensitive to the signal efficiency at about 99-99.9% back-
ground rejection. Therefore an efficient method to compare the discriminators is
through the Receiver Operating Characteristic (ROC) curve. The ROC curve is the
background efficiency as a function of the signal efficiency and it is computed with
the validation dataset. Figure 5.21 shows the ROC curves of the optimized BDT and
DNN. The curves show that the DNN has higher signal efficiency for each back-
ground rejection. In particular, the DNN has higher signal efficiency at the desired
working point.

Another estimator of the discriminator performance is the expected significance.
The significance can be computed either with equation 5.3 or with equation 5.4.
Both sensitivities show an improvement of the DNN performance of about 10%
compared to the BDT. Therefore, both ROC and significance show that the DNN
performs better than the BDT on the validation set.

The signal strength extraction is performed with the test dataset. The performance
of the discriminators with the test dataset are not exactly the ones found with the
validation dataset: the test dataset contains a better description of the background
and it includes also other signal channel productions. However, the comparisons
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Ficure 5.21: ROC curves of the optimized BDT and DNN evaluated with the validation
dataset. The LO DY sample is used in the evaluation.

obtained with the validation dataset are accurate enough to confirm that the DNN
can separate signal from background better than the BDT. Therefore the final fit is
performed with the DNN discriminator.

5.6 Systematic uncertainties

In this section, the main sources of errors are described. The systematic uncertain-
ties are propagated consistently to the distributions used in the fit and they affect
the significance and the signal strength uncertainty. The following uncertainties
are coherently considered in all the channels of the H — pu search and they are
correctly treated to obtain the combined result.

The systematic uncertainties are divided in theoretical and experimental uncertain-
ties. Theoretical uncertainties are the sources of error that arise from mismodeling
in the MC sample generation. Experimental uncertainties are the sources of error
related to differences between measurements and the true values of the observables.
Either the experimental uncertainties and the theoretical ones can affect the shape
of the distributions, their normalizations, or both. The shape uncertainties are ei-
ther applied to the relevant objects and propagated through the event selection and
the discriminator evaluation, or treated as an event weight when building the varia-
tions about the nominal distribution. Systematic uncertainties are modeled in the fit
as nuisance parameters and they are constrained by log-normal or gaussian priors.

5.6.1 Theoretical uncertainties

Signal cross-sections

The uncertainties of cross-sections and branching fractions for ggH, VBF, VH, and
ttH processes are taken from Ref. [20]. These include uncertainties in the PDF dis-
tributions and in the choice of QCD normalization and factorization scales.
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ggH and VBF Simplified Template Cross Sections

An additional set of uncertainties is considered in order to take into account theo-
retical mismodelings of some kinematic distributions of the Higgs processes. These
uncertainties are applied following the recommendations of the LHC Higgs cross-
section working group [151]. They account for variations in the signal acceptance
as a function of pr(H), pr(HJj), jet multiplicity, and my; for the VBF process and as
a function of pr(H) and jet multiplicity for the ggH process. The uncertainty due
to this systematic is about 2 < 4% for VBF process and 15 < 25% for ggH process in
the VBF category.

Perturbative QCD scale variation

The perturbative QCD renormalization and factorization uncertainties are estimated
by changing the scales 1 and pip up and down by a factor of 2 from the default val-
ues used in the matrix element calculation. These uncertainties are considered by
applying the modified event weights and they affect both shape and normalization.
In the fit, they are treated correlated between regions and years but uncorrelated
between processes.

Parton shower uncertainty for VBF H

The parton shower uncertainty is estimated for the VBF signal from the differences
observed in the predictions obtained with different generators. These differences
affect either shape and acceptance and they are about 5+-10%. The nominal pre-
diction is taken from POWHEG + PYTHIA with dipole recoil, while the full difference
with POWHEG + HERWIG is used as variation. The uncertainty is symmetrized by in-
verting the ratio between the two predictions in order to have a two side nuisance.

Parton shower uncertainty for VBF Z

Similarly to VBF H, the parton shower uncertainty for the VBF Z process is esti-
mated by the difference between the predictions obtained with different generators.
However, the pyTHIA shower generator without dipole recoil is known to mismodel
the additional hadron activity in VBF events, and a VBF Z sample generated by
POWHEG + PYTHIA with dipole recoil is not available. Therefore the sample gener-
ated with POWHEG + HERWIG is used as central prediction and the 20% difference
between POWHEG + PYTHIA and POWHEG + HERWIG is taken as parton shower un-
certainty. This fraction is chosen because it corresponds to twice the parton shower
uncertainty provided by the pYTHIA generator with the PS-weight mechanism. Here
too, the uncertainty is symmetrized by inverting the ratio between nominal and
variation.

PDF variations

A specific recipe is designed to take into account PDF uncertainties. This method
uses the 100 replicas of the PDFs provided by NNPDF3.0 in 2016 samples and by
NNPDF3.1 in 2017 and 2018 samples. For each replica and process, the expected
discriminator distribution is computed. The ratio between the 100 distributions and
the nominal one is computed and fitted with two different functions: y = mx+band
y= ax® + b, where x is the value of the discriminator. Let a’, m’, and b’ be the RMS
of the ensamble of fitted parameters a, m and b. Three variations of the nominal



5.6. Systematic uncertainties 107

histogram are built multiplying the yields by either ax?, mx, or b. Normalization
effects are removed from the two non-constant variations. These uncertainties are
symmetrized by flipping the sign of the ', m/, or b'. The three PDF variations are
treated as correlated across regions and eras and uncorrelated between processes.

5.6.2 Experimental uncertainties

Luminosity

The uncertainty on the integrated luminosity affects directly the expected yields of
signals and backgrounds. The luminosity of 2016, 2017, and 2018 data-taking peri-
ods are known with uncertainties of 2.5%, 2.3%, and 2.5% respectively [152, 153, 154].

Prefiring correction

A shift in the timing of the ECAL L1 trigger in the forward region (2.4 < || < 3.0)
led to a specific trigger inefficiency in the 2016 and 2017 data-taking periods. This
inefficiency has been measured and a correction has been provided using minimum
bias events. The correction is applied by reweighting the MC events as a function
of the n and pr of the jets and it is about 2+3% at m;; = 400 GeV and 6+-9% at
mj; > 2 TeV. The corresponding error is obtained by propagating the uncertainty
associated with the correction that is 20%. This systematic affects either shapes and

normalizations and it is correlated across signal and control regions.

Single-muon trigger

Scale factors and the corresponding uncertainties are applied to take into account
inefficiencies from the single-muon trigger. Their contribution is less than 0.5% and
they are included in the overall identification efficiency described below.

Muon energy scale and resolution

The muon scale and momentum resolution are calibrated as a function of pr and n
of the muons using dilepton resonances [155]. The relative momentum resolution
varies from 1.5 to 2% when the muon passes through the barrel while it ranges from
2 to 4% for endcap muons.

Lepton identification and isolation efficiency

The muon and electron identification and isolation efficiencies are determined cen-
trally for the CMS analyses using the tag-and-probe method in Z events. The ob-
tained scale factors are applied to correct the prediction from the Monte Carlo sam-
ples. The corresponding uncertainties are propagated through all the steps of the
analysis. The electron identification and isolation uncertainties affect only VH and
ttH categories.

Quark-gluon likelihood discriminator

The polynomial corrections described in chapter 3 are considered in the event weights.
The variations to the nominal distributions are computed by applying those correc-
tions twice for up variations and not applying the corrections for the down varia-
tions. QGL systematic variations do not change the signal and background yields,
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therefore only the shape variations are considered [101].

Pile-up

A shape uncertainty on the number of pile-up events is obtained by varying the
minimum bias cross-section used in the pile-up reweighting applied to simulated
events.

b-tagging

The b-tagging scale factors are needed in order to take into account differences in
selection efficiency between data and simulated events. They are computed cen-
trally for the CMS collaboration for each working point and they are implemented
via reweighting the events. The sources of b-tagging uncertainty are varied inde-
pendently and correctly propagated through the analysis steps. The corresponding
uncertainties influence both shapes and normalizations of all the distributions.

Monte Carlo simulation size

The uncertainty due to the limited size of the simulated events is taken into ac-
count by varying independently each bin yield for signal and background with the
corresponding uncertainty with the Barlow-Beeston method [156, 157]. These un-
certainties are uncorrelated across the bins and they affect mostly the high score
region of the discriminators.

Jet energy scale (JES)

The transverse momentum of each jet is varied up and down within one standard
deviation for each source of uncertainty as recommended centrally for CMS data
analysis [93]. The event selection and discriminator evaluation are re-applied ac-
counting for the shifted energies and the corresponding variations in each bin yield
for each process are used to estimate the uncertainty. Therefore the jet energy scale
affects the selection acceptance as well as the shape of all the distributions.

Jet energy resolution (JER)

The jet energy resolution is taken into account by smearing each jet by the smearing
factors provided centrally for the CMS collaboration [93]. Instead of having a single
nuisance parameter to define the JER uncertainty, jets are divided in six exclusive
categories and the resolution parameters in the categories are set to be uncorrelated
in the final fit. Two categories divide the central jets: the first is composed of jets
with 5] < 1.93 and the second is composed of jets with 1.93 < |n| < 2.5. Forward
jets are divided in four categories as a function of py and 7: jets are divided in high
energy jets with pr >50 GeV, and low energy jets with pr <50 GeV, and either high
and low energy jets are divided in pseudorapidity at || = 3.139.

Drell-Yan contribution from pile-up and noise

About 35+-40% of the DY background is composed of events where either the lead-
ing or the subleading jet are not matched with a jet at generator level. These jets
come from soft emissions produced mainly by the parton shower or by the pile-up
interactions. They usually fall in the forward regions of the detector and they pass
the pr threshold used in the analysis because their energy is wrongly measured
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by unprecise detector response. In fact, the forward region is sensitive to pile-up,
noise, and other sources of background that are difficult to predict. In particular,
the rate of this component of the DY background is not well predicted.
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FIGURE 5.22: Maximum pseudorapidity between the two leading jets of signal region events
in 2016 (a) and 2017 (b). Captions are the same of Figure 5.3.

This effect is particularly enhanced during the 2017 data-taking because of the noise
in the calorimeters. Figure 5.22 shows the pseudorapidity of the most forward jet
between leading and subleading in the signal region in 2016 and 2017. The DY con-
tribution is split into two components: the first have leading and subleading jets
matched with a jet at generator level, the second contains the remaining DY events.
The ratios data/MC have similar trends in the two years, however, the 2017 data-
taking shows an excess of data in the range within 3 and 5. The difference between
the two years is compatible with a wrong normalization of the component where
one jet is not matched at generator level.

The adopted solution is treating the DY process as two different backgrounds, called
DY+2jets and DY+pu/noise. The normalization of the DY+pu/noise is left floating
in the fit and it is directly constrained by the observed data. Because of significant
variation of the detector response over the data taking period, this normalization is
treated uncorrelated across years. The normalization of the DY+2jets is taken from
the simulation and, as well as all the other backgrounds, constrained by the data
within the described uncertainties.

5.7 Signal extraction method

The variable that separates most signal from background is the DNN score, there-
fore it is used also in the signal extraction. In order to check the data-MC agreement
of the DNN distribution, the DNN score is evaluated in the sideband and in the Z
region. However, such an evaluation does not probe the agreement in the region
of higher value because events that have m,,, far from 125 GeV have also the DNN
output is close to 0. The reason is that the dimuon mass is very important in the
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DNN evaluation and events with m,, , far from the Higgs peak are classified as back-
ground. A solution is found by replacing the DNN input value of the dimuon mass
with the default value of 125 GeV during the evaluation in both data and simulation.
Such a method allows having a wider distribution of the DNN score that reproduces
the main features of the DNN distribution in the signal region.

The signal samples used for extracting the signal strength are generated with a
Higgs mass of my = 125.00 GeV, however, the most precise measurement of the
Higgs boson mass is 125.38 GeV. In order to obtain results with the correct mass,
the dimuon mass is biased of 0.38 GeV before evaluating the DNN in data and back-
grounds. This is possible because the other DNN inputs are not significantly corre-
lated to m,,, therefore there is no way that the DNN obtains information about the
true dimuon mass from other sources. This bias is equivalent to evaluate a DNN
that is trained with signal samples generated with my = 125.38 GeV.

The signal strength is extracted with a maximum likelihood fit performed over the
DNN distribution in the signal region. In order to better constrain the nuisances,
the fit is performed simultaneously in signal region and in sideband. The variables
used in the fit can be several for the sideband. The optimal distribution for the side-
band is the distribution of the DNN with the fixed value of the dimuon mass input.
Figure 5.23 shows the distribution of the DNN score in the signal region and the
one of the DNN at fixed mass in the sideband.

The fit can be performed in two different ways. One method is to compute the
shapes of the discriminator distributions using all the events of the data taking pe-
riod and then fit one distribution for the signal region and one for the sideband.
The other one is to compute the shapes of the discriminator distributions separately
for the three years and then perform a simultaneous fit over the three years. The
method that provides the best result has to be chosen.

In case the same binning is used for the two methods, fitting simultaneously the
three years would perform better. The reason is that the significance in each bin,
that is about SZ/B, is higher when combiend from different distributions

2 2 2 2
£+&+h > (S16 + S17 + S1s)
Big Bi7 Big — Big*+ By + Big

(5.5)

where S and B are the signal and background yields in 2016, 2017 and 2018".

On the other hand, a single histogram in the signal region allows a finer binning
therefore improving the result. However, fitting the single distribution do not ex-
ploit as best the year by year differences. In fact, several CMS operating conditions
are different between the various year, and they consequently affect the shapes of
the single year discriminator distributions. Moreover, the DNN distribution is a
function of the year since the year is one of the input variables. Merging different

The inequality of equation 5.5 derives directly from the Cauchy-Schwarz inequality.
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F1cure 5.23: DNN distributions after the event selection for 2016, 2017, and 2018 in signal

region and sideband. Captions are the same of Figure 5.3.
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distributions reduce the signal-to-background separation, therefore fitting simulta-
neously the distributions of the three years produces the best result.

A crucial point of the signal extraction is the binning choice. In fact, as explained in
section 5.5.1, the final result depends on the binning. The appropriate bin bound-
aries are chosen in order to achieve optimal sensitivity while minimizing the total
number of bins. In each data-taking period, the DNN output distribution of the VBF
H sample is used to define thirteen bins. The bins are defined starting from the right-
most one which is set to have a fixed signal yield of 0.6 expected events. All the other
bins are defined such that the signal yields change linearly down to the leftmost bin.
This procedure defines different bin boundaries in each data-taking period. The ex-
plained binning construction is applied to the distributions of the DNN in the signal
region separately for the three years. The binnings that are found by this procedure
are applied also in the two control regions. The DNN scores of the simulated signal
events usually are close to 1, therefore the described binning construction produces
several bins in the high score region and few in the low score region. In order to
zoom the distribution in the signal-like part of the distribution and obtain a readable
view of the DNN output, the transformation DNN’ = atanh(DNN) is applied to the
DNN output. The same transformation is applied to the bin boundaries in order to
mantain the binnings of the DNN distributions.

The expected results are extracted from the distributions shown in Figure 5.23. The
presence of differences among the distributions of different years is highlighted by
the d parameter shown in each plot. The DNN and BDT output distributions of the
three regions are shown in appendix F.

5.7.1 Statistical treatement

The signal extraction is performed by maximizing a likelihood function that takes
into account all the systematic uncertainties. The procedure that computes the ex-
clusion limits is called CLg method and it is described in Ref. [158].

Each uncertainty is parametrized by a nuisance parameter ¢; and it is described
by a probability density function (pdf) p(9i|§i), where éi is the initial estimate of
the parameter. The systematic uncertainties are usually modeled by Gaussian or
log-normal pdfs that are defined by the up and down variation histograms. The
results are expressed in terms of the signal strength modifier i, defined as the ratio
between the measured cross-section and the Standard Model cross-section. In all
the steps of signal extraction, only positive signal strengths are considered.

The likelihood is a function of the signal strenght and the nuisance parameters,
and it is defined by

L(data],0) = [ ] Poisson (ng|uSi(0) + Bi(6)) x [[ 00  (5.6)
k i

where k represents the bin, and Sy and By, are the signal and background expected
yields in the k-th bin. The parameters that correspond to the global maximum of



5.7. Signal extraction method 113

the likelihood are called /i and 6. For fixed factors x > ji the profile likelihood ratio

is defined by: A
L(data|u,0
g, =-2In ( L F) (5.7)
L(data|i,6)

where 0 1, is the parameter that maximize the likelihood at fixed .

A test statistic is constructed to compare the compatibility of data with the back-
ground+signal and background-only hypothesis. Firstly, the parameters 6, that best

describes the observed data for the chosen y and 6, that best describes the observed
data for the background-only hypothesis (i = 0) are used to generate two sets of
toy Monte-Carlo pseudodata. The profile likelihood ratio is computed for each toy
and the probability distributions of the likelihood ratios f(g,,|0, 90) and f(q,|n.0,)
are found.

The constructed probability distributions are used to compute the probability as-
sociated to the two hypotesis:

m A
pu=P(q, > qzbs|background+signal) = /obsf(qm, 0,,)dq
~0bs

= P(4, = 4 background-only) = [ fiqlud,

where qObs is the observed profile likelihood for the desired signal strength ;. The
two Values are the probability of measuring a signal strength greater than the ob-
served one in the background+signal hypothesis and the probability of measuring
a signal strength lower than the observed one in the background+only hypothesis.

The ratio of the probabilities
Pu

CL, = —— 5.8
e 6:5)
is the limit exclusion of the signal strength modifier . The upper limit on the signal
95%CL .

strength at 95% confidence level p is found by finding the parameter p that
provide CL = 0.05. The p-value is defined for ;1 = 1 as

P1
1-pp

p-value = (5.9)

and it is the probability that a fluctuation larger than the observed data is reproduced
by the background-only model. The p-value is often converted into the equivalent
significance Z, defined by the area under one tail of the Gaussian

1 L [Ty (5.10)
p-Va ue = —— e X .
\Vem /Z

The 30 (Z = 3) and 50 significances (Z = 5) correspond to a probability of 1.3 1073
and 2.91077 respectively.
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In order to find the expected 95% confidence level upper limit, a large amount of
toy Monte-Carlo pseudodata that model the simulated samples of the analysis is
generated. The upper limit ,ugS%CL is computed for each toy and its distribution
is built. The median, 68% band, and 95% band define the nominal, +10, and +20
expected upper limit.
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Chapter 6

Results

In this chapter, the final results of the H— [y searches are presented. The signal
significance and upper limit obtained from the VBF dedicated search are shown. Then,
the results of the other three dedicated searches are reported and they are combined with
the ones of the VBF search. Finally, the analysis is combined with the data recorded by
CMS at 7 TeV and 8 TeV and the measurement of the Higgs boson coupling to muon is
given. The results are extracted for the SM Higgs boson with mp;=125.38 GeV.

6.1 VBF Results

The signal strength is extracted by performing a simultaneous maximum likelihood
fit over the signal region and the sideband of the three data-taking periods. The
DNN score is fitted in the three signal regions and the DNN evaluated with fixed
dimuon mass is fitted in the three sidebands. The histograms obtained from the
Monte Carlo samples are used in the fit to predict the signal and background shapes.
The results for the signal yields are expressed in terms of the signal strength mod-
ifier p = (6B(H — p))ops/(0B(H — puit))spy in order to have a direct comparison
with the Standard Model.

The same fit is used to compute also the upper limit and the significance in or-
der to quantify the compatibility of data with the background-only and the sig-
nal+background model. Upper limit, significance, and signal strength are extracted
either from each year independently and simultaneously from the three years.

The theoretical uncertainties are treated as fully correlated among regions and pe-
riods. The experimental uncertainties are instead considered correlated among re-
gions and uncorrelated among periods.

The expected and observed significances are shown in table 6.1 for each fit. The
best fit signal strength for the Higgs boson with mass 125.38 GeV is ji = 1.361'8:2(1),
corresponding to an observed significance of 2.40 ¢. Data and simulated DNN dis-
tributions in signal region and sideband are shown in Figure 6.1. The lower panels
show the pre-fit and post-fit ratios between data and simulation. The grey area
indicates the MC uncertainty and the blue histogram shows the best fit signal con-

tribution.
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FIGURE 6.1: DNN distributions for 2016 (first row), 2017 (second row), and 2018 (third row)

in signal region (first column) and sideband (second column). Signal and background pre-

dictions are obtained from the fit performed across the entire data-taking period. The lower

panels show the residuals after the pre-fit and post-fit background subtraction. The grey

bands show the background uncertainty while the blue lines indicate the best fit signal
contribution.
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| 2016 2017 2018 combined
significance | 2.01(1.04)  0.00(0.88)  2.21(1.21) 2.40(1.77)

TaBLE 6.1: Expected and observed signal significances for the exclusion of the background-
only hypothesis for my=125.38 GeV for each year and for the entire data-taking period.

Figure 6.2 shows the expected and observed upper limits obtained from the fit for
each year and for the entire data-taking period. Overall the uncertainties are domi-
nated by statistical effects. The leading systematic uncertainties are the ones origi-
nating from the parton shower modeling of VBF H and VBF Z processes. The leading
experimental uncertainties are those arising from the normalization of the DY with
noise and pile-up jets.

The distributions of the DNN score for the entire data-taking period in the signal
region and in the sideband are computed by summing the distributions of each year.
Since the bin boundaries adopted to extract the results are optimized separately per
data-taking period, the combined DNN distributions are computed by summing the
observed and predicted yields bin by bin. Figure 6.3 shows the obtained DNN dis-
tributions.
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FIGURE 6.2: Expected and observed upper limit exclusions for the background-only hypoth-
esis for my=125.38 GeV for each year and for the entire data-taking period.

6.2 Combined Results

The result of the search in VBF channel is combined with the ones coming from ggH,
VH, and ttH searches to maximize the sensitivity. A simultaneous fit is performed
across all events subcategories of the four analyses: the subcategories described in
chapter 4 for ggH, VH, and ttH searches, and signal region and sideband for the
VBF search. A single value for the signal strength is extracted from the fit while the
relative contributions from different Higgs production modes are fixed to the SM



118 Chapter 6. Results

137 fb! (13 TeV) 137 fo (13 TeV)
% LN DL B BN B L I %107;"‘I"'I"'I"'I"'Iu"'l‘
4] CMS ¢ Data WH-pu ¢ [ CmMs $Data  [HZiEW
WH10'F post-it Ezjew oy W 10°F post-fit Moy [WlTop quark
VBF-SR Run2 B Top quark [E]Diboson 105Er VBF-SB Run2 Hpiboson
m,, = 125.38 GeV — VBF —ggH 3 m, = 125.38 GeV

9. 3
:@ 1E—hﬂ.—~._=.=_¢_r!::*_;_ng{,q_._:}:f
go.sE
PRI RSN NSRS N S SN N NS S W | SEPIRTI EARSE U NS R R -
0 2 4 6 8 10 12 0 2 4 6 8 10 12

VBF DNN bin VBF DNN bin

(a) (b)

Ficure 6.3: DNN distributions in signal region (a) and sideband (b) for the combination

of 2016, 2017, and 2018 data. Signal and backround predictions are obtained from the fit

preformed across the entire data-taking period. The lower panel shows the residuals after

post-fit background subtraction. The grey band shows the background uncertainty while
the blue line indicates the best fit signal contribution.

prediction.

The systematic uncertainties taken into consideration are those described in sec-
tion 5.6. All the theoretical uncertainties are assumed to be fully correlated among
all the categories. The acceptance uncertainties from the muon energy scale and
resolution are treated as correlated across the ggH, VH, and ttH categories while
they are uncorrelated with the same uncertainties in the VBF category. Moreover,
their effects on the peak position and width are considered uncorrelated among the
categories. The pile-up and noise contribution of DY acceptance is considered only
in the VBF category. The remaining experimental uncertainties are treated as fully
correlated among all the categories included in the fit.

The results on the combined search are quoted as p-value as a function of the Higgs
mass. The expected and observed local p-values are computed for several mass hy-
potheses in the range 120-130 GeV for each individual search and for the combined
fit. Figure 6.4 shows the p-values for 11 mass hypotheses within 125 and 126 GeV
and for 18 mass hypotheses in the remaining windows. The points show the masses
for which the observed p-values are computed while the expected p-values are com-
puted with an injected signal with mp = 125.38 GeV.

The four colored curves show the results obtained from the four searches indepen-
dently. The black line indicates the results obtained from the combined fit. The
VBF category provides the best expected result among the four searches in the en-
tire mass range.

In the ggH, VH, and ttH categories, signal samples generated with my=120, 125,
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FIGURE 6.4: Expected (a) and observed (b) p-values as a function of my for each category
and for the combined fit. The points show the masses for wich the the observed p-values
are computed.

and 130 GeV are interpolated in order to provide signal models for any mass in the
range 120-130 GeV. The parameters describing the signal shape are derived from
those models, then a new fit is performed. In order to compute the correct signal
yields at each mass hypothesis, the signal cross-section and branching fraction are
modified as predicted from the Standard Model calculation [20].

Instead, in the VBF search, the p-values at different masses are computed by shift-
ing the dimuon mass both for data and MC, similarly to the shift used to compute
the results for a Higgs boson of 125.38 GeV. This is possible because of the little
correlation between the DNN input variables and the dimuon mass. The mass shift
is applied only to data and background, therefore the bin boundaries of the DNN
histograms are not changed since they depend only on the signal distribution. The
p-values are derived from the simultaneous fit of the mass biased DNN distributions
in signal region and sideband. The discontinuities observed in the p-value trend of
the VBF category are due to event migrations in data between different bins when
evaluating the DNN for different mass hypotheses.

The obtained best fit signal strength for the Higgs boson with mass 125.38 GeV is
i = 1197041 (stat)* 317 (syst), corresponding to an excess of events over the back-
ground expectation with a significance of 3.0 0. The signal strength measurement
refers to the product of the cross-sections with the branching fraction of the Higgs
boson to muon. However, assuming the cross-section to be the Standard Model pre-
dicted ones, the branching fraction is constrained to be 0.8 - 107% < BH — pp) <

4.5-10"% at 95% confidence level.

The best fit signal strength is shown in Figure 6.5 with its 10 and 20 CL inter-
vals. The black markers show the signal strength obtained from a profile likelihood
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FIGURE 6.5: Observed signal strength for each category and for the combination with the
associated uncertainty.

scan in each category, and the associated uncertainties indicate the 68% CL inter-
val. Table 6.2 shows the statistical and systematic contribution to the post-fit signal
strength uncertainty. The table shows also the individual contribution of the lim-
ited size of MC events, the experimental and theoretical systematics. The statistical
component is computed by performing a likelihood scan in which the systematic
nuisance parameters are fixed to their post-fit values. The systematic component is
taken as the difference in quadrature between the total uncertainty and the statis-
tical one. The other contributions are evaluated with a similar method. The contri-
bution of the limited size of MC events only affects the VBF category.

Source of uncertainty Ap

total post-fit uncertainty +0.44 -0.42
Statistical uncertainty +0.41 -0.40
Systematic uncertainty +0.17 -0.16
Experimental uncertainty +0.12 -0.11
Theoretical uncertainty +0.10 -0.11
MC limited size uncertainty +0.07 -0.06

TaBLE 6.2: Impact of the main source of uncertainties in the measurement of the signal
strength.

Higgs to muon coupling

The Higgs coupling to muon cannot be directly extracted from the presented signal
strength because the Higgs production cross-sections depend on several other cou-
plings of the Higgs with other Standard Model particles, mainly t-quark and vector
bosons. Therefore a unified fit is performed in order to constrain all the available
couplings as well as the Higgs to muon one. The Higgs couplings are constrained by
combining the presented results with the ones of Ref. [159]. No additional Beyond
Standard Model particle is considered. The k-framework introduced in chapter 1
is used: six Higgs coupling modifiers w Krs Kby Ky, Kz, and Ky, are considered to
parametrize the signal strength and they are left free left to float independently in
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a simultaneous likelihood fit across all the event categories.

The best fit values of the coupling parameters are in agreement with the Stan-
dard Model prediction and they are shown as a function of the particle mass in
Figure 6.6a. Figure 6.6b shows the best fit and the profile likelihood of . The
corresponding 68% and 95% CL intervals are shown in the likelihood scan and they
are 0.85 < k,, < 1.29 and 0.59 < £k, < 1.50 respectively. Figure 6.6a can be directly
compared with Figure 1.8.
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FIGURE 6.6: (a) Observed profile likelihood ratio as a function of x, with the associated 68%
CL interval. (b) Best fit for the coupling modifiers and comparison with the Standard Model
prediction. The error bars correspond to the corresponding 68% CL interval.

Weighted mass distribution

The major signal signature of H— pp signal in all the four channels of the analysis
is the dimuon invariant mass peak around 125 GeV. However, the expected signal
peak is not significantly visible in any of the analysis categories because of the huge
amount of background. Cumulative mass distribution is computed enhancing the
signal-like events in order to visualize the signal as a peak in the dimuon mass over
the monotone background trend. A mass unbias weight is applied to all events of
all the categories, then a single mass distribution is computed.

The parametric mass distributions of the subcategories of the ggH, VH, and ttH
dedicated searches shown in chapter 4 are summed to obtain a single distribution.
Each data and MC event is weighted by the signal purity S/(S+B) under the signal
peak within ®HWHM of the corresponding subcategory.

In the VBF category, the distribution of m,,, is produced by weighting properly
the events using a mass independent DNN. A mass independent DNN distribution
is computed by replacing the input value of the m,, with the fixed value of 125
GeV when evaluating the mass dependent DNN. The distribution of the mass in-
dependent DNN is computed using the same bin boundaries of Figure 6.1 and the
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purity S/(S+B) is computed for each bin. The dimuon mass shown in Figure 6.7a is
obtained by weighting each event of both data and MC by the corresponding bin
purity of the mass independent DNN. The distribution contains the events of the
entire data-taking period from signal region and sideband.

The bin yields of the purity weighted mass distribution histogram of the VBF cat-
egory are interpolated with a continuous and derivable function. The continuous
function obtained with this method is summed to the purity weighted mass distribu-
tions of ggH, VH, and ttH categories and it is shown in Figure 6.7b. For the ggH, VH,
and ttH categories, the signal and background are the sums of the post-fit functions
obtained from the simultaneous fit. For the VBF category, they are obtained inter-
polating the signal and background post-fit histograms with a spline. The weighted
data events in the distribution come mainly from ggH category, where the purity is
small but there are many events. The observed data are compatible with an excess
of events observed around 125 GeV.
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FIGURE 6.7: Weighted dimuon mass distributions for 2016, 2017, and 2018 data in the range

110-150 GeV in the VBF search (b) and for the combinations of all the categories (b). The

lower panel shows the residuals after the background subtraction. The lower panel shows

the residuals after post-fit background subtraction with the associated uncertainty and the
best fit signal contribution.

6.3 Combination with Run 1

The presented results are combined with the proton-proton collision data at 1/s=7
and 8 TeV recorded by CMS during Run 1, following the strategy adopted in Ref.
[160]. The 7+8 TeV analysis has been performed with an integrated luminosity of
5.1fb"! at /s=7 TeV and 19.7 fb~! at \/s=8 TeV and it is described in Ref. [44]. The
search is updated with the improvement in the cross-sections and branching frac-
tions predictions [20] and a simultaneous maximum likelihood fit is performed over
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the 7, 8, and 13 TeV data. The experimental uncertainties are conservatively taken
uncorrelated between the 13 TeV and the 7+8 TeV analyses while the theoretical
uncertainties are treated as fully correlated.

The combination produces an improvement of about 1% on both the expected and
observed significance of an excess of events at my=125.38 GeV over the background-
only expectation. The corresponding signal strength and 68% CL interval is i =
1.19f8:§8(stat)f8:%2(syst). Table 6.3 contains the observed and expected significances
and upper limits derived from the analysis combination and from each category
production. The expected upper limits are computed assuming the Standard Model
without the Higgs Boson. Figure 6.8 shows the observed and expected p-values as
a function of the Higgs boson mass hypoteses computed from the 7, 8, and 13 TeV

combination similarly to Figure 6.4.

Production category significance upper limit
VBF 2.40(1.77) 2.57(1.22)
ggH 0.99(1.56) 1.77(1.28)
VH 2.02(0.42) 10.8(5.13)
ttH 1.20(0.54) 6.48(4.20)
Combined /s = 13 TeV 2.95(2.46) 1.94(0.82)
Combined /s = 7, 8, 13 TeV 2.98(2.48) 1.93(0.81)

TaBLE 6.3: Expected and observed signal significances and upper limits for the exclusion of
the background-only hypothesis for mg=125.38 GeV for each category. The expected upper
limits are computed witht the background-only hypoteses y = 0.
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FiGURE 6.8: Expected and observed p-values as a function of my for the combination of
7, 8, and 13 TeV data. The points show the masses for wich the the observed p-values are
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6.4 Conclusion

The analysis described in this thesis presents the first evidence for the Higgs boson
decay to second generation fermions. The search is performed using the proton-
proton collision data at 1/s=13 TeV recorded by the CMS experiment in the period
2016-2018, corresponding to an integrated luminosity of 137 fb~!. The results are in
agreement with the Standard Model prediction and they provide the best constraint
on the coupling between the Higgs boson and the muon to date.

This analysis largely improves on the previous measurement published by CMS and
obtained with the 2016 data. The improvements are due both to the larger amount
of data analyzed and an improved the analysis strategy. The previous measurement
targeted mainly the ggH production mode and it did not exploit as best as possible
the other production channels, especially the VBF one which turned out to be the
most sensitive in this search. The largest improvements with respect to the previ-
ous result are due to the dedicated search for the VBF production and the analysis
strategy adopted in this channel.

The analysis strategy adopted in the VBF channel is different from the one adopted
in the other H— i1 searches. The signal extraction is performed by fitting the out-
put of a multivariate discriminator, in contrast with other approachs where the fit
is performed on the dimuon mass distribution. Two different multivariate discrim-
inators have been tested, in contrast with the other H— puu searches where only
the BDT algorithm has been tried. A large improvement derives from the choice
of the deep neural network, which shows to perform better than the BDT discrim-
inator. In addition, further gains come from the effort devoted to the optimization
of the the multivariate discriminator, in order to separate as best as possible signal
from background. These elements provide an improvement in sensitivity of about
20% with respect to an alternative analysis where a data driven approach is adopted.

The results of the H— pu analysis are combined with the data collected at center
of mass energies of 7 and 8 TeV, corresponding to integrated luminosities of 5.1 and
19.7 fb! respectively. The combination increases both the observed and expected
results by 1%. The measured signal strength, relative to the Standard Model Higgs
with mass 125.38 GeV, is /i = 1.1970-39(stat)* 013 (syst). The excess of events observed
over the background expectation corresponds to a significance of 3.0 standard de-

viation, thus it constitutes the first evidence of the Higgs boson decay to muons.
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6.5 Outlook

The LHC is preparing for a new period of data-taking that will take place between
Spring 2022 and Autumn 2024, called Run 3. Thanks to the data collected during
Run 3 the LHC experiments will have an integrated luminosity of about 300 L.
After this period the LHC will prepare for the High-Luminosity LHC (HL-LHC)
project. The HL-LHC is planned to start in 2027 and aims to collect 3000 fb! of
proton-proton collisions. The new data that the LHC experiments will collect will
be sufficient to significantly improve most of the Higgs boson measurement avail-
able today.

The data collected in the next years allow improving the Higgs to muon decay mea-
surement. The dedicated VBF search is limited by the statistical uncertainties there-
fore collecting new data is the only way to improve significantly the result. In par-
ticular, the VBF search is expected to obtain the 30 evidence with the Run 3 data.
The entire H— pp analysis will be performed with the new data by both ATLAS
and CMS collaborations in order to reach the 50 significance similarly to the other
Higgs couplings. The 50 significance will be achieved by the CMS collaborations
at the early stage of the HL-LHC data-taking. At the end of HL-LHC, the expected
uncertainties on the Higgs-to-muon coupling will be about 10% [161].

Several projects for studying new phenomena at future accelerators are under dis-
cussion. The high energy LHC (HE-LHC) is a program designed to reach the center
of mass energy of 27 TeV in the LHC tunnel [162]. Building a new accelerator for
electrons (FCC-ee) or hadrons (FCC-hh) with a radius of about 100 Km is also un-
der study [163, 164]. Each of these projects aims to collect new data and opens new
possibilities for Higgs studies and for probing effective field theory models. In par-
ticular, the HE-LHC program would improve the H— p1 precision of about 3 times
while the FCC-ee is not expected to improve significantly the results obtained after
HL-LHC. Instead, the FCC-hh is expected to measure the Higgs decay to muons
with a precision of about 1%.

Several details of the H— puu search may change in the future. In the VBF chan-
nel, the MC based approach has shown better performance than the data driven
approach. A comparison between the two approaches may be performed also in
the other channels and, eventually, all the four channels may adopt the MC based
strategy.

With the increase of data, differential measurements of the Higgs decay products
are accessible in the muon decay channel. Several properties can be probed by mea-
suring the Higgs differential cross-sections; for example, the Higgs spin and parity
can be studied and confirmed in this channel, where the Higgs decay products are
directly measured. Moreover, differential cross-section measurements are sensitive
to beyond the Standard Model physic.

The evidence of the Higgs to muon decay is the first step in the validation of the
Higgs coupling to muons. However, also the couplings with the first generation and



126 Chapter 6. Results

the remaining second generation fermions have to be confirmed. The couplings of
the Higgs boson with the light quarks and the electron are very small, and there
is not any defined plan that would reach to probe of the Standard Model expected
coupling values. Instead, the coupling of the Higgs boson with the c-quark could
make significant progress in the next decades.

The Higgs decay to c-quark pairs has a higher event rate than the Higgs decay to
muons. However, the measurement is challenged by the large multijet final state
events produced by the LHC. Only upper limits have been set on the Higgs to c-
quarks in the last years. The CMS and ATLAS collaborations will keep searching
for this decay during the HL-LHC and they are expected to exclude about 6 times
the Standard Model expected production [165].
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Appendix A

Collin-Soper frame

The Drell-Yan (DY) process is the production of a lepton pair through Z or 7y bo-
son. The Higgs decaying in two muons have exactly the same final state particles,
therefore DY is, in principle, an irreducible background for the H — pu searches.
However, since Z and 7 are spin 1 bosons and the Higgs boson have spin 0, the
lepton pairs angular distributions are different in the two processes.

The angular distributions of the leptons are typically expressed in the rest frame
of the dilepton system, i.e. in the frame where the original boson was at rest. Sev-
eral choices of coordinate systems have been considered in the literature, the one
used in this work is Collin-Soper’s coordinate system[166]. In the Collin-Soper
frame, the hadron plane is identified with the plane spanned by the two protons
(or hadrons in general) momenta. The y-axis is defined as the normal vector to the
hadron plane, while the z-axis is defined as the axis bisecting the momentum of one
of the proton and the inverse of the momentum of the second one. The sign of the
z-axis is defined as the sign of the z-component of the lepton pair momentum in the
laboratory frame. The x-axis is chosen in order to have a right-handed cartesian
coordinate system.

The polar and azimuthal angles ¢ and
¢ are the angles identifying the nega-
tively charged lepton. The two leptons P —

) 4 Ao,
have opposite directions and equal mo- 7 B % P, "Lj
mentum in this frame, therefore also the \( ar

e 1 // g

direction of the positively charged lep-
ton is identifiable by 6 and ¢. Figure A.1
shows the Collin-Soper frame and the # FiGure A.1: Illustration of the Collin-Soper
and ¢ angles. frame. The angles 6 and ¢ are shown [167].

lepton plane (cm)

A spin 0 decay has not any preferential direction, thus the lepton direction has
a constant angular distribution. The DY leptons distributions instead are affected
by the spin of the Z/v and it is not constant. The angular distribution in the Collin-
Soper frame is given by
d’o 2 1 2 , 2
o) o (1 +cos”0) + AOE(I -3 cos”0) + A sin(26) cos ¢ + A, sin” 0 cos(2¢)+
+ Agsinflcosp + Aycosl + Ag sin® § sin(2¢) + Ag sin(26) sin ¢ + Ay sin @ sin ¢
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where the A; are second order coefficients coming from the scattering calculation
and, except for Ay, they vanish as the boson transverse momentum approach zero.
Figure A.2 shows the DY distribution of the § angle measured in p + Cu collision

at 800 GeV. The events have 11 < my, < 17 GeV, the trend as been fitted with the

shape 1+ A cos? 0 and it shown in the figure.
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FIGURE A.2: Drell-Yan angular distribution from Fermilab p + Cu collisions at 800 GeV. The
solid line is a ft to the data with 1 + \ cos? @ where \ is 0.96 & .04 & .06 [168].

Unfortunately, multivariate analyses cannot easily exploit such complex distribu-
tion differences. Moreover, the A; are functions of pr and rapidity of the boson, in
particular A, reverses the cos? 0 trend for pr ~ 80 GeV [169]. In addition, due to
the acceptance of the CMS detector, the distribution of f is sculpted and it reduces
the differences between Higgs and DY process. Nevertheless, the angular distribu-
tions of # and ¢ can help in discriminating between Higgs and DY, and therefore
they have been used in H — pp searches.

Multivariate analyses used in H — 1 searches can take dimuon system kinematic
variables as input. Since each muon momentum has three degrees of freedom, the
kinematic of the dimuon system is described by 6 variables. The ¢-symmetry of the
detector makes one degree of freedom redundant. Three variables are the invariant
mass m,,, the transverse momentum pl;u , and the pseudorapidity 7, of the two
muons. The remaining two variables correspond to the decay of the boson in the
rest frame of the dimuon system and, coherently in the four searches, Collin-Soper
frame angles 6 and ¢ have been used and called 0g and ¢ .
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Appendix B

Boosted Decision Tree

B.1 Introduction

Decision trees are tree-like structures of decision commonly used in decision anal-
yses. A decision tree checks a sequence of conditions about event attributes and it
classifies events belonging to a single sample into different classes accordingly to
the conditions results.

Figure B.1 shows an example of a deci- -

sion tree where the events are classified

in signal or background. The classifica-

: raT | asa
tion starts from a root node that tests an .
attribute of the event. The result of the

L. (x2<c2) x3>c3| [x3<c3
first condition leads to a second node
that tests a different condition. The sec- @ ‘ @
ond result leads to the third node and so ocfiaac
on. At the end, the events are divided ‘T @

into several subsets, called leaves. The

events in the leaves can be associated o

to classes or to real numbers. Ficure B.1: Sketch of a dicision tree.
Since the computer age began and the computing power went across rapid im-
provements, a huge amount of machine learning algorithms have been developed.
Machine learning algorithms are programs able to make predictions or decisions
without being explicitly programmed but learning automatically through the ex-
perience. Several programs among those can build decision trees. Those programs
usually use boosting methods that produce more robust decision trees. The decision
trees built with the boosting method are called boosted decision trees (BDTs).

BDTs have been widely used in high energy physics in recent years since they are
fast and reliable even when trained on small datasets. In particular, they have been
employed in several Run 1 analyses at LHC. BDTs are also used in H — pu search
since they are able to discriminate between signal and background exploiting simul-
taneously several features of the events. The BDTs built for H — pu search have
been implemented with the TMVA package [107] in the ROOT framework [146].

In order to build a BDT, the machine learning program has to learn from a set of
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examples called training dataset. The process that uses the training dataset and de-
fines the discriminator is called training. The training algorithms used in building
the various BDTs used in H — puu search have little differences from each other in
methods and in settings. In the following, the boosted decision tree training algo-
rithms are described.

B.2 Training

In order to build a BDT, two main ingredients are needed: the training dataset and
the input variables list. The performance of the BDT depends on the amount of sig-
nal and background examples provided, therefore having a large number of training
events is very important for the final result. Moreover, in order to define the split-
ting criteria for each node, a list of event attributes to use is needed. The splitting
criteria will be a cut on one of the variables used as inputs.

The algorithm proceeds iteratively starting from the root node. An initial split-
ting criterion is defined using the entire training dataset. The split is determined
by finding the variable and the corresponding cut which perform the best separa-
tion between signal and background. The two resulting subsets go under the same
algorithm thus they are further divided into two by different splitting criteria. The
algorithm is repeated until the tree is built.

In principle, the iterations could continue until every leaf contain signal only or
background only events. In that case, the decision tree would be strongly over-
trained and therefore unable to make predictions. In order to avoid such an issue, a
stop condition is set. Among the various possibilities, the BDTs built for H — puu
search have constraints on the depth of the tree, i.e. the maximum number of nodes
between the root node and the leaves.

The splitting criteria are found by optimizing a gain function G that depends on
a certain function of the purity f(p). The purity is defined as the ratio of the signal
events over the total events

S
S+B
where the events can be weighted. For each input variable and for each cut, the
gain function

p:

G(p, p1,p2) = f(p) - f(p1) - f(p2)

is computed, where p; and p, are the purity of the two subsets divided by the
cut. The variable and the cut that maximize G is chosen as the node splitting
criteria. Several functions f(p) are commonly used in BDT building. The ones
used in H — pp search are the Gini index and the cross-entropy. The Gini in-
dex is f(p) = p(1 - p) and it correspond to the probability of misidentifying signal
as background or vice versa in the split sample. The cross entropy method use
f(p) = —-pln(p) - (1 — p)In(1 — p) and it represents the average of the logarithm of
the accuracy.

In order to avoid the node to provide an unbalanced splitting, an additional condi-
tion is required. The two subsamples produced by the splitting have to be greater
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than a certain fraction of the original sample. Usually the chosen fraction float
around a few percent.

The final tree divides the original phase space in many regions. The output of the
tree is defined for every region and it can be either a real variable or just a classi-
fication in signal or background, depending on the majority of training events that
end up in the final leaf. In the latter case, the output is set to be +1 for signal and -1
for background.

BDTs built with the described procedure are unstable to small fluctuations in the
input dataset. In fact, small changes can give rise to great differences in the tree
structure. The adopted solution is using an ensemble of trees and combine their
output into a single result. The ensemble method used is called boosting and it con-
sists of training several different trees by reweighting the training events. Boosting
methods stabilize the response of the decision tree and it improves the performance
with respect to single tree construction.

B.2.1 Adaptive boost

The adaptive boost, or AdaBoost [170], has been developed in the mid-90s and it
is the first boosting algorithm. The adaptive boost grows an ensemble of trees and
it combines them into a single function. The trees are trained sequentially and the
event weights are modified at each iteration in order to give more importance to
the previous misclassified events. This procedure lets adaptive boost be sensitive to
noisy data and outliers and less sensitive to overfitting.

Let {x;, yi}Il\] be the dataset, where the item x; are event attributes and their asso-
ciated class is y; € {-1,+1}. Let wi be the original weights of the events. The al-
gorithm starts training a tree using the original weights and comparing the output
hy(x;) with the true class y;. The misclassification weight €; defined by

€4 = Zyi7/hl(xi) Wl(xi) (B 1)
() Wa(x) '
is used to compute the boost weight
1-€
b, = 1 (B.2)
€1

Then, the misclassified events (h;(x;) # y;) are weighted by b; and all the events
weights are renormalized such that the sum of the weights remains constant. A
second tree is trained with the new weights and the procedure is repeated several
times.

After that the desired number of tress have been trained, they are combined in a
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single function F(x)

M

: (b () (B3)
1

F&) = 4 Tn) -

A boosted decision tree is the combination of several trees and its output is the real
number F(x) in [-1, 1]. The output is close to +1 for signal-like events and close to
-1 for background-like events.

B.2.2 Adaptive boost as loss function minimization

The adaptive boost procedure described above can be reformulated as the mini-
mization of a function called loss function [171, 172]. The loss function L(F(x), y)
is sensitive to the deviations of the predicted results F(x) with the true values y,
therefore it is a measurement of the accuracy of a decision tree. The loss function
used in adaptive boost is

N
L(F(x).y) = Y e ¥ (B.4)
i=1

The loss function is minimized by constructing iteratively the boosted decision tree
output F(x). After m-1 iteration, the function F(x) will bee the combination of m-1
trees:

Fppo1(x) = aphy(x) + o + @y g (%) (B.5)

At the m-step another tree is added in the combination, therefore
Fm(x) = Fm—l(x) + amhm(x) (B.6)

The new tree output h,,(x) has to minimize the loss function which can be managed
as

N
I = Z e—)/iFm(xi)
i=1

N
I = Z e_yiFm—l(xi) e_yiamhm(xi)
i=1
N
L = Z ng)e_am%'hm(xi)
i=1
where ng) = ¢ Vifm1%9)_ The sum can be split in the events that are correctly
classified, thus y;h,,(x;) = 1, and the events that are wrongly classified where
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yihm(xi) =-1

amyl x;) e mli hp(x;)
= > W DR

Vi=hm(x;) ViZhm(x;)

Z ng) e—Otm + Z Wsm) eOém

J/F hp(x;) ViZhm(x;)

ViFhm(x;)

N
—ap, <Z Wl(m)) + (eam B e—am) Z ng)
i=1 ViZhm(x)
Since the ng) are fixed at the m-th iteration, the loss function is minimized by
choosing the appropriate o, and h,,(x). In order to minimize the second right-
hand side sum, h,,(x) is chosen as the output of the tree trained with the event

weight ng) . The «,,, parameter is found by
OL
— =0 B.7
S (B.7)
and it is -
m
1 = )W 1 1-
Oy = — In Z.Vz hp(x;) i - Zln ( Em) (BS)
2 D W™ 2 €m
ViZhm(x;) i

where ¢, is defined for the m-th step similarly to equation B.1. This procedure
defines the trees h,,(x) and the parameters «,,' used in the combination:

F) = > by (B.9)
1

(m

In order to demonstrate the equivalence of the two methods, the weights w; ) have
to be shown they are the ones used in section B.2.1. Such validation is done by
verifying that the misclassified events gain the boost defined in equation B.2. The
weights definition lead to

Wgm+1) (m) U Yihm(x) (B.10)

Let i and j be a misclassified and a correctly classified event respectively. Then:

(m+1)

i (m) minls) _ Wl(m)ez% _ WJ('m) 1-ém (B.11)
NCON 5’")6’ amyin(6) M7\ e, '

The misclassification weight €, is smaller than 0.5 by definition, therefore the parameter oy, is
always positive.



134 Appendix B. Boosted Decision Tree

1-€,,
€m

Therefore the misclassified events gain a boost of b, = at the m-th iteration.

B.2.3 Gradient boost

Gradient boosting algorithms are a generalization of the adaptive boost described
above and they derive from the iterative minimization of a loss function[173]. The
procedure is similar to a function expansion where every added term points to the
negative gradient direction. Many loss functions can be chosen, and they fully de-
termine the boosting procedure. Among all the possible loss functions, the one used
in H — pu search is the binomial log-likelihood

N
L(F.y) =Y In(1 + e /F0D) (B.12)
i=1

In general, not every the loss function leads to a straightforward procedure like the
Adaboost algorithm, therefore a steepest-descent approach has to be used to per-
form the minimization.

The induction step finds F,,(x) from F,,,_;(x). The procedure starts with the residual

calculation:
OL(F,y)

(m) _
i —{ oF ]F:Fm_l (B.13)

Then, a decision tree h,,(x) is trained using the residuals {x;, rl(m)}ll\f and it is added
to Fp,_1(x)
Fp(x) = Fpp1(x) + Y hip(%) (B.14)

where the constant 7, is found by minimizing the loss function

IL(Fp, y)

=0 B.15
a'Vm ( )

A very popular regularization method used in boosting algorithm is the regular-
ization by shrinkage. It consists of reducing the weight of the individual trees in
the final combination by multiplying them by a factor v called learning rate.

Fin(3) = Fpp1(0) + mhp(®) 0 < <1 (B.16)

Boosting with a small learning rate requires more iteration and therefore it increases
the computational time. However, small learning rates significantly improve the ac-
curacy of the predictions.

The bagging is another technique very often used in gradient boost. It consists
of using a different subsample of the original dataset at each iteration. The subsam-
ples are composed of events randomly picked from the training dataset and their
sizes are a constant fraction f of the training dataset. Bagging fractions f within
0.5 and 0.8 does not reduce significantly the statistical power of the training dataset
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while they introduce randomness in the algorithm and therefore they help prevent
overfitting.
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Appendix C

Deep Neural Networks

This appendix introduces machine learning and deep neural network concepts. The
deep neural networks are a fundamental tool in the VBF H— . analysis, where a
feedforward neural network is trained on simulated data with dropout regularization.
Therefore, in this appendix the neural network architectures, the used functions and
the regularization methods are described.

C.1 Introduction

Machine learning is a field of computer science studying algorithms that automat-
ically learn from experience. This kind of machine learning algorithms are very
useful to face a multitude of tasks and they find application in several fields. The
reason is that for simple tasks, programmers can specify all the steps needed to be
solved. Instead, for more advanced tasks, manually writing the code needed to solve
the problem may be challenging and it is more convenient to let the computer write
its own algorithm to solve the task.

The most common tasks for which machine learning is employed are classification
and regression problems. Classification algorithms are used when the desired out-
put is restricted to a limited set of values. For example, they are used to separate the
studied objects into different categories. In the case of two categories, the learning
algorithm solves the tasks by producing a function f : R" — [0, 1]. Regression al-
gorithms aims to estimate the relationship between known variables and dependent
unknown variables called outputs. In the case of one output variable, the algorithm
solves the tasks by producing a function f : R" — R.

Machine learning algorithms have been used in high energy phisics since the 90s. In
recent years, neural network algorithms have been used more and more in high en-
ergy physics thanks to the success in other fields. Nowadays, deep neural networks
(DNNss) are slowly replacing BDTs, which where the most popular tool during Run
1 at the LHC, in either physics analysis and reconstruction tasks.

Thi appendix introduces the main concepts of the neural networks that are used in
the H— pp search via VBF channel. The Neural network have been implemented
in PYTHON with the KERAS [147] package and Tensorflow backend [148].
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C.2 Deep neural networks

Deep feedforward neural networks are a particular type of machine learning algo-
rithm. They are organized similarly to the biological neural networks and they are
composed of basic units called artificial neurons. Artificial neurons are mathemati-
cal functions that take one or more inputs and return a single output. The functions
applied by the neurons are a composition of two transformations: the first one is an
affine transformation, and the second one is a non-linear activation function. Let ¥
be the input vector of a certain neuron, the output can be written as

—

y = h(w- X+ b) (C.1)

where w and b are the weight and bias vectors and they are the tunable parameters
of the neuron, while the function A is the activation function.

The design of activation functions is an active area of research and there is not any
theoretical principle stating that one function is better than one other. In general,
it is impossible to predict in advance which one works best for a given problem.
Nowadays, the most used activation function is the rectified linear unit ReLU(x) =
max(0, x) which is linear for positive numbers and zero for negative ones. A similar
activation function is the leaky ReLU, defined to be LeakyReLU(x) = max(0.01x, x).
The main difference between the two activation functions is the flat output in the
negative region, therefore the ReLU does not distinguish between different negative
inputs. Shallow activation functions have been very popular in the past years. The
most used was the sigmoid o(x) = 1/(1+ €*) or equivalently the arctangent function.
The ReLU, sigmoid and arctangent activation functions are shown in Figure C.1.

1004 Lo0#
= RelU sigmoid

= gtanh 0.75 = atanh
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—0.25 —0.25 1
—0.50 1 —0.50 1
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(a) (b)

Ficure C.1: Examples of activation functions. The ReLU and is shown in (a) and the sigmoid
o(x) in (b). The arctangent function is shown in both plots.

In neural networks the artificial neurons are organized in multiple layers and each
neuron takes as input the output of all the neurons in the previous layer. Such an
organized structure lets the information flow in one single direction, resulting in a
function f : R" — R™. Typically the input vector has large dimensionality, while
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the output vector has one or few components. Figure C.2 shows an example of neu-
ral network.

The neuron layers that compose
the DNNs are categorized as in-
put, hidden, and output layers.

O (@ (@
The input layer is the vector of O O% O O
variables that are fed to the net- O O O / O
Q% (@

work. The final layer is called

output layer and it contains val-

ues that the network wants to input layer . output layer
hidden layers

reproduce. The layers in between

are called hidden layers because

their output values are not ex-

plicitly seen by the user. The

overall length of the chain of

layers is called depth of the model. The dimensionalities of the input and output

layers are fixed by the problem to deal with. Instead, the number of artificial neu-

rons of the hidden layers, called width of the layer, can be freely chosen.

Ficure C.2: Sketch of a 3 layer neural network with
three inputs. The two hidden layers have of 4 neurons
each.

The described computing system has a very particular architecture. Let f(i) be
the vector function of the i-th layer, then the entire DNN is the composition f =
f(dep o . o f(z) o f(l). Therefore DNNs belong to a very peculiar class of func-
tions. It has been demonstrated that, given appropriate depth and layer widths, the
functions of this class can approximate any given function [174, 175].

C.2.1 Loss function minimization

The deep neural networks are functions that have a several parameters. The pa-
rameters of the networks are the weights and biases of the affine transformations
of the artificial neurons. These parameters can be optimized in order to solve spe-
cific tasks. The optimization of a neural network is performed by providing a set
of examples to the network. The set of examples is called training dataset and the
optimization process is called training. The training of the network is performed by
tuning the parameters of the model via the minimization of a function called loss
function.

The loss function is an estimate of the distance between the target values and the
network predictions. Therefore minimizing the loss function means tuning the net-
work to have an output as close as possible to the desired target. In classification
problems, the adopted loss function is the cross-entropy between the training data
and the model’s prediction. In regression problems, the adopted loss function is the
mean squared error defined to be the sum of the squared distance between the out-
puts and the target values. In either cases, the loss function is defined as the expec-
tation value of the negative log-likelihood, therefore its minimization is equivalent
to maximizing the the likelihood of the output distribution.
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The minimization of the loss function is performed using a gradient descending
procedure called stochastic gradient descent (SGD). This procedure is iterative and
it consists of moving the model parameters in the direction of the negative gradi-
ent of the loss function. The gradient of the loss function is computed using small
sets of data called minibatches, or simply batches. Therefore the descending has a
stochastic component due to only a fraction of the dataset is used to compute the
gradient. The loss function is, in general, a non-convex function and there is no
guarantee that the global minimum exists.

The gradient of the loss function is computed using the back-propagation algorithm
[176]. This algorithm allows computing numerically the derivative of the loss func-
tion with respect to the parameters of each neuron. Normally, the numerical evalu-
ation of the gradient is computationally expensive, however, the algorithm reduce
substancially the computation cost using the chain rule of calculus:

& _dzdy

= C.2
dx dydx €2

The equation holds also for vector-value functions and the transformation is de-
scribed by the Jacobian matrix. The chain rule allows computing the gradient of
the loss function using Jacobian transformations between different layers. For ex-
ample, the derivative of the network output with respect to a parameter w of the
first layer is computed by

df Sf 5f(2) df(l)
dw (5f(depth)> <5f(1)> dw (€3)
(i)

where (%) are the Jacobian transformations between adjacent layers.

The analytical form of the gradient may contain several repeated sub-expressions.
The sub-expressions that are repeated are storaged in order to reduces the com-
putational cost. However, storing the sub-expressions increases exponentially the
memory consumption, therefore several strategies can be adopted in order to re-
duce also the memory usage, for example by trying to simplify the network graph
or repeating some calculations of some simple sub-expressions.

The back-propagation is applied to compute the gradient in the SGD algorithm. The
model parameters are modified in the direction of the gradient, then the new value
of the loss function is computed using the events in a single minibatch. The gradi-
ent calculation and the parameters update are repeated iteratively. This procedure
relies on the assumption that the gradient can be correctly computed using a small
fraction of the available events. In order to find the optimized model parameter, the
SGD algorithm passes through the training dataset several times. An entire passage
through the training dataset is called epoch and the number of times that the algo-
rithm passes completely through the training dataset is called number of epochs.
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In the SGD algorithm, the DNN parameters g are modified by the negative gradient
multiplicated by the learning rate e

g — - eﬁ(loss) (C.4)

The learning rate is a crucial parameter that determines the step size while mov-
ing toward a minimum. Choosing the appropriate learning rate is very important
to reach low values of the loss function. Figure C.3 shows the behavior of the loss
function for different learning rates. Learning rates too high can cause the loss
function to diverge. Instead, when learning rates too low are adopted, the conver-
gence became very slow. In most cases, the learning rate is automatically changed
at training time. An initial learning rate is set and it is reduced as a function of the
loss in order to obtain a better convergence.

Several improvements of the stochastic gra-

dient descent algorithm have been proposed .
to speed up and improve the convergence.
An example is the momentum based meth- .

ods. In the most basic definition of the mo- awricamiig et

menum method the parameters modifica-
tion is defined by a velocity 0 — G+7. The
velocity is defined as the weighted sum of
the gradient and of the velocity at the previ-

high learning rate

good learning rate

ous iteration v — av- eﬁ(loss). The value >

epoch
of the parameter « is tunable. This method

is especially useful for small and noisy gra- FIGURE C.3: Typical behavior of the loss
dients. as a function of the training step for dif-
ferent learning rates [177].

C.2.2 Regularization

A central problem in machine learning is how to make algorithms that perform well
not just on the training data, but also on new inputs. Regularization is any mod-
ification performed on the machine learning algorithm that aims to improve the
performance on previously unseen data without affecting the performance on the
training data. This class of modifications helps also in reducing an eventual overfit
of the training data. Several techniques are commonly adopted. Adding a penaliza-
tion for high weights in the loss function helps in keeping the weights small and
improves the gradient descending convergence. Another method is sharing param-
eters between different neurons. This strategy is adopted under the assumption that
some inputs have symmetry properties or should be treated similarly.

Ensemble methods are also frequently used. These techniques consist of training
several different models using subsets of the training dataset. The final score of the
algorithm is computed by averaging the output of the trained models. The reason
why this strategy works well is that different models usually do not make all the
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same errors on the test set, therefore the averaged score performs substantially bet-
ter than its members.

Another important method of regularization, called dropout [178], consists of mask-
ing fractions of the hidden nodes of the DNN. When the SGD algorithm is executed
with the dropout, a random fraction of the nodes of the network are selected at each
iteration and their outputs are set to zero. This is equivalent to apply the gradient
descending method to a DNN without the selected nodes.

The dropout method is very popular because it is computationally cheap and it
improves significantly the performance of the trained DNN. Training a network
with dropout is equivalent to train a very large ensemble of networks simultane-
ously. Therefore dropout is similar in this respect to ensamble methods. In fact, each
masking produces a different DNN model therefore an exponentially large ensem-
ble of sub-networks are generated. Training simultaneously all the sub-networks
is possible thanks to the sharing of their parameters. This method forces the DNN
to perform well regardless of which hidden units are considered. However, in the
final evaluation of the test dataset, all the nodes are used.

Figure C.4a shows a sketch of a neural network. The drawing highlights the nodes
that are removed by the dropout method. Figure C.4b show the loss function evo-
lution with and without the dropout evaluated on the test dataset, showing the
benefits of regularization.
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Ficure C.4: Example of a deep feed-forward neural network where a fraction of the nodes
are removed by the dropout (a). Loss function evolution for different architectures with and
without dropout .evaluated on the test dataset (b) [178].
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Appendix D

VBF H— pu: a data-driven
approach

An alternative search to the Higgs boson decay to muons is described in this appendix.
The presented analysis adopts a data-driven approach similar to the one used in the
ggH, VH, and ttH searches. The expected results are shown and a comparison with the
MC-based is discussed.

D.1 Introduction

The H— pp analysis consists of four different searches that aims to extract the
signal from the four main production channels. Among all the Higgs production
channels, the VBF is one of the most important in the H— pu search. The rea-
son is that it has a very clear signature that helps in reducing the large amount of
background and it has the second higher cross-section among the Higgs produc-
tion channels. These features make the VBF production to be crucial in rare decays
searches such as H— pu. Therefore the VBF channel has to be exploited as best as
possible.

Two different searches for Higgs decay to muons via VBF production are performed
at the same time. One is the MC-based analysis described in chapter 5 and the other
one is a fully data-driven search. The data-driven analysis consists of a fully data-
driven estimation of the background through an analytical fit to the dimuon mass
distribution. Its analysis strategy is similar to the one adopted by the ggH, VH, and
ttH searches. Firstly, a m;,, independent discriminator is built in order to separate
signal-like from background-like events. Then, the events are divided into subcate-
gories as a function of the discriminator score. Finally, the signal is extracted with a
simultaneous fit to the dimuon mass distributions among the defined subcategories.

The data-driven approach is much more aligned to the searches of the other chan-
nels, however, this method is not a priori chosen for the VBF category. Instead,
either the MC-based and the data-driven analyses are performed. The one that will
be combined with the other three searches is chosen by comparing the expected
results.
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D.2 Selection

The analysis selection is identical to the one described in section 4.2. It starts with
the trigger and muon requirement explained in section 4.2. The two oppositely
charged muons must have an invariant mass within 110 and 150 GeV. Events con-
taining additional leptons, medium b-tagged jets, or more than one loose b-tagged
jet are not selected because they are considered in the VH and ttH analyses. The
events must have two jets with || < 4.7 and transverse momentum greater than
35 and 25 GeV. Moreover, the two leading jets must have a pseudorapidity distance

Anj; > 2.5 and an invariant mass m;; > 400 GeV.

D.3 Multivariate discriminator

A Boosted decision tree (BDT) is build with the TMVA package [107] in the ROOT
framework [146]. The training is performed separately for 2016, 2017, and 2018
in order to take into account differences in detector performance among the three
data-taking periods. The setting used to build the BDT is shown in table D.1

Boosting type  Trees Shrinkage Bagged fraction node size Depth  Separation
Gradient boost 1000 0.1 0.5 >3% 4 CrossEntropy

TaBLE D.1: Settings used in training the BDTs of the VBF data-driven search.

The BDT is trained using half of the available simulated events with an invariant
mass in the range 115-135 GeV. The samples used as signals in the training are simu-
lated Higgs events via ggH, VBF, VH, and ttH with a mass mpy=125 GeV. Background
events are composed by DY, tt, single top, and diboson processes.

In order to avoid biases generated by the categorization, the BDT has not to be cor-
related with m;, . Therefore all the chosen input variables are highly uncorrelated
with the dimuon mass. Moreover, the events are weighted by 1/, in the training.
In this way, besides separating signal-like events from background-like ones, the
BDT will also separate events with small and large dimuon mass uncertainty. Con-
sequently, events with high BDT scores will show a more pronounced signal peak.
The dimuon mass uncertainty is not correlated with m,,,,, thus the weighting is not
biasing the BDT output.

%

The input variables related to the dimuon system are the transverse momentum p/;u ,
the pseudorapidity 7, ,, and the Collins-Soper variables ¢ g and cos f/cg described
in appendix A. The pseudorapidities ), and 1), and the transverse momentum of
each muon divided by the dimuon mass pl;l/ m,,,, and plle/ m,,,, are included in the
input variables. The transverse momentum and pseudorapidity of the two leading
jets are used as input as well as their invariant mass mj;, and their azimuthal and
pseudorapidity differences An;; and Ag;;. Additional input variables are the num-

ber and the scalar p1 sum of the track jets with pr > 2 GeV, called NZSOft and H(Szgf}.
Moreover, the total number of jets is used.
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Several variables that consider the kinematic of both muons and jets are included
as inputs. The pseudorapidity and azimuthal distance of the dimuon system with
the leading jet An(up, j;) and Ad(up, j;) and the minimum pseudorapidity and az-
imuthal distance of the dimuon system with the two leading jets min; ~A¢(uu, j;)
and min; ~An(jp, j;) are added. Then, the Zeppenfeld variable z* (see equation 4.1),
the transverse momentum balance R(p7) (see equation 5.2) and the pp-centrality are
also used. The pr-centrality is defined by

pr - Ipt + BrI2

SR
p7 - PTl

pt - centrality = (D.1)

and it provides an comparison between the transverse momentum of the dimuon
system and of the dijet system.

D.4 Categorization

All the selected events with dimuon mass within 110 and 150 GeV are divided into
subcategories as a function of the BDT output. The subcategories boundaries are
defined with an iterative procedure in order to maximize the signal sensitivity. The
procedure identical to the one applied in the ggH, VH, and ttH analyses.

An initial fit is performed to extract the signal peak in the dimuon mass distribution.
The signal is modelled by a double-side crystal ball function (defined by equation
4.2) while the monotone background is described by a BWZ~ function (defined by
equation 4.5). The signal significance is computed using the result of the fit.

Then, the BDT output is scanned in signal quantiles and, for each quantile, the
events are divided in two sets: 99 pairs of sets are considered in total. For each
pair of subsets, the signal significance is extracted from a simultaneous fit across
the two sets of events. The quantile that provides the best significance is defined to
be the subcategory boundary. The described procedure is repeated from two event
subsets to three and so on until further divisions do not provide additional gains in
significance larger than 1%. The boundaries obtained with this method are the ones
that define the subcategories. Four subcategories are found with this approach and
they are defined by the quantile boundaries of 10%, 22%, and 45% signal efficiency.

The procedure is repeated using signal samples with different MC generators. The
same number of subcategories are found, and the corresponding boundaries are in
agreement within 2%, proving that they are robust and not dependent on the gen-
erators. The four subcategories are called "VBF-cat0", "VBF-cat1", "VBF-cat2", and
"VBF-cat3" respectively from the one with lower BDT scores to the one with higher
scores. Figure D.1 shows the distribution of the BDT score after the transformation
BDT' = atanh((BDT +1)/2) for data and simulated events. The vertical lines indicate
the subcategories boundaries obtained with the described iterative procedure.
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FiGure D.1: BDT output distribution for signal and background for the events passing the

VBF category selection with 110 < m,,, < 150 GeV. The rightmost bin contains the overflow

events. The dotted lines indicate the range between the minimum and maximum BDT score

considered to define the boundaries. The lower panel shows the ratio between data and the

expected background. The grey band indicates MC statistical uncertainties, while the azure
and orange bands represent the experimental and theoretical uncertainties.

D.5 Siganl extraction

The signal is extracted by fitting simultaneously the dimuon mass spectrum dis-
tributions via analytical functions across the four subcategories. The signal events
are mainly produced via VBF and ggH, however, small contributions arise from VH
and ttH production. The signal processes are modeled independently for ggH, VBF,
VH, and ttH productions in the four subcategories with DCB functions. The DBC
parameters are extracted from the simulation and they are fixed in the fit to the data.

In principle, any parametric distribution for modeling the background can inject a
potential bias in the signal extraction. The reason is that the background yields un-
der the signal peak are estimated from the S+B fit in the sideband. Therefore, several
analytical forms are taken into consideration for modeling the background distri-
butions. Either physics-inspired functions and agnostic ones are taken into account.

All the considered functions for the background description are studied in order
to estimate the bias introduced in the signal extraction. The bias introduced by
the background description is studied with the following strategy. Different back-
ground models are used to perform a background-only fit and the postfit parameters
are used to generate pseudodatasets in each subcategory. The function under study
is used to fit the pseudodatasets and extract the injected signal strengths. The differ-
ence between the extracted and injected signal is an estimate of the bias introduced
by the studied function.



D.5. Siganl extraction

The analytical functions chosen to estimate the total background are modified Breit-
Wigner functions (defined in equation 4.3) in "VBF-cat0", and "VBF-cat1" and BWZ~y
functions in "VBF-cat2", and "VBF-cat3". The bias introduced by the background

models is less than 1% and therefore it is neglected in the uncertainty treatment.

The expected signal strength modifier with the associated uncertainty is extracted
with a simultaneous binning fit among the four categories. The fit is performed us-
ing the expected yields obtained from the simulation in the mass window 115-135
GeV and using the data in the sideband. The data and the functions extracted from
the fit to the dimuon distributions are shown in Figure D.1. The background-only
component is shown with its one and two standard deviation uncertainties obtained

from the fit.
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Expected upper limits on the signal strength modifiers are computed at the 95% CL
alongside the signal significance for each category independently and for the simul-
taneous fit. The expected results of the H— 11 search via data-driven approach are
shown in table D.2.

VBF subategory expected significance expected upper limit
VBF-cat0 0.380 5.36
VBF-cat1 0.610 3.42
VBF-cat2 0.740 2.79
VBF-cat3 1.120 2.20
Combination 1.520 1.42

TaBLE D.2: Expected upper limits and signal significances for each BDT subcategory and
for their combination.

D.6 Conclusion

Two searches of the Higgs decay to muons are performed with two different meth-
ods. The search via data-based approach is presented and the expected results are
shown in table D.2. The MC-based search is described in chapter 5 and the associ-
ated expected results are shown in chapter 6.

The expected results obtained from the two analyses are compared. The MC-based
approach shows an improvement in the expected results of more than 15% with
respect to the data-driven approach. Therefore the MC-based analysis is the one
that is chosen to be combined with the ggH, VH, and ttH searches. The results
obtained from the combination are published in a common paper [105] and they
are shown in chapter 6.
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N+1 test
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Ficure E.1: (a) First and (b) second step of the N+1 test. The performance and their uncer-

tainties shown are the mean and the standard deviation of 20 discriminators trained with

different dataset and they are computed with the training dataset (green) and with the val-
idation dataset (blu) separately.
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FIGure E.2: (a) Third, (b) fourth and (c) fifth step of the N+1 test. Caption is the same as
Figure E.1.
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Ficure E.3: (a) Sixth, (b) seventh and (c) eighth step of the N+1 test. Caption is the same as
Figure E.1.
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Ficure F.1: BDT and DNN distributions after the event selection for 2016 (a) 2017 (b) and

2018 (c) in signal region. The lower panel shows the ratio data over Monte-Carlo. The

dashed area represents the MC statistical uncertainties while the lines in the lower panel
show the uncertainties related to the energy of the jets and to the factorization scale.
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Figure F.2: BDT and DNN distributions after the event selection for 2016 (a) 2017 (b) and
2018 (c) in sideband. Captions are the same of Figure F.1.
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2018 (c) in Z region. Captions are the same of Figure F.1.
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Data vs MC comparison
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F1GURE G.1: Dimuon invariant mass distribution after the event selection for 2016 (a) 2017

(b) and 2018 (c). Events in different regions are shown in the same plot. The lower panel

shows the ratio data over Monte-Carlo. The dashed area represents the MC statistical un-

certainties while the lines in the lower panel show the uncertainties related to the energy
of the jets and to the factorization scale.
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FIGURE G.2: Distribution of the transverse momentum of the leading jet in each year and
region. Captions are the same of Figure G.1.
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Ficure G.4: Distribution of the transverse momentum of the dimuon system in each year
and region. Captions are the same of Figure G.1.
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Ficure G.5: Distribution of the mass resolution of the dimuon invariant mass in each year
and region. Captions are the same of Figure G.1.
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Ficure G.6: Distribution of the transverse momentum of the leading muon in each year
and region. Captions are the same of Figure G.1.



Appendix G. Data vs MC comparison 163

CMS Work in progress 2016 35.91b™ (13 TeV) CMS Work in progress 2016 35.9fb™ (13 TeV)
Signal Region | + g 3 SideBand —aaa
d=0.09

CMS Work in progress 2016 35.9 fb” (13 TeV)
Regi

ion e

d-008

, 10* - d=007
102 L

Entries/5.0
2
Entries/5.0
Entries/5.0

vaF Hx20
aoH20
Ot 120

3

aivoRa -

— JER Down
I

713 K008

S— | R
e

[ R T
27 :»v$“***’,+ % a
&

20 40 60 80

(a)

Data/MC - 1
b oo

Rscais Up

Data/MC - 1

20 40 60 80

(©

100 . 20 140 100 120 140
p, (1 subleading) [GeV] p, (4 subleading) [GeV]

CMS Work in progress 2017 41.5b" (13 TeV) CMS Work in progress 2017 415 b (13 TeV)
; Signal Region | . g SideBand o dan

d=007
L ov

CMS Work in progress 2017 41.5 b (13 TeV)
PR, Z Region - data

Entries/5.0
Entries/5.0

Entries/5.0

VBF Hx20
ggH 20
Other Hx20

T 04f i wsom 128 Down
02l JERGS

3ES Boun
5

#Sedh oown
R Scae Oy

JER Down
JER Up
JES Down

JESUp
R Scalo Down.
RScale Up

Data/MC - 1

20 40 60 80

()

60.0 b (13 TeV) CMS Work in progress 2018 60.0 fb™ (13 TeV) CMS Work in progress 2018 60.0 fb™ (13 TeV)
Signal Region | . . SideBand o
d=0.07 d=011

100 120 140
p, (i subleading) [GeV]

i Z Region R

10°¢ . . ov

Entries/5.0
Entries/5.0
Entries/5.0

I OverH

Ve Hx20
agH20
Ot H 120

vaF Hx20

107"
0.4 7052 Ks-007 —— JER Down
02 — it JER Up.

D T

107"

Data/MC - 1

-0.

RScais Up

Data/MC - 1

20 40 60

100 120 140
P, subleading) [GeV]

® (h) (i)

100 120 140
P, (1 subleading) [GeV]
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and region. Captions are the same of Figure G.1.
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are the same of Figure G.1.
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